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The present study experimentally investigates the mechanical and durability performance of re-
cycled aggregate concrete (RAC) incorporating copper slag as fine aggregate. The coarse aggre-
gate obtained from recycling of construction waste is used as natural coarse aggregate and copper
slag, the industrial by-product is used as fine aggregate in the current research work. Recycled ag-
gregate concrete formed by substituting 50 % recycled aggregate as natural coarse aggregate is
considered as the control mix for this experimental work. A total of seven RAC mixtures are made
with copper slag as a substitution of fine aggregate of varying proportions (0%-100 %) giving an
increment of 20 %. Compressive strength, split tensile strength, and microstructural behaviour of
RAC mixtures were carried out for up to 90 days of curing to assess the mechanical property of
RAC mixes. To evaluate the effect of copper slag on long-term properties of RAC mix water ab-
sorption, rapid chloride permeability and resistant to sulphate attack test is carried out for up to
90 days. The findings revealed that the mechanical properties of RAC mixes are improved up to
40 % substitution of copper slag. When exposed to sulphate, RAC mixtures gained weight while
losing compressive strength. Results of water absorption and RCPT test showed a remarkable im-
provement with the incorporation of copper slag up to 40 %; beyond that point, the results were
comparable to RAC mix (control). The progression of calcium silicate hydrate gel formation
within the RAC blend was verified through scanning electron microscopy, energy dispersive spec-
troscopy, and X-ray diffraction analysis across a range of curing periods spanning from 7 to 90
days.

1. Introduction

Consumption of huge number of natural resources towards the production of concrete in the present decade creates a serious envi-
ronmental issue in terms scarcity of natural resources and ecological imbalance for the most of the developed countries. Aggregates
are the primary constituents in the production of concrete as it plays a significant role in strength enhancement and contributes
75-80 % [1] of total concrete material. Worldwide approximately about 48.3 billion tons of natural aggregates are consumed every
year in the construction industry [2] which lead to scarcity of natural resources with lots of environmental disorder. So, it is the right
time to think about the other alternative and sustainable materials which can replace both fine and coarse aggregate successfully and
produced an eco-friendly concrete [3]. On the other hand, the waste released from various sectors are increasing day by day due to
heavy industrialization and activities like reconstruction and destruction of old concrete structures which causes both environmental
and disposal problem [4]. Therefore, the right use of these waste materials in the construction sector can reduce the need for natural
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resources, decrease the need for landfill space, and create concrete that is environmentally friendly [5,6]. In this regard, recycled con-
crete aggregate (RCA) and copper slag (CS) both are the most promising alternatives at the present day towards the construction of
sustainable concrete [7]. In the current study, recycled concrete aggregate is employed as the partial replacement of natural coarse
aggregate (NCA), and copper slag is utilised to substitute fine aggregate (FA) for producing an environmentally friendly concrete.

Recycled concrete aggregate, the waste product produced from the construction and demolition waste (C&D) after proper crush-
ing and sieving. RCA is one of the primary research topics in the construction industry because of its wide range of qualities, including
water absorption, bulk densities, and gradation curves that may aid in the manufacture of superior concrete. The basic difference be-
tween NCA and RCA is the old attached mortar which inferiors the quality of RCA to that of NCA [8]. The recycled aggregate con-
crete's behaviour is influenced by two major factors that is amount of RCA in concrete and the source of extraction of RCA. Many re-
searchers [9-13] have studied the mechanical and physical performances of concrete by incorporating RCA as a replacement of NCA
and reported that, the recycled aggregate concrete (RAC) shows poor performance in comparison to conventional concrete due to the
weak interfacial transition zone (ITZ) developed in between RCA and attached mortar. Various studies revealed that, the compressive
strength of RAC can be comparable to the normal concrete up to 30 % replacement of NCA by RCA as it can achieve the target
strength and the loss of strength is marginal because the aggregate surface is attached with less porous mortar [11-16]. However, the
strength of RAC decreases to 10-25 % as the amount of RCA content increases even up to full replacement in comparison to normal
concrete. Majhi et al. [8] reported the strength loss of 15-20 % at 100 % replacement of RCA up to 90 days curing with equal w/c ra-
tio. Similarly, the split tensile and flexural strength of concrete has been reduced up to 10 % and 23 % respectively with the increas-
ing replacement level of RCA. Similarly, the durability properties of RAC is also affected with increased percentage of RCA as ob-
served from the various research works [17-22]. It is attributed to the high-water absorption property of RCA than that of NCA. The
elastic modulus of RAC has also been reduced significantly as compared to natural concrete which is attributed to the formation of
poor bond between old and new mortar [9,12].

In addition, another waste product found by the researchers is copper slag which can replace the fine aggregate successfully in the
recent decade because of its low water absorption capacity and glassy texture. Copper slag is a by-product of the copper production
sector produced during matte smelting and refining processes either by slow air cooling or fast cooling method [2]. All over the world
approximately 68.8 million tons of CS is produced from which India contribute around 3 % of global production [23]. In this context,
it is a great challenge to the researchers for proper utilization of copper slag in construction industry in order to minimise the environ-
mental pollution due to huge land filling as well as scarcity of natural resources [24]. It is anticipated that the building sector will ben-
efit greatly from the application of CS in both performance and sustainability aspects. Over the past ten years, researchers have put
their interest in the utilization of copper slag as a construction material due to its low energy consumption and zero carbon imprint.
From a technological and commercial standpoint, the advantageous qualities of CS have made it a viable substitute for fine aggre-
gates. From the previous research work [1,23,25-34] it has been observed that adding a certain quantity of CS to certain types of con-
cretes has been shown to improve their physical, mechanical and durability qualities. The study also revealed that, the strength prop-
erties of normal vibrated concrete with CS up to 50 % replacement is comparable to the control concrete [1]. Maharshi et al. [34] de-
veloped a CS based normal vibrated concrete by replacing natural fine aggregate (NFA) with CS from 0 to 100 % and found that as
compared to the control mix CS with 40 % replacement improved the compressive and split tensile strength of about 13 % and 8 % re-
spectively. Patil et al. [35] suggested that, the replacement of CS as NFA up to 20 % yield 33 % higher strength than that of 100 % CS
based normal vibrated concrete. According to Jabri et al. [1] the workability and density of concrete was improved by the incorpora-
tion of copper slag up to 100 % substitution. However, the compressive strength of concrete was increased up to 5 % on the substitu-
tion of CS up to 40 % and the water absorption values were decreased up to 50 % replacement of CS. The inclusion of CS as fine aggre-
gate up to 40 % in the formation of self-compacting concrete (SCC) results in improved compressive strength at relative curing peri-
ods. According to Gupta & Siddique [27], the properties of SCC in fresh state was enhanced with the incorporation of CS up to 60 %
because of its smooth surface texture and low water absorption properties. The maximum compressive strength and split tensile
strength of SCC was achieved by inclusion of 30 % and 60 % CS respectively. Similarly, Sharma et al. [36] developed SCC by incorpo-
rating CS as fine aggregate up to 100 % substitution and evaluated the mechanical properties of SCC up to 120 days curing periods.
The findings showed that adding CS up to 30 % boosted the strength features of SCC, however the strength began to deteriorate be-
yond 30 % CS. As per durability concern the incorporation of CS up to 60 % replacement over fine aggregate proved to be beneficial
as suggested by the Sharma et al. [37]. Similarly, Gupta & Siddique [28] investigated the long term properties of SCC using CS as fine
aggregate varying from 0 to 60%with an increment of 10 %. It has been reported that the long-term properties of SCC mixes like wa-
ter absorption, rapid chloride permeability and sorptivity were improved significantly with the incorporation of CS up to 30 % and
the properties show similar results to that of control concrete with the increase in CS content.

It has been observed from the various reviews of the literature that, several studies were performed to determine the impact of
RCA as coarse aggregate and CS as fine aggregate on the characteristics of various types of concrete. However, there are very few liter-
atures available that have compared the impact of copper slag on the performance of recycled aggregate concrete. Raghavan et al.
[38] made a comparison between the mechanical properties of recycled concrete and natural concrete by using copper slag, iron slag,
and recycled concrete aggregate as fine aggregate and coarse aggregate with various proportions of mix respectively. The results re-
vealed that the concrete made with 25 % recycled concrete aggregate, 40 % iron slag, and 40 % copper slag can be comparable to the
conventional mix. According to Ashral et al. [31] the properties of concrete mixes were improved by adding CS up to 20 % as a substi-
tution of fine aggregate and coarse aggregate with RCA up to 30 %. Kumar et al. [39] studied the various effect of CS on strength
properties of recycled aggregate based SCC and found that the strength properties are enhanced to 28 % with the addition of CS up to
40 %. In the current study, the replacement percentage of RCA is set at 50 % based on the previous research works [7,8,18,40,41]
since the increased amount of RCA affects the strength and durability qualities of concrete due to the porous attached mortar.
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The novel aspect of the study is to check the performance of recycled aggregate based concrete in terms of strength and durability
by utilizing industrial wase product copper slag as a substitution of fine aggregate. The utilization of RCA and CS as a construction
material has potential to minimise the lack of natural resources in the construction sector and forward a step for making a sustainable
concrete. As per the author's knowledge, studies dealing with the strength and durability aspects of.

RAC using CS is not available in the research forum. The objective of this research work is to determine the different properties of
recycled aggregate concrete (RAC) by incorporating coper slag varying from O to 100 % as a substitution of fine aggregate with an in-
crement of 20 % and study its effect on the performance of RAC in long-term. In the previous research work [7] the authors have stud-
ied the mechanical properties of recycled aggregate concrete using RCA and CS of varying proportions and compared the results with
that of natural aggregate concrete (NAC). The results revealed that the RAC with the combination of 33 % RCA and 20 % CS attained
superior mechanical properties in comparison to NAC after 28 days curing period. So, in the current research work authors further
analysed the effect of CS on strength and durability properties of RAC in long-term by considering 50 % RCA as a replacement of NCA
which is referred as control mix for this study. To fulfil the research objective at first, the mechanical properties of RAC with and with-
out CS mixtures were performed at 7, 28, 56 and 90 days of curing period. After that, the durability properties like water absorption,
resistant to sulphate attack and chloride ion penetration test were conducted up to 90 days. Scanning electron microscope (SEM), En-
ergy-dispersive X-ray analysis (EDAX) and X-ray diffraction (XRD) analysis were performed to study the microstructural behaviour of
RAC at 90 days to investigate the potentiality of CS in RAC mixes.

2. Materials used

2.1. Cement

In this experimental work, OPC-53 [42] is used as cement with the fineness of 3200 cm?/gm. To determine the physical properties
of cement various tests were conducted in the laboratory according to the code and the results obtained are presented in Table 1. The
chemical analysis has been done through XRF test and represented in Table 2. The surface morphology and elemental analysis of ce-
ment has been done through SEM and EDAX respectively and shown in Fig. 1. The SEM analysis indicated that the cement particles

Table 1
Physical Properties of materials used in RAC mix.
Materials Appearance Specific gravity Density (kg/m3) Water absorption (%) Fineness modulus
OPC Grey 3.14 1446
Fine aggregate Light brown 2.86 1564 1.18 2.6
Coarse aggregate 3 2662 0.82 5.34
Copper slag Black 3.6 1950 0.6 3.4
Recycled coarse aggregate 2.6 2374 3.92 5.5
Table 2

Chemical analysis of materials used in the study.

Constituents (%) CaO Al,04 Si0, Fe,03 MgO K,0 TiO, P,05 SO3
Cement (OPC 53) 60.83 6.05 20.43 5.24 2.92 0.97 0.81 0.13 2.62
Fine aggregate (FA) 0.68 6.94 84.45 4.68 0.68 1.74 0.51 0.07 0.25
Copper slag (CS) 0.5 2.85 20.2 73.27 1.09 0.4 0.25 0.2 1.06
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Fig. 1. SEM and EDAX analysis of cement utilised in the research work.
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are smoothly arranged through out the surface with different size and geometry. The EDAX analysis shows the various elements of ce-
ment with maximum peak of O and Ca containing the weight % of 43.8 and 25.2 respectively.

2.2. Natural aggregates

The crushed stone obtained from the local crusher is used as natural coarse aggregate in the study with specific gravity 2.8. Coarse
aggregates of sizes 20 mm and 10 mm down are used in the ratio of 70:30 for making mixtures according to IS 10262 [43]. Local river
sand is used as Fine aggregate of size less than 4.75 mm and collected nearby river area of Jamshedpur. The grading of both coarse
and fine aggregate is done as per IS 383 [44] with fineness modulus 5.34 and 2.6 respectively. As per codal provision, fine aggregate
is verified to zone II [44]. The physical properties of aggregates are determined as per code and presented in Table 1.

2.3. Recycled coarse aggregate

Recycled coarse aggregate (Fig. 2 a) was collected from demolition of 14 years old petrol pump near Jamshedpur area used as the
substitute of NCA after proper crushing and sieving. The waste concrete pieces collected from debris were first crushed into the
smaller pieces by using crusher machine and then by using hammer it is again crushed into the nominal size of 20 mm called as RCA.
In the current experimental work, recycled aggregate of particle size 10 mm is used which replaced the NCA by 50 %. Fig. 3 shows the
particle size analysis of RCA as per IS 383 [44] indicating that the particles of RCA are well graded and finer than NCA. The funda-
mental properties of RCA are determined according to the code and provided in Table 1 which revealed that RCA has the property of
high-water absorption and low specific gravity than that of NCA.

2.4. Copper slag

Copper slag (Fig. 2 b) was collected from Hindustan Copper Limited, Jamshedpur, India by matte smelting technique followed by
the refining process in the pyrometallurgical copper production process [45]. In the present research work, CS is used as the replace-
ment of fine aggregate. It is appeared as black in colour with glassy texture. Table 1 provides information on the physical characteris-
tics of copper slag while Table 2 provides information on the chemical composition obtained from X-ray fluorescence (XRF) test, The
particle size distribution of CS shown in Fig. 3 is performed through sieve analysis as per IS 383 [44]. It has been noticed that the
nominal size of CS lies in zone I which indicated that CS is coarser than the NFA. Fig. 4 shows the SEM and EDS analysis of copper slag
respectively which indicated that the particles of CS are sharp edged with irregular shape which may have improved the interaction
between aggregates and paste.

(a) RCA (b) Copper slag

Fig. 2. Waste materials used in the resarch work.
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Fig. 4. SEM and EDAX analysis of CS used in the research work.

2.5. Admixtures

PCE-200 was used as superplasticizer (SP) conforming to IS 9103:1999 [46]. It has a low viscosity and a significant water-reducing
admixture. The pH value is in the range of 6-7.5 and it is light brown in colour with specific gravity of 1.09. In the mix design the SP is
taken as 1 % of total cement content. The solid content is found to be about 41 % of total mass in liquid form.

3. Mix proportions

There are all total of 6 trial mixes has been prepared including the control mix which is prepared with 50 % of RCA by replacing
NCA. The mixed proportion of control mix is calculated as 1:2.42:2.02:1.34. Another five trial mixes have been prepared by replacing
NFA with CS of varying proportions from 0 to 100 with the increment of 20 %. All the mix designs are carried out for M30 grade con-
crete with target strength of 38.25 N/mm? in accordance with 1S10262:2019 [43]. All the materials are taken by weight and the ce-
ment content for all the mixes are kept constant as 360 kg/m>. The w/c ratio is taken as 0.45 for all the mixes. The aggregates are
soaked in water for 24 h before casting to obtain the surface saturated dry condition (SSD). The details of mix proportions with desig-
nation are provided in Table 3. After calculating the mix proportions of each mixture, the materials were mixed thoroughly in the lab-
oratory concrete mixture for 1 min. After uniform mixing of all dry constituents of concrete 70 % of total quantity of water was
poured in to the concrete mixture and allowed to mix for 2 min for achieving homogeneous mix. Another 30 % water was then poured
in the mixture with required amount of superplasticizer and mixed it for another 2 min to obtain a workable concrete. The fresh prop-
erty of concrete was then determined in terms of workability using slump cone apparatus. The prepared concrete mixes were placed
in the specified moulds for 24 h (Fig. 5) and after that, the specimens were allowed for curing in water curing chamber by maintain-
ing room temperature until they reached the requisite testing age as shown in Fig. 6.

4. Experimental procedure

The fresh property of various concrete mixes has been performed by slump cone test for evaluating the flowability of mixes in
terms of workability followed by the guidelines of IS 456:2000 [47]. Strength properties of trial mixes including cube compressive
strength and indirect tensile strength are evaluated after curing at different ages according to IS code of practice. The compressive
strength test of various concrete mix has been carried out at 7, 28, 56 and 90 days as per IS: 516 [48] by using compression testing
machine (CTM) of 3000 KN capacity with a fixed rate of loading of 14 N/mm?2/min. For evaluating 28 days split tensile strength,
cylindrical specimen of dimension (150 X 300) mm has been placed horizontally between the platens of a CTM and applying a load at
a rate of 1.2 N/mm?/min until failure as per the provision of IS: 5816 [49]. Water absorption, Rapid chloride permeability test
(RCPT) and sulphate attack test were performed in the laboratory to evaluate the durability properties of various RAC mixes. Water
absorption of all the mixes after 28-, 56- and 90-days curing has been determined as per ASTM C 642-13 [51]. For conducting RCPT

Table 3
Design mix proportion for RAC mix.

Mix RAC-CSO RAC-CS20 RAC-CS40 RAC-CS60 RAC-CS80 RAC-CS100
OPC (kg/mS) 371 371 371 371 371 371

FA (kg/m3) 792 626 479 313 158 0

Cs (kg/mS) 0 158 313 479 626 792

NCA (kg/mg) 568.5 568.5 568.5 568.5 568.5 568.5

RCA (kg/ms) 568.5 568.5 568.5 568.5 568.5 568.5

W/C ratio 0.45 0.45 0.45 0.45 0.45 0.45

SP (%) 1 1 1 1 1 1
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Fig. 5. RAC specimens.

Fig. 6. Curing of RAC specimens in curing chamber.

test, the cylindrical specimens of dimension (100 x 50) mm were prepared and evaluated the chloride ion permeability of each trial
mix after 28 56 and 90 days of water curing in accordance with ASTM C1202-10 [52]. The complete set-up for RCPT test is shown in
Fig. 7. According to ASTM C 1012-04 [53], sulphate attack tests were performed on 150 mm cube specimens that had been water
cured for 28 days. The water cured specimens were first kept at ambient temperature for 24 h and then weighed and immersed in 1 %
sodium sulphate solution for the desired period of 28, 56 and 90 days by maintaining pH of the solution above 7. The sulphate solu-
tion has been changed in regular one month interval up to the desired age and the solution was frequently mixed to prevent salt depo-
sition in the tank. The specimens were removed from solution at a specific testing age and their weight and compressive strength was
assessed respectively after storing the cubes at ambient temperature for 24 h. The surface texture of the concrete matrix is identified
by SEM examination, and for evaluating mineral characteristics of concrete mixes, XRD technique was used. The analysis was done on
a powdered sample of 28-day-cured concrete sieved through 90-um sieve after tested in CTM. The powdered specimen was then

TSRS 8

Fig. 7. Rapid chloride permeability test for RAC specimens.
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mounted on the SEM stub for SEM examination, and images were captured using the secondary electrons image mode. The XRD in-
vestigation covered 2 theta diffraction angles ranging from 10° to 80°.

5. Result analysis

5.1. Workability

The workability of various RAC mixes with different CS content has been represented in Fig. 8 in terms of slump value. It has been
noticed from Fig. 8 that, with the incorporation of CS as fine aggregate the slump value of fresh RAC mixes increased gradually. The
mixtures containing 20 %, 40 % 60 %, 80 % and 100 % CS showed higher workability of about 11 %, 20 %, 22 %, 16 %, and 9 % re-
spectively with respect to the control mix. This higher workability is may be caused by the slag grains' smooth and glassy texture and
low water absorption properties, which improved the flowability of RAC mixtures. The finding is consistent with earlier research
[27,36,50,51] that the fresh concrete exhibited decreased flow resistance with higher CS concentration. Though, the test results
showed improved workability as compared to the control mix but the mixes containing CS beyond 60 % exhibited symptoms of bleed-
ing and segregation. This may be attributed to the larger particle size of copper slag grain than that of fine aggregate which settles
down and allows the free water on the surface of concrete mix, as a result reduces the workability of the mix.

5.2. Compressive strength

The strength results obtained from compression test of various RAC mixes containing copper slag up to 100 % after curing up to 90
days were presented in Fig. 9. The RAC mixes showed improved compressive strength with the incorporation of CS. The peak strength
of control RAC mix after 28 days curing was observed to be 38.23 MPa and it has been increased to 43.67 MPa after incorporating the
CS from 0 to 60 %. Similarly, the 56- days and 90-days strength of RAC mix including copper slag from 0 % to 40 % increased from
40.3 to 45.88 and 43.58-49.13 MPa respectively. The RAC mix with 40 % CS (RAC-CS40) achieved the maximum strength at all ages.
This increase in strength is mostly related to the physical characteristics of copper slag and enhanced mortar absorption capacity of
RCA as well as the efficiency of the ITZ, which produced a strong link between the aggregate and mortar. Copper slag grains are gen-
erally consisting of sharp edge particles which increased the cohesiveness of the mix by creating a stronger bond between the old and
new matrix. However, the strength of RAC mixes has been reduced significantly beyond 60 % replacement of CS. It has been noticed
that the curing period from 7 to 90 days, the strength of RAC mix containing 100 % CS is decreased from 12.7 % to 13.88 % as com-
pared to mix with 60 % CS. The reduction of strength in the mixes is attributed to the smooth texture with high specific weight of CS
grains which is easily settles at the fresh state and the free water rises on the top surface creating voids and cracks and increased the
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thickness of ITZ. The variation in compressive strength between various RAC mixes and the control mix at various curing ages is
shown in Fig. 10. It has been noticed that the rate of compressive strength increased up to 14 % with the inclusion of CS up to 60 %
and beyond that the rate of strength decreased marginally i.e., up to 6 % at 28 and 56 days and up to 5 % at 90 days of curing period
with respect to the control RAC mix. The findings of the compressive strength test proved that the addition of CS up to 60 % as fine ag-
gregate in recycled aggregate concrete had no negative consequences in its hardened state. According to the previous research work
[71, the 28-days compressive strength of recycled aggregate concrete is improved about 7 % and is comparable to natural aggregate
concrete after addition of CS up to 40 %. Gupta and Siddique [27] asserted that the compressive strength of SCC containing copper
slag up to 60 % was comparable to the conventional SCC mix. Sharma and Khan [36] included copper slag (0-100 %) as a sand re-
placement in Self-compacting mixes and concluded that the long-term strength properties showed superior performance up to 20 %
substitution of copper slag, Wu et al. [52], examined high strength concrete and obtained maximum compressive strength of approxi-
mately 98 MPa at the age of 90 days by substituting 60 % copper slag with sand. According to Jabri et al. [1], the concrete made with
copper slag as a substitution of fine aggregate up to 50 % showed a maximum compressive strength of 47 MPa at 28 days curing pe-
riod.

5.3. Split tensile strength

The results of split tensile strength test of various RAC mixes containing copper slag up to 100 % after curing up to 90 days were
presented in Fig. 11 indicating that, with the addition of up to 60 % copper slag in RAC mix boosted split tensile strength of RAC from
7 to 90 days of curing. However, a remarkable variation is observed between the early age (7 days) and long term (28-90 days) split-
tensile strength. The 7 days split-tensile strength of RAC mixes including CS were found less in comparison to long term strength
(28-90 days) because of heavy metal content in copper slag, that slower the rate of hydration of cement in RAC mixtures at early age
[37]. However, with the addition of 20 %, 40 % and 60 % CS the split tensile strength of RAC was enhanced by 17 %, 28 % and 21 %
respectively, in comparison to the control RAC mix at the curing ages from 7 to 90 days. The concrete mix including 40 % CS pro-
duced the maximum splitting tensile strength at all curing ages. The main reason of increase in strength is the sharp edges with cor-
ners of the copper slag particles which improved the cohesiveness of the RAC paste. Similar observations were deduced by Sharma et

25
204
15 4
~
s 10
=
B 54
=
L
g o
@
Z -5
2
2
= -10
g —m— RAC-CS0
O -15-4 —®—RAC-CS20
—A— RAC-CS40
204 7 RAC-CS60
—— RAC-CS80
—4— RAC-CS100
-25 T

T T T T T T T T T T T T T
0 7 14 21 28 35 42 49 56 63 70 77 84 91 98
Curing Ages

Fig. 10. Variation in Compressive strength between RAC mixes and the control mix at progressive curing ages.

4.5
—&— 7 Days
@ 28 Days
4.0+ —A— 56 days
—v— 90 Days
_ e
S 354 ~ S -
z ) ‘\>\A
£ 3.0 e
=
L
&
2 254
)
=
)
= 204 ) S
= B
2
@n
1.5
1.0

T T T T T T
RAC-CS0 RAC-CS20 RAC-CS40 RAC-CS60 RAC-CS80 RAC-CS100

Fig. 11. Impact of CS content on split tensile strength of RAC mixes.



A. Sahu et al. Journal of Building Engineering 82 (2024) 108364
al. [36], that the addition of up to 80 % of copper slag boosted the tensile strength of SCC. s seen from Fig. 11, the rate of increase in
tensile strength of all mixes were reduced as the curing ages increased, though the strength values were still increased at the same
age. For example, the rate of increased split tensile strength of RAC-CS20 mix is reduced to 17 %, 10.52 %, 9 % and 8.33 % at the age
of 7, 28, 56 and 90 days respectively with respect to the control mix. This decreased rate of strength gain is attributed to the porous at-
tached mortar of RCA which increased the porosity of the mix with the increased curing period. Further it is noticed from Fig. 11 that,
as the CS content rose above 60 %, the split tensile strength of the RAC mix decreased. This decrease in strength was maximum in
100 % CS substitution as fine aggregate i.e about 10 % at 28 days. The reduction of strength is may be either due to the bigger size of
CS grain that increased the number of voids in the mix or as a result of more mortar being stuck to the recycle aggregates' surface,
which impedes the hydration process and decreases bulk densities, weakening the interfacial transition zone [40].

A strong correlation has been established between compressive and split tensile strength through linear regression as represented
in Fig. 12 to predict the split tensile strength from the experimental results of compressive strength of various RAC mixes at all curing
ages. Fig. 12 showed a direct inter-relationship in between compressive and split tensile strength which is found to be f, = 0.538 \/ .
with a correlation factor of 0.98, where f.” denotes the compressive strength and f; denotes split tensile strength of recycled aggregate
concrete.

5.4. Water absorption

Water absorption capacity of different RAC mixes incorporating copper slag of various proportions were evaluated at different
curing ages up to 90 days and the variations are represented in Fig. 13. Water absorption values of all mixes are reduced with the in-
creasing of age due to the compactness of the aggregates which decreased the number of pores and voids. The absorption capacity of
control RAC mix after 28days immersion was found to be 5.34 % which is reduced to 4.88 % and 4.54 % respectively after 56- and
90-days immersion. Similarly, with the addition of CS the water absorption of RAC mixes was decreased at all curing ages having
maximum reduction with 40 % CS. The absorption rate is reduced by 8.23 %, 11 % and 15.85 % respectively with respect to control
mix from 28 to 90 days curing ages. However, the water absorption value of RAC increased when the CS content increased from 60 %
to 100 %. Though the values still reduced with respect to control mix but it was comparable with 100 % CS substitution at all ages.
The increased in water absorption was due to the increased amount of CS content in the mix, forms new voids and were ascribed to
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Fig. 12. Correlation between compressive and split tensile strength.
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the increase in free water content. The results of this study agreed with the researchers [28,50]. Gupta et al. [28] reported that, re-
placing fine aggregate in SCC mixtures with copper slag decreased water absorption values by up to 30 %. However, after the copper
slag percentage approached 30 %, the values became comparable to control concrete. When CS was substituted for fine aggregate in
typically shaken concrete, Jabri et al. discovered reductions in water absorption readings of up to 40 % [50]. The concrete then be-
came comparable to the control concrete with further additions of copper slag until 100 % substitution.

5.5. Rapid chloride permeability test

RCPT is performed for various RAC mixes to measure the total charge passed inside the concrete in order to determine the chloride
ion penetrability. Fig. 14 shows the RCPT test results of RAC mixes incorporating CS as fine aggregate of varying proportions at 28, 56
and 90 days of curing. The RCPT value of all mixes substantially reduced with the increased age as the total charge passed inside the
mix became reduced. Ageing may play a substantial role in determining the chloride ion penetrability because as the curing time goes
up the microstructure of concrete gets denser that minimized the amount of charge passed. The total charge passed for control mix
was found to be 1645.23 C at 28 days and it is reduced to 742.34 C at the age of 90 days. Further with the addition of CS the total
charge passed decreased with respect to the control mix. The RAC mix with 40 % CS showed the less chloride ion penetrability in
comparison to control mix that is about 34 % at 28 days, 26 % at 56 days and 45 % at 90 days of curing. However, the chloride ion
penetrability increased beyond 40 % CS incorporation, though it is still less than control mix. According to ASTM C1202-10 [52], the
values of all mixes as shown in Fig. 14 are categorised under low to very low chloride ion penetrability at 28-90 days curing periods.
The total charge passed in RAC mixes is varied between 1000 and 2000 C at 28 days curing, 600 to 900 Coulombs at 56 days and 400
to 800 Coulombs at 90 days of curing respectively. Similar finding has been made by the researchers [28] that, up to 40 % incorpora-
tion of CS to various types of concrete could decreased the chloride ion penetrability. These findings lead to the conclusion that recy-
cled aggregate concrete used in structural parts can achieve enough resistance to chloride ion penetration. With the addition of cop-
per slag, the resistance can be improved more successfully.

5.6. Resistant to sulphate attack

The sulphate attack on recycled aggregate concrete is evaluated in terms of change in mass and compressive strength of various
RAC mixes after exposure to sulphate solution for 28, 56 and 90 days. Sulphate attack on concrete is a deterioration process caused by
the reaction between sulphate ions and the components of hydrated minerals in concrete. This reaction can lead to the formation of
expansive compounds, resulting in the disruption of the concrete matrix [18]. Fig. 15 shows the specimens before and after exposed
to sulphate attack. It has been noticed that, after sulphate exposure the surface of the specimen became uneven, colourless and flake
off as compared to the specimen without sulphate exposure. This is due to the expansion of the sulphate compounds, which exert pres-
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sure on the surrounding concrete, leading to the breakaway of layers. The reaction with sulphate ions can result in the formation of
crystalline sulphate minerals within the concrete matrix which can cause the expansion and disruption of the material and discol-
oration of the concrete surface.

5.6.1. Mass gain from sulphate attack

The resistance to attack by sodium sulphate of RAC mixes containing various fractions of CS is calculated in terms of mass gain and
represented in Fig. 16. The mass gain (measured in %) for each concrete mix specimen is determined in relation to the mass of speci-
mens from that concrete mix that have been water-cured for 28 days. It is observed from Fig. 16 that the mass of all mixtures is in-
creased with the increased age in sulphate solution and from 28 to 90 days of sulphate exposure, there was a substantial difference in
mass gain. The lowest mass gain is achieved by control mix of about 0.08 %, 0.16 % and 0.25 % at 28, 56 and 90 days of sulphate ex-
posure. Similarly with the incorporation of CS up to 100 % the mass gain of RAC mixes increased from 0.11 % to 0.24 % at 28 days,
0.27 %-0.52 % at 56 days and 0.39 %-0.67 % at 90 days immersion in sulphate solution. The RAC mix with 100 % CS substitution
showed a maximum mass gain among all the mixes. The development of calcium sulpho-aluminate (ettringite) inside the concrete
matrix formed by the reactions of sodium sulphate and calcium hydroxide (Ca (OH),) may be responsible for this mass gain. Further,
the cavities filled with sulphate solution at a greater replacement level of CS may also contribute to the mass gain of concrete mixes
[371.

5.6.2. Strength loss from sulphate attack

Fig. 17 depicts the loss in compressive strength of various RAC mixes containing copper slag after immersion in sodium sulphate
solution for 28, 56, and 90 days. The strength loss of all mixes is determined with respect to their respective 28-days compressive
strength. The strength loss of all RAC mixes is found to be increased with the increased immersion period from 28 to 90 days. The
strength losses of control mix (RAC-CSO0) after 28-, 56- and 90-days immersion are found to be 2.04 %, 5.65 % and 7.84 % respec-
tively. This increased in strength loss with increased immersion period is due to the attached mortar of RCA which increased the
porosity and Ca(OH), content in RAC mix [18]. However, the reduction is minimum with the addition of CS up to 40 % at all ages as
the mixture forms a dense structure with rich C-S-H gel. The reduction in strength loss is about 1.73 %, 3.35 %, 5.75 % for RAC-
CS20 and 1.69 %, 5.31 %, 7.30 % for RAC-CS40 at 28-, 56- and 90-days exposure of sulphate solution. Further, it has been noticed
that the strength loss again increased when the CS content in the RAC mix is increased. The mixture RAC-CS100 exhibited higher
strength loss of about 5.58 % at 28 days, 10.27 % at 56 days and 11.64 % at 90 days of immersion in sodium sulphate solution re-
spectively. The development of ettringite, that increases volume and tension within the microstructure and causes microcracks with
degradation of concrete mixtures. Additionally, because the specimens are continuously exposed to the sulphate solution, the
strength loss of all concrete mixes continues to grow over time. Similar results inferred by Sharma et al. [37] for SCC mix where the
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Fig. 16. Mass gain of RAC mixes due to sodium sulphate attack.
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Compressive strength keeps declining with increased CS content as immersion time in sodium sulphate solution increases from 28 to
120 days.

5.7. Microcharacterisations

5.7.1. SEM and EDAX analysis

Microstructural formations of concrete mixtures have a big impact on their rheological and structural characteristics. In this re-
search work SEM and EDAX analysis were carried out at IMMT, Bhubaneswar, Odisha to investigate the morphology and elemental
composition of various RAC mixes. After conducting the compressive strength test, SEM and EDAX were carried out by coating the
powdered sample taken from the inner core of the recycled aggregate concrete. To comprehend the microstructural changes of the
matrix at 90 days of curing, comparisons have been done for various RAC mixes. Fig. 18 (a) to 21 (a) displayed the microstructure de-
velopment of RAC at the age of 90 days. Additionally, the elemental composition of RAC mixtures was investigated using EDAX; their
spectra at 90 days of curing age are shown in Fig. 18 (b)-21 (b) which contained major elemental peaks including those of calcium
(Ca), silicon (Si), aluminium (Al), potassium (K), oxygen (O), iron (Fe), sodium (Na), and magnesium (Mg). However, only those pho-
tos that had significant morphological alterations were displayed in this research. Fig. 18 (a) depicts the formation of calcium silicate
hydrate (C-S-H) gel with little amount of ettringite for RAC mix with 20 % CS. The EDAX analysis of mix RAC-CS20 also revealed the
peaks of O, Si, Ca, Al, and S (Fig. 18b). Uneven calcium silicate hydrate (CSH) layer development became increasingly noticeable as
the CS % increased to 40 % (Fig. 19a). The concrete matrix becomes denser when C-S-H layers build up on top of one another as slag
filled the gaps and created a refined structure that had improved the strength consequently [28]. Some voids also developed in the
RAC matrix of mixes containing 40 % CS. The maximum Peaks of Ca and Si from the EDAX analysis (Fig. 19 b). further supported the
formation of C-S-H gel in the RAC matrix. The highest concentration of silica and calcium in mix could be brought on by the transfor-
mation of calcium hydrate into CSH layers, increasing the overall porosity and fineness of the RAC matrix [37]. Strength was shown
to diminish when the proportion of copper slag was raised further, or more than 40 %. Copper slag has a low water absorption rate,
therefore the extra moisture created gaps and fractures that decreased the strength of the concrete [37]. According to SEM investiga-
tion, gel crystals were found in the mix containing 80 % copper slag is comparatively less as illustrated in Fig. 20a. Additionally, the
synthesis of calcium alumino-sulphates in concrete was further supported by peaks of Al and S (Fig. 20 b). The morphology of RAC
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Fig. 20(a). Sem 80 % CS.

containing 100 % copper slag showed the presence of many unreacted CS particles (Fig. 21a). Unreacted particles of copper slag pro-
duction under SEM were evidenced by the presence of interfacial transition zone (ITZ) in the RAC mix. In Fig. 21b, an EDAX examina-
tion of RAC containing 100 % copper slag is displayed with major peaks of Ca, Si, and O which is responsible of gel formation and mi-
nor peaks of S and Al confirms the development of ettringite.

5.7.2. XRD analysis
The X-ray diffraction (XRD) technique is a powerful analytical method used to study the crystallographic structure of materials. In
this study, XRD was employed to analyse hardened RAC mixes with varying amounts of copper slag to identify the different phases
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presented in Fig. 22. To begin the analysis, powder samples were extracted from both copper slag-containing and slag-free RAC sam-
ples after conducting a 90-day compressive strength test. XRD analysis was carried out with 2 theta angles spanning from 10 to 80°.
The results showed that both concrete mixes exhibited multi-phase peaks, indicating the presence of various crystalline structures
[371. The XRD patterns confirmed the presence of a crystalline structure at each replacement levels of copper slag in RAC. However,
the primary phase alteration occurred as the CS content in RAC increased. One prominent peak observed in the RAC mixes was associ-
ated with quartz, which possesses a hexagonal crystal structure [27]. This quartz peak was present in all mixes up to 90 days. After
90-day curing period, calcium oxide, calcium silicate hydrate, and calcium hydroxide were discovered in addition to quartz as other
hydrated phases. Gismo dine and Calcium Silicide were also found in small amounts in the RAC mixes except to RAC-CS0O mix. The
quantity of silicon oxide and quartz, observed in the XRD patterns, was highest between 25 and 30° in all mixes. These components
play an important role for the development of CSH, a crystal gel which is responsible for the strength of concrete [28]. The highest
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concentration of silicon oxide and quartz, coinciding with the most pronounced peaks, was observed when the copper slag content
reached 40 % in the mixes. This indicates that the mixes with 40 % copper slag exhibited enhanced strength. With the increased in CS
content from 40 % to 80 %, the amount of calcium oxide also increased. Additionally, a phase of Calcium Silicate with the chemical
formula CaSi,, representing the monoclinic crystal system, was also identified. Small quantities of quartz and silicon oxide phases
were still present in the RAC mix containing 80 % copper slag after 90 days of curing. However, in the mix with 100 % copper slag,
the peaks corresponding to quartz and silicon oxide disappeared at 50, 60, and 70°. This absence of quartz and silicon oxide peaks
could be a contributing factor to the reduction in strength observed in these mixes. The XRD analysis of hardened RAC mixes with
varying amounts of copper slag revealed the presence of different crystalline phases [27]. The study demonstrated that the inclusion
of copper slag affected the crystalline structure and composition of the recycled aggregate concrete, with varying impacts on its
strength depending on the percentage of copper slag used. These findings provide valuable insights for the development of RAC mixes
incorporating copper slag as a complete replacement of fine aggregate.

6. Conclusions

The current research work ‘examines the various properties of recycled aggrgate concrete incorporating CS as fine aggregtae suc-
cessfully and the outcomes are discussed below.

1. The inclusion of CS as a substitution of fine aggregate enhanced the workability of recycled aggrgate concrete. The slump value
of RAC mixes were increased to 22 % over control mix with the addition of CS up to 60 % and beyond that the value is reduced to
9 % due to larger particle size of CS than NFA.

2. Compressive strength of RAC is increased at all ages of curing with the incorporation of CS up to 60 % and beyond that the
strength is marginal and comparable to control mix. The mixture containing 40 % CS (RAC-CS40) attained the maximum
compressive strength at all ages of curing due to low water absorption capacity of CS and enhanced mortar absorption capacity of
RCA.

3. Inclusion of CS up to 40 % enhanced the split tensile strength of RCA by 28 % at all ages of curing due to the cohesiveness
between the CS particles and RCA. However, the strength of RAC mixes reduced to 10 % with the increased CS content beyond
60 %. Increased amountn of mortar around the aggragtes surface that retards the hydration process of RAC mixtures, resulting
decreased in split tensile strength.

4. The water absorption rate in RAC has been reduced up to 16 % with the incorporation of CS upto 40 % at all ages of curing.
However, RAC blends shows incresed water absorption above 40 % CS substitution as the high concentration of CS in the
mixture creates new voids and increase in the amount of free water, thus enhanced the water absorption rate.

5. The effect of copper slag on chloride ion permeability was greatly enhanced by later stages of curing. After 90 days of curing,
RAC mixes were categorised as “very low” ion permeability due to their less penetrability of chloride ion. The RAC-CS40 mix
exhibited mimimum chloride ion permeability (26-45 %) over control RAC mix at all ages of curing.

6. The increased porosity and Ettringite-induced expansion is identified as the primary cause of the mass gain and strength loss of
RAC mixes after exposed in sulphate solution. The mix containing 100 % CS (RAC-CS100) experienced heighest mass gain and
strength loss after 90 days of sulphate exposure whereas the RAC mix containing 20 % and 40 % CS exhibited less reduction in
strength with respect to control concrete.

7. The SEM micrograph of RAC mixes showed a compact and uniform CSH layer emerged with higher CS percentages up to 40 %,
escalating the strength properties through refined structure. However, the reduction in strength is accelerated by inclusion of CS
above 40 % due to the formation of gaps and fractures in the RAC mixes. The EDAX analysis of RAC matrices shows the
maximum peaks of Ca and Si which confirms the formation of CSH gel in each spectrum. The mix with 40 % copper slag had
the highest silica and calcium concentration in comparision to other mixes as observed from the EDAX analysis.
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8. The most notable peaks corresponded to the highest levels of silicon oxide and quartz concentration, which were detected when
the copper slag content reached 40 % within the mixtures. This observation underscores the augmented strength displayed by
mixtures containing 40 % copper slag. The presence of copper slag influenced both the composition and crystalline structure of
the recycled aggregate concrete, yielding diverse effects on its strength contingent upon the proportion of copper slag employed.

Overall, the performance of recycled aggregate concrete in terms of strength, durability and microstructural characterization is
improved by incorporation of CS up to 40 % as fine aggregate. The previous literatures suggested that the ideal fine aggregate content
range is 40 %60 % for regular vibrated, self-compacting and high-performance concrete. Further, this study also encourages to de-
velop sustainable waste management practices in the production sector by conserving natural aggregates and reduces the difficulties
associated with waste disposal and the environment.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

The authors would like to acknowledge the faculty members and staff of Department of Civil Engineering, for their guidance and
support. The authors also acknowledge the Institute of Minerals and Materials Technology (IMMT), Bhubaneswar, India for conduct-
ing SEM, EDX and XRD tests.

Funding

None. No funding to declare.

References

[1] K.S. Al-Jabri, M. Hisada, S.K. Al-Oraimi, A.H. Al-Saidy, Copper slag as sand replacement for high performance concrete, Cem. Concr. Compos. 31 (2009)
483-488, https://doi.org/10.1016/j.cemconcomp.2009.04.007.
[2] N. Singh, A. Gupta, M.M. Haque, A review on the influence of copper slag as a natural fine aggregate replacement on the mechanical properties of concrete,
Mater. Today Proc. 62 (2022) 3624-3637, https://doi.org/10.1016/j.matpr.2022.04.414.
[3] B. Pratap, S. Mondal, B. Hanumantha Rao, Development of geopolymer concrete using fly ash and phosphogypsum as a pavement composite material, Mater.
Today Proc. (2023), https://doi.org/10.1016/j.matpr.2023.06.207.
[4] B. Pratap, S. Mondal, B.H. Rao, Mechanical and durability analysis of geopolymer concrete incorporating bauxite residue, phosphogypsum, and ground
granulated blast slag, Asian J. Civ. Eng. (2023), https://doi.org/10.1007/s42107-023-00777-0.
[5] B. Pratap, K. Shubham, S. Mondal, B. Hanumantha, Exploring the potential of neural network in assessing mechanical properties of geopolymer concrete
incorporating fly ash and phosphogypsum in pavement applications, Asian J. Civ. Eng. (2023), https://doi.org/10.1007/542107-023-00735-w.
[6] P.Kumar, B. Pratap, Feature engineering for predicting compressive strength of high - strength concrete with machine learning models, Asian J. Civ. Eng.
(2023), https://doi.org/10.1007/s42107-023-00807-x.
[7]1 A. Sahu, S. Kumar, A.K.L.S. Bheem, Machine learning approach to study the mechanical properties of recycled aggregate concrete using copper slag at elevated
temperature, Asian J. Civ. Eng. (2023), https://doi.org/10.1007/s42107-023-00821-z.
[8] R.K. Majhi, A.N. Nayak, B.B. Mukharjee, Development of sustainable concrete using recycled coarse aggregate and ground granulated blast furnace slag,
Construct. Build. Mater. 159 (2018) 417-430, https://doi.org/10.1016/j.conbuildmat.2017.10.118.
[9] R.S. T.T. Ravindrarajah, Properties of concrete made with crushed concrete as aggregates, Mag. Concr. Res. 130 (1985) 29-38. http://www.sciencedirect.com/
science/article/pii/S003808061300108X.
[10] M. Malesev, V. Radonjanin, S. Marinkovié, Recycled concrete as aggregate for structural concrete production, Sustainability 2 (2010) 1204-1225, https://
doi.org/10.3390/5u2051204.
[11] N.Jain, M. Garg, A.K. Minocha, Green concrete from sustainable recycled coarse aggregates: mechanical and durability properties, J. Waste Manag. 2015 (2015)
1-8, https://doi.org/10.1155/2015/281043.
[12] M. Behera, S.K. Bhattacharyya, A.K. Minocha, R. Deoliya, S. Maiti, Recycled aggregate from C&D waste & its use in concrete - a breakthrough towards
sustainability in construction sector: a review, Construct. Build. Mater. 68 (2014) 501-516, https://doi.org/10.1016/j.conbuildmat.2014.07.003.
[13] N.K. Bairagi, K. Ravande, V.K. Pareek, Behaviour of concrete with different proportions of natural and recycled aggregates, Resour. Conserv. Recycl. 9 (1993)
109-126, https://doi.org/10.1016/0921-3449(93)90036-F.
[14] A. Abd Elhakam, A.E. Mohamed, E. Awad, Influence of self-healing, mixing method and adding silica fume on mechanical properties of recycled aggregates
concrete, Construct. Build. Mater. 35 (2012) 421-427, https://doi.org/10.1016/j.conbuildmat.2012.04.013.
[15] K. McNeil, T.H.K. Kang, Recycled concrete aggregates: a review, Int. J. Concr. Struct. Mater. 7 (2013) 61-69, https://doi.org/10.1007/s40069-013-0032-5.
[16] S.R. Suryawansh, B. Sing, P. Bhargava, Characterization of recycled aggregate concrete, Adv. Struct. Eng. Mater. 16 (2015) 1813-1822 https://doi.org/
10.1007/978-81-322-2187-6_139, Three.
[17] S.C. Kou, C.S. Poon, Enhancing the durability properties of concrete prepared with coarse recycled aggregate, Construct. Build. Mater. 35 (2012) 69-76, https://
doi.org/10.1016/j.conbuildmat.2012.02.032.
[18] R.K. Majhi, A.N. Nayak, Bond, Durability and microstructural characteristics of ground granulated blast furnace slag based recycled aggregate concrete,
Construct. Build. Mater. 212 (2019) 578-595, https://doi.org/10.1016/j.conbuildmat.2019.04.017.
[19] D. Pedro, J. de Brito, L. Evangelista, Structural concrete with simultaneous incorporation of fine and coarse recycled concrete aggregates: mechanical, durability
and long-term properties, Construct. Build. Mater. 154 (2017) 294-309, https://doi.org/10.1016/j.conbuildmat.2017.07.215.
[20] H. Sasanipour, F. Aslani, Durability properties evaluation of self-compacting concrete prepared with waste fine and coarse recycled concrete aggregates,
Construct. Build. Mater. 236 (2020) 117540, https://doi.org/10.1016/j.conbuildmat.2019.117540.
[21] J. Sim, C. Park, Compressive strength and resistance to chloride ion penetration and carbonation of recycled aggregate concrete with varying amount of fly ash
and fine recycled aggregate, Waste Manag. 31 (2011) 2352-2360, https://doi.org/10.1016/j.wasman.2011.06.014,
[22] W.H. Kwan, M. Ramli, K.J. Kam, M.Z. Sulieman, Influence of the amount of recycled coarse aggregate in concrete design and durability properties, Construct.

16


https://doi.org/10.1016/j.cemconcomp.2009.04.007
https://doi.org/10.1016/j.matpr.2022.04.414
https://doi.org/10.1016/j.matpr.2023.06.207
https://doi.org/10.1007/s42107-023-00777-0
https://doi.org/10.1007/s42107-023-00735-w
https://doi.org/10.1007/s42107-023-00807-x
https://doi.org/10.1007/s42107-023-00821-z
https://doi.org/10.1016/j.conbuildmat.2017.10.118
http://www.sciencedirect.com/science/article/pii/S003808061300108X
http://www.sciencedirect.com/science/article/pii/S003808061300108X
https://doi.org/10.3390/su2051204
https://doi.org/10.3390/su2051204
https://doi.org/10.1155/2015/281043
https://doi.org/10.1016/j.conbuildmat.2014.07.003
https://doi.org/10.1016/0921-3449(93)90036-F
https://doi.org/10.1016/j.conbuildmat.2012.04.013
https://doi.org/10.1007/s40069-013-0032-5
https://doi.org/10.1007/978-81-322-2187-6_139
https://doi.org/10.1007/978-81-322-2187-6_139
https://doi.org/10.1016/j.conbuildmat.2012.02.032
https://doi.org/10.1016/j.conbuildmat.2012.02.032
https://doi.org/10.1016/j.conbuildmat.2019.04.017
https://doi.org/10.1016/j.conbuildmat.2017.07.215
https://doi.org/10.1016/j.conbuildmat.2019.117540
https://doi.org/10.1016/j.wasman.2011.06.014

A. Sahu et al. Journal of Building Engineering 82 (2024) 108364

[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]
[32]

[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]

[52]

Build. Mater. 26 (2012) 565-573, https://doi.org/10.1016/j.conbuildmat.2011.06.059.

F. Ameri, P. Shoaei, M. Zahedi, M. Karimzadeh, H.R. Musaeei, C.B. Cheah, Physico-mechanical properties and micromorphology of AAS mortars containing
copper slag as fine aggregate at elevated temperature, J. Build. Eng. 39 (2021) 102289, https://doi.org/10.1016/j.jobe.2021.102289.

B. Pratap, S. Mondal, B. Hanumantha Rao, Synthesis of alkali-activated mortar using phosphogypsum-neutralised bauxite residue, Environ. Geotech (2023)
1-12, https://doi.org/10.1680/jenge.22.00104.

K. Mahesh Babu, A. Ravitheja, Effect of copper slag as fine aggregate replacement in high strength concrete, Mater. Today Proc. 19 (2019) 409-414, https://
doi.org/10.1016/j.matpr.2019.07.626.

K. Mahesh Babu, A. Ravitheja, Effect of copper slag as fine aggregate replacement in high strength concrete, Mater. Today Proc. 19 (2019) 409-414, https://
doi.org/10.1016/j.matpr.2019.07.626.

N. Gupta, R. Siddique, Strength and micro-structural properties of self-compacting concrete incorporating copper slag, Construct. Build. Mater. 224 (2019)
894-908, https://doi.org/10.1016/j.conbuildmat.2019.07.105.

N. Gupta, R. Siddique, Durability characteristics of self-compacting concrete made with copper slag, Construct. Build. Mater. 247 (2020) 118580, https://
doi.org/10.1016/j.conbuildmat.2020.118580.

P.S. Ambily, C. Umarani, K. Ravisankar, P.R. Prem, B.H. Bharatkumar, N.R. Iyer, Studies on ultra high performance concrete incorporating copper slag as fine
aggregate, Construct. Build. Mater. 77 (2015) 233-240, https://doi.org/10.1016/j.conbuildmat.2014.12.092.

F. Ameri, J. de Brito, M. Madhkhan, R.A. Taheri, Steel fibre-reinforced high-strength concrete incorporating copper slag: mechanical, gamma-ray shielding,
impact resistance, and microstructural characteristics, J. Build. Eng. 29 (2020) 101118, https://doi.org/10.1016/j.jobe.2019.101118.

S. Ashraf, S.S. C, P. Shameem, M.A. K, Experimental Study on Use of Recycled Concrete Aggregate and Copper Slag in Concrete, vol. 9, 2020, pp. 5310-5318.
B. Krishna Chaitanya, I. Sivakumar, Influence of waste copper slag on flexural strength properties of self compacting concrete, Mater. Today Proc. 42 (2020)
671-676, https://doi.org/10.1016/j.matpr.2020.11.059.

C.Q. Lye, S.K. Koh, R. Mangabhai, R.K. Dhir, Use of copper slag and washed copper slag as sand in concrete: a state-of-the-art review, Mag. Concr. Res. 67 (2015)
665-679, https://doi.org/10.1680/macr.14.00214.

A. Maharishi, S.P. Singh, L.K. Gupta, Shehnazdeep, Strength and durability studies on slag cement concrete made with copper slag as fine aggregates, Mater.
Today Proc. 38 (2020) 2639-2648, https://doi.org/10.1016/j.matpr.2020.08.232.

G.R. Vesmawala, Y.D. Patil, M.V. Patil, A study on properties and effects of copper slag and marble dust in concrete, Int. J. Struct. Eng. 9 (2018) 91, https://
doi.org/10.1504/1JSTRUCTE.2018.10014089.

R. Sharma, R.A. Khan, Fresh and mechanical properties of self compacting concrete containing copper slag as fine aggregates, Construct. Build. Mater. 155
(2017) 617-629.

R. Sharma, R.A. Khan, Durability assessment of self compacting concrete incorporating copper slag as fine aggregates, Construct. Build. Mater. 155 (2017)
617-629, https://doi.org/10.1016/j.conbuildmat.2017.08.074.

J. Vijayaraghavan, A.B. Jude, J. Thivya, Effect of copper slag, iron slag and recycled concrete aggregate on the mechanical properties of concrete, Resour. Pol. 53
(2017) 219-225, https://doi.org/10.1016/j.resourpol.2017.06.012.

S. Kumar, A. Sahu, A.K.L. Srivastava, Materials Today : proceedings Effect of copper slag on recycled aggregate based self-compacting concrete, Mater. Today
Proc. 93 (2023) 480-488, https://doi.org/10.1016/j.matpr.2023.08.151.

H. Salahuddin, A. Nawaz, A. Magsoom, T. Mehmood, B. ul A. Zeeshan, Effects of elevated temperature on performance of recycled coarse aggregate concrete,
Construct. Build. Mater. 202 (2019) 415-425, https://doi.org/10.1016/j.conbuildmat.2019.01.011.

A. Sahu, A. Srivastav, S. Kumar, Performance Evaluation of Sustainable Concrete at Elevated Temperature Using Recycled Concrete Aggregate and Copper Slag,
2023, pp. 131-143, https://doi.org/10.1007/978-981-19-5077-3_11.

1S-12269:, Specification for 53 Grade Ordinary Portland Cement, Bur. Indian Stand., New Delhi,India, 1987. https://law.resource.org/pub/in/bis/S03/
is.12269.b.1987.pdf.

IS 10262, Concrete Mix Proportioning- Guidelines, Bur. Indian Stand. Second Rev, 2019, pp. 1-40.

1S:383, Specification for Coarse and Fine Aggregates from Natural Sources for Concrete, Indian Stand., 1970, pp. 1-24.

B. Gorai, R.K. Jana, Characteristics and Utilisation of Copper Slag * a Re V Iew, 2003, p. 39, https://doi.org/10.1016/50921-3449(02)00171-4.

IS 9103, Specification for Concrete Admixtures, Bur. Indian Stand. Dehli., 1999, pp. 1-22.

Bureau of Indian Standards, IS 456:2000 Indian Standard Plain and Reinforced Concrete - Code of Practice, Bur. Indian Stand., New Delhi, India, 2000 New
Delhi,India.

IS 516, method of tests for strength of concrete, Bur. Indian Stand. (1959) 1-30.

IS 5816-1999, Indian standard Splitting tensile strength of concrete- method of test, Bur. Indian Stand. (1999) 1-14.

K.S. Al-Jabri, A.H. Al-Saidy, R. Taha, Effect of copper slag as a fine aggregate on the properties of cement mortars and concrete, Construct. Build. Mater. 25
(2011) 933-938, https://doi.org/10.1016/j.conbuildmat.2010.06.090.

C.K. Madheswaran, P.S. Ambily, J.K. Dattatreya, N.P. Rajamane, Studies on use of copper slag as replacement material for river sand in building constructions, J.
Inst. Eng. Ser. A. 95 (2014) 169-177, https://doi.org/10.1007/540030-014-0084-9.

W. Wu, W. Zhang, G. Ma, Optimum content of copper slag as a fine aggregate in high strength concrete, Mater. Des. 31 (2010) 2878-2883, https://doi.org/
10.1016/j.matdes.2009.12.037.

17


https://doi.org/10.1016/j.conbuildmat.2011.06.059
https://doi.org/10.1016/j.jobe.2021.102289
https://doi.org/10.1680/jenge.22.00104
https://doi.org/10.1016/j.matpr.2019.07.626
https://doi.org/10.1016/j.matpr.2019.07.626
https://doi.org/10.1016/j.matpr.2019.07.626
https://doi.org/10.1016/j.matpr.2019.07.626
https://doi.org/10.1016/j.conbuildmat.2019.07.105
https://doi.org/10.1016/j.conbuildmat.2020.118580
https://doi.org/10.1016/j.conbuildmat.2020.118580
https://doi.org/10.1016/j.conbuildmat.2014.12.092
https://doi.org/10.1016/j.jobe.2019.101118
http://refhub.elsevier.com/S2352-7102(23)02547-0/sref31
https://doi.org/10.1016/j.matpr.2020.11.059
https://doi.org/10.1680/macr.14.00214
https://doi.org/10.1016/j.matpr.2020.08.232
https://doi.org/10.1504/IJSTRUCTE.2018.10014089
https://doi.org/10.1504/IJSTRUCTE.2018.10014089
http://refhub.elsevier.com/S2352-7102(23)02547-0/sref36
http://refhub.elsevier.com/S2352-7102(23)02547-0/sref36
https://doi.org/10.1016/j.conbuildmat.2017.08.074
https://doi.org/10.1016/j.resourpol.2017.06.012
https://doi.org/10.1016/j.matpr.2023.08.151
https://doi.org/10.1016/j.conbuildmat.2019.01.011
https://doi.org/10.1007/978-981-19-5077-3_11
https://law.resource.org/pub/in/bis/S03/is.12269.b.1987.pdf
https://law.resource.org/pub/in/bis/S03/is.12269.b.1987.pdf
http://refhub.elsevier.com/S2352-7102(23)02547-0/sref43
http://refhub.elsevier.com/S2352-7102(23)02547-0/sref44
https://doi.org/10.1016/S0921-3449(02)00171-4
http://refhub.elsevier.com/S2352-7102(23)02547-0/sref46
http://refhub.elsevier.com/S2352-7102(23)02547-0/sref47
http://refhub.elsevier.com/S2352-7102(23)02547-0/sref47
http://refhub.elsevier.com/S2352-7102(23)02547-0/sref48
http://refhub.elsevier.com/S2352-7102(23)02547-0/sref49
https://doi.org/10.1016/j.conbuildmat.2010.06.090
https://doi.org/10.1007/s40030-014-0084-9
https://doi.org/10.1016/j.matdes.2009.12.037
https://doi.org/10.1016/j.matdes.2009.12.037

	Performance of recycled aggregate concrete using copper slag as fine aggregate
	1. Introduction
	2. Materials used
	2.1. Cement
	2.2. Natural aggregates
	2.3. Recycled coarse aggregate
	2.4. Copper slag
	2.5. Admixtures

	3. Mix proportions
	4. Experimental procedure
	5. Result analysis
	5.1. Workability
	5.2. Compressive strength
	5.3. Split tensile strength
	5.4. Water absorption
	5.5. Rapid chloride permeability test
	5.6. Resistant to sulphate attack
	5.6.1. Mass gain from sulphate attack
	5.6.2. Strength loss from sulphate attack

	5.7. Microcharacterisations
	5.7.1. SEM and EDAX analysis
	5.7.2. XRD analysis


	6. Conclusions
	Acknowledgments
	References


	fld62: 
	fld63: 
	fld120: 
	fld142: 
	fld143: 
	fld160: 
	fld169: 
	fld170: 
	fld171: 
	fld187: 
	fld188: 
	fld204: 
	fld205: 
	fld220: 
	fld221: 
	fld239: 
	fld240: 
	fld254: 
	fld255: 
	fld274: 
	fld275: 
	fld285: 
	fld286: 
	fld287: 
	fld300: 
	fld301: 
	fld302: 
	fld312: 


