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Abstract

This paper aims at the experimental study of durability properties and long-term mechanical properties of self-compacting
concrete with fly ash as secondary cementitious material and copper slag as inert material. Cement replaced with fly ash at
20% level and fine aggregate replaced with copper slag at 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100%. Twelve
different mixes were prepared to assess the durability properties like RCPT, Sorptivity, and UPV. The microstructure of
SCC was observed using a Scanning Electron Microscope (SEM). Mechanical properties like compressive, split tensile, and
flexure strength at the ages of 28, 90, 180, and 365 days were evaluated. Compressive strength with CS improved from 85.53
to 102.89 MPa, Split tensile strength varies from 4.82 to 6.74 MPa, and flexural strength changes from 11.03 to 11.82 MPa
at a 40% replacement level. All mechanical properties were enhanced with the use of copper slag. Copper slag improved the
resistance against chloride penetration. RCPT showed optimum at a 50% CS which was reduced from 1054.74 to 401.26
coulombs. Sorptivity with 0.013 mm/s"’? to 0.006 mm/s'’? for 40 and 50% also. UPV varies from 4383 to 4565 m/s. 40%
copper slag partial replacement enhanced the properties of self-compacting concrete, and up to 60% of fine aggregate can
be substituted with industrial copper waste. By this investigation, copper slag can be used as a sustainable building material.
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Introduction

Self-Compacting Concrete (SCC) is a high-performance
concrete, which gets compacted without external force. SCC
is a next-generation development to the existing vibrating
concrete. It works in compacting concrete with the help of
its weight by increasing paste volume in the concrete. By
increasing paste content, concrete can be easily pumpable
to higher elevations and high congested reinforced structural
members, where external vibration is impossible (Cu et al.,
2020). To achieve this pumpable nature called flowability,
chemical admixtures generally named super plasticisers
are used. These super plasticisers play an exciting role in
the plastic natured concrete to convert flowable or pump-
able natured building material (Almohammad-albakkar &
Behfarnia, 2021; Toledano-Prados et al., 2013).
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In the mid-1980s, Japan hosted the first research experi-
ments on self-compacting concrete (SCC) presented in
January 1989 (Garcia et al., 2013). Even while significant
progress has been made in the development of this material
since that time, it still has the drawback of not being very
robust, considered a mix’s ability to keep its qualities when
exposed to extreme temperatures. Its content and properties
have been tweaked slightly like components, manufacturing
process, transportation, and placement. Limiting aggregate
quantity, guaranteeing a low water powder ratio, and using
super plasticisers are three strategies to obtain the properties
of concrete without segregation and excellent deformability
(Buari et al., 2019; Kannan & Ganesan, 2016).

Usage of super plasticiser and high cement content than
the general vibrated concrete leads to the SCC as uneconom-
ical. The application of mineral admixtures can limit this
as secondary cementitious materials in concrete. Mineral
admixtures are industrial by-products, which are hazardous
in nature. However, mineral admixtures as SCM reduce the
carbon footprint by scaling down cement production (Reddy
et al., 2020; Sadiqul Islam et al., 2019). Different SCMs exist
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in the market like Fly ash, Silica Fume, Metakaolin, GGBS,
Nano-Silica, Rice Husk Ash, etc.

Among these existing industrial wastes, fly ash is a highly
accessible building material due to its production worldwide,
especially in India (Dinakar et al., 2013). India is the third-
largest consumer of coal as well as fly ash generators from
thermal power production, followed by China and the United
States of America. There are several methods to collect fly
ash during the production of thermal energy in thermal
power plants. Condensation, wet scrubbers, dry scrubbers,
fabric filters, and electrostatic precipitators are the stand-
ard methods. The most common filters are fabric filters and
electrostatic precipitators installed in cement and thermal
power plants to collect the pollutants. Electrostatic precipita-
tors are generally used in the majority of power plants. The
collected contaminant named fly ash will be disposed of in
two different ways depending on its particle size. Course
sized ash is directly dumped into the ash ponds, which are
located nearer or beside power plants. However, fine-sized
ash is collected effectively using electrostatic precipitators,
and this ash is hazardous in nature to the respiratory systems
of all living beings. The collected ash is preserved in silos
and transported to industries as an ash management process.
Approximately 230 million tonnes of fly ash are generated
annually in this country. 40-45% of generated fly ash has
been consuming in cement, road, and concrete industries
(Yao, et al., 2014).

Fly ash as SCM will develop secondary C—S—H when
reactive silica present in ash reacts with the Ca(OH),.
Depending upon the availability of Ca ions in the fly ash,
it is classified as Class F and Class C (Thomas, 2007). The
development of strength while using SCMs will depend on
the Ca and Si ions and their ratios. Several kinds of research
were done on the usage of low volume and high-volume fly
ash based on its enhancement of strength and durability of
ordinary and special concretes (Babu & Nageswara Rao,
1993; Guru Jawahar et al., 2018). The formation of ettringite
and the significant hydration product density is high when
compared with conventional concrete. In some concrete
grades, water demand declined, and other capillary voids
were also reduced with the help of fly ash (Saha, 2018).

Fine aggregate is the most common material used in the
construction industry. River sand is used as fine aggregate
in the concrete manufacturing industry. In the SCC, fine
aggregate utilisation is more than 50% of total aggregate
content, which is relatively higher than standard vibrated
concrete (Cunha et al., 2010). Due to the higher requirement
of fine aggregate, river sand utilisation has been increased,
and the depletion of natural resources significantly river
sand increased the construction cost. In addition to super
plasticiser, fine aggregate also plays a crucial role in cost
efficiency. To overcome this, the fine aggregate may be
replaced with industrial sand or manufactured sand. Steel
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slag. Quarry dust, Copper slag are some of the industrial
wastes (Dehwah, 2012; Kandasamy & Kothandaraman,
2020). Copper slag is an industrial waste obtained from
the copper manufacturing industry. For one tonne of cop-
per production, almost 2-3 tonnes of copper waste will be
generated (Geetha & Madhavan, 2017). Copper slag may be
one of the feature alternative building materials because of
its properties. Due to glassy morphology, water demand for
concrete for hydration is drastically stepped down. Copper
waste usage in concrete enhanced the fresh properties by the
very low water absorbing behaviour (Ishimaru et al., 2005;
Sonule & Tayade, 2021). Generally, copper waste will be
fine in nature with a particle nature of less than 4.5 mm, sim-
ilar to the fine aggregate. However, industrial copper waste
particle sizes are finer than the usual river sand. Previous
studies stated that copper slag in concrete would improve
the life of the concrete and shows promising results against
corrosion and water absorption (Al-Jabri et al., 2011; Sharifi
et al., 2020).

Review of literature

Esquinas et al. (2018) used fly ash from power plants as
SCC filler in mixing SCC-2 and observed that it enhanced
the concrete properties like hardened, water absorption, and
capillary pore structures. Rafat Siddique (2011) replaced
cement with fly ash in self-compacting concrete at the vari-
ous levels of 15%, 20%, 25%, 30%, and 35% and achieved a
maximum compressive strength of 35.19 MPa at 28 days of
the test. However, the remaining levels declined the strength
parameters and 25% of fly ash resisted the chloride penetra-
tion in the concrete. Mostafa Jalal et.al (2015) studied Class
F fly ash effects on high-performance self-compacting con-
crete by taking 5%, 10%, 15% level in 400 kg/m® and 500 kg/
m? cement. In both cases, 15% fly ash advanced the perfor-
mance of the SCC and presented the ettringite formations in
SEM observations. The capillary absorption decreased with
the filling of voids with the ash particles and the formation
of secondary C—S-H. Sua-iam et al. (2017) considered fly
ash at high volumes, at 40% and 60%. Also, it shows bet-
ter performance when combined with alumina waste. Fresh
properties of SCC were improved and also helps to achieve
sustainable concrete. Soleymani Ashtiani et.al (2013) inves-
tigated mechanical properties at 3, 7, 28, and 90 days with
Class C fly ash. At an early age, the compressive strength is
low compared with 28 days. With the help of experimental
work, the strength values were predicted using an empirical
formula. Anjos et al. (2020) conducted experiments on a
60% fly ash combination of metakaolin and hydrated lime
and compared it with conventional SCC, normal vibrated
concrete. It was observed that even at 60% of fly ash devel-
oped fresh properties. Nonetheless, compressive strength
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decreased with respect to normal vibrated concrete. Choud-
hary et al. (2019) replaced cement with fly ash at 15%, 25%
and 35%. Among these, 15% have better strength and good
water absorption resistance than the other percentages.
Nagaratnam et al. (2019) mixed fly ash at 10%, 20%, 30%,
and 40% levels and studied on availability of CaOH in the
concrete mix. Results are clear that with the increase of ash
content, CaOH gets decreased.

Chithra et al. (2016) combined copper slag with colloi-
dal nano-silica and showed optimum results at 2% substitu-
tion. Copper slag enhanced the fresh, mechanical proper-
ties and durability of the concrete with colloidal nano-silica
content. Arunchaitanya et al. (2019) reviewed the usage of
fly ash and copper slag as fine aggregate in the SCC. The
review observed that fly ash content boosts the workability
of the concrete as well as copper slag reduces the usage of
super plasticiser to achieve the workability of SCC. CS can
improve the durability of concrete by achieving good par-
ticle packing with adjustable coarse structure and irregular
morphology. Nainwal et al. (2021) utilised copper slag with
10% metakaolin, fine aggregate replaced with CS at 20%,
40%, and 60%. This combination resulted in CS 40% hav-
ing good strength parameters, and durability based on initial
surface water absorption and water absorption. Lori et al.
(2019) studied hydraulic characteristics of pervious concrete
with copper slag. Mixes having 20%, 40%, 50%, 60%, 80%,
100% replaced in dolomite stones. 60% CS had a strong gain
of 31% compressive, 19% flexural, and 18% splitting tensile
strength. Copper slag based pervious concrete increased the
porosity. Usage of CS as fine aggregate in SCC has limited
research and needs more study to have to be done. In this
regard, the present study focused on effect of CS utilisa-
tion on high-strength SCC and its durability and long-term
properties.

Methodology

In this experimental investigation, twelve different mixes
were prepared, including conventional or control mix, 20%
fly ash as secondary cementitious material. The remaining
ten mixes were fine aggregate replacements with industrial

copper waste at 10% increment up to 100% in 20% fly
ash mix. OPC cement is mentioned as ‘O’, Fly ash as ‘A’,
and Copper slag as ‘C’. Each mix is named as per the
physical combinations of the materials at their levels.
Control concrete is represented as O0AOC, 20% fly ash
mix as O20A0C, copper slag replacements as O20A10C,
020A20C, 020A30C, 020A40C, 0O20A50C, 020A60C,
020A70C, O20A80C, 0O20A90C, and O20A100C for 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100%,
respectively.

Materials and mix design

Ultra Tech OPC 53 grade cement confirming to IS 12269
was procured, and locally available fly ash was collected
from an RMC plant. Coming to the aggregate, the sound
quality of the crushed stone was used as coarse aggre-
gate having a nominal size of 12.5 mm passing through
the sieve. Fine aggregate as river sand was purchased and
sieved to classify the zone. It was confirmed to Zone-II
as per IS 383. Fine aggregate replacing material named
copper slag was gathered from Chennai. The method of
sieve analysis had fallen under the category of Zone-I as
per IS 383.

Cement is fixed at 550 kg/m? for control mix with a
specific gravity of 3.12, and it is replaced with 20% fly
ash having 2.34 relative density with fineness retained on
a 45micron sieve as 15%. River sand is a fine aggregate
with a fineness modulus of 2.78 and specific gravity of
2.64. Replaceable inert material determined relative den-
sity 3.93 and fineness modulus 3.67. Coarse aggregate
has physical properties of specific gravity 2.72 as well
as fineness modulus 7.41 is tabulated in the Table 1 The
water-cement ratio is adopted at 0.3, modified polycar-
boxylate ether-based super plasticiser used at 0.4% and
fixed throughout all the blended mixes and mix propor-
tions were presented in Table 2.

Table 1 Physical properties of

. Material Fineness Specific Gravity Fineness % Fineness %
materials modulus (retained on 90 ) (retained on
45w
Cement(O) - 3.12 5 -
Fly ash(A) - 2.34 - 15
Fine Aggregate(FA) 2.78 2.64 - -
Coarse Aggregate(CA) 7.41 2.72 - -
Copper Slag(C) 3.67 3.93 - -
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Table 2 Mix proportions

SNo  Mix Name O(kg/m®) Akg/m’) FAkg/m®) CAkg/m®) Ckg/m®)  Water/Pow- Water (/m®)  SP (I/ m®)
der ratio

1 00A0C 550 - 925 779 - 0.3 165 2
2 020A0C 440 110 908 765 - 0.3 165 2
3 020A10C 440 110 817.2 765 90.8 0.3 165 2
4 020A20C 440 110 726.4 765 181.6 0.3 165 2
5 020A30C 440 110 635.6 765 272.4 0.3 165 2
6 020A40C 440 110 544.8 765 363.2 0.3 165 2
7 020A50C 440 110 454 765 454 0.3 165 2
8 020A60C 440 110 363.2 765 544.8 0.3 165 2
9 020A70C 440 110 2724 765 635.6 0.3 165 2
10 020A80C 440 110 181.6 765 726.4 0.3 165 2
11 020A90C 440 110 90.8 765 817.2 0.3 165 2
12 020A100C 440 110 - 765 908 0.3 165 2
Concrete testing Durability properties

Fresh concrete properties

Every mix was tested for fresh properties before casting
the specimens. Passing ability, filling ability, and flowa-
bility comes under the fresh properties of SCC. Without
having these properties, self-compaction of concrete will
not be formed. L-box, V-funnel, and slump flow are the
methods to evaluate the fresh properties. L-box is the
height ratio varies from 0.8 to 1. V-funnel test is the time
taken to free the funnel from concrete with gravity flow,
less than 20 s will be considered as SCC. Slump flow is
the flowability indicator representing the distance travelled
by the concrete after lifting the slump cone. These test
methods were conducted as per the EFNARC guidelines.

Hardened concrete properties

The compressive strength of SCC cubes was determined
by conducting compression testing on an average of three
cubes from each of the twelve mixes. 150 mm sized cubes
were cast and cured with water for the period of 28, 90,
180, and 365 days. A compression Testing Machine
(CTM) of capacity 3000kN was used to perform the test
as per [S:516-1959. Splitting tensile strength of SCC was
evaluated by casting 150 mm X 300 mm cylinders, cured
for a testing period as per the testing code IS: 5816-1999
on CTM, and three cylinders were noted from each mix.
Flexural strength of SCC was tested on beams using a two-
point method as per the code IS 516-1959. Three beams
were used for testing from each mix at each age or curing
period.
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The quality of concrete can be determined by Ultrasonic
Pulse Velocity (UPV). The durability of the concrete will
depend on its quality of concrete. It is a non-destructive
evaluation test, which can be conducted on any concrete
specimen or existing structure. It works under the principle
of an ultrasonic pulse to reach the transducer. Higher veloci-
ties show a better quality of concrete; a low velocity of pulse
indicates voids, cracks, or flaws in the concrete. In general,
UPV is available between 20 and 150 kHz frequencies. In
this study, a 150 mm concrete cube specimen was used to
conduct the experiment as per IS 13311 with a 60 kHz fre-
quency. A pair of transducers will allow the pulse to transfer
from one end to another end with the help of an electrical
pulse generator. A small amount of gel is applied at both
ends to make the bond strong to send the pulse. A screen is
available to note the velocities of the pulse while conducting
the experiment.

Sorptivity is another durability parameter related to the
rate of water absorption by concrete specimens by gauging
the increase in mass with the function of time when only
one surface is immersed. It concentrates on initial absorp-
tion and secondary absorption. The absorption calculated
from the immersion period of 1 min to 6 h comes under ini-
tial absorption, and absorption that takes place up to 7 days
from the immersion is named secondary absorption after
the required curing ages. The average of all the absorption
values, including initial and secondary, was evaluated in this
study. A cube of 150 mm was placed on a pan filled with
water at the level of 10 mm specimen submerged level after
oven-dried and cooled to room temperature. All sides of
specimens were covered with polythene or watertight plas-
ter to avoid evaporation or loss of water molecules except
the bottom surface as per ASTM C 1585. Mass gained due
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to absorption was noted by weighing the concrete cube at
specified time intervals in ASTM C 1585.

Durability can also be determined in the form of chlo-
ride resistance of the concrete. The rapid Chloride Perme-
ability Test (RCPT) is one of the methods to evaluate the
chloride resistance of the material. A cylindrical specimen
sized 100 mm X 50 mm is required to conduct the experi-
ment. It consists of two chambers, one for 3% NaOH solu-
tion and another for 0.3 M NaCl solution. 60 V DC potential
is allowed to pass through the specimen. The charge passed
through the specimen will be displayed and observed for a
6-h duration with a 30-min time interval. The total charge
passed is presented in coulombs, based on the magnitude,
it is classified as very low, low, moderate, and high as per
ASTM C 1202. Low magnitude specimens were resistant to
chloride permeability, which leads to corrosion.

Results and discussion
Fresh concrete properties

Slump flow was determined for all the SCC blends to
assess the flowability and presented in Figs. 1, 2, and 3.
All mix proportions were within the limits specified by
EFNARC. First, conventional concrete achieved 680 mm
slump flow using chemical admixture. Fly ash improved
the flow property to 718 mm at 20% replacement. With
718 mm slump flow, further replacements of copper slag
as fine aggregate increased to 786 mm at 100%. Second,
passing ability by L-box was assessed, and the refer-
ence concrete had a blocking ratio of 0.8. Same as slump
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flow, the passing ability was also raised to 0.83 with 20%
fly ash, and CS intensified the enhanced blocking ratio
to 0.96, which represents an excellent passing ability to
concrete to pass through congested reinforcement. Third,
viscosity was evaluated through the V-funnel test method.
Control mix took 9.35 s for V-funnel, fly ash substitution
decreased the time to 8.23 s, and CS also soften the con-
crete mix leading to 5.16 s only to pass through V-funnel.
As discussed earlier, supplementary cementitious material
like fly ash improves fresh state properties and results are
similar to (Afshoon & Sharifi, 2020).1In this study, it was
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noticed that CS enhanced the fresh concrete properties
with the increase of replacement in SCC.

Mechanical properties
Compressive strength

The high strength of SCC was achieved without utilis-
ing mineral admixtures of 68.5 Mpa at 28 days. Later
cement was replaced at 20% fly ash noting the increment
of strength to 77.26 MPa. This may be due to the forma-
tion of secondary C—S—H gel by pozzolanic action. CS
enhanced the compressive strength at the level of 40%
replacement, gradually from 10 to 40%. 79.25, 81.06,
83.15, and 8.53 MPa were obtained at 10, 20, 30, and 40%
CS, respectively, during 28 days of curing age. Beyond
40% CS, strength got reversed gradually from 85.53 to
66.24 Mpa which is lower than conventional high-strength
SCC, these were compared with the results obtained by
(Sharma et al., 2020). Similarly, the same pattern was
observed at 90, 180 and 365 days. However, at 365 days,
compressive strength values are increased to 80.8 MPa
for control mix, 97.83 for fly ash mix, and achieved
102.89 MPa, which can be considered ultra-high-strength
concrete at 40% CS level shown in Fig. 4. It may be due
to the good particle packing of the SCC mix obtained
with the particle sizes of CS. CS entered the voids formed
between the aggregates. Low-sized particles filled the gaps
and formed a homogenous mix. CS not only enhanced the
packing of the concrete but also developed the ettringite
in the concrete matrix.
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Fig.4 Compressive Strength
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Splitting tensile strength

Splitting tensile strength of SCC for high-strength concrete
is also compared to conventional concrete. All blended spec-
imens showed a pattern similar to compressive strength at
all ages. 28 days tensile strength evaluated on cylindrical
specimen shows 3.9 MPa for control mix in Fig. 5. Tensile
strength was increased by 17% and achieved 4.56 MPa, 23%
and 4.82 MPa, 40% and 5.47 MPa at 90, 180, and 365 days,
respectively. Due to the pozzolanic action, fly ash at 20%
cement replacement recorded 4.2 MPa, 5.05 MPa, 5.35 MPa,
and 6.08 MPa at their respective incremental curing ages,
these are similar to the results of (Mithun & Narasimhan,
2015). CS replacements of 10-40% enhanced the splitting
tensile strength of high-strength self-compacting concrete.
However, beyond 40%, the mechanical property decreases,
which may be due to an increase in voids. 40% CS achieved
the maximum strength values about all the mixes, and 365-
day testing period shows the highest value of 6.74 MPa.

Flexural strength

Flexural strength of high-strength SCC was achieved as
9.04 MPa at 28 days of the control mix. With the substitution
of fly ash at 20%, the strength value increases from 9.04 to
9.56 MPa. It may be due to the pozzolanic action of fly ash.
At every increase in curing age from 28 to 365 days, control
and 20% fly ash recorded a tremendous increase in flexural
strength. CS replacements from 10 to 40%, flexural values
increased from 9.56 to 11.03 at 28 days, 10.51 to 11.55 at
90 days, 11.03 to 11.64 at 180 days, 11.31 to 11.82 MPa at
365 days presented in Fig. 6, these are similar to the results
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Fig.5 Split tensile strength
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Fig.6 Flexural Strength

of (Mithun & Narasimhan, 2015).The enhancement of flex-
ural strength may be due to the reduction of voids. It was
achieved with the smaller particle sizes of CS, which helps
to adjust the gaps of the concrete matrix. The maximum flex-
ural strength obtained was 11.82 MPa at 365 days with 40%
substitution. However, beyond 40%, similar to compression
and tensile strengths, flexural also gets reduced.

Durability
Rapid chloride ion permeability test (RCPT)

Chloride ion permeability resistance of concrete is con-
ducted on all SCC control, blended, and CS mixed samples.
The charge passed through the samples are shown in Fig. 7.
The control mix has passed 1863 coulombs, which is low
as per recommendations of ASTM C 1202. With the sub-
stitution of 20% fly ash, the resistance of chloride ions is
increased by its reduction in voids. With the rise of curing
time of concrete, permeability decreases and passed 1012
coulombs at the age of 180 days. After adding fly ash at
20% constant, CS includes as fine aggregate again improved
the chloride resistance of SCC. N. Gupta. Et al. (2020) [39]
reported the similar results with the utilisation of CS as fine
aggregate. CS helps to reduce the voids of concrete with its
particle size adjustment. CS enhanced the resistance of chlo-
ride to 43% compared with the control mix at 28 days of age.
At this age, all mix samples were recorded as low. However,
at 90 and 180 days, except control mix remaining are scaled
as very low chloride penetration. The maximum resistance
is obtained at 50% CS substitution at all curing ages. The
lowest charge passed was recorded as 401 coulombs, which
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Fig.7 RCPT

is considered very low. CS as the fine aggregate replacement
has better corrosion resistance, and deterioration of concrete
due to chloride attack.

Ultrasonic pulse velocity

The quality of SCC was determined with the help of UPV
in terms of the velocity of the pulse through the concrete.
Conventional high-strength SCC at 28 days shows 4202 m/
sec velocities, and by increasing the curing age from 90,
180 days, it has 4412 m/s 4574 m/s velocities. Fly ash
used as supplementary cementitious material in SCC also
improved the quality of concrete from 4202 to 4256 m/s, and
its maximum increased to 4601 m/s at 180 days as shown in
Fig. 8. River sand as fine aggregate replaced with CS gets
an advantage by enhancing the quality of SCC. However,
beyond 40% replacement level velocity of pulse reduced to
lower than control mix at 100% level, it continued similarly
for 90 days and 180 days. Sharma et al. (2017) reported
the similar results. Pulse velocity decreased to above 40%
levels depending on the cracks or voids available in the con-
crete matrix. The maximum velocity of a pulse generated
for 180 days was 4920 m/s at 40% CS replacement in a 20%
fly ash mix.

Sorptivity

Capillary voids of SCC were evaluated by the method of
sorptivity, and initial absorption of high-strength SCC was
determined. Water penetration or absorption of concrete is
a key factor to know the durability of the concrete structure.
For conventional high-strength SCC, sorptivity is 0.018 mm/
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Fig.9 Sorptivity

s at 28 days, 0.012 mm/s!? at 90 days, 0.01 mm/s'’? at
180 days of curing age. With the increase in the maturity
period of concrete, voids are reduced with the hydration of
cement particles and filled with hydrated products. After
replacing cement with fly ash at 20%, sorptivity of 0.015,
0.01 and 0.008 mm/s'’? at 28, 90, and 180 days, respec-
tively, presented in Fig. 9 and trends are similar to Sharma
et al (2017). Using fly ash voids available in concrete matrix
get occupied by secondary C-S—H formed with pozzolanic
action of a mineral admixture. CS as fine aggregate also
shows similar results of fly ash substitution. However,
beyond 50% CS capillary voids have been increased may be

@ Springer
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due to a reduction of particle distribution across the concrete
mixture. The lowest capillary voids occurred at 40% of CS
level as indirectly assessed with water sorptivity of 0.013,
0.0085, and 0.006 mm/s"? at 28, 90, and 180 days, respec-
tively. But, 50% CS also presented approximately the same
as of 40% CS level. From the results, it was concluded that
at 40 and 50% CS has the least capillary action.

Microstructure

The microstructure of the high-strength SCC was
observed with the help of a Scanning Electron Microscope
(SEM). Samples were collected from the crushed cube of
150 150 % 150 mm after conducting a compressive strength
test under a compression testing machine. Figures 10, 11,
and 12 show the microstructure of control at the age of
180 days. It has been presenting the cracks available in the
concrete, C—S—H, and ettringite formed by the hydration
process. Figure 11, shows fly ash substituted high-strength
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concrete microstructure. It contains not only spherical
shaped fly ash particles but also ettringite formed with the
pozzolanic action of fly ash in the concrete matrix. The hair-
line cracks were also observed and marked in the image,
and some voids are available, which causes permeability.
However, a huge quantity of hydrated products was seen in
this fly ash-based high-strength SCC. Figure 12., represents
fly ash 20% and 40% CS as fine aggregate mixed sample
microstructure dense C—S—H than the remaining two sam-
ples. Ettringite is also enhanced with the combination of CS
in SCC, which resulted in augmented ettringite in the SCC.

Conclusions

With the help of the above discussions, the following con-
clusions were drawn.

e All control and blended mixes satisfied the fresh proper-
ties of SCC as specified by EFNARC.

e Copper slag as fine aggregate improved the fresh proper-
ties of SCC when compared with the control mix and as
well as with 20% fly ash.

e Mechanical properties of SCC with the increase in sub-
stitution of CS as fine aggregate has been enhanced up
to a 40% level. Beyond this, strengths get decreased.
Compressive, splitting tensile, and flexural strengths
were obtained maximum at 40% CS replacement. It may
be due to enhanced ettringite formation in the concrete
matrix.

e The resistance against chloride ion permeability has
improved with CS in SCC as fine aggregate up to 50%
replacement levels. All SCC mixes show good resistance
against chloride ion penetration but, 50% has the highest.

e The quality of concrete was assessed using pulse veloc-
ity, CS in SCC increased the quality by increasing CS to

40%. Control SCC also has a good quality of concrete.
CS reduces the cracks and voids in the concrete matrix
resulting in an improvement in the quality of concrete.

e Capillary voids in the SCC get reduced with the usage of
CS. Smaller sizes of CS particles adjusted in the voids of
the concrete matrix resulted from the reduction in capil-
lary voids.
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