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Abstract

Due to the increasing demand for copper day by day, copper tailings (CT) are the wastes that mining and
human-induced activities caused have become a problem all over the world due to the increasing demand
for copper. This study evaluates the effect of using CT together with nano silica (NS) and micro silica
(MS) in mortars as a partial substitution for cement on mechanical strength properties. Physical,
morphological, chemical, mineralogical thermo gravimetric analyzes of CT have been made. In addition,
heavy metal concentrations were determined. The mechanical features of the mortars produced by
replacing by weight with different proportions of (5%, 10%, 15%) CT, 2% NS and 10% MS cement were
determined. As a result, it has been observed that the sum of SiO,, Al,05 and Fe,05 of the CT, which has a
mostly crystalline structure, is 91.40% and its ignition loss is 4.04%. An improvement in compressive
strength (compared to the reference mixture) was observed with the use of 5% CT. Up to 10% of CT has
provided standard compressive strength values in both NS and MS combinations.

Highlights

» The main chemical composition of copper tailings (CT) is Si02.

* The cement in the mortar was replaced with 5%, 10% and 15% CT.

* Also, 2% nano silica (NS) and 10% micro silica (MS) were used with CT in mortar mixtures

*Up to 10% of CT has provided standard compressive strength values in both NS and MS combinations.

Introduction

The mining industry is one of the oldest human activities. The need for mining activities is growing in
parallel with the world population. Copper is highly preferred in the home, industrial and high technology
range due to its chemical, physical and aesthetic features (International copper study group 2020).
Copper goes through the stages of "exploration, detection, preparation, ore production, enrichment and
smelting" till it arrives at industrial facilities as a raw material (Sezgin 2020). The enrichment stage is
removing the copper from ore to separate the economical mineral from uneconomical. At this stage, a lot
of mine tailing arises. The disposal of these tailings is one of the most essential environmental problems
in a copper mine. In order to prevent the uncontrolled release of copper enrichment tailings to the
atmosphere; usually a dam-shaped storage facility is used (Thomas et al. 2013). However, because these
tailings cover large areas of land, their toxicity and concentration or their interaction with environmental
factors such as oxygen and water can cause serious environmental impactsm (Lam et al. 2021). The
land area occupied by waste dams is increasing day by day. Therefore, it has become an essential
requirement to consume tailings in order to protect the environment and land resources (Li et al. 2020a).
Studies in which copper enrichment wastes are used instead of cement and aggregate are available in the
literature (Thomas et al. 2013; Dandautiya and Singh 2019; Zhang et al. 2020; Vargas et al. 2020).
Because today cement and aggregate are two components that are problematic in terms of sustainability
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in concrete production (Kara De Maeijer et al. 2020). The search for materials that can be used instead of
cement is still ongoing, especially since the amount of energy required for cement production is high and
cement is the most expensive concrete component (Xu et al. 2020; Bumanis et al. 2020; Mahadevan et al.
2021; Ogawa et al. 2021). In addition, the CO, emission amount of cement is among the primary reasons
for environmental pollution (Padavala et al. 2021). Micro silica (MS), which is partially included in
concrete as a cement substitute and is one of the most researched materials is qualified as high quality
(Ni et al. 2021). It has been reported that Ca(OH),, which is a hydration product and damages concrete, is
converted to CSH crystals with MS, and an impermeable structure is obtained by filling the gaps formed
in the mortar phase of the concrete with the produced CSH crystals (Topgu and Canbaz 2008). It is also
known that the deterioration of MS-containing concrete is noticeably slower than normal concrete for
most chemical and physicochemical attacks (Lewis and Fidjestgl 2019).

With the developing concrete technology, while researches are directed towards alternative materials that
can be substituted into cement, new materials reduced to smaller particle sizes are also tried to improve
the performance of cement(Yu et al. 2020; Ma et al. 2020). In this context, the use of nano materials has
been focused on in recent years to increase the strength and durability of cement composites (Shafaei et
al. 2020; Li et al. 2020b; Horszczaruk et al. 2020). When we look at the materials subject to the research, it
is seen that nano silica (NS) takes the first place (Kara 2020; Kooshafar and Madani 2020). According to
Atmaca et al. (2017), it can be said that NS particles are very beneficial for concrete in two ways. The first
is the chemical effect that the pozzolanic reaction of free Ca(OH), breaks larger pores into smaller pores
to form more CSH. The second is due to the physical features of NS. Smaller NS particles fill micro pores
and help increase strength (Atmaca et al. 2017). This has been experimentally supported by many
researchers (Snehal et al. 2020; Mukharjee and Barai 2020). It is reported that the optimum amount of NS
is 2—3% (Abhilash et al. 2021).

Replacing cement with materials such as NS and MS is known to be effective in improving its mechanical
properties and durability (Emamian and Eskandari-Naddaf 2020; Li et al. 2021). Yigit et. al. (2020) stated
that being able to manage waste with another waste will reduce the amount of cement needed by using
more waste in the mixture and will support recycling by highlighting the beneficial properties of the waste
(Yigit et al. 2020). Studies on the use of different wastes together in cement composites are available in
the literature (Durgun and Seving 2019; Dandautiya and Singh 2019; Guo et al. 2020; Ozturk et al. 2020;
Qureshi et al. 2020; Choudhary et al. 2021). To the author's knowledge, CT and MS, as well as CT and NS
together, have not been substituted for cement in mortar production so far. In this context, this study
focuses on the experimental determination of the effect of using CT together with MS and NS on the
mechanical features in mortar production.

Materials And Methods
2.1. Murgul Copper Plant and Copper tailings
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Copper mine (Fig. 1) in Murgul (Artvin / Turkey), operational since 1907 (Koz et al. 2012), and 3500000
tons of copper ore are mined and processed annually and 130000 tons of copper concentrate are
produced annually (Eti Bakir 2021). Wastes generated during enrichment are stored in Damar waste dam
(Fig. 2). The CT used in the study was supplied with water from the pump going to the Damar waste dam
from the Murgul copper plant and dried at 100 £ 5 °C in the oven.

2.2. Materials

Portland cement (PC), CT, NS and MS were used in the study. The specific gravity of PC was found to be
3.13 and the specific surface area (Blaine) as 3316 cm?/g. The specific gravity of MS is 2.32 and the
specific surface area (BET) is 21.22 m?/g. Chemical compositions of PC and MS are presented in Table 1,
particle distribution analysis in Fig. 3. The Dgg, D5 and D4 values of the PC were found to be 46.265 pm,
15.404 pm and 2.605 pm, and for MS 426.951 pm, 117.080 pm and 44.162 pm.

Table 1
Chemical properties of PC and MS

Oxide(%) CaO  Al,O; Fe,03 Si0O, SO; MgO Na,O Loss of ignition

PC 63.10 4.41 3.16 19.56 299 236 0.36 2.70
MS 0.57 1.16 4.24 9199 032 0.76 0.34 1.84

NS tends to agglomerate higher than other pozzolanic materials (Garg et al. 2020). For this reason, the
amount of NS used in the study was preferred as 2%. NS mean particle size was 30nm. The surface area
was 440 m?/g. The mass of the NS in spherical form was 2.2-2.6 g/m3. SEM images of PC, NS and MS
are presented in Fig. 4. The mortar mixtures have been prepared with CEN standard sand and mains
water.

2.2. Experimental methods
2.2.1. Characterization of CT

Zaleska et al. (2018) argue that only granulometric distribution, chemical composition and strength tests
are not sufficient for the characterization of materials to be used instead of cement. He emphasized that
if the strength values were lower than expected, the reason could not be found. This situation is attributed
to the insufficient analysis of the material (Zaleska et al. 2018). For this reason, physical, morphological,
chemical, mineralogical, thermo gravimetric and heavy metal content analyzes of CT were performed as
the first step in the study. The analyses performed are shown in Fig. 5.

2.2.2. Preparation of mortar samples and tests

12 different mortar mixture has been prepared by substituting of 2% NS, 10% MS, 0%, 5%, 10% and 15%
CT instead of cement with the ratio of water/binder (w/b) as 0.50, and aggregate/binder (a/c) as 3. A

total of 108 samples were produced with dimensions of 40x40x160 mm? (TS EN 196-1 2016). 1350 g of
standard sand and 225 g of water were used in all mixtures. The spreading amount of mortars has been
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measured (TS EN 1015-3 2000). Binder amounts and mixture codes in the mortar mixture presented in
Fig. 6.

The mortar mixtures were removed from the moulds after 24 hours and kept in lime-saturated water at 20
+ 2 °C until the day of the experiment. Ultrasonic Pulse Velocity (UPV) (TS EN 12504-4 2012), flexural and
compressive strength tests (TS EN 196-1 2016) were performed on the 2, 7 and 28 days of hardened
mortar samples.

Results And Discussion
3.1. Characterization of CT

CT specific gravity is 2.67, the specific surface area is 4953 cm?/g. According to Fig. 7, the cumulative
particle distribution of CT is very close to the PC. The material amount of CT below 1 um is more than PC.
PC has a more homogeneous particle distribution than CT. D90, D50 and D10 values of CT are 46.26 uym,
13.79 um and 0.82 pm. Besides, most of the CT is formed by sharp angular particles as seen from SEM
images in Fig. 8.

CT's XRF analysis results are presented in Table 2. It is 91.40% of the sum of SiO,, Al,05 and Fe,05 in CT.
This is above 70% specified by ASTM C 618 - 19 (ASTM C618-19 2019). Oxidized components of CT
have been compared with the standard values of cements. This is because the waste material is
substituted into cement. An excessive amount of SO3 in cements causes ettringite formation. For CEM |
42.5 R cement, the SO; amount is limited to a maximum of 4.5% (TS EN 196-2 2013). It is seen that the
SOg level in the CT is below the limit value. MgO in cement should not be more than 5% by mass. (TS EN
197-1 2012). MgO is one of the causes of volume expansion as a result of its reaction with water. In this
study, the MgO value is 0.80% and it is below the desired limit value. In the TS EN 196-2 standard for
cement, the loss of ignition is specified as 5% at most. CT's loss of ignition was found to be 4.04%. The
CT used in this study has been compared with the literature values in recent years (Dandautiya and Singh
2019; Tian et al. 2020; Zhang et al. 2020; Li et al. 2020a; Liu et al. 2020; Jian et al. 2020; Ince et al. 2021).
The amount of SiO, seems quite high (Fig. 9).

Table 2
Chemical composition of CT

Oxide  Si0, AlL,O; Fe,0; Ca0 KO SO, MgO TiO, Na,0 Lossof
(%) ignition

CT 79.52  7.66 4.22 035 191 111 0.8 0.16 0.1 4.04

According to XRD analysis, the main mineral of CT is SiO2 (Fig. 10). It is known from the literature that
amorphous materials have pozzolanic features (Erdem et al. 2007). However, CT is 87.2% crystalline.

The differential thermogram of the CT showed the most prominent (518 ° C and 645 ° C) two endothermic
reactions. The temperature at which the material begins to decompose is 571 ° C, and the temperature at
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which decomposition ends is 576 ° C. The amount of decomposed material is calculated as 0.843%.
There is little weight loss below 400 ° C. This is an indication that it is a highly pure product with low
carbon content (Ludvig et al. 2011). The total weight loss is 4.23% (Fig. 11). TG weight loss and XRF
ignition loss values are compatible with each other.

There are studies involving heavy metal analysis around the Damar waste dam and Murgul mine site.

Koz et. al. (2012) detected heavy metal concentrations in soils around the Murgul mine (Koz et al. 2012).
Yolcubal et. al. (2016) reported that the stream water below the mine was classified as heavily polluted as
a result of a leak in the derivation tunnel carrying CT to the waste dam (Yolcubal et al. 2016). Heavy metal
contents of CT are presented in Table 3. It is clear that it poses a threat to soil and water, although it is
stored in the CT Damar waste dam. It is important to dispose of this waste under appropriate conditions
so that it does not pose a potential threat. It is reported that industrial wastes containing heavy metals are
successfully disposed of in cement-based composites (Jang et al. 2015; Zhang et al. 2020).

Table 3
The content of heavy metals in CT (mg/kg).
Element Al Cd Cr Cu Fe Mg Ni Pb As

Amount 767 nd* 7.8 577 13510 502 nd* nd* 3.9

* nd: Not detected

3.2. Hardened state properties of mortars

M5 has higher compressive strength at all ages compared to M1 and M9 (Fig. 12 (a)). NS has developed
better strength compared to MS. This situation can be explained by the higher SiO, content of NS and
smaller particle size than MS. It is also known from the literature that NS substitution increases the
compressive strength (Garg et al. 2020; Seifan et al. 2020). NS is more effective in pozzolanic reaction
with CSH gel than MS (Garg et al. 2020). 2% NS substitution increased compressive strength by 6.84% at
day 28 compared to reference cement. M9 mix exhibits lower compressive strength than M1 mix on days
2 and 7, compressive strength higher than M1 mix on day 28. MS strength has a positive effect on older
ages. Gleize (2003) has experimentally proved that the compressive strength of mortars with 10% MS is
lower than the reference mixture on the 7th day and that the higher strength is obtained compared to the
reference on the 28th day (Gleize et al. 2003). In this study, it was determined that 10% MS substitution
increased the compressive strength by 4.86% compared to the reference cement (28th day). In terms of
chemical effect, as a result of the pozzolanic reaction, the existing gaps in the matrix phase decrease with
the conversion of CH to CSH (Giileryiiz et al. 2020). The positive effect of only 2% NS on the strength is
more than 10% MS. (2017) reported that the carbonation resistance of mortar containing 2% NS was
much higher than that of 10% MS (Li et al. 2017). Seifan et al. (2020) emphasized that NS is more
promising than MS in improving mechanical properties (Seifan et al. 2020). As the CT substitution
amount increases in the mixtures, the compressive strength decreases on the 2nd and 7th days. (Fig. 12
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(b)). On the 28th day, it is seen that the highest compressive strength belongs to the M2 mixture. The 5%
CT substitution exhibited better compressive strength than the reference. When the compressive strength
of mixtures containing NS was examined (Fig. 12 (c)), it was observed that CT substitution reduced
compressive strength at all ages. The same situation was observed with mixtures containing MS (Fig. 12
(d)). Especially in M11 and M12 mixtures, it is thought that the reactions required for strength could not
occur on the 2nd day due to the decrease in the amount of cement.

The compressive strength of the mixtures has been compared according to the amount of CT they
contain. The compressive strength of the samples containing only CT on the 28th day was accepted as
100%, and the varying compressive strengths were calculated with NS and MS substitutions. Figure 13
(a) shows the varying compressive strength of mortars containing 5% CT. While the compressive strength
of the M2 mixture was 100%, the compressive strength decreased to 98.89% with NS substitution, and
92.28% with MS substitution. The mixture (M3) containing 10% CT showed similar results when other
substitutions were made. Compressive strength decreased to 97.60% with NS substitution (M7) and
93.10% with MS substitution (M11) (Fig. 13 (b)). It is seen that NS and MS substitutions to the mixture
containing 15% CT (M4) increase the compressive strength. The compressive strength of the M8 mixture
increased to 103.04% and the M12 mixture to 103.67% (Fig. 13 (c)). This situation has been attributed to
the pozzolanic feature of NS and MS.

The compressive strengths of the 12 mortar types produced in the study are presented in Fig. 14. On the
2nd day, it was determined that all other mixtures, except for M8, M11 and M12 mixtures, provided the
minimum 20MPa strength value in TS EN 196-1 standard. On the 28th day, it is known that the minimum
pressure strength stipulated by the standard is 42.5 MPa (TS EN 196-1 2016). Except for M4, M8 and
M12 mixtures, all other mortar types provide limit strength. The common feature of M4, M8 and M12 is
that they contain 15% CT. This decrease in strength is thought to be due to the decrease in the
homogeneity of the cement matrix at the higher CT content (Garg et al. 2020).

As with compressive strength, the higher the amount of CT in all mixes, the lower the flexural strength
(Table 4). In addition, the higher the substitution percentage, the higher the strength reduction rate was
recorded for PC, NS and MS mixtures. The possible reason for this can be attributed to the poor clamping
between CT and aggregate. Unlike the compressive strength, the flexural strength of the M2 mixture on
days 2 and 7 increased compared to the M1 mixture. The strength is 1.04% and 3.39% more. This can be
attributed to the fact that the flexural strength is more sensitive to changes in the pore structure and the
interface transition region between aggregate and cement (Zhang et al. 2019; Nasr et al. 2020). The
highest strength value is 8.54 MPa with M5 on the 28th day. This may be due to the development of the
strength matrix of NS. Flexural strength decreased by approximately 23.7% for the M12 mixture
compared to M1. This result is very close to compressive strength behaviour. It is thought that a 25%
reduction in the cement in the mortar matrix causes a decrease in the flexural strength.
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Table 4
Flexural strength of mortar mixtures

MixID M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12

2-day 577 583 580 426 576 558 539 426 580 548 444 376
7-day 6.78 7.01 636 564 680 633 598 541 6.28 587 528 510
28-day 837 836 782 679 854 804 769 679 810 7.52 652 6.39
*AR¢ 0 0.1 6.6 189 -20 39 8.1 189 3.2 10.2 221 237

*AR¢ = 100 - ((flexural strength of Mx*100) / flexural strength of M1), x = 2,3,4 etc. (For 28-day)

UPV values of all mixtures increased due to increasing age (Table 5). It is known from the literature that if
the UPV is between 3.5-4.5 km / h, the material quality can be described as "good" (Qasrawi 2000). The
material is considered excellent if the UPV is above 4.5 km / h. In this context, it is seen that the 28th day
M1, M2, M5 and M6 mixtures can be evaluated as excellent. In this case, it can be said that the
homogeneity of the relevant mixtures is better than the other mixtures, and the amount of pores is less
compared to other mixtures. When all the mixtures are examined, it can be observed that there is no
significant change in the UPV results after the cement has been replaced with CT. This behaviour is since
UPV is proportional to the fourth root of compressive strength (Ashish 2018).

Table 5
UPV of mortar mixtures

Mix M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12
2- 4.10 4.15 413 403 415 4.03 404 391 413 397 388 3.83
/- 4.48 4.42 440 427 442 4.37 438 430 436 425 425 420
28- 459* 453* 449 438 454* 455 439 437 446 442 408 432

Quality: *Excellent (UPV > 4.5 km/s)

Conclusions And Suggestions

Studies on the usability of the mining industry tailings in cement systems have attracted attention in
recent years. In this study, Murgul Copper plant enrichment waste CT was analyzed. In addition, the
following results were obtained in line with the experimental findings from CT, CT + NS, CT + MS mortar
mixes:
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The total content of SiO,, Al,05 and Fe,05 in CT is 91.40%. It has been found to have a crystalline

structure. The loss of ignition is 4.23% and the particle size distribution is close to cement even though it
does not show full homogeneity.

The 5% CT substituted (M2) mixture showed the best compressive strength (49.51 MPa) on day 28
compared to all mixes with reference (M1) and CT substitution. Flexural strength and UPV values also
support this result.

CT substitution up to 10% provided the minimum compressive strength required in the standard on the
28th day in mixtures with both NS and MS.

The use of 15% CT instead of cement reduced the compressive strength and flexural strength compared
to the reference mixture. However, when used with other wastes such as 15% CT, NS and MS, it has been
observed that it is possible to increase the compressive strength of mortar samples compared to mixtures
containing only CT.

In mixtures without CT (M1, M5, M9), the highest compressive strength is 52.59 MPa and the flexural
strength belongs to the M5 mixture 8.54 with MPa. 2% NS substitute showed better mechanical behaviour
than 10% MS substitute.

Waste dams used for the storage of mining tailings need more and more land day by day. The inclusion
of CT used in this study by the construction industry will reduce CO, emission by using less cement, and

will provide an alternative solution step for waste management. In order to evaluate this reserve in future
studies, it is recommended to use CT in cement composites with aggregate substitution or to test it in
geopolymer production.
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Figure 1

Location map of the study area (Saglam and Akgay 2016).
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Figure 2

Murgul copper plant and Damar waste dam
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Figure 3

The particle size distribution of PC and MS

Figure 4

The morphology of (a) PC magnifications 1000X, (b) NS magnifications 5000X, and (c) MS
magnifications 1000X
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Figure 6

Quantity of materials used in mortar mixes
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The cumulative particle size distribution of PC and CT

Figure 8

The morphology of CT particles at 1000X (a) and 5000X (b) magnifications
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Compressive strength of (a) mixtures not including CT, (b) PC+CT mixtures, (c) PC+CT+NS mixtures, (d)
PC+CT+MS mixtures
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Residual strength of (a) Mixtures containing 5% CT, (b) Mixtures containing 10% CT, (c) Mixtures
containing 15% CT
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Figure 14

Compressive strength of mortar mixtures (*TSEN 197-1 limit = 20.0 MPa at 2-day) **TSEN 197-1 limit =
42.5 MPa at 28-day)
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