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The effects of copper tailings as an additive, on some durability properties of cement mixtures
were investigated. In each mixture, copper tailings addition levels by mass were 0%, 5% and 10%.
Compared to the control samples, copper tailings blended pastes showed superior performance against
autoclave expansion while insignificant decreases in sulfate resistance of mortars were observed. Copper
tailings increased the water absorption and total permeable voids of concretes slightly. However, the
compressive and flexural strengths of blended concretes were higher than those of the control samples.
Similarly, improved resistance to acid attack and chloride penetration as the copper tailings content of
concretes increased were also observed. Results further showed that the ASTM C 1202 rapid chloride
permeability test may not be a valid indicator of chloride migration in mixtures containing conductive
copper tailings. These results suggest that copper tailings can potentially enhance the durability

properties of cement based materials.
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1. Introduction

The rising demand for a cleaner environment and
sustainability in the use of construction materials have
renewed the clamor in the construction industry for
increased recycling of industrial wastes as concrete making
materials. These calls have become more strident given
that several researchers have shown that the utilization of
industrial by-products such as coal fly ash and silica fume
as supplementary cementitious materials improve concrete
durability significantly. Studies by Langely et al.' suggested
that at 91 days, fly ash concrete developed more strength
than concretes without supplementary materials. Polder
and Peelen” were of the opinion that concrete containing
blast furnace slag, fly ash or both has a superior resistance
to chloride penetration and corrosion activity. Hou and
Chung? studied the effect of supplementary materials such
as silica fume and carbon fibers on corrosion resistance; they
concluded that silica fume is most effective in improving
corrosion resistance because it decreases water absorption
while increasing concrete resistivity. Related studies by
Ganesan et al.* and Cordeiro et al.’ showed that sugarcane
bagasse ash blended concretes recorded enhanced strength
and durability properties. Similarly, Chusilp et al.® observed
that concrete containing up to 30% ground bagasse ash as
cement replacement material showed higher compressive
strength, lower water permeability and heat evolution
compared to the control concrete at 28 and 90 days.
Given the various benefits accruable from the use of these
aforementioned waste materials in concrete, it is imperative
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that the utilization of other categories of waste materials in
cement based mixtures be investigated.

Today, copper and copper allied products have wide
applications in various industries. Hence, with increasing
world population, the demands for these aforementioned
products will certainly increase. It was estimated that
between 1900 and 2008, annual use of copper increased
from less than 500 hundred thousand to 18 million metric
tons’. This invariably means that the waste generated at
copper processing facilities across the world has increased
significantly. The massive waste generation going on in
the copper industry, was highlighted by Boger® when he
submitted that about 230,000 tons of dry copper tailings
is produced daily at the Escondida copper mine in Chile.
According to Yu et al. as cited in Huang et al.,” more than
2.4 billion tons of copper tailings can be presently found in
China. Similar or higher volumes of copper tailings may also
be in existence in major copper producing countries such
as Chile, Peru and United States. It is expected that several
billion tons of copper tailings will be produced in future.

Previous studies have shown that copper slag, which is
less abundant in comparison to copper tailings, can enhance
the mechanical and durability properties of mortar and
concrete. Ayano and Sakata'® observed higher long-term
compressive strength in concrete mixtures containing
copper slag. They also noticed that these mixtures displayed
no significant sulfate induced deterioration, and the rate
of carbonation was minimal compared to those of the
control samples. Moura et al.'' employed copper slag
as an additive in concrete, and they observed increased
mechanical strength, reduced porosity and carbonation
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for concrete samples. Al-Jabri et al.'” also submitted that
the substitution of sand with copper slag improved the
strength and durability properties of high strength concrete.
Compared to the control mixture, Najimi et al.'* observed
higher resistance to sulfate attack in concrete samples
containing copper slag.

Till now, research studies on the durability properties
of cement based mixtures containing copper tailings as an
additive material are not available. Consequently, this paper
investigated some durability properties of pastes, mortars
and concretes incorporating copper tailings as an additive
at 0%, 5% and 10% addition levels by mass.

2. Experimental Works

2.1. Materials

The binders used in preparing paste, mortar and concrete
mixtures in this study were Portland slag cement CEM III/A
(Class 32.5N) and copper tailings obtained at various depths
from deposits at an abandoned processing facility at Leftke,
Cyprus. The tailing samples were air dried and sieved
with a 600 um sieve before usage. The fine and coarse
aggregates were sourced from locally crushed rock while
ASTM C 778" standard sand and ASTM C 452" specified
high grade natural gypsum was used for the preparation of
mortars. Similarly, a hydrochloric acid (HCI) solution with
a pH of 1.0 was used for the acid resistance tests.

2.2. Physical and chemical properties of
constituent materials

Physical properties, such as the specific gravity of the
cement and copper tailings, were determined according
to the ASTM C 188'¢ specification. The specific surface
areas were obtained using ASTM C 204!7 and Blaine’s air
permeability apparatus. The particle size distribution of the
waste material was also determined using sieve analysis
and a hydrometer method. Finally, an oxide analysis of the
copper tailings was performed. The specific gravities of
the fine aggregates, coarse aggregates and copper tailings
were 2.77, 2.54 and 4.29, respectively. The high specific
gravity of the copper tailings was attributed to the high
concentration of iron (III) oxide in it. Similarly, the water
absorption property of the tailings (13.8%) was much higher
than the 0.13-0.55% recorded in literature for copper slag.
Itis suspected that prolonged exposure to weathering might
have also contributed to the increased porosity of the tailings.
The particle size distribution curve of the copper tailings is
shown in Figure 1. The curve indicated that about 50% of
the tailing particles were finer than 0.1 mm. Some physical
and chemical properties of cement and copper tailings are
also shown in Table 1.

2.3. Mixture proportions

Pastes were prepared using 650 g of cement incorporating
copper tailings as cement additive at 0%, 5% and 10%
addition level by mass. Similarly, 361 g of cement containing
copper tailings as an additive at of 0%, 5% and 10% by
mass, 39 g of gypsum, 1100 g standard sand and 194 mL
water were used for the preparation of potential sulfate
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expansion test mortar mixtures. At a constant w/b ratio of
0.57, concrete mixtures incorporating copper tailings at
0%, 5% and 10% addition levels were also prepared. These
mixtures were identified as CO for control, C5 and C10
for mixtures containing copper tailings. On completion of
casting operations, specimens were kept in the curing room
for 24 hours before they were then de-molded and left in
the room at a temperature of 23.0 + 2.0 °C and humidity of
85 * 5% until the time of testing. The mixture proportions
are summarized in Table 2.
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Figure 1. Particle size distribution.

Table 1. Chemical and physical properties of cement
(CEM III A 32.5N) and copper tailings.

Component CEMIIIA (t:;)irl,ill)legr
Chemical composition (%)
SiO, 29.15 11.20
Al O, 7.34 -
Fe O, 2.42 85.30
CaO 50.04 -
MgO 3.99 -
SO, 1.97 -
Cl 0.01 -
Loss on ignition 1.65 -
Insoluble residue 0.27 -
Heavy metal content (mg/kg)
Cu - 2284
Zn - 402
Pb - 60
Cr - 12
Cd - 0.86
Physical properties
Specific gravity 2.96 4.29
Blaine specific surface area (cm?/g) 3440 537
Absorption (%) - 13.82
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Table 2. Mixture proportions.
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W/B Mixture Tailings Quantities (kg)

ratio name (% by mass) Water Cement Tailings Fine Coarse

0.57 Co 0 225 395 0 810 950
C5 5 225 395 20 810 950
C10 10 225 395 40 810 950

2.4. Autoclave expansion

The impact of copper tailings on CaO, or MgO, or
both, induced delayed expansion of pastes was investigated
in accordance with the ASTM C 151" specification. For
each mixture, a paste of normal consistency was mixed,
and two 25 mm x 25 mm X 285 mm prisms were prepared
by compacting the paste inside molds in two layers. After
curing and de-molding, sample dimensions before test
were determined with a length comparator. Samples were
then placed in autoclave equipment, and temperature was
adjusted until a steam pressure of 2.0 MPa was attained
within 45 minutes of start of test. This pressure was kept
constant for 3 hours, before the heat supply was turned off.
Thereafter, samples were removed and allowed to cool for
30 minutes in water before final lengths were measured.
The changes in length of test samples were calculated by
subtracting the length comparator measurements before and
after autoclaving, which were then presented as a percentage
of the effective gage length to the nearest 0.01%.

2.5. Percentage mass of absorbed water and
volume of permeable voids

After 90 days of curing, four 100 mm x 52 mm
cylindrical specimens were cut from the middle of four
100 mm diameter x 200 mm long cylinders, and used for
the ASTM C 642" test for the determination of percentage
absorbed water and volume of permeable voids in concretes.
These cracks and fissures free samples were oven dried to
constant mass for 48 hours at 110 °C before being immersed
in water at 21 °C for 48 hours. Samples were surface-dried
with a towel before their saturated mass were determined.
Thereafter, samples were boiled inside water for 5 hours
and allowed to cool for 14 hours before their apparent mass
in water were determined. The percentage absorption and
volumes of voids were calculated using these oven dry mass,
immersed apparent mass, immersed and boiled saturated
mass values.

2.6. Mechanical strength of concrete

The compressive and splitting tensile strengths of all
the concrete mixtures were determined at the same test ages
using the BS EN 12390: Part 3: 2009%° and ASTM C 293*!
guidelines. For each mixture, nine 150 mm cubes were
used for the compressive strength tests at 7 days, 28 days
and 90 days. Similarly, six 100 mm x 100 mm x 500 mm
prisms were also used for flexural strength tests at 28 days
and 90 days. For the compressive strength test, samples
were placed in a compression test machine and loaded at a
constant rate of 0.7 MPa/s until failure occurred. Similarly,
prisms for the flexural strength (center-point loading) tests
were subjected to a constant loading rate of 3.0 MPa/min
until failure occurred.

2.77. Sulfate resistance

The effect of partial substitution of cement with copper
tailings on the potential sulfate expansion of mortar prisms
was investigated according to ASTM C 45215 specifications.
Mortars containing 7.0% by mass sulfur trioxide (SO3) were
mixed, and two 25 mm x 25 mm X 285 mm prisms were
prepared by compacting mortar inside molds in two layers.
Molds containing these samples were left in the curing
room for 24 hours. After de-molding, samples were placed
in water at 23 + 2 °C for 30 minutes before initial lengths
were determined using a length comparator. Thereafter,
samples were placed on supports inside a pan and covered
with about 15 mm of water until the 14" day. Samples were
wiped dry with a damp cloth before their final lengths were
determined. The expansion of samples was calculated as the
difference in length of samples at 24 hours and 14 days to
the nearest 0.001% of the effective gage length.

2.8. Acid resistance

The resistance of concrete samples to acid attack was
evaluated after 90 days of air curing. First, initial mass of
four 50 x 50 x 50 mm specimens taken from each mixture
were determined before placement in 5% hydrochloric
acid solutions for 28 days. The acid solution was renewed
after 14 days, and at the 28" day of immersion, specimens
were oven-dried to constant mass. Thereafter, detachable
particles were removed and final masses were determined.
The percentage mass losses of specimens were used as an
indicator of resistance to acid attack.

2.9. Rapid chloride permeability test (RCPT)

RCPT evaluates the total charge transmitted through
concrete specimens during a 6 hours period. For each
mixture, the test was performed using three 100 mm x 52 mm
cylindrical specimens cut from the middle of three 100 mm
diameter x 200 mm long cylinders. The test was carried out
according to the ASTM C 12022 guidelines. First, samples
were placed in a desiccator and vacuumed for 3 hours
before they were covered with water and vacuumed for
additional 1 hour. Thereafter, samples were left under water
for 18 hours before being tested. Samples were placed in
the center of two test cells; the cell filled with 3.0% sodium
chloride (NaCl) solution was connected to the negative
terminal while the cell filled with 0.3N sodium hydroxide
(NaOH) solution was connected to the positive terminal
of the power supply. A potential difference of 60 V was
maintained across the test set up for 6 hours, and the total
charge passed, in coulombs was determined.
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2.10.

Actual penetration of chloride ions into concrete
specimens was verified by immersing four 50 x 50 x 50 mm
cubic specimens coated on all but one side in a 3% NaCl
solution for 28 days. Thereafter, the specimens were split and
sprayed with a 0.1N silver nitrate solution as suggested by
Otsuki et al.”® to determine the chloride penetration depths.
These depths were identified as points within the samples
where free chlorides above 0.15% by mass of cement
reacted with 0.1N silver nitrate (AgNO,) solution to form a
white precipitate of silver chloride (AgCl). The absence or
limited availability of free chloride was signified by brown
coloration produced from the reaction of AgNO, solution
and hydroxides in the concrete samples.

Chloride immersion test

3. Results and Discussion

3.1. Autoclave expansion

The results of the autoclave expansion tests are shown in
Figure 2. The expansion values of the paste mixtures were
0.036% for CO, 0.023% for C5 and 0.031% for C10. These
results are significantly low; and the best performances
were obtained from the C5 mixtures, followed by the C10
samples. In a related study, Liu et al.** equally observed
increased resistance to autoclave expansion in fly ash and
slag blended paste mixtures. The improved resistance
of copper tailings blended pastes was attributed to the
accelerated hydration reaction induced by autoclave curing,
which produced enhanced strength and microstructure in
copper tailings pastes.

3.2. Percentage mass of absorbed water and
volume of permeable voids

Figure 3 shows the results of water absorption and
volume of permeable voids properties of concretes at the
age of 90 days. The percentage mass of absorbed water were
6.3% for CO0, 6.8% for C5 and 7.5% for C10. These results
suggest that compared to the control mixture, copper tailings
blended concretes have higher permeable voids, hence
the marginal increases in water absorption observed. The
percentage volumes of permeable voids were 15.7% for CO,
16.4% tor C5 and 18.1% for C10. Increased absorbed water
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Figure 2. Autoclave expansion of pastes.
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and pore volumes were also observed by Hadj-sadok et al.”,
in mortars containing moderately reactive ground granulated
blast furnace slag. The slightly increased percentage mass
of absorbed water and total permeable voids of copper
tailings blended concretes in this study was attributed to
the porous and coarse particles of the tailings. Nevertheless,
pore refinement and interconnectivity reduction by the fine
particles of these tailings may ensure that the increased
porosity of copper tailings blended mixtures does not impair
durability properties.

3.3. Mechanical strength of concrete

Figure 4a shows the compressive strength results of
concrete specimens. These results showed that at all test
ages, C5 and C10 mixtures yielded higher compressive
strengths compared to the control mixture. The observed
percentage compressive strengths relative to the control
at the 7" day were 105.8% for C5 and C10, respectively.
Similarly, the observed percentage compressive strengths
relative to the control at the 28" day were 107.1% for C5
and 104.1% for C10 while that of the 90" day were also
112.3% for C5 and 109.2% for C10. The percentage relative
increases in compressive strength of these mixtures between
the 28" and the 90" day were 10.9% for CO, 16.2% for C5
and 16.3% for C10. Moura et al.?® observed similar trend
in the compressive strength of concrete containing copper
slag as an additive. It is suspected that slightly reduced
w/b ratio, the filler effect of fine particles of the tailings
and additional hydration products at later age contributed
to the compressive strength enhancement witnessed in the
blended mixtures. Similarly, Figure 4b shows that at the
28" day, the flexural strengths of the blended mixtures
compared to the control samples were 122.7% for C5 and
127.3% for C10. At the 90" day, these values improved to
125.0% for C5 and 128.3% for C10. The percentage relative
increases in flexural strength of these mixtures between
the 28" and the 90™ day were 36.4% for CO0, 38.9% for C5
and 37.5% for C10. In addition to these aforementioned
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Figure 3. Water absorption and volume of permeable voids in
concretes.
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Figure 4. a) Relationship between compressive strength and copper tailings addition level; b) Relationship between flexural strength and

copper tailings addition level.

compressive strength enhancement factors, the increased
flexural strengths of these blended samples could be as a
result of improved bonding between aggregates and pastes
engendered by these copper tailings.

3.4. Potential sulfate expansion

The percentage change in length of mortar samples are
shown in Figure 5. The values were 0.043% for C0, 0.046%
for C5 and 0.050% for C10. The negligible expansion
of the CO samples which are comparable to the ASTM
C 150% limit of 0.04% for sulfate resisting cement was
attributed to the low tricalcium aluminate (C,A) content of
the slag cement used. It was expected that similar or lower
expansions compared to those of the control samples will
be obtained in blended samples since their C,A contents
are same. However, slight increases in expansion values
as tailings content of blended samples became higher
were observed. This irregular occurrence is traceable to
the increased sulfate permeation of these tailings blended
samples which intensified the formation of gypsum and
expansive ettringite in samples. Furthermore, the reduced
rate of early strength gain caused by the delayed hydration
of cement induced by heavy metals present in copper tailings
may have also contributed to the increased expansion.
Lee et al.”® investigated the sulfate resistance of mortars
containing recycled fine aggregates as a partial replacement
of natural fine aggregate and they suggested that the
high water absorption characteristics of these aggregates
contributed immensely to the increased expansion observed
in specimens. Poor sulfate resistance compared to those of
Type I/V control concretes after 48 months exposure to
sulfate environment, was observed by Hossain? in concretes
containing porous volcanic scoria. Similarly, Najimi et al.'3
observed improved sulfate resistance in concretes containing
copper slag, and they attributed the performance to the
reduced permeability of these concretes. Therefore, the
increased expansion of the C5 and C10 samples is attributed
to their higher water permeation compared to the control.
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Figure 5. Potential sulfate expansion of mortars.

3.5. Acid resistance

Figure 6 highlights the mass loss of concrete samples
after exposure to aqueous 5% HCI solution for 28 days.
The percentage losses in mass were 5.7% for CO, 3.1%
for C5 and 2.6% for C10. Compared to the copper tailings
blended samples, the CO samples contained higher quantities
of Ca(OH),. Thus, the highest loss of mass recorded in the
CO0 samples was probably as a result of the dissolution and
leaching away of Ca(OH), present on sample surfaces by
the aqueous HCI acid solution. This heightened surface
decomposition predisposed the interior of CO specimens
to increased acid attack and deterioration. Conversely, the
lower percentage mass loss in samples containing copper
tailings was attributed to secondary hydration reaction
induced by copper tailings, which reduced the Ca(OH),
available for acid attack in samples. Moreover, denser
microstructure and greater bonding of particles in samples
induced by the coarse and porous tailings may have also
contributed to the enhanced resistance against acid attack.
Chindaprasirt et al.*® observed enhanced acid resistance as
the fineness of fly ash in blended mortar samples decreased.
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3.6. Rapid chloride permeability test

Figure 7 shows the total charge transmitted through
concrete specimens after the RCPT test. Air curing
method used in this study may have contributed to the
high charge recorded. It was observed that the total
charge transmitted through the copper tailings blended
mixtures were higher than that of the control mixture.
This occurrence was because of the presence of copper in
the tailings, which led to the increased conductivity of C5
and C10 specimens during the tests. However, the lower
charge of C10 samples compared to that of the C5 samples
was attributed to restrained transmissibility caused by
enhanced pore refinement at higher tailings content. Based
on RCPT results, several studies have shown that as the
supplementary cementitious material content of concrete
increases, chloride permeability of concrete specimens
decrease accordingly. Nonetheless, Shi et al.*! averred that
total transmitted charge should not be used as a determinant
of the chloride penetration resistance of concretes containing
supplementary cementing materials. Wee et al.> were also
of the opinion that the charge transmitted through concrete
containing supplementary cementitious materials indicate
its overall electrical conductivity rather than its resistance
to chloride penetration. Further studies by Shi* showed
that supplementary cementing materials can significantly
influence the chemistry or electrical conductivity of pore
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Figure 6. Acid resistance of concretes.
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Figure 7. Rapid chloride permeability test of concrete.
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solution. Hence, the use of RCPT as a means of determining
chloride permeability of blended concretes is invalid.
Therefore, the result obtained from copper tailings blended
concretes were probably a measure of sample conductivity
rather than chloride permeability. In a related submission,
Naik et al.** suggested that increased water content of
samples and concentration of ions in pore solution decreases
the resistivity of cement pastes. The high conductivity of
concretes containing copper tailings could be utilized in
the deicing of roadways and electromagnetic shielding of
electrical and electronic devices.

3.7. Chloride immersion test

Figure 8 shows the chloride penetration depths in
samples. The depths of penetration were 19.9 mm for
CO0, 7.6 mm for C5 and 3.4 mm for C10 samples. These
results showed that concrete mixtures containing copper
tailings had enhanced chloride penetration resistance
compared to the control samples. The reduced depths of
chloride penetration witnessed in these blended samples
were attributed to reduced w/b ratio due to the absorption
of mix water and refinement of voids which led to a
discontinuous pore structure in the concretes. Furthermore,
chemical reaction between copper tailings and chlorides
may have caused a decrease in the soluble chloride content
and migration in samples. Figure 9 shows the correlation
between the total charge passed and chloride penetration
depths for these concretes. The graph highlights an inverse
relationship whereby chloride penetration depths decreased
as charge passed increased. However, the determined
R? value of 0.69 suggests a weak linear correlation between
the two variables. Lack of correlation between chloride
penetrations and RCPT values obtained from concrete
samples containing GGBFS and SF was also reported by
Wee et al.**In a related investigation of concretes made with
different types of binders, Meck and Sirivivatnanon* equally
observed poor correlation between RCPT test results and
chloride penetration depths obtained from immersion tests.

Hence, in this study, these two tests are independent
of each other, and are affected by different factors. While
RCPT results were influenced by the increased conductivity
of samples induced by copper contained in the tailings,
chloride penetration depth values were mainly dependent
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Figure 8. Depth of chloride penetration of concrete.
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on sample microstructure, pore interconnectivity and the
chemical reaction between metals in the tailings and the
chlorides. Moreover, the anomalous behavior observed by
comparing data in Figure 3 and Figure 8, whereby depth of
chloride penetration decreased as the water absorption of
samples increased signifies that percentage water absorption
is not a good indicator of the chloride resistance property of
these concretes. Similar observations about the unreliability
of water absorption as an indicator of chloride migration in
concrete, was made by De Schutter and Audenaert™®.

4. Conclusion

The use of copper tailings as an additive caused a
reduction in autoclave expansion of pastes. However, the
percentage mass of absorbed water and volume of permeable
voids increased slightly as the copper tailings addition level
in concrete became higher;
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