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ABSTRACT

This work aims the performance of concretes copper slag-added evaluated in fresh state by slump test and in
hardened state by compression strength in 7 and 28 days of cement hydration, durability indexes as water
absorption and binder efficiency by cement index. In fresh state, the results showed that the samples with
copper slag presented lower slump than the reference sample. In hardened state, with 30% of copper slag
addition, the compression strength was reduced only by 9% and 8% in comparison with the control series, for
7 and 28 days, receptively. Also, for 28 and 48 days of cement hydration, the water absorption showed lower
values in the series with copper slag, indicating a beneficial performance of this waste in the cementitious
matrix. Also, the binder efficiency was verified in the work. As the higher the slag in the mixture, lower was
the cement consumption and, consequently, higher was the efficiency of the cement, resulting in a low in-
creased in the cement index. The control series, at 28 days of cement hydration, achieved 11 kg-m>-MPa*
while the 30% copper slag-added series achieved 12 kg-m™-MPa, which is only 9% higher than series with
no consumption of copper slag, indicating a great performance of the copper slag in this cementitious matrix.
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1. INTRODUCTION

Copper slag is a waste derived from the production of copper alloys, where more than 30 million tons are
generated annually around the world [1]. It is a product composed of less than 3% of copper, partially amor-
phous and when composed of calcium oxide, aluminum, magnesium and, mainly, silica in appropriate pro-
portions, may have interesting pozzolanic properties for the cementitious matrix [2].

The cement and concrete industry is one of the largest contributors to CO2 emissions today [3, 4].
Since the 2000s, alternatives have been implemented to reduce their impact on pollutant emissions [5]. One
of the most popular approaches is to improve the dosage of concrete by manipulating its constituents [6, 7].
Another widely used alternative is the progressive consumption of synthetic and organic additives in order to
reduce cement consumption per unit volume [8]. In addition, one approach that is increasingly being
employed is the partial replacement of cement and or aggregates by some industrial waste or byproduct, as
slag, ash, bricks, clays, glass, kaolinite, heavy metals, organic waste and others [9-17].

Nowadays, most industrial cement already present in their composition some mineral addition from
some industrial process that generates a usable byproduct in the cement production [18, 19]. In this same
perspective, studies have been presented using the replacement of some constituent of the cement matrix by
some industrial waste or byproduct. In general, the focus is on replacing cement, which has the greatest
energy impact. However, the substitution of other aggregates is also the focus of research. Most substitutions
are with pozzolanic potential materials such as silica-rich residue, slag and ash. Also, copper slag residues are
also an alternative for incorporation into the cementitious matrix [2].

FENG et al. [1] incorporated CaO-modified copper slag to enhance the reaction by pozzolanic effect
in the cementitious matrix and found that with the incorporation of CS maintenance of mechanical properties
at 90 days of hydration. A hydrating heat-lowering effect was also found in samples with modified slag.
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PAVEZ et al. [20] partially replaced the cement in three types of mortar with copper slag and found that in
general, up to 10% of substitution there was no significant loss of mechanical properties.

However, higher substitutions did not show promising results. DOS ANJOS et al. [21] incorporated
20, 40, 60, 80 and 100% of copper slag as aggregates in substitution of sand in the cementitious matrix and
verified 5 to 15% loss of mechanical strength with the presence of copper slag in the concrete.

GUPTA et al. [22] incorporated copper slag into self-compacting concretes to replace up to 100% of
the sand and found that the flowability of the concretes increased compared to the control sample. In general,
mechanical strength increased or maintained at 90 days of hydration due to improved cement hydration,
verified by SEM/EDS. WU et al. [23] and AL-JABRI et al. [24] incorporated copper slag as a partial sand
substitute in high performance concretes. They found that the strength decreased as a function of the amount
of slag and at the same time the slump increased as a function of the residue presence. SHI et al. [25] added
copper slag to concrete in up to 100% of the sand and found that, in general, mechanical strength decreases
as a function of the amount of slag present in the matrix. However, there was no behavior trend when the
water/binder ratio of the composite varied.

This work proposes the use of copper slag from a local industry (Caruaru/PE-Brazil; Agreste region of
the Pernambuco state) as an additional constituent in normal strength plastic concrete (<50 MPa). From this
perspective, the study was conducted in order to make progressive additions of the residue to the mixture in
relation to the amount of natural sand. The properties of the concretes were measured in the fresh state, in the
hardened state by the compressive strength (in 7 and 28 days), durability indicators as water absorption and
efficiency indicators as cement index (kg-m™-MPa™).

2. EXPERIMENTAL
For the experimental study, a Brazilian cement CP V ARI was used, in accordance with NBR 16697 [18],
equivalent to Type 1l of ASTM C150 [26]. The cement characteristics are presented in Table 1.

Table 1: Cement properties.

_ CHARACTERISTIC AVERAGE (%)
g 8 Loss ignition 5.03
% é Insoluble residue 1.68
3 g SOy 2.50
- CaO free 1.25
CHARACTERISTIC
Compression strength (MPa) 1 day 18.16
8 3 days 28.73
é 7 days 37.36
_g Specific gravity (g-cm™) 3.12
g Blaine (cm?-gY) 459
T Setting (min.)
Setting (min.) Start 132.86
end 176.90

The sand used is a natural river sand (NS), rich in quartz with a specific gravity of 2.53 g-cm?,
finesses modulus of 2.70 and a maximum diameter of 4.75 mm. Its particle size distribution is presented in
Figure 1. The coarse aggregate is a ground granite stone with a specific gravity of 2.60 g-cm™, finesses
modulus of 7.08 and maximum diameter of 25 mm. Its particle size distribution is also presented in Figure 1.

The copper slag (CS) was obtained from an industry of metallic structural pieces located in
Caruaru/Brazil, and its slag is generated in the fabrication process. The copper slag is used in the blasting and
rust removal on metal parts as an abrasive material. The CS presents a specific gravity of 3.81 g-cm™,
finesses modulus of 4.27 and a maximum diameter of 4.75 mm. Its particle size distribution is presented in
Figure 1, Figure 2 and its chemical composition is presented in Table 2.

The main objective of the study was the evaluation of the CS as a constituent of cementitious
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matrixes. For this, three compositions of aggregate were evaluated. The CS was added to NS in three
different proportions, 10, 20 and 30% in weight, and the finesses modulus is 2.42, 2.51 and 2.62,
respectively, the particle size distribution of the composed aggregates is presented in Figure 1.
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Figure 1: Particle size distribution of the materials used.
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Figure 2: Copper slag used in this research.

Table 2: Copper slag chemical properties.

COMPOUND MASS (%)
MgO 1.17
Al,O4 3.96
Si0, 25.43
P,0s 0.12
SO, 1.26
K,0 1.01
CaO 2.41
Fe,0; 60.45
Cu0o 1.46
ZnoO 1.60
As,0; 0.18
MoO;, 0.91
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LOI 0.04

The concretes were produced with the composition of aggregates and water/binder ratio constant and
only the copper slag was variable. The concretes proportions are presented in Table 3.

Table 3: Concrete proportion.

NAME CEMENT NS (& COARSE AGGREGATE WATER
0% 1 2.84 0 2.72 0.63
10% 1 2.84 0.28 2.72 0.63
20% 1 2.84 0.56 2.72 0.63
30% 1 2.84 0.85 2.72 0.63

Note: Weight unitary proportion.

For fresh state characterization, the slump measurement according to ABNT NM 67 [27] was
performed. For hardened state, compression strength at 7 and 28 days in 10x20 cm (diameter x height)
cylindrical specimens were performed, for each series, at least three samples were tested, according to NBR
5739 [28]. The samples were cured immersed in water right after demolding until the mechanical test. Also,
in the hardened state, water absorption by immersion was determined, according to NBR 9778 [27]. The
capillarity absorption was determined according to NBR 9779 [29], in 3, 6, 24 and 48 hours of data
collection. Also, specific gravity in the hardened state was performed by the gravimetric method.

3. RESULTS AND DISCUSSION

In Figure 3 is presented the slump test of the concretes produced with CS. It is possible to verify that all sam-
ples with the addition of CS had a lower slump value compared to the control sample (0%). The are some
causes that may result in lower workability performance, as the higher the aggregate presence in the mixture,
the higher is the necessity of the admixtures or water to guarantee the same workability of the control series.
Also, the CS presented a different granulometry than natural sand, also the surface texture of the CS is
rougher (due to its production being by blasting which results in fractured particles) than the smooth surface
of the natural sand (due to the natural friction of the aggregates in the riverbed and by the weathering), then
presents higher specific surface that needs to be wet to flow inside of the mixture, this consume part of the
water and reduces the workability of the sample. This may interlock the thin aggregate and difficult to flow,
that reflected in lower value in the slump test.

Slump (mm)
’

0 5 10 15 20 25 30
CS (%)
Figure 3: Slump tests of the concretes.

In addition, it is worth mentioning that the CS was add on mass, and has a specific gravity about 50%
higher than the NS, this leads to a reduction in binder volume as the replacement level increases. This fact
can result in reductions in workability due to water adsorption to the additionally incorporated particles [30,
31]. The results found here were different than found in [23, 32, 22] that found higher flowability of the
concretes as the higher amount of the CS in the mixtures. This may be explained by the characteristic of the
CS used in this research, where the particles come from blasting, which results in irregular particles and with
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a large surface area, subject to interaction with the mixing water and admixture, responsible for the initial
workability in the concrete mixture.

In Figure 4 is presented the average water absorption by immersion of the concretes produced with
CS. According the ANOVA one-way (F-test: 1.26; p-value: 0.34), it is observed that there is no significant
variation of water absorption for concretes with the addition of 10, 20 and 30% compared to the control
series for 7 days of cement hydration. Even the cement used is an early strength, for 7 days of cement
hydration, the absorption by immersion showed no change as the higher the CS addition in the mixture. This
may due to the progressive hydration of the cement particles that still remain in the samples.
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Figure 4: Average values of water absorption by immersion in 7 (dark gray) and 28 (light gray) days with 0, 10, 20 e
30% of CS addition. The error bars stand to the standard deviation.
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However, at 28 days of cement hydration, there was a great reduction in the water absorption by
immersion for the 20 and 30% CS-added series, which is divergently found by MOURA et al. [33], but is in
line with [34], that found a reduction in water absorption with the evolution of the cement hydration for CS-
added concrete samples. This may due to the better packing of the mixture with the CS presence, which may
improve the compactness and homogeneity of the cement paste. Also, as the higher amount of the CS in the
samples, lower is the quantity of the water per cubic meter in the sample, and this resulted in a lower real
water/binder ratio in comparison with the control series. This may provide a more compact matrix with less
porosity, reflecting in lower water absorption.

In

Figure 5 is presented the water absorption by capillarity in 3, 6, 24 and 48 hours of the concretes
produced with CS at 7 and 28 days. For the test at 7 days (

Figure 5 (2)) is possible to note that there no significant change in the capillarity absorption between
the series in relation of sample control, and a characteristic behavior is noted. For 3 and 6 hours, the control
series is less porous than the CS-added series and for 24 and 48 hours, the CS-added series adsorbed lower
values than the control series. Only for 48 hours is noted a significant decrease in the water absorption by the
30% CS-added concrete. Was verified a 10.15% reduction in the capillarity absorption. The copper slag
concrete presented a decrease in porosity. It is related to filler and pozzolanic effect activity that fills copper
slag concrete microstructure space promoting reduction and discontinuity of capillary pores and packing
matrix. It contributed to pore refinement by increasing the amount of smaller pores and decreasing the
amount of the bigger ones. This suggests that for early age, the cementitious matrix present a similarity of the
continuous phase (the cement paste) and the real change is more pronounced in later ages of cement
hydration [35].
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Figure 5: Water absorption by capillarity in the concretes with 0, 10, 20 e 30% of CS addition at 7 days (a) and 28 days
(b). The error bars stand to the standard deviation.

The same trend was verified in the 28 day tests. For 3 and 6 hours, the control series adsorbed by
capillarity a lower quantity of water than CS-added series. For 24 and 48 hours, the CS-add series adsorbed
higher values than the control series. However, according the results of the ANOVA one-way (Table 4), in
the 28 days series was verified a statistic significant reduction (F-test: 6.611 and p-value: 0.037; with 95% of
confidence) in the capillarity absorption in the samples for a 48-hour test, which is in line with [21] and that
is divergent that found by MOURA et al. [33]. These results also suggest that for early ages, 7 days of
cement hydration or for few hours of water contact, the absorption is very intense, mainly due the
macroporosity of the cementitious matrix. This means that the difference is verified for long time of cement
hydration times or for long time of water contact, that favor the absorption of water by bulk of the
cementitious matrix. This also reinforced the suggestion that for higher cement hydration times, the addition
of copper slag is beneficial for some durability properties, once the durability is associated with permeable
properties of the cementitious matrix [25, 32, 33].
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Table 4: Results of ANOVA one-way of the capillary water absorption.

7D 28D
HOURS
F-test p-value F-test p-value
2.867 0.104 1.333 0.330
6 1.308 0.337 1.333 0.330
24 1.000 0.441 2.250 0.160
48 2.538 0.130 4.611 0.037

To verify the water distribution configuration for the capillarity absorption, three samples of each
series were slept by diametrical test. Figure 6 presents the transversal section of the samples in 7 and 28 days
of cement hydration in 0, 10, 20 and 30% of copper slag addition.
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Figure 6: Diametrical splitted samples of the concretes with 7 days and 0%, 10%, 20% and 30% of CS addition in (a),
(b), (c), and (d), respectively, and 28 days in (e), (f), (g), (h), for 0%, 10%, 20% and 30% of CS addition, respectively; (i)
Water absorption depth and variation of water absorption depth in comparison with control series.



=) CASAGRANDE , C.A;; SANTOS. D.D.; JOCHEM , L.F,, et al . revista Matéria, v. 25, n.4, 2020.

It is possible to note that for the concrete in this work, the capillarity absorption is quite relevant. Is
verified more than 20 mm of water impregnation in the samples, that in most of the cementitious matrix
structures would in contact with the reinforced steel of the reinforced concrete. However, according Figure 6
(i), for the CS-added concretes, is possible to note that that the depth of the water adsorption is lower than the
control series. The control series presented 99.8 mm and 90.7 mm of water absorption depth, for 7 and 28
days of cement hydration, respectively, and the 30%-added series presented 90.6 mm and 63.7 mm for 7 and
28 days, respectively. This suggests that the CS addition was beneficial to the cementitious matrix. In line
with the water absorption results observed.

In Figure 7 is presented the specific gravity of the concretes produced with CS at 7 and 28 days of
cement hydration. In general, in the hardened state for 7 and 28 days, as the higher the CS amount in the
mixture, the higher was the specific gravity. This is a result of the specific gravity of the CS, which is higher
than the NS, also found in [33, 23, 21, 36].
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Figure 7: Specific gravity for 7 days (dark gray) and 28 days (light gray), for 0%,10%, 20% e 30% of CS addition.
Errors bars stand to standard deviation.

In general, as the higher the specific gravity, the higher the strength properties. However, in
cementitious matrixes, the strength is also dependent on the compact and homogeneity of the cementitious
matrix. Here we verified that 30% of the CS-added sample does not present the lowest water absorption, that
suggest that there no direct relation of the CS addition with the homogeneity of the matrix (Figure 8). Then,
only the specify gravity may not represent final mechanical properties of the composite.
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Figure 8: Correlation between specific gravity and water absorption for the CS-added concretes in 28 days of cement
hydration.
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In Figure 9 is presented the compression strength of the concretes produced with CS at 7 and 28 days
of cement hydration. The error bars correspond to +1 standard deviation. The control concrete series showed
the highest compressive strength at both hydrations times. It was expected since this had a cement content
higher than the other SC-added series. The compression strength for 7 and 28 days presented the same trend,
as the higher the CS amount in the mixture, the lower was the compression strength until 20% of CS added,
for 30% of CS addition, the strength increased in comparison with 20%-added sample. One reason for this
behavior may be as the higher the CS in the mixture, the lower was the binder quantity in the material,
resulting in this behavior. However, for 28 days, only a marginal decrease in the compression strength was
achieved. The control series presented 28.2 MPa, and the 10% and 30% presented 24.5 and 25.9 MPa,
respectively, that represents a decrease of 13 and 8.3% respectively in comparison with the control series. To
clarify if the samples are similar, One-way ANOVA with Tukey test was made to compare if the CS-addition
was influent in the compressive strength of the samples in 7 and 28 days of cement hydration. There was
significant effect of amount of copper slag in compressive strength at 95% of confidence level (F-test: 35.72;
p-value: 3.17x10°® and F-test: 40.80; p-value: 3.16x10°°, for 7 and 28 days, respectively). Post hoc using the
Tukey test indicated that, for 7 days of cement hydration, the average strength comparison between control
series, 10% and 20% CS-added were significantly different. However, the average strength comparison
between control series and 30% CS-added did not significantly differ. For 28 days of cement hydration, the
average strength comparison showed that all CS-added series were significantly different than control series.
However, the average strength comparison between 10% and 30% CS-added series did not significantly
differ. These results indicated that the compressive strengths of concretes made with copper slag are similar
as that of concretes or even quite lower than the control mixtures. This is interesting mainly due the
competitive compressive achieved comparable to reference sample with a waste based material.
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Figure 9: Average compression strength for 7 and 28 days with 0,10, 20 e 30% of CS addition. The error bars stand to
standard deviation.
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These results found here is in line with presented in [1, 23, 21, 25, 20], however this results are
different than found by AL-JABRI et al. [32], that verified a slight improvement in the mechanical strength
of the concretes with CS addition until 40% of addition. This difference may be due the CS characteristics
used in this research, that is coarser than used in AL-JABRI et al. [32] research. The coarser the aggregate,
more void in the granular skeleton, that is translated in more macro porosity or necessity of cement paste to
fill the space, and the porosity is one of the most influent effect in compressive strength in cementitious
matrix [37, 38].

In Figure 10 is presented the cement index of the concretes produced with CS at 7 and 28 days of
cement hydration and cement consumption of the concrete proportion [39]. The cement index measures the
amount of cement per m® of concrete for a unit of compressive strength, which means the quantity of the
cement needs to achieve 1 MPa of strength and is expressed in kg-m™-MPa™. This index is useful to compare
the mechanical performance of concretes with different cement contents. With the exception of the sample
with 20% of copper slag, which showed a higher cement index due to it lower mechanical strength, mainly
due to its lower workability in the fresh state, which impairs the homogenization of the mixture and enhances
the macrodefects (such as porosity), compared to the other samples. As the higher the CS in the cementitious
matrix lower was the binder amount and, consequently, the lower was the cement consumption of the
mixture, as verified in Figure 10. In parallel, is possible to note that for 7 days of cement hydration, the
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control series achieved 16 kg-m™-MPa™ while the 30% CS-added series presented only 17 kg-m™-MPa™, that
represents only 6.25% higher than control series, even consuming 30% of copper waste, reflecting in a good
green concrete potential.
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Figure 10: Cement index for 7 and 28 days with 0,10, 20 e 30% of CS addition and cement consumption.

In addition, for 28 days of cement hydration, the control series presented 11 kg-m=-MPa™ and the
30% CS-added series presented 12 kg-m™-MPa™, that is 9% higher than control series. The indices obtained
for the concretes containing the residues are quite satisfactory, since they are close control series. These
results demonstrate the good performance of the residue for the production of normal plastic concretes.

4. CONCLUSIONS

This work evaluated the feasibility of using copper slag (CS) as an additional material in normal plastic con-
cretes. Based on the results presented in this paper, the following conclusions were established:

Overall,

With the slag additions used, there was a reduction of the slump and, consequently, there was
a reduction of the concrete workability resulted in the more aggregate presence in the mix-
ture.

When analyzing the specific gravity of the concrete, it was observed that there was an in-
crease as the addition of copper slag increases. However, this increase represents respectively
4% and 6% for the ages of 7 and 28 days of concrete, respectively, with 30% of CS addition.

Regarding the absorption by immersion, the concretes with the addition of 20 and 30%
showed better behavior for the ages of 28 days, less 19.06% and 17.97%, respectively, com-
pared to the control concrete. For capillary absorption, the concrete with copper slag addition
showed a reduction in relation to the capillary absorption for the period of 48 hours, for the
age of 28 days. Therefore, it is feasible to apply copper slag from a durability point of view,
as it improves the permeability of water inside the system, thus reducing the possibility of
transporting aggressive agents.

Regarding the compressive strength, it was observed that there was a small decrease in rela-
tion to the reference concrete for all additions. However, the best result was the addition of
30% copper slag, which showed an average compressive strength reduction of only 9% for
the concrete age of 7 days and 8% for the age of 28 days, and presented an increase of only
6% for the concrete age of 7 days and 9% for the age of 28 days for the ratio of cement con-
sumption by strength, which that is very close to the reference concrete, nevertheless with
high consumption of the residue material.

the addition of a 30% copper slag is the most feasible in this work, both from an

environmental and economic point of view. 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
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processes among additional chemical reactions between the environment and the cementitious matrix.
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