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ABSTRACT

The present work assessed the feasibility of applying blasted copper slag (BCS) as addition to
cementitious composites. Series with 0-15% of BCS were produced and characterized by compression
strength, durability, spread and specific gravity. In fresh state, the workability was enhanced in until
250% when adding the slag. Besides, both mechanical strength and durability indicators of BCSR-added
concrete were also improved. Although the greater strength at the ages of 7 and 28 days was achieved for
the reference concrete, concretes containing 5% and 7.5% of BCSR also reached the expected resistance
of 30 MPa at 28 days. Concretes containing 5% and 10% of the slag were the ones that less absorbed
water. The reduction in capillary absorption reached 63% in comparison to the ref concrete for 5% BCS-
modified concrete. The incorporation of BCS improved the performance of the reference concrete in
terms of both mechanical strength and durability. So, the reuse of the BCS produced after abrasive
blasting in concretes was viable and sustainable disposal alternative.
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1. INTRODUCTION

Copper slag is an industrial by-product of copper manufacturing, and it is usually applied in dry blasting
processes of metal and concrete surfaces. It is estimated that for each ton of copper produced,
approximately 2.2 tons of copper slag are generated. In Brazil, the production of copper slag in 2018
reached 385,762t [1]. After some reuse blasting cycles, an uninteresting power for the blasting process
remains. This residue of the residue is called blasting copper slag residue (BCS), whose final destination
is the landfill. The material was previously classified as non-inert waste; thus, the residue does not
generate danger, being non-toxic [2].

Researchers report the reuse of both copper slag and blasting copper slag in Portland-based
cementitious materials, whether replacing cement or sand in mortars [3], concretes [4], and pavers [5]
when sand is replaced by copper slag. Increases in workability and in the specific mass of concrete are
reported both when copper slag replaces cement [6], and when it replaces sand [4, 7, 8]. Dos Anjos et al.
[2], with the replacement of the natural fine aggregate by the residue in proportions above 20%, report
that there were significant improvements in the plasticity and cohesion of the concrete in the fresh state,
dispensing with the amount of water previously necessary to make the mixture. However, a high tendency
to segregate is also reported for high contents of copper slag due to its higher density and less water
absorption [9].
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Improvements in compressive strengths, as well as lower absorption rates compared to reference
concretes were also obtained when copper slag replaced sand [4, 7]. When cement is replaced by copper
slag, increased strength over time equal to or greater than standard and durable concretes were also
reported, but associated with greater fragility [10]. In terms of post-blast copper slag residue, an increase
in workability are also reported due to the glassy and smoother surface of the grains compared to sand [7,
8]. The high specific mass, higher than sand, which contributes to a greater slump [2, 7]. For the hardened
state, the authors report a slight reduction of 5.5% in the resistance to axial compression when replacing
20% of the fine aggregate with copper slag after blasting. However, other researchers observed that the
resistance to axial compression of concrete increased by 8.7% when to 15% replacement of post-blasted
copper slag by cement [2, 10].

In this scenario, this article aims to evaluate the effects of partial replacement of cement by the
post-blast copper slag residue in concrete, as a sustainable, and economical alternative with reduce
environmental impacts.

2. EXPERIMENTAL PROCEDURE

2.1 Materials

A CPV ARI Portland cement (equivalent to ASTM type Il and high early strength, or EN CEM 1 52.5,
according to EN 197-1 standard [11]) was used. Table 1 presents the main physical characteristics and the
chemical composition of the cement used, according to [12].

Table 1: Characteristics and composition of the CP VV ARI and the copper slag [12].
CEMENT CP V PHYSICAL PROPERTIES

Specific gravity (g-cm™) 3.09
Clinker (wt. %) 98.5
Retained in sieve 0.075 mm (%) <0.22
Expansibility (mm) <20

dso (Mm) 15.9

Mineral addition (wt. %) 0-10
Initial setting (min.) > 95

Final setting (min.) <180

CHEMICAL PROPERTIES

Compound (%) Cement Copper slag

Fe,03 1.83 61.22
SiO, 204 25.21
Al,O; 4.90 3.73
Ca0 65.4 2.39

ZnO - 1.6

CuO - 15

SO, 3.6 1.2

K,O 0.2 1.01
MoO3 - 0.92
MgO 1.06 0.92
As,03 - 0.18

P,Os - 0.1

Cl - 0.01

Loss of ignition 1.44 0.01
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A natural sand (specific gravity of 2.62 g-cm™; fineness modulus 1.98) and an artificial crushed
sand (specific gravity of 2.63 g-cm™ and fineness modulus 2.61) were used as fine aggregates. A coarse
crushed stone and a medium crushed stone, both with a specific mass of 2.71 g-cm™ were used as
aggregates, the granulometric distribution of all aggregates are presented in Figure 1.
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Figure 1: Particle size distribution of aggregates.

The BCS used in this work is a slag that was used in an industrial process of blasting for rusting
remove, used during several cycles (Figure 2). After the cycles, the BCS has a reduced grain size
distribution. The BCS was sieved in a 0.075 mm sieve. The BCS presented specific gravity of 3.81 g-cm™
and it chemical composition is presented in Table 1.
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Figure 2: Copper slag.. (a) Blasted copper slag as received. (b) Sieved copper slag.

2.2 Concrete composition and tests methods

The standard mix was designed for a target of compression strength of 30 MPa at 28 days of cement
hydration, based on [13]. Then, the composition was produced where the cement was partially replaced
by BCS in proportions of 5.0%, 7.5%, and 10% by weight, as presented in Table 2. For each mix
evaluated, fifteen cylindrical concrete samples (10 cm in diameter and 20 cm in height) were prepared
according to [14], molded according to [15] and cured immersed in water until the tests.
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Table 2: Concrete proportion (unitary compound).

COMPOUND REF 5.0% 7.5% 10.0%
Cement 1.00 1.00 1.00 1.00
Crushed coarse stone 2.15 2.26 2.32 2.39
Crushed medium stone 0.67 0.71 0.73 0.75
Sand 161 1.70 1.74 1.79
Crushed sand 0.70 0.73 0.75 0.78
Water 0.62 0.66 0.67 0.69
Copper slag - 0.05 0.075 0.10

The concrete fresh state test was evaluated by slump test [16]; and, the dry specific gravity was
carried out by the ratio between the mass of the dry specimen and the volume of the concrete in a
temperature of 23°C. For hardened state, the compressive strength test was performed according [17], in
triplicate, for the ages of 7, 28, and 63D. The durability testes were evaluated by absorption by capillarity
[18] and absorption by total immersion [19] at 28 days of cement hydration.

3. RESULTS AND DISCUSSION

3.1 Workability and physical properties

The Figure 3 presents the results of concrete fresh state, cement consumption and specific gravity. In
general, as higher the slag in the mixture, also due the higher w/c ratio, higher was the workability for the
concretes (Figure 3 (a)). The BCS promoted significant spreads in the consistency of the concrete for all
evaluated percentages, going from 8 cm (REF) to 20 cm in the workability when 10% BCS replaced
cement.

It may be due to the spherical shape of the grains with a glassy surface [20], that results in a higher
packing and dispersion effect [21, 22]. Similar to add and spherical sand to the concrete, that improves
the rolling of the aggregates [23]. In parallel, a lower water retention due the less amount of the cement in
the mixture. This results in more water available in the mixture to lubricate the aggregates, promoting
more workability [2, 7, 8].

These results agree with the literature incorporating copper slag in concrete [4, 7, 8]. In the
specific case of using blasted copper slag, Dos Anjos et al. [2] report significant improvements in the
plasticity and cohesion of the concrete in the fresh state when replacing fine natural aggregate in
proportions above 20%. So, dispensing it with the amount of water previously necessary to make the
mixture. This behavior is essential for both fresh and hardened states because it can promote reductions in
superplasticizer content and its possible effects of delaying the setting time. Increases in mechanical
strength can also be achieved due to possible reductions in the water-cement ratio for concretes with
similar workability [24].
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Figure 3: Fresh and physical properties of the concretes: Workability in (a); Specific gravity and cement
consumption in (b).

Other factor resulted due the slag incorporation is impact in the cement consumption. Is possible
to note that as higher the slag amount, lower is the cement consumption. Achieved with lower values up
to 34 kg-m™ were obtained (Figure 3 (b)). However, the specific gravity is no direct dependent of the
cement consumption, where the REF and 10% series presented similar specific gravity. This may be due
the air incorporation in the mixture, that is affected by the powders added to cementitious matrixes [25].

3.2 Durability: Total water absorption and capillarity absorption

In the Figure 4 is presented the total water absorption by immersion of the concretes at 28D. In general,
all the slag-added series presented lower values of water absorption in comparison with REF series.
Nevertheless, the results of water absorption do not present a tendency, where the low amount of slag is
achieved with 5% and then the values growth until 10%, value similar to REF series. This may be due the
blasting copper slag incorporation did not significantly change the specific gravity of the samples, as
presented in Figure 3 (b). In one way, this allowing its application without increasing the weight of the
structure. One explanation is that both filler and tortuosity effects can interfere, and here there are a
difference of filler between the samples, then the water percolation needs to seepage through more
tortuous paths due to the barriers imposed by the BCS grains [7, 26]. A future better understanding is
needed about possible actions of the BCS in hydration of the Portland cement and microstructural
changes. There is a combination between the fines and the compaction of concrete when replacing fine
aggregate with blasting copper slag after in proportion [2].
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Figure 4: Total water absorption by immersion of concretes with 0%, 5%, 7.5% and 10% copper slag amount at 28D.
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In the Figure 5 is presented the water absorption by capillarity of the concretes. In general, BCS-
added concretes presented more water absorption by capillarity than ref series. Greater capillarity is
expected slag-slag added concrete due the lower cement consumption, this leads to a more interconnected
pores, impacting the cohesion and adhesion forces between water particles and concrete pores. For until
24 hours, all the slag-added concretes presented absorption higher than REF [27]. However, for 48 and
72h the 5 and 10% slag-added series presented lower values of water absorption, suggesting that the
copper slag improved the cementitious matrix. This may be attributed to the higher specific gravity of this
samples, that are similar or higher than REF series (Figure 3 (b)) [28].

The concrete series with 7.5% of BCSR may have a poor granular packing that leads to the lowest
compactness and densification of the matrix, resulting in the higher water absorption, in comparison with
the series studied. Although the reference specimens absorbed less water in the first times, is verified an
upward trend in absorption until the end of the test. The final lowest capillary water absorptions occurred
for concrete specimens with 5% and 10% BCRS, contributing to the durability of concrete in severe
environments. The geometry of the BCR associated with its capacity to fill empties and its high density
could provide densification in the concrete matrix [7].
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Figure 5: Capillary water absorption of concretes when cement was replaced by RECPJ at 0%, 5%, 7.5% and 10%,
at 28 days.

In the Figure 6 is presented the correlation of the cement consumption and total water absorption
and capillarity absorption. In general, as the higher was the cement consumption, the lower was the
absorption by capillarity and the total water absorption. However, for total water, the reduction of water
absorption is more effective for until 7.5%, from this amount of cement replacement, the matrix presented
a lower capacity to improve the durability by water penetration [27].
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Figure 6: Correlation between cement consumption x total water absorption and capillarity absorption by immersion

3.3 Hardened state

Figure 7 presents the compression strength of the modified BCS-concretes with 0%, 5% and, 7.5% and
10% that were performed at 7, 28 and 63 days, achieving strengths higher than the expected 30 MPa at
63D, attributed due to its filer effect. In general, all samples presented lower strength as higher the slag
amount in the mixture. In other hand, the 5% series presented similar behavior in comparison with REF
series. At 7 days, there were the highest lost in strength (26.7% in average), due the lower cement amount
as higher the slag presence. With lower cement and a power that do not react in lower ages, the strength
tends to be more affected than in longer ages. At 28 and 63 days, the strength of the slag-added concretes
lost lower strength in comparison with REF series (17.8% in average for 63 days) [29].
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Figure 7: Compressive strength of concretes with 0, 5, 7.5 and 10% of cement replacement by BCS, at 7, 28 and 63
D.

Although acceptable strength values (28.52 MPa) could also be obtained when the BCSR replaced
10% cement, strengths can still be improved by reducing the used water/cement ratio due to spread
consistencies. In this way, performance can grow up and exceed the minimum valued strengths at 28
days. Losses can be directly associated with the cement removal in more significant amounts since it has
binder properties in the mixture [30, 31].

As can be seen in Figure 7, distinct improvements were achieved along the time (7 - 28, and 7 - 63
days) when BCS is present or not. Then, pozzolanic reactions, C-S-H nucleation effects, or new distinct
phases can occur due to the presence of the BCS filler. Future tests are necessary to monitor the hydration
reactions over time, both in early and advanced ages. Different replacement of the cement mass by BCS
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is also suggested.

The Figure 8 presents the binder index of the concrete mixtures produced at 7, 28 and 63D of
cement hydration. Is possible to note that the higher the time of cement hydration, lower was the binder
index, this is expected once the higher is the strength of the composite. Mainly due the loss in the binder
capacity as higher the slag amount in the mixture. Also, is noted that in higher ages of hydration, the
BCS-concrete presented a similar binder index compared to REF series. This is due the lower amount of
cement consumption by volume, even showing lower strength in this added mixtures. This behavior
similar to ref series is associated to a higher cement efficiency hydration [32]. This means that the amount
of the cement present in the mixture was hydrated in higher degree than no-added series.
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Figure 8: Binder index of the concretes (values lower than reference is better).

4. CONCLUSIONS

Considering the results obtained in the research, the incorporation of blasted copper slag replacing the
cement in concrete is a viable alternative. The BCS discard in the environment is reduced, as well as the
use of cement minimized. Based on the laboratory test results, the following conclusions were drawn:

There was a progressive increase in workability for concretes with blasted copper slag (BCSR),
acting as a kind of natural plasticizer.

Replacement of cement by BCSR up to 7.5% did not significantly affect compressive strengths,
keeping then into the original design of 30 MPa concretes at 28 days. Otherwise, the strength was reduced
by about 4.94% when the cement replacement was increased by 10% replacement. However, this can be
circumvented with reductions in the water-cement ratio, since the fresh state's properties allow such a
reduction.

The replacement of cement by the BCSR did not significantly increase the specific mass regardless
of the content. The standard deviation for all samples with replacement between 0 and 10% was 8.97
kg/mé.

Regardless of the absorption by total immersion, modified 5% and 7.5% BCSR-concretes showed
better performances. Also, concretes containing 5 and 10% of BCSR performed well in capillarity
absorption, with a reduction in total absorption of 63.14% and 31.69%, respectively, compared to
standard concrete.

Was possible to note that the 5 to 7% of cement replacement by BCS is efficient in was of cement
hydration efficiency.

Finally, the results of this study contribute to increasing recycling rates of BCS, using them in
cementitious matrixes with-out losing their final properties. However, more research should be made for
copper slag addition or field storage. This material is a waste and has to be investigated by leaching and
other complexes processes among additional chemical reactions between the environment and the
cementitious matrix.
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