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ARTICLE INFO ABSTRACT

Handling Editor: M.T. Moreira Improving the concrete mechanical properties/durability indicators and reducing its costs and environmental
damage by using waste materials have always been strategies for the growth and development of the concrete
industry, waste management and environmental protection. This research studied the effects of using fine copper
slag (CS) aggregates on the strength and microstructural properties of roller compacted concretes (RCC) by
Compressive strength testing a total of 7 mix-designs including 0-60% fine copper slag aggregates and the results showed that the best
compressive strength performance, about 23.58% more than that of the control design, was related to the 91-day
Roller compacted concrete L 3 3 N ) )
SEM concrete containing 40% CS. An increase in the CS increased the RCC’s tensile and flexural strength. Different-
age, 40% copper-slag specimens had the lowest surface and capillary water absorption and penetration rates, and
60% ones had about 7% increase in the unit weight and 26.8% reduction in the production costs. The mechanical
properties were studied by scanning electron microscope (SEM) images and the results showed that this research
can help collect copper slag waste from the nature, produce nature-friendly RCCs, reduce pollutants and waste
depot spaces, save energy and preserve the environment.
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1. Introduction

Producing one ton of pure copper produces about 2.2-3 tons of
copper slag (CS) as a waste by-product that has high FeO2 and low SiOs,
Aly,03 and CaO (Gorai et al., 2003), and is released into the nearby
environment (Shi et al., 2008). In 2015, the major CS production was by
China, Japan, Chile, Russia and India (about 56%) (Sharma and Khan,
2018), but such factors as the expansion of cities, population growth and
urban development led to its more production compared to 2015; the
average annual CS production is about 30 million tons which is stored in
the nature often unused (Shen and Forssberg, 2003). From the envi-
ronmental protection point of view, storage of this volume of waste in
the nature is not justified due to high costs and environmental hazards as
well as the required land and space (Khanzadi and Behnood, 2009).
Although part of this waste is used in producing engineering materials
(tiles, cement, glass, mortar, concrete, etc.), making abrasive/cutting
tools and constructing roads, railways, airport runways, embankments
and drainages (Shi et al., 2008; Nazer et al., 2016), large amounts of it
are still stored in the environment with no specific use.

Cost-effectiveness and rapid production are among the reasons why
the roller compacted concrete (RCC) is used in the construction of

hydraulic structures and pavements of various roads and highways.
During the 1970s, RCC pavements replaced the conventional asphalt
types due to their higher construction costs (ACI 325.10R-95, 2001).
Compared to the ordinary concrete: 1) RCC has less water content, more
mineral additives (e.g., fly ash), and different manufacturing/execution
processes (Wang et al., 2018), and 2) about 70-80% of its volume is
composed of aggregates letting more voids to be filled with fine aggre-
gates (ACI 325.10R-95, 2001). As RCC is spread with bulldozer in hor-
izontal layers and is compacted by vibrating rollers (Liu et al., 2015), its
post-curing behavior depends on how accurately and qualitatively the
layers are implemented, compacted and controlled. Various parameters
that should be considered to achieve an ideal RCC density include the
speed and frequency of the roller vibration, number of its passes and the
compressed thickness (NEAPRC, 2009). Compared to asphalt pave-
ments, the RCC strength and durability are higher and show better
performance against such oily elements as gasoline, diesel and grease
(Rao et al., 2016), and compared to conventional concrete/embankment
dams, construction of RCC dams is faster and more cost-effective, and
involves material savings and less spillway cost due to smaller size and
dimensions (Karimpour, 2010).

The industry growth and construction progress around the world
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have boosted the need for large volumes of natural aggregates leading to
the disposal of the related wastes and by-products and, hence, to po-
tential environmental damage (Prem et al., 2018). Reducing the volume
of waste materials and improving their recycling conditions are impor-
tant issues in the waste and environmental management because natural
resources are preserved and the required disposal space is reduced
(Sharifi et al., 2015). About 3.7 billion tons of various aggregate types
are used annually in the world (Association, 2018), and their production
and consumption are still highly increasing compared to the past due to
the concrete performance and special properties, and the increasing
need of the related industries. As the concrete industry highly depends
on natural resources for natural sand, much effort has been made in
recent decades in many researches to reduce this dependence (Dhar
et al., 2018). Introducing materials to replace natural aggregates can
help limit the potential environmental damage and hazards due to the
frequent use of natural resources (Mousavi et al., 2021). Therefore,
approved, technical, economic waste collecting and disposing solutions
can help keep the environment clean. The construction industry depends
on the production of different-type/-quality concretes causing the
annual consumption rate of which to be about 25 x 10° tons (IEA and
WBCSD, 2009). Almost 55-80% of the concrete volume consists of ag-
gregates most of which are produced either from riverbeds or by
crushing mountain boulders that damage the environment seriously
(Al-Jabri et al., 2009a). Only in 2015, aggregates used in the concrete
industry amounted to about 48.3 x 10° tons (Freedonia, 2012). The
need for large volumes of natural aggregates, mass production of in-
dustrial by-products/wastes and the related environmental degradation
make it a task to see if it is possible to use various waste materials such as
the CS as a substitute for natural aggregates in concrete. Certainly, the
construction industry can, by the use of waste materials, proceed suc-
cessfully and hopefully in future (Ambily et al., 2015). Replacing natural
fine aggregates with the copper slag waste in concrete has economic,
environmental, and practical benefits because the energy consumption
and CO2 emissions are reduced, destruction of natural resources, due to
their high consumption, is prevented and green, clean concretes are
produced.

Outstanding features of the CS and its use in cement and concrete
industries, especially in areas where it is in abundance, can have many
environmental and economic merits (Shi et al., 2008). The use of copper
slag powder as a cement substitute and its effects on the properties of
different types of concrete have been investigated in different researches
[freshness (Afshoon and Sharifi, 2014); durability (Najimi et al., 2011;
Sharifi et al., 2020a,b); mechanical properties (Mobasher et al., 1996;
Afshoon and Sharifi., 2017; Mirhosseini et al., 2017); thermal properties
(Afshoon and Sharifi, 2020); fracture (Arino, and Mobasher, 1999)].

Al-Jabri et al. (2011) claimed that replacing 50% of the natural fine
aggregates of cement mortars with the CS will increase the compressive
strength by about 70%. Al-Jabri et al. (2009b) reported that when fine
copper slag aggregates were used in high-performance concretes
(0-100%), the density increased slightly (<5%), but the flowability
increased considerably. According to them, up to 50% replacement
improved the mechanical parameters, but above that (80-100%)
reduced the compressive strength by 16%. Sharma and Khan (2017a)
reported that increasing fine copper slag aggregates (0-60%) in the SCC
increased the compressive and tensile strengths compared with those of
the control mix design. They believed that about 20% replacement was
the best to achieve the highest compressive strength and showed, by
microstructural studies, that increasing the CS volume increased the
pores, micro-cracks and capillary channels. Al-Jabri et al. (2009a)
observed that while increasing the volume of copper slag aggregates
improved the strength and durability of the high strength concrete
(HSC), the water demand was reduced by about 22% at 100%
replacement.

Wu et al. (2010a) believed that the improved flowability, efficiency
and dynamic behavior of high strength concretes containing fine copper
slag aggregates were related to the latter’s smooth, polished surfaces and
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their less water absorption. They attributed the compressive, tensile and
flexural strength drop of these concretes at more than 40% FeOs to the
presence of excess water and higher CS fineness that caused
micro-cracks and cavities to develop in the concrete microstructure. Wu
et al. (2010b) reported that the desirable performance of concretes
containing up to 40% fine copper slag aggregates under dynamic
compressive strength was due to their improved mechanical properties.
Achudhan and Vandhana (2018) observed that the compressive strength
of RC beams improved by about 8.2% at maximum 40% CS replacement
for natural fine aggregates. Sharma and Khan (2018) stated that using
100% fine copper slag aggregates and 10% metakaolin in the SCC not
only increased its compressive and tensile strengths, but also reduced
the carbonation depth, surface water absorption and sorptivity to ach-
ieve the desired quality (based on the UPV test). They recommend the
use of such concretes in constructing tall buildings, bridge piers, in-situ
and prefabricated piles, shallow and deep foundations and gravity dams.
Examining the microstructure of SCCs containing fine copper slag ag-
gregates, Gupta and Siddique (2019) concluded that the strength drop
occurred above 30% replacement; formation of ettringite at 40%
replacement and presence of pores and micro-cracks at 50 and 60% were
other reasons for the strength drop. Vijayaraghavan et al. (2017)
confirmed the significant improvement in the strength and mechanical
properties of concretes containing 40% CS, 40% iron slag and 10%
recycled concrete aggregates. After examining the properties of SCCs
containing 0-100% fine copper slag aggregates, micro-silica and fly ash,
Sharma and Khan (2017b) concluded that the compressive and tensile
strengths increased in a 20-60% range of CS replacement. Using the
scanning electron microscope (SEM) and energy dispersive spectroscopy
(EDS), they examined the microstructure of specimens containing CS
and confirmed the production of C-S-H compact gel after 120 days with
a Ca/Si in the 0.77-1.11 range. Ambily et al. (2015) reported a 15-20%
drop in the compressive strength of high-performance concretes (HPC)
containing 100% fine copper slag aggregates, but believed that their use
in producing these types of concretes was still cost-effective. Previous
studies have reported improvements in the energy absorption, flexural
capacity and fracture toughness parameters of flexural concrete beams
containing fine copper slag aggregates (Prem et al., 2018). According to
Khanzadi and Behnood (2009), coarse copper slag aggregates’ suitable
strength properties and strong bond could improve the strength prop-
erties of high strength concretes (HSC). Rezaei Lori et al. (2019) pro-
posed a 60% CS replacement in the production of pervious concretes and
believed that the results of the pull-off adhesion test resembled those of
the slag-free concretes. According to their report, increasing the CS in
such concretes increased their porosity and permeability. Sharifi et al.
(2020a,b) reduced the W/C in SCCs containing coarse copper slag ag-
gregates and improved the mechanical properties up to 100% replace-
ment; the concrete production cost reduced by about 19% at full
replacement. Gupta and Siddique (2020) claimed that the effects of
using fine copper slag aggregates on the chlorine ion permeability were
more evident at higher curing ages (90 and 365 days) and believed that
the surface water absorption and capillarity reduced considerably in
concretes containing less than 40% CS compared to the control mix
design.

Examining 15, 30, 45, 60, 90 and 120 min RCC mixing-compaction
times, Gharavi (2003) observed that increasing the delay time in rela-
tion to the optimized compaction time highly reduced the mix strength.
Modarres and Hosseini (2014) studied the mechanical properties of
RCCs containing recycled asphalt and rice husk ash (RHA) and claimed
that the asphalt waste had negative effects on the mentioned properties
and replacing cement with RHA by up to 5% reduced the rate of the
strength drop. Fakhri and Saberi (2016) believed that using such cement
additives as micro-silica by about 10% improved the RCC strength by
about 20% while using only rubber wastes reduced it. Ali Ahmad et al.
(2017) claimed that when the optimum moisture content was used to
produce RCCs containing Lumachelle, the obtained strength was close to
that of the concrete containing natural fine aggregates. Rooholamini
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et al. (2019) reported that increasing fine-grained Electric Arc Furnace
(EAF) steel slag reduced the mechanical parameters of the RCC, but
increasing coarse grains improved the mechanical and fracture param-
eters significantly due to the desired angularity and roughness.

If these wastes are used as cement or natural aggregate substitutes in
concrete elements aiming at producing clean, nature-friendly products,
their collection from the environment will help the nature to face less
damage for a period of time equal to the useful life-span of concrete
structures. Even after the concrete element’s life-span ends, it can be
crushed, graded and reused as recycled waste materials in the produc-
tion of fresh concretes; this cycle can probably be repeated many times.

This research addresses the environmental problems, concerns and
consequences of leaving large copper-slag volumes in the nature. It tries
to eliminate the related natural-aggregate-production damage to the
nature by studying the feasibility of replacing CS for natural fine ag-
gregates in the nature-friendly RCC and investigating its mechanical and
microstructural characteristics. To this end, the RCC’s natural fine ag-
gregates were replaced with 0, 10, 20, 30, 40, 50 and 60% CS and results
of the mechanical tests were validated scientifically using SEM images.
To the authors’ best knowledge, this is the first comprehensive research
on using fine copper-slag aggregates in the RCC, and the results have
confirmed that green, nature-friendly RCCs containing CS can be pro-
duced to solve their related environmental waste problems.

2. Experimental plan

This section addresses defining materials specifications, designing
mix-design ratios, selecting dimensions, preparing specimens and per-
forming tests.

2.1. Materials

Table 1 lists the characteristics of Type II cement (based on ASTM C
150-09, 2009) used to prepare the required RCC specimens, and Table 2
shows those of the natural fine and coarse aggregates (according to
ASTM C 29M-09, 2009; ASTM C 127-07, 2007; ASTM C 128-07, 2007;
ASTM C 1252 - 03, 2003). Fine aggregates, with maximum diameter =
4.75 mm, were collected from rivers and coarse aggregates, with
maximum diameter = 19.5 mm, were prepared by crushing boulders
available in Zahedan City, Iran; Fig. 1 shows the gradation of the natural
aggregates (ASTM C 33M-08, 2008).

Large copper-slag volumes, first introduced as by-products and
wastes in biological refining processes to produce pure copper, need
stockpiling, recycling and metal recovery methods for their manage-
ment (Ong, 2009). When producing pure copper, the related slag wastes
are molten-separated and then cooled by either water or air. In the
former, aggregates have an amorphous structure, high porosity, lower
specific gravity and greater absorbability, but in the latter, they have
dense, stiff structures and desirable mechanical properties such as
excellent soundness, desirable abrasion resistance and good stability to

Table 1
Properties of type II Portland cement of Sistan Cement Factory.
Chemical properties Results Physical properties Results
(%)
SiO, 21.47 + Specific surface area (cm?/g) 3110
0.28
Al,03 5.40 +£0.11 Setting time (initial) (min) 183
Fe,03 3.82+0.14 Setting time (final) (min) 238
CaO 62.52 + Autoclave Expansion (%) 0.08
0.32
MgO 1.31 £0.24  Compressive strength (3 Days) 26
(MPa)
Na,O 0.65 + Compressive strength (7 Days) 34
.0.05 (MPa)
K20 0.43 £0.03  Compressive strength (28 Days) 44

(MPa)

Journal of Cleaner Production 368 (2022) 133005

Table 2
Characteristics of used natural aggregates and CS.
Component Properties
Specific gravity ~ Void content (%) Water absorption (%)
Fine aggregate 2.73 36.71 1.09
Coarse aggregate 2.81 47.58 0.32
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Fig. 1. Particle size distribution of CS/natural fine and coarse aggregates.

replace natural aggregates (Gorai et al., 2003; Mirhosseini et al., 2017).
The CS used in this research is black, angular and broken, and has
smooth surface and rough texture (Figs. 2-4). According to Fig. 4, the
consumed CS has a crystalline structure and lacks reactivity. It has been
prepared from the melting factory of Sarcheshmeh mineral complex,
Iran, with an annual production rate of about 360,000 tons (Mirhosseini
etal., 2017). This study has used the air-cooled CS to replace natural fine
aggregates due to its suitable structure and good physical characteris-
tics. Physical and chemical properties of this material are shown in
Tables 2 and 3, respectively. It consists of copper compounds (0.7%),
alumina (4-5%), calcium oxide (4-6%), silica (30-34%) and iron
(35-37%) (Afshoon and Sharifi, 2017) and, compared to natural ag-
gregates, it is heavier (G = 3.15 g/cm3) and absorbs less water (0.2%).
To prepare and cure the specimens, use was made of the urban drinking
water (ASTM C 94M-09, 2009).

2.2. Mix design proportions

In this research, RCC mix-design proportions are based on the Iranian
regulations (Iranian code 354, 2009), and natural fine aggregates have
been replaced with 0 (Control), 10, 20, 30, 40, 50 and 60% fine copper
slag aggregates named RCCO (Control), RCC10, RCC20, RCC30, RCC40,
RCC50 and RCC60, respectively. As regulations suggest 12-16% cement,
by total weight of aggregates, to produce RCCs with optimal flexural
strength, this study used a value of 14% (284 kg/m®). Considering the
maximum aggregate size (19.5 mm) and values required by the Iranian
regulations, natural coarse aggregates ranged from 48 to 52% of the
total concrete volume; hence, fine and coarse aggregates amounted,
respectively, to 48 and 52% in all mix designs to produce RCCs with/-
without CS. A fix value of W/C = 0.38% was considered for all RCCs
because of its direct effects on the concrete strength; specifications and
details of all mix designs are listed in Table 4.

2.3. Preparing specimens

Before mixing the materials, the molds were cleaned and lubricated
to prevent the specimens from breaking and chipping when molds
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L -

Fig. 2. Copper slag used in this study: A) Coarse aggregates (crushed large
pieces), B) Fine CS aggregates, C) Gradation of fine CS aggregates.

opened. Materials, with known weights, were poured and mixed in a
rotary planetary mixer and the fresh concrete, prepared based on ASTM
C 1435 - 08 (2008), was poured in three layers each of which was fully
compacted by a vibrating hammer for 20 s. Surfaces of the molds were
smoothed with a ruler and a steel plate and then covered with plastic
sheets for 24 h to prevent evaporation and moisture loss. Finally, the Fig. 3. SEM morphology of copper slag.
molds were carefully opened after 24 h and the specimens were
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Fig. 4. XRD pattern of Copper Slag.

transferred to a 23 °C water tank for curing.

2.4. Testing the specimens

Compressive and tensile strengths were the averages found for three
150 x 300 mm cylindrical specimens cured for 7, 28 and 91 days (ASTM
C 39M - 09, 2009; ASTM C 496M-04, 2004), the flexural strength was
the average found for three 100 x 100 x 400 mm beams (same curing
periods) (ASTM C 78-09, 2009; ASTM C 1690M-12, 2012) and the water
absorption of the RCC containing fine copper slag aggregates was the
average of three 100 x 100 x 100 mm cubic specimens (ASTM C 642-06,
2006) (Eq. (1) below). After 28 days curing, the specimens required for
water absorption tests were kept in an oven for 24 h at a temperature of
about 105 °C to gain a constant weight (less than 5% difference between
two measured weighs), their dry weights were recorded and they were
then placed in a water tank to determine their saturated weights. Next,
they were cleaned well with a piece of linen cloth and their saturated
weights were measured after 1 h and 3, 7, 28 and 91 days.

Water absorption = u 1
Wp

Capillarity, too, was calculated using the mentioned cubic speci-
mens. To isolate them, their four sides were covered with paraffin wax
and their dry weights were recorded. Their top and bottom sides were
uncovered so that water could move from bottom to top. Using Hall’s
method (1989), the sorptivity coefficient was calculated at 0.5, 1, 5 and
24 h time periods as follows:
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QZ
=27 (2)
where K, Q, A, and T are the sorptivity coefficient (cm/s*>), adsorbed
water (cm®), section area (sz) and time (s), respectively.

To calculate the water penetration depth, three 150 x 300 mm 28-
day cylindrical specimens (BS EN12390-8, 2000) were subjected to
constant water pressure for about 72 h and the mentioned depth was
measured after they failed. As the concrete specific gravity depends on
the aggregate density, and replacing cement with other materials does
not change it much, specific gravity measurements were done on 28-day
RCC specimens containing different CS percentages (BS EN 12390,
2009).

This research presents images of some inner parts of fractured
specimens with major changes in their morphologies provided by SEM-
based microstructural analyses. Fig. 5 shows the cross section of the
RCC20, RCC40 and RCC60 specimens.

3. Results and discussion

To evaluate the performance and behavior of various concrete types,
it is necessary to perform strength tests (compressive, tensile and flex-
ural) and review and analyze the related results. Studying other char-
acteristics (surface and capillary water absorption, water penetration,
and unit weight) and investigating the microstructural and economic
aspects will also provide the consumer with a better understanding of
the performance and application of the produced concrete. This section
has studied the properties of RCCs with/without CS using the results of
various tests.

3.1. Compressive strength

The compressive strength test results of 7-, 28- and 91-day specimens
with/without CS are shown in Fig. 6; as shown, the strength of concretes
containing fine copper slag aggregates (at all ages) is equal to/greater
than that of the control specimen and lies in the 24.23-27.10,
27.69-32.40 and 31.64-39.11 MPa ranges, respectively. At all ages,
RCC40 has the highest compressive strength being more by 11.84, 17.01
and 23.58% than that of the mix-design containing 100% natural sand
for, respectively, 7-, 28- and 91-day specimens. SEM-image morphology
studies of copper slag-free SCC show that the 28-day cement-paste ma-
trix structure contains numerous unhydrated particles, cavities and
ettringite pieces (Fig. 7A). These factors cause RCCO to show less
resistant compared to designs containing CS. As increasing the age from
28 to 91 days improves the hydration process over time, unhydrated
particles and ettringite pieces become smaller causing the strength to
increase (Fig. 7B). But, Fig. 7C-F shows that ettringite pieces are

Table 3

Characteristics of Copper slag (Sharifi et al. (2020a,b)).
Component (%) SiO, Al,O3 Fe,03 CaO MgO Na,O K>0 Cu SO3 LOI
Results 34 2 48.78 4.89 1.23 0.63 2.37 0.43 3.26 1.65

Table 4

RCC mixtures properties.
Component (Kg/m3) RCCO RCC10 RCC20 RCC30 RCC40 RCC50 RCC60
Cement 284 284 284 284 284 284 284
Water 108 108 108 108 108 108 108
Natural fine aggregate 973 876 778 681 584 487 389
Fine copper slag aggregate 0 97 195 292 389 487 584
Natural coarse aggregate 1055 1055 1055 1055 1055 1055 1055
Water/Cement (%) 0.38 0.38 0.38 0.38 0.38 0.38 0.38
Natural Fine agg./Total agg. Ratio 0.48 0.45 0.42 0.39 0.36 0.32 0.27
Natural Coarse agg./Total agg. Ratio 0.52 0.52 0.52 0.52 0.52 0.52 0.52
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Fig. 5. The cross-sectional view of RCC20, RCC40 and RCC60.

removed from the morphology of RCC20 and RCC40 at the ages of 28
and 91 days and the size of pores and unhydrated particles are highly
reduced. Dense C-S-H structures in RCC20 and RCC40 have highly
improved the strength, especially at 91 days. Improved strength prop-
erties of RCC20 and RCC40 can be due to the special balance established
between the free water not absorbed by the CS and that required to
complete the hydration process. In high-copper-slag concretes (28 days),
cracks, unhydrated particles and cavities cause the strength to decrease
compared to RCC20 and RCC40 (Fig. 7G). In (Fig. 7H), the RCC60
morphology shows smaller cavities and less unhydrated particles. The
SEM-image comparison of RCCO and RCC60 shows that the latter has a
more integrated and uniform C-S-H structure and is stronger than RCCO
because its ettringite pieces are removed. It is worth noting that the
pozzolanic activity of the CS used in this study is quite low and the filling
impact of these waste materials is an important factor that improves the
concrete strength and creates a denser microstructure; meanwhile, we
should not forget the high stiffness and strength of CS grains that play an
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Fig. 6. The results of compressive strength of RCCs.

important role in increasing the concrete compressive strength. For the
7-day specimen, the RCC60 strength drop is because heavy metals in the
copper slag aggregates delay the setting and hydration processes
(Sharma and Khan, 2017a). According to Gupta and Siddique (2020),
the compressive strength of SCCs containing CS increases up to 30%
replacement, and the increase rate is more from 7 to 28 days. This
phenomenon is attributed to the physical features, corner sharpness and
angularity of copper slag aggregates that cause better locking with the
cement paste (Al-Jabri et al., 2011; Gupta and Siddique, 2019). Higher
density and compressibility of copper slag aggregates compared to
natural fine aggregates have positive effects on the stress concentration
of the paste and concrete components (Wu et al., 2010a). Despite the
strength drop above 40% replacements, RCC60 showed an increase of
1.94, 2.85 and 9.67% increase at ages of, respectively, 7, 28 and 91 days
(Gupta and Siddique, 2020). In high copper-slag specimens, the strength
drop is due to the smooth glassy surface texture and low water ab-
sorption of the copper slag aggregates that cause the excess water to
remain in the concrete (Khanzadi and Behnood, 2009; Sharma and
Khan, 2017a).

As the interfacial transition zone (ITZ) is the weakest link in the
concrete matrix, its characteristics should be checked and controlled
well (Sharma and Khan, 2017a). Microstructural studies of RCCs con-
taining high volumes of CS (50-60%) show that the strength is reduced
due to the deposition of copper slag aggregates that are heavier than
natural ones. Because of this phenomenon, the excess water moves up
towards the surface of the fresh concrete and causes porous micro-
structure, more micro-cracks, continuous capillary voids, cracks in the
ITZ and increased thickness of this area (Fig. 8I-L).

Table 5 lists the ratios of different-age compressive strengths of all
specimens to that of the 28-day control design; as shown, 7-day CS
specimens were able to achieve more than 0.89 of the strength of the 28-
day control design concluding that they can be used in applications that
require premature strength. The 91-day compressive strengths of
RCC10, RCC20, RCC30, RCC40, RCC50 and RCC60 are, respectively,
1.14, 1.20, 1.30, 1.38, 1.41, 1.34 and 1.25 times that of the 28-day
RCCO. Since compressive strength is the most important feature of
concrete, pavement designers can confidently use CS in RCC pavements
because it has desirable strength at different ages.

3.2. Split tensile strength

Fig. 9 shows the split tensile strength of RCCs containing 0-60% CS;
as shown, an increase in percent copper slag replacement increases the
tensile strength at all ages. At high replacements, the tensile strength
growth rate of the 7-day specimen is more uniform and lies in the range
of 2.23-2.65, 2.84-3.35 and 3.13-3.59 MPa for, respectively, 7-, 28- and
91-day specimens for all mix designs. The RCC60 tensile strength shows
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18.83, 17.96 and 14.70% increase in the mentioned specimens
compared to RCCO, and 26.42 and 35.47% increase in, respectively, 28-
and 91-day specimens compared to the 7-day specimen. Gupta and
Siddique (2019) reported an increase in the RCC tensile strength at up to
60% CS replacements and Sharma and Khan (2017a) reported the same
increase in the 0-80% replacement range. Al-Jabri et al. (2009a)
observed a 19% increase in the tensile strength of high-strength con-
cretes containing 100% CS compared to the control design and Rezaei
Lori et al. (2019) confirmed the tensile strength increase of the
mentioned concretes containing 0-60% coarse CS aggregates. It is
believed that the tensile strength increase of CS specimens is due to the
angularity and stronger CS aggregate bond with the cement paste
(Khanzadi and Behnood, 2009; Sharma and Khan, 2017a).

According to (Fig. 7A-B), abundance of cavities - sometimes with
large dimensions - in the RCCO morphology, and non-formation of a
dense, suitable C-S-H structure cause cracks to propagate and expand
quickly and easily when the copper slag-free concrete is subjected to
tensile stress. In fact, when the crack tip reaches the cavity space, not
only will the crack propagate and expand quickly, but it will also deflect,
especially towards weaker areas; here, the tensile strength will sharply
drop due to the speed in the crack development process. But when 20
and 40% copper slag replace natural aggregates (Fig. 7C-F), they not
only improve the concrete properties due to their good stiffness,
sharpness and better adhesion to the cement paste, but also enhance the
hydration process (for using the free water), improve the cohesion of the
C-S—H structure, reduce dimension of cavities, omit micro-cracks (as a
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barrier against crack growth) and, hence, improve the tensile strength.
Although SEM images confirm cavities in the RCC60 morphology
(Fig. 7G-H), increasing the CS in concrete has caused the positive effects
of the physical properties of this waste material to be more compared to
the negative effects of the free water (creating cavities and microcracks);
growth of the tensile strength is still visible.

Increased strength and improved ITZ create brittle behavior in con-
crete because the crack path will pass through aggregates and reduce the
bond (Beygi et al., 2014). SEM images show that in low CS concretes, an
increase in water will improve the paste-matrix microstructure and
compresses the ITZ because CS aggregates absorb less water. On the
other hand, the high CS aggregate stiffness does not allow cracks to pass
through them causing the tensile strength to increase, but when the CS
volume increases in the concrete, the increased W/C causes porosity and
capillary voids in the ITZ. Although voids and porosity are created in the
ITZ of high CS concretes, the aggregate angularity of this waste material
will lead to better interlocking with the cement paste, longer crack path,
obstacles in the crack propagation, reduced void effects in the ITZ and,
hence, improved tensile strength (Fig. 8E).

Table 6 shows the tensile strength ratios of different-age specimens
with/without CS to that of the 28-day control design. The 7-, 28- and 91-
day RCC60 specimens achieved tensile strengths of, respectively, 0.94,
1.18 and 1.26 times that of the 28-day specimen containing natural
aggregates. The 28-day RCC10 had a tensile strength slightly more than
that of the RCCO.

3.3. Flexural strength

Fig. 10 shows the flexural strength variations of the 7-, 28- and 91-
day CS RCC specimens; as shown, at all curing ages, the flexural
strength increases with an increase in the CS compared to the control
specimen and lies, respectively, in the range of 3.56-4.42, 3.86-4.72
and 4.33-5.15 MPa for all concretes with/without CS. RCC60 shows
22.19, 22.28 and 18.94% increase for the mentioned ages compared to
RCCO and a slight decrease compared to RCC50 for the 7-day specimen.
While Al-Jabri et al. (2009a) reported flexural strength improvements of
up to 50% for concretes containing coarse CS aggregates, Sharifi et al.
(2020a,b) attributed this increase to the dense structure of CS aggregates
and their good bond with the cement paste. According to Prem et al.
(2018), full CS replacement for natural fine aggregates is quite possible
in flexural members due to the appropriate structural behavior of this
type of concrete. The flexural strength drop of high CS concretes is
attributed to the increased free water and, thus, formation of more pores
in the concrete structure (Wu et al., 2010a).

Table 7 shows that only RCC10 and RCC20 have reached about 0.92
and 0.96% strength of the 28-day control design, but 7-day concretes
containing 20-60% CS were able to achieve strengths greater than that
of the 28-day, CS-free concrete. Concretes with this feature can be used
in flexural elements that either undergo short-time loading or need
quick stripping to increase the construction speed. The flexural strength
of the RCC60 increases by about 13, 22 and 33% for, respectively, 7-, 28
and 91-day specimens compared to the 28-day CS-free concrete.
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3.4. Surface water absorption

Studying surface water absorption of different concrete types can
lead to a better understanding of the performance and behavior of their
freeze-thaw cycles (Sharifi et al., 2016). Fig. 11 shows this absorption for
different-age specimens containing 0, 10, 20, 30, 40, 50 and 60% CS; as
shown, increasing the CS reduces the absorption compared to the con-
trol specimen; RCC40 has the lowest absorption rate among all speci-
mens except the RCC30 for which the rate is the lowest at 1 h age. The 1
h and 1-, 7-, 28- and 91-day age RCC60 absorption rate reduced by,
respectively, 5.31, 6.49, 18.20, 19.63 and 20.34% compared to the
RCCO indicating that the older is the specimen, the more effective is the
CS participation in chemical hydration reactions and more pores become
blocked. RCC40’s reduced surface absorption compared to different-age
RCCOs is in the 23.68-33.35% range. The absorption rate of all 91-day
specimens is less than 7% increasing by, respectively, 84.64, 72.17,
63.89, 55.71, 36.09, 44.37 and 47.19% compared to the 1 h specimen if
the CS increased from 0 to 60%. In fact, large cavities in the RCCO
morphology will create a suitable storage for the absorbed water and
increase the water absorption rate (Fig. 12A). On the other hand,
ettringite pieces will create a porous space in the concrete structure,
which causes water to transfer from one cavity to another (Fig. 12A).
SEM images show that although RCC20 cavities are small in size, they
are plenty and make a good place to store water (Fig. 12B). In RCC60,
although cavities are not many, they are large in dimensions and absorb
more water than RCC40 (Fig. 12C). According to SEM images, the hy-
dration products and higher C-S-H gel volumes in concretes containing
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10, 20, 30 and 40% CS have caused the concrete-matrix microstructure
to be more consistent and uniform causing less water to penetrate from
around the specimen, and the surface water absorption to be controlled
properly. Sharma and Khan (2017b) believed that although the surface
water absorption of specimens with more than 50% CS had an increasing
trend, the produced concrete absorbed less water than the control
design. While Prem et al. (2018) claimed that using fine CS aggregates in
concrete reduced the surface water absorption, Sharifi et al. (2020a,b)
reported that controlling the w/c and achieving optimal mechanical
properties and durability in concretes containing 100% coarse CS ag-
gregates reduced the surface water absorption by about 8.1% after 90
days curing.

3.5. Capillary water absorption (Sorptivity)

Sorptivity is the parameter used to study how unsaturated concretes
behave under water penetration (ASTM C 1585-04, 2004). This
parameter is mostly affected by the mix proportion, aggregate charac-
teristics, supplementary cementitious materials, additive type/amount
and the concrete pouring method (Gesoglu et al., 2016). Fig. 13 shows
the sorptivity test results of all RCCs containing 0-60% CS. As shown,
the trend is generally reducing for all designs when the CS increases; a
0-40% increase reduces the absorption although there is a slight in-
crease in RCC50 and RCC60, but it is still less than that of the control
design. 24 h after testing, this parameter showed a reduction of 19.21,
34.23, 49.61, 79.46, 62.79 and 56.20% for, respectively, RCC10,
RCC20, RCC30, RCC40, RCC50 and RCC60 compared to the RCCO. RCCO
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Table 5 Table 6
Relative compressive strength (F./Fcog). Relative split strength (F/Fi2g).
Age RCCO RCC10 RCC20 RCC30 RCC40  RCC50  RCC60 Age RCCO RCC10 RCC20 RCC30 RCC40  RCC50  RCC60
7 days 0.88  0.92 0.92 0.95 0.98 0.95 0.89 7days 079  0.81 0.86 0.88 0.91 0.93 0.94
28 days  1.00  1.04 1.10 1.14 1.17 1.08 1.03 28 days  1.00  1.03 1.08 1.11 1.13 1.15 1.18
90 days  1.14  1.20 1.30 1.38 1.41 1.34 1.25 9ldays 1.10  1.12 1.16 1.19 1.21 1.24 1.26
microstructural studies confirm the presence of large continuous voids
449 =0=7 days =—a—=28 days =0=91 days through which water easily passes and fills the empty spaces, but
increasing the CS up to 40% creates a stiffer, better-quality micro-
351 structure in the concrete matrix that fills part of the voids and cuts the
- connection of the capillary voids. In high CS concretes, although voids
E 3.0 4 are small and the crack length is short, the concrete microstructure has a
= lower quality and sorptivity is slightly increased.
%” 25 Gupta and Siddique (2020) stated that: 1) concretes containing 30%
& fine CS aggregates had a lower initial sorptivity rate, which increased
=220 5 slightly at higher CS values, and 2) all CS mix designs had less sorptivity
E rates than the control design. Nematollahzade et al. (2020) claimed that
%_ 1.5 4 reducing W/C reduced the sorptivity and concluded that the increasing
v trend in RCC50 and RCC60 was due to low CS aggregate absorption rate
1.0 : : : : 1 ) that increased the free water in concrete. Some researchers have re-
0 10 20 30 40 50 60 ported a good correlation between the improved strength and reduced
Copper Slag (%) adsorption, and have claimed that reducing sorptivity would increase

Fig. 9. The results of splitting tensile strength of RCCs.

10

the compressive strength (Siad, 2010; Samimi et al., 2017). Siddique
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Fig. 10. The results of flexural tensile strength of RCCs.
Table 7
Relative flexural strength (F,/F,og).
Age RCCO RCC10 RCC20 RCC30 RCC40 RCC50 RCC60
7 days 0.92 0.96 1.02 1.08 1.12 1.15 1.13
28 days 1.00 1.04 1.08 1.13 117 1.21 1.22
91 days 1.12 1.15 1.19 1.22 1.29 1.31 1.33
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Fig. 11. The results of surface water absorption of RCCs.

et al. (2019) showed that: 1) improving the microstructure of the
copper-slag steel fiber reinforced concretes (CSSFRC) reduced the in-
ternal voids and capillary channels, causing the total sorptivity to be
reduced and 2) the CS content and sorptivity were related linearly and
had a good correlation (R2 = 0.876). Sharma and Khan (2017c) showed
that after 120 days curing, the sorptivity of RCC60 specimens was
reduced. Rajasekar et al. (2019) introduced ultra-high strength RCC60s
as highly impermeable concretes due to their low sorptivity.

3.6. Water penetration

Concrete permeability, due to channels and pores, provides condi-
tions for chlorides and salts to attack the concrete structure and the
water to pass through the pores and rust the rebars. Reduced voids in CS
concretes are attributed to the increased aggregate packing (Obe et al.,
2016). The water penetration depth can be used to investigate the su-
perficial porosity and Fig. 14 shows this parameter for 28-day concretes
with/without CS. All CS RCC specimens have less water penetration
depth than RCCO; RCC40 has the lowest. The increase in the penetration

11
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Fig. 12. Water transfer routes and storage sites of absorbed waters: A) RCCO B)
RCC20 C) RCC60.

depth is more in RCC50 and RCC60 than in RCC40, but compared to
RCCO, they show 26.91 and 23.12% decrease, respectively. High C-S-H
gel volume and reduced un-hydrated particles in the CS concrete
microstructure has blocked the capillary voids and highly reduced the
empty spaces in the concrete-matrix structure; this is why conditions for
water to penetrate into the concrete structure are almost eliminated.
Afshoon and Sharifi (2017) have attributed the decrease in the CS
concrete water permeability to the formation of the C-S-H gel due to the
reaction between the CS silica and the Ca(OH),. Siddique et al. (2019)
believe that increasing the fine CS aggregates in SFRC will increase the
hydration products, improve the concrete microstructure and reduce the
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Fig. 14. The results of water penetration of RCCs.
aggregates’ water absorption because capillary channels are discon-
nected, pores are reduced and permeability paths are blocked. Using CS

in the SFRC (as a substitute for stone materials) will fill the internal
pores and, hence, improve its behavior (Boakye and Uzoegbo, 2014).

3.7. Unit weight

Unit weight of RCCs containing different CS percentages is shown in
Fig. 15; as shown, increasing the CS from O to 60% increases the unit
weight from 2356 to 2550 kg/m>. RCC10 to RCC60 show a unit weight

2600 4
2550 A
2500

2450 <

Unit weight (Kg/m?)
P
=

2350

2300 T T T T T T :
10 20 30 40

Copper Slag (%)

=

Fig. 15. The results of unit weight of RCCs.
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increase of, respectively, 0.38, 1.55, 1.98, 4.48, 5.41 and 6.87%
compared to RCCO due to higher aggregate density compared to natural
fine aggregates (Sharifi et al., 2020a,b). Replacing cement with the CS
powder will cause a slight increase of about 2.5% in the concrete unit
weight (Afshoon and Sharifi, 2017). Al-Jabri et al. (2009a) claimed that
using CS as fine aggregates in high-strength concretes will increase the
unit weight by 8%. Using 100% coarse CS aggregates in the SCC and
pervious concrete will increase the unit weight by, respectively, 15 and
26% (Rezaei Lori et al., 2019; Sharifi et al., 2020a,b); this increase en-
ables these concretes to be used in the construction of tunnels, pave-
ments, gravity concretes, deep/shallow foundations, dams/hydraulic
structures, bridges and piles (Sharma and Khan, 2018).

3.8. Microstructural analyses

Performance and behavior of the hardened concrete are directly
affected by its microstructural quality which is influenced by such fac-
tors as the curing time, cement type, materials, hydration process
quality, W/C and mineral additives (Singh and Siddique, 2016). To
study the concrete microstructure, its matrix morphology and topog-
raphy can be evaluated and analyzed using micrograph SEM images
obtained by performing compressive strength tests on some isolated
gold-coated fragments of the inner part of the fractured specimen. For a
better comparison, SEM images of the 28- and 91-day RCCO, RCC20,
RCC40 and RCC60 specimens are shown in Fig. 7. Fig. 7A shows that at
the age of 28 days, large cavities, long ettringite pieces and much
unhydrated particles are formed in the morphology of the copper
slag-free concrete. In this case, RCCO has a very weak C-S-H structure
and less strength than copper-slag concretes. Fig. 7B shows that
increasing the curing age from 28 to 91 days will decrease the unhy-
drated particles as well as the lengths of ettringite pieces. In this figure,
the RCCO microstructure still has large-dimension cavities, which are
important factors that reduce its strength. Previous studies have re-
ported cavities, needle-shape ettringite structure and large amounts of
unhydrated particles in the microstructure of slag-free concrete (Sharma
and Khan, 2017a; Gupta and Siddique, 2019, 2020). Hydration process
causes the calcium sulfate and aluminate to be separated from concrete
constituents and dissolved in calcium, sulfate, hydroxyl and aluminum
ions. After recombination, these ions will produce ettringite (trisulfoa-
luminate hydrate) and calcium hydroxide. Using the Energy Dispersive
Spectroscopy (EDS) results, Gupta and Siddique (2019) attributed the
formation of needle-shape ettringite particles in slag-free SCCs to
aluminum and sulfur. In Fig. 7C, the 28d RCC20 morphology lacks
ettringite pieces and hydration products are being formed. Here, the
C-S-H has less monolithic and compact structure and contains several
cavities. In this mix design, dimensions of cavities are reduced and
volume of unhydrated particles is highly decreased. In fact, replacing
natural aggregates with 20% CS will cause the free water to be used in
the hydration process (because these wastes absorb less water than
natural aggregates), leading to a decrease in the unhydrated particles
and an increase in the C-S-H production. As the 91d RCC20 has enough
time to complete the hydration process and benefits from sufficient
moisture in the curing environment, it forms a denser and more uniform
C-S-H structure and creates better quality hydration products that fill
the structure cavities quite well (Fig. 7D). Presence of 40% CS in RCC40
has created a microstructure and morphology similar to those of the
RCC20, but dimensions of cavities and volume of unhydrated particles
have highly reduced in the 28d and 91d RCC40 compared to RCC20
(Fig. 7E-F). Reduced pore size dimension is attributed to increased hy-
dration products and formation of more cohesive C-S-H, which have
filled the pores and prevented larger unhydrated particles to form. The
improved strength in this mix design is attributed to the desirable den-
sity of the produced C-S-H structure. Siddique et al. (2019) believe that
the increased compressive strength of fiber concrete with 40% CS
compared to the reference design is due to its improved homogeneity
and microstructure. At 28 and 91 days of age, increasing the CS from 40
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to 60% will create unhydrated particles, large cavities and micro-cracks
in the surface morphology of the RCC60 causing its strength to decrease
slightly (Fig. 7G-H). On the other hand, the copper-slag’s low pozzo-
lanic activity will cause calcium hydroxide sheets to from. In this design,
after the excess water evaporates due to less water absorption of CS
grains, large cavities will remain in the concrete microstructure. Con-
trary to the fibrous structure of the C-S-H gel in RCCO, using 60% CS has
caused a relatively more integrated C-S-H gel to form on the entire
surface due to its filling effect.

Some studies (Gupta and Siddique, 2019) have confirmed the pres-
ence of peaks of such elements as Ca, Si, Fe, Al, O and S in the SCC20,
and some (Siddique et al., 2019) have used SEM images to show that the
FRC20 structure contains calcium hydroxide (CH), calcite particles and
large micro-cavities. According to Siddique et al. (2019), replacing
natural fine aggregates with 40% CS in 28- and 91-day specimens will
result in a more consolidated and consistent distribution of C-S-H
products in the concrete matrix, and improves its microstructural
quality.

Properties (shape, size, volume, surface texture, etc.) of aggregates
used in the concrete production affect the ITZ specifications (quality,
strength and volume fraction) which are very important when studying
the concrete behavior and performance in the fracture process under
tensile stresses (Akcaoglu et al., 2004). In general: 1) decreasing the
aggregate size will lead to less porosity in the ITZ (due to less water
accumulation around them) letting fewer cracks to pass through this
area and 2) finer aggregates sense less stress due to their higher specific
surface area compared to larger ones (Beygi et al., 2014). Some re-
searches (Wu et al., 2010a; Sharma and Khan, 2017a; Rezaei Lori et al.,
2019; Gupta and Siddique, 2019) have reported that more than 30% CS
will reduce the concrete strength due to the formation of micro-cracks,
cavities, capillary channels and ettringite particles because of the
smooth glassy surface texture and low adsorption of CS aggregates that
increase the free water in concrete, create micro-cracks and increase the
thickness in the ITZ. The early-age cracking and stress concentration in
ITZ are often attributed to the differences in the drying shrinkage and
modulus of elasticity between aggregates and the cement paste (Nikbin
et al., 2014). In the cement paste matrix, aggregates cause tortuosity in
the fracture path causing the crack to tend to pass through weak areas
such as the ITZ causing the vacuolated cement paste to increase, but
when the ITZ microstructure and strength increase, the crack path
should forcibly pass through the aggregates (Beygi et al., 2014).

ITZ images of concretes containing 0, 40 and 60% CS are shown in
Fig. 8. In Fig. 8, the ITZ formed around (and in the vicinity of) CS ag-
gregates shows obvious compositional and appearance differences
compared to other parts of the cement matrix. It is worth noting that
these differences are more pronounced near the surface texture of the CS
aggregates and become insignificant at a certain distance away from the
CS aggregates. As shown in Fig. 8A-D, there are numerous unhydrated
particles, cavities and cracks in the ITZ of the copper slag-free design and
the porosity of the ITZ layer around natural rough aggregate surfaces is
higher due to their rougher surfaces compared to the copper slag. Lack of
coherent, uniform C-S-H and formation of very porous heterogeneous
ITZs in RCCO will cause weak links to act as macro-crack adsorbents and
provide an easier path for crack development; this phenomenon grad-
ually evolves with interfacial micro-crack bridging. As the area around
aggregates is usually known as the weakest and its concrete is important
because it shows the mechanical properties of the hardened concrete, it
can be concluded that the porosity, cavities and cracks in the ITZ of the
RCCO have reduced the stiffness and strength. Fig. 8E-H shows the ITZ
of the RCC40; in Fig. 8H, it lacks unhydrated particles and has a more
cohesive structure. However, cracks in this zone can be due to the dif-
ference in the rate of drying shrinkage and modulus of elasticity between
the cement paste and CS as well as to the glass surface of these waste
materials. The desirable quality and considerable cohesion of the ITZ
structure in RCC40 have improved its strength and performance. On the
other hand, since its ITZ lacks cavities and noticeable porosity, its
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durability indices have improved too. Fig. 8I-L shows different-scale ITZ
images of the RCC60 design; large unhydrated particles, long cracks, low
quality of hydration products and continuous capillary voids (shown in
red circles/ellipses) have caused a decrease in strength and an increase
in durability indices of the RCC60 compared to RCC40. Comparing
Fig. 8D and L reveals that using high-volume CS compared to the
“reference design” has eliminated the fibrous structure of the cement
paste, created C-S-H uniformity and reduced the volume/number of
cavities in the ITZ. It is worth noting that the structural/internal ITZ
weaknesses (porosity, unhydrated particles, cracks, etc.) conclude that
an increase in the amount or volume of this zone will increase the
concrete weak points and reduce the composite strength. Compared to
natural aggregates, as CS grains are more angled and broken and have
higher contact surfaces with the cement paste, they create vaster and
longer ITZs. Hence, increasing the CS volume up to 60% accelerates the
formation and stabilizes the weaker areas in the concrete structure
compared to RCC40.

Fig. 16 clearly shows how the crack-propagation direction changes
when facing copper slag grains. High stiffness of CS aggregates in con-
crete and ITZ prevents cracks to pass through their bodies causing the
fracture energy to increase, but since these aggregates are broken and
angular, the fracture path becomes more winding and needs more

25KV  7.00KX 10um KYKY-EM3900M SN:0679

KYKY-EM3900M SN:0679

25KV 7.00KX 10um
Fig. 16. Crack propagation pattern: A) Crack formation zone B) Crack propa-

gation direction and its change when facing the CS.
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energy to overcome the ITZ strength. The favorable effects of the CS on
the microstructure and ITZ will increase the cement matrix resistance
against the crack growth.

3.9. Economic index

Since the concrete volume used in the construction industry is
considerable, using waste materials in its production, even in small
amounts, can reduce the related costs. In Table 8 that shows the costs of
the material purchasing, transportation and quality control of all con-
cretes in August 2021, those of RCC10 to RCC60 show a reduction of,
respectively, 4.47, 8.93, 13.41, 17.87, 22.34 and 26.80% in the pro-
duction cost compared to RCCO. Replacing all fine aggregates with CS
will reduce the concrete production cost by 21%; this reduction is 19%
in SCCs containing coarse CS aggregates (Sharifi et al., 2020a,b). In
Fig. 17, the economic index (strength/price) lies in the 0.22-0.27,
0.26-0.33 and 0.29-0.39 range for, respectively, the 7-, 28- and 91-day
concretes with/without CS; that of the hardened RCC40 is the highest
(considering its good performance), but in general, an increase in CS will
increase the economic index of all mix designs compared to RCCO.

4. Conclusions

A thorough investigation and analysis of the experimental results of
this study shows that if the copper slag (CS) is used in roller compacted
concrete (RCC) instead of natural fine aggregates, the result will be an
inexpensive, clean, green, and nature-friendly RCC. This study investi-
gated the effects of using fine CS aggregates on the production costs,
environmental merits, mechanical properties and microstructure of the
RCC. To this end, 7 mix designs were prepared wherein 0, 10, 20, 30, 40,
50 and 60% CS replaced natural fine aggregates. Following are the re-
sults obtained after tests and evaluations:

1. Using 40% fine CS aggregates in 7-, 28- and 91-day RCC specimens
increased the compressive strength by, respectively, 11.84, 17.01
and 23.58%. The highest flexural and tensile strengths belonged to
specimens containing 60% CS at all ages due to the CS aggregates’
high stiffness, angularity and breakage and, hence, a better bond
with the cement paste.

2. Test results revealed that increasing fine CS aggregates in the RCC by
up to 40% reduced the surface and capillary water-absorption rates
compared to the control design. The surface absorption rate of all 91-
day specimens, with/without CS, was less than 7% and RCC60 had a
56% reduction in capillary water absorption compared to RCCO.

3. In general, 0-60% CS reduced the water penetration depth in RCC
specimens; at 40%, the penetration depth reduced by about 38.5%
compared to RCCO due, maybe, to the increased and improved hy-
dration products, reduced pores and disconnection of voids.

4. SEM images revealed that voids, micro-cracks, un-hydrated particles
and ettringite reduced the concrete strength with/without CS.
Replacing 40% natural fine aggregates with CS produced a dense and
homogeneous C-S-H gel structure and improved the strength.

5. Using 60% fine CS aggregates in producing green RCCs reduced the
construction costs by 26.8% - a significant savings in bulk concreting.

Table 8
Cost analysis of RCCs.
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Fig. 17. The results of economic index of RCCs.

The high RCC40 strength caused its economic index (strength/price)
to be higher than that of all other mix designs.

6. Using CS waste fine aggregates in producing the RCC will not only
prevent environmental problems, eliminate the need for depots,
reduce the energy consumption and enhance the sustainable devel-
opment, but will also result in the production of clean, inexpensive,
nature-friendly concretes.

7. Considering the environmental concepts, using 60% (maximum) CS
is quite satisfactory and can highly reduce the depot-caused damage
of this waste material. However, based on the results of mechanical
tests, evaluation of durability indices, comparison of economic
indices and positive effects of using 40% CS (as fine aggregates) on
reducing the environmental problems of this waste material, the mix
design containing 40% CS (RCC40) is introduced as the optimal
design

Suggestions for future studies

Future studies need, for this type of concrete, to study and evaluate:
1) fracture parameters under different loading modes, 2) strength
against heat, 3) performance in acidic environments, 4) electrical
resistance, 5) effects of carbonation and 6) thaw/freeze cycles.
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Material Cost ($/Kg) Mix Description
RCCO RCC10 RCC20 RCC30 RCC40 RCC50 RCC60

OPC (Kg) 0.09 24.85 24.85 24.85 24.85 24.85 24.85 24.85
FA (Kg) 0.058 55.95 50.35 44.76 39.16 33.57 27.97 22.38
CA (Kg) 0.039 40.88 40.88 40.88 40.88 40.88 40.88 40.88
CS (Kg) 0.0016 0.00 0.16 0.32 0.47 0.63 0.79 0.95
Water (Kg) 0.0003125 0.034 0.034 0.034 0.034 0.034 0.034 0.034
Total 121.71 116.28 110.84 105.40 99.97 94.53 89.09
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Glossary

Acronyms

CS: Copper slag

RCC: roller compacted concrete

SEM: scanning electron microscope

RHA: rice husk ash

EAF: electric arc furnace

SCC: self-compacting concrete

HSC: high strength concrete

RC: reinforced concrete

UPV: Ultrasonic pulse velocity

EDS: energy dispersive spectroscopy

HPC: high-performance concretes

SSD: saturated surface dry

C-S-H: calcium silicate hydrate

ITZ: interfacial transition zone

EI: economic index (strength/price)

OPC: ordinary portland cement

FA: fine aggregate

CA: coarse aggregate

SFRC: steel fiber reinforced concrete Symbols
W/C: water to cement ratio

WS: mass of oven-dried sample in air (gr)
WD: mass of surface-dry sample in air after immersion (gr)
K: sorptivity coefficient (cm/s*°)

Q: absorbed water (cm3)

A: section area (cmz)

T time (s): F. compressive strength (MPa)
F,2g: compressive strength (MPa) of the 28-day
RCCO: F split strength (MPa)

Fog: split strength (MPa) of the 28-day RCCO
Fy: flexural strength (MPa)

Frag: flexural strength (MPa) of the 28-day RCCO
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