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Abstract

The industrial waste products have been annually generated crossing a limit of 1000 million tons leading to numerous hazards
to the environment. The generated based products are getting dumped causing soil pollution, and it is harmful. The best solu-
tion is to wisely introduce these waste materials for producing sustainable concrete. This review focuses on incorporating the
industrial waste products as a sustainable effective substitute to cement in the development of self-compacting concrete in
accordance with the prevailing literature works. Generally, self-compacting concrete is produced with higher cement content
combined with the water, aggregates, and chemical admixtures. The consumption of higher cement leads to the emission of
larger amount of carbon dioxide triggering the hazardous environmental effects. These impacts could be lowered by utilizing
the industrial waste products as partial cementitious replacement in concrete. The comprehensive review on the chemical
properties, physical properties, and material characterizations was investigated for the industrial waste products to assess
the suitability of the cement properties. A detailed review was conducted on the implementation of industrial waste products
such as fly ash, ground granulated blast furnace slag, metakaolin, microsilica and nanosilica on the aspects of fresh concrete
properties, strength properties, and durability characteristics when used as partial cement replacement materials. This paper
abridges the credits and critical challenges of effectively utilizing industrial waste products toward the sustainable develop-

ment of the eco-friendly self-compacting concrete.
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Introduction

Self-compacting concrete (SCC) is a well-established type
of specialized concrete which was developed basically to
flow by its own weight. It possesses the ability to flow,
pass, fill, and compact by its own density neglecting the
requirement of external compaction or vibration tools. SCC
has secured highest preference by its unique features and
advantages when compared to other categories of special
concretes. Its advantages include faster rate of construction
time, minimization of noise developed at the worksite, easy
to handle and place concrete by the labors, and the need for
the skilled labors is reduced [1-3]. Its features include easy
workability, good filling ability, the capacity to flow and fill
the dense reinforcement, and resistant against segregation
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[4-6]. The grounds for the requirement of higher quantity
of cement are to retain the homogeneity of SCC at the fresh
state [7]. A larger carbon dioxide emission during the pro-
duction of cement adversely affects the environment [8].
The production cost of SCC is high as the cement consump-
tion, and its cost associated is high. When higher cement
was incorporated in the production of SCC, a tremendous
amount of heat was generated in the process of hydration
leading to shrinkage problems [9]. To rectify these issues,
the methodology of incorporating the industrial waste prod-
ucts as cementitious material toward the production of SCC
came into use.

The generation of solid waste from the industrial and
agricultural sector in Asia stumped up to about 4.4 billion
tons annually, out of which India contributed to one of the
highest generations of solid waste to about 600 million tons
annually [10]. Recently, the total volume of waste products
generated from the Indian industries is about 960 million
tons per year [11]. The mostly generated industrial by-
products are fly ash, metakaolin, ground granulated blast
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furnace slag, the micro- and nanosilica particles generated
from glass and ferrosilicon industries. The incorporation
of the by-products from the industries could be effectively
implemented toward the development of sustainable con-
struction techniques in many aspects of manufacturing
bricks, utilized as cement replacement, aggregate replace-
ment, helps to reduce the cost of construction, and lowers
the thread toward environmental hazards. These industrial
by-products could be effectively used in concrete production
as coarse aggregate and fine aggregate replacements in SCC
by delivering good strength and better durability character-
istics [12-16]. The developing nation like India is facing a
huge infrastructural need required by its high population.
The growth in infrastructures requires a huge demand of
concrete construction. This requirement heavily impacts the
environment and leads to pollution. The method of serving
these industrial by-products as construction material would
help to solve the environmental issues to some extent [17].
These industrial by-products when utilized as cementitious
blends in concrete construction will help us to overcome
the negative impact cost during cement manufacturing and
concrete production [18]. A better solution by implement-
ing the industrial by-products for the concrete construction
compared to utilizing the conventional materials paved the
way for sustainability. The method of incorporating these
industrial by-products as cementitious blends not only helps
to solve the problem of disposal but also deals to overcome
the problem of storing the generated wastes [19]. When the
industrial by-products were used in the development of SCC
as cementitious replacements, it helped to retain the sustain-
ability and to reduce the environmental impact which was
usually caused by dumping the waste as landfill. The overall
performance by utilizing these industrial by-products toward
the production of SCC as partial substitute to cement was
noticed to much better on the aspects of workability, capac-
ity to fill, better segregation resistance, and good mechanical
strength properties thereby cutting down the production cost
of SCC [20].

Globally engineers prefer to choose a SCC over its
crediting parameters like a user-friendly, better strength,
and durability characteristics. On the global aspect, SCC's
demand keeps elevating every year to meet up the credits.
This review work focuses under chosen industrial by-prod-
ucts based on their physical properties, chemical proper-
ties, material characterization, and its ability to react in
the pozzolanic reaction. This study targets on determining
the fresh state properties like flowability, passing ability,
segregating resistance, and the hardened properties which
comprises both the strength properties and durability char-
acteristics of SCC, when these industrial wastes were used
as partial cement replacing material. The schematic view
of this review structure is depicted in Fig. 1. This study
would consequentially add a path to the upcoming research,
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providing critical reviews and the suggestions to overcome
issues while incorporating these materials, and finally paves
the way for cleaner and greener production of SCC.

Availability of industrial by-products
Fly ash

Fly ash (FA) is a common by-product of thermal power
plants all over the world, particularly in India. Traditional
concrete, which relies solely on cement as a primary ingre-
dient, may be partially replaced with FA. By reducing
expenses and eliminating a backfill concern with this dis-
posal, FA in concrete will provide high-quality concrete.
FA was first utilized in concrete production by early 1934s.
Then, following many researchers, FA was used as a partial
cement replacement material in UK for construction during
1950s. Later FA was identified as a pozzolanic material lead-
ing to highly durable and less permeable in concrete [21].
Globally, the coal is noticed to be a significant contribut-
ing energy source which is expected to elevate in 2035 by
about 30%. FA production and utilization are represented
in Fig. 2 [22]. The highest production of FA is contributed
by India and China. The least production of FA is gener-
ated in the nations like Denmark, Italy, and Netherlands.
The effective utilization of FA is done by Denmark, Italy,
and Netherlands at the utilization rate of 100% while India
and China utilize only 38 and 45% out of its entire produc-
tion [23]. The incorporation of FA in different sectors helps
to overcome the issues of disposal as well as its impact of
disposing. In India, it was estimated that 44.76% of FA by-
product has been utilized for cement, 0.74% for concrete
production, 16.72% of FA for reclamation purposes, 9.10%
for mine filling, 6.89% for ash dyke raising, 6.86% for manu-
facturing purposes, 1.03% for agricultural purposes, 6.51%
for road and embankment constructions, and 7.38% for other
purposes [24, 25]. The material production flowcharts for
all the industrial by-products are represented in Fig. 3. Fig-
ure 3a lists the process of FA production.

Metakaolin

Metakaolin (MK) is also one type of industrial by-prod-
ucts which possess highly competitive quality to that of
cement. MK is a by-product derived from the clay mineral
kaolinite. The quality of MK has been influenced by the
manufacturing process. MK was initially utilized for dam
constructions in Brazil during early 1960s. After numer-
ous research for many decades, by 1990s, MK has been
experimented in concrete production around the globe by
many nations. MK is a product obtained during the calci-
nation of kaolinitic clay at 500-800 °C. Kaolin clay is the
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Fig. 1 Schematic view of review structure

raw material source used for producing porcelain. This
kaolin clay is a white-colored finer clay mineral with kao-
linite as its mineralogical term. Kaolinite is a mineral com-
posed of aluminum disilicate in the hydrated form. The
performance of clay minerals depends on certain param-
eters such as size of crystals, structure of crystals, and
its degree. While heating the kaolinite above 100 °C, the
adsorbed water molecules are removed from the kaolinite.
When the calcination process takes place from 500 to 800°
C, the dehydroxylation removes the water from kaolinite.
Above 800 °C, the kaolinite tends to form back a crystal
and was named as metakaolin. The process of MK produc-
tion is depicted in Fig. 3b. The main motive to develop
metakaolin is that it could be effectively used as a partial
cementitious material. The outcome of thermal activation
of kaolinite finally resulted in production of amorphous
structure containing silica contents. MK is a high reactive
pozzolanic material when reacted with calcium hydroxide
(CaOH,) it creates calcium silicate hydrate gel (CSH) [26].

GGBFS

Ground granulated blast furnace slag (GGBFS) was ini-
tially identified in Germany in 1862; then, it was commer-
cially available from 1865. GGBFS was incorporated into
concrete production and was called as slag concrete. Slag
concrete was used in many countries and included in their
codal provisions [27]. Firstly, it was implemented with Port-
land cement around 1880s. Later UK was the first to create
British Standards in 1923 for using blast furnace slag in
cement [27]. GGBFS is one of the industrial by-products
generated during the production of iron with a blast furnace.
The materials such as limestone, ores of iron, and the coke
were combusted to a temperature of 1500 °C. In the blast
furnace, the above said materials are heated and melted to
form molten iron and slag. The produced molten slag was
very light particles and found to float over the molten iron.
The minerals found in the molten slag were constituted of
alumina and silicates from the limestones and source ores of
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Fig.2 Global FA production
and utilization [22]
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iron, respectively. The slag was triturated by cooling down
the molten slag materials with the use of water jets at high
pressure; this method of rapid quenching generates the par-
ticles into granular, crystalline structure with size lesser than
the diameter of 5 mm. The rapid quenching technique fend
off the production of large-sized particles finally delivering
the slag that consists of 95% of calcium aluminosilicates.
Later, these granulated slags were handled, dried, and finely
ground using a rotatory ball mill into very fine glassy pow-
der called GGBFS. The GGBFS manufacturing process is
listed in Fig. 3c.

Microsilica

MS is produced in massive amounts each year as a by-prod-
uct of the ferrosilicon industry. MS is an amorphous powder
which consists of large amount of silicon dioxide obtained
from the smelting industries. During early 1950s, the MS
was procured in the Norway industries as large quantities
of fumes obtained from the furnaces. Then Norwegian gov-
ernment declared very strict orders on the waste disposal
from the smelting industries. A large number of studies were
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conducted to identify the utilization of these fumes gener-
ated as the need persisted to disposal or use away the huge
volumes of wastes. MS was utilized in the cement manufac-
turing process and later incorporated in the production of
concrete [27]. MS particles are very fine spherical in struc-
ture obtained from the electric arc furnaces, were cooled,
and collected as fumes, and such particles were called
condensed silica. The other names for condensed silica are
silica fume and microsilica. MS are also produced during the
manufacturing process of ferrochromium, calcium silicon,
ferromanganese, and ferromagnesium [28]. The methodol-
ogy of MS production is shown in Fig. 3d. The best approach
to securely dispose of this MS is a major worry, and it also
creates an economic issue. This might be accomplished eas-
ily by using MS as a cement-based replacement material.

Nanosilica

NS is a very fine powder composed of silicon-dioxide with
increased potential in the glass and concrete industries.
Concrete technology has been advanced to the next level
by using nanotechnology as one of the materials utilized
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Fig.3 Flowcharts for material production a FA, b MK, ¢ GGBFS, d MS and e NS

by nano-level. NS is one of the nanomaterials which com-
prises of highest composition of SiO, [29]. This NS is highly
reactive material so when blended in concrete production it
elevates the performance of concrete. Generally, there are
many methods to develop NS. The common method used to

prepare NS is synthesize by sol—gel process. In this process,
the acetic acid along with tetraethyl ortho-silicate (TEOS)
was mixed in a solvent. In result to this, a colloidal solution
is obtained, and further addition of ethanol alters the pH of
the colloidal solution and generates the precipitated silica
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gel network. The next process is aging, and then, the gel
was filtered to form a new gel. It is then dried and heated to
create NS [30]. The synthesis of NS by sol-gel process is
represented in Fig. 3e.

Material properties
Fly ash

FA is produced during the burning process of coal in the
thermal power plants at 1600 °C [31]. FA consists of several
complex material compositions of silicon dioxide, calcium
oxide (Ca0), and aluminum oxide (Al,O3), and other mini-
mal compositions [32]. The physical and chemical proper-
ties of FA purely depend on the boiler setup, temperature of
the boiler, heating condition, and the size of the coal used
[33]. The American Society of Testing Materials (ASTM)
standards include Classes F and C. The classifications are
done based on the summation of ash in wt% of SiO,, Al,0
and Fe,O;. When the FA contains the summation of these
compositions from 50 to 70%, it is categorized as Class C
and compositions beyond 70% are classified as Class F. The
chemical composition of FA used as cement replacement
in the production of SCC is listed in Table 1. The physical
properties of FA are discussed in Table 2. The microstruc-
ture of the FA and other cementing materials is given in
Fig. 4. From the microstructural investigations through scan-
ning electron microscope of FA, it describes that FA parti-
cles are spherical in shape (shown in Fig. 4a). This spherical

Table 1 Chemical Properties of FA in SCC

shape helps to increase the workability and improves the
particle packing of SCC when blended with FA [46].

Metakaolin

MK is a type of pozzolanic material made by dehydroxylat-
ing (thermally heated) kaolin at temperatures between 650
and 900 °C. The production of MK involves the heating
of kaolin products that do not emit carbon dioxide [49].
Numerous studies reported that the inclusion of MK as
cementitious material in concrete did not turn out any nega-
tive effects [50]. It was inferred that the addition of MK in
concrete has enhanced the compressive strength along the
chemical admixtures to meet the water demand [51]. The
particle size of MK materials is small, and the surface area
of MK is much higher than OPC. The chemical and physical
properties of SCC blended with MK are listed in Tables 3
and 4, respectively. Figure 4b represents the micrograph of
MK particles which are minute flaky crystals that contribute
more for the pore filling effect in microstructure of concrete.

GGBFS

GGBFS is a crystalline powder, glassy product
derived from the blast furnaces in a molten state of the
steel and iron industries. GGBFS is primarily composed
of calcium aluminosilicates, calcium silicates, and trace
amounts of iron and magnesium oxides. The chemical
properties of GGBFS are remarkably like that of OPC.
Overall GGBFS manufacturing is estimated to be over 250

Authors  [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44, 45]
Origin Malaysia ~ Vietham  Malaysia  India  Turkey @ China  Turkey  United Kingdom  Malaysia  Iraq India
SiO, 57.8 46.01 55 57.6 47.09 56.79  54.13 55.95 51.8 62.33  64.17
AL O, 20 37.21 24.5 30.5 17.41 28.21 25.73 23.3 26.5 21.14 232
Fe,04 11.7 4.69 7.1 3.72 8.34 5.31 6.43 4.84 8.5 7.15 6.65
CaO 3.28 2.88 4.2 1.1 13.98 <3 221 4.76 4.81 1.6 1.49
MgO 1.95 1.99 1.95 0.38 1.85 5.21 2.12 - 1.1 2.4 1.32
SO, 0.08 0.71 0.08 0.22 4.65 0.68 0.11 0.65 0.6 0.1 0.53
K,O 3.88 1.16 3.88 1.35 1.8 1.34 4.33 1.82 327 3.37 -
Na,O 0.3 0.22 0.3 0.1 2.44 0.45 0.47 0.91 0.67 0.38 -
LOI 0.32 5.13 0.32 33 1.79 39 1.34 3.47 1.47 1.58 0.48
Table 2 Physical Properties of Authors [35] [37] [41] [42] [39] [47] [48] [36]

FA in SCC

Specific gravity 2.2
Fineness (crnzlg)
Surface area (crnzlg) -

Mean particle size (upm) -

4050

2.1 221 21 231 2.1 213 24
- - - 3960 - - -
- - - - - - 17,106.4
- - - - - - 19.4
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million tons annually, with only around 90 million tons
being used in other building industries for concrete manu-
facture [63, 64]. The use of GGBFS in the formulation
of SCC reduced the cost of materials used in production
while also benefiting the environment [65-67]. The chemi-
cal and physical properties of SCC blended with GGBFS
are listed in Tables 5 and 6, respectively. Figure 4c shows
that the GGBFS particles are irregular crystals which
helps for refining the pore structure.

Microsilica

MS particles are generally composed of more than 90% of
silicon dioxide (SiO,). MS are also called as silica dust or
volatized silica particles. MS was recognized as a pozzo-
lanic material due to its better fineness and higher content of
silicon dioxide [72]. MS was identified for the utilization of
partial cementing material as it improves the strength prop-
erties and durability characteristics [73]. MS particles are
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Table 3 Chemical Properties of

MK in SCC

Table 4 Physical Properties of

MK in SCC

Table5 Chemical properties of GGBFS in SCC

Authors  [52] [53] [54] [55] [56] [571  [58] [59] [60] [61] [62]
Sio, 59.1 52 53 5534 518 52.1 47.85 5224 5534 495 51.1
Al O, 38.1 46 48.8 3355 4375 428 382 43.18 3355 4423 438
Fe,0; 125 04 0.43 7.14 082 1.6 1.29 0.6 7.14 0.92 1.6
CaO 025 1.2 0.02 0.12 0.09 0.2 0.03 1.03 0.12 0.17 0.2
MgO - 04 0.03 0.83 0.03 0.21 0.04 0.61 0.83 0.08 0.3
SO, 0.1 - - 0.09 - 0 - - 0.09 - 0.05
K,O0 1.18 - 0.19 2.66 0.02 0.32 - - - 0.02 0.2
Na,O 0.06 - 0.23 - 0.07 0.11 - - - 0.1 0.1
LOI 024 - 1.01 - 034 - 12.3 - - 0.32 -
Authors [55] [61] [56] [57] [54] [60] [48] [58] [62] [53]
Specific gravity 2.59 259 258 26 26 259 265 - 2.65 2.54
Fineness (cm%g) 145,100 — - - - 145100 - - - -
Surface area (cmz/g) - 23,420 23,500 25,400 - - - 14,100 - 12,000
Mean particle size (pm) 14.37 3.71 379 - - 14.37 1.5 - <l -

grayish black, very fine particles with major constituent as
Si0,; most of the particles are finer than 1 pm with higher

Authors [43] [38] [39] [53] [67]
surface area [74]. The specific gravity of MS usually ranges

Si0, 36.4 40.98 34.62 34.81 34-40.2 from 2.2 to 2.5 from the previous literatures. The chemical

Al O 11.39 17.41 11.82 16.43 12-16 and physical properties of MS are listed in Tables 7 and 8,

Fe,04 1.69 1.95 2.73 1.33 22-30 respectively. The SEM image of MS as shown in Fig. 4d

CaO 34.12 34.85 31.73 40.26 40-52 projects that MS particles are spherical in shape and the

MgO 10.3 8.24 9.43 6.2 11 particle size is 1.5 pm. It helps to fill the pores and reactivity

SO, 0.49 0.8 1.42 - - contributes to the pozzolanic action.

K,0 3.63 1.13 0.5 0.5 -

Na,O 0.35 0.36 0.35 0.5 -

LOI 1.64 - 1.2 - 1.2

Table 6 Physical properties of Authors [39] [68] [53] [69] [70] [71] [47]

GGBEFS in SCC
Specific gravity 291 2.65 29 2.9 2.58 29
Fineness (cm?/ 2) 45,000 - - 38,000 45,000 20,270 -
Surface area (cmz/g) - - 39,000 - - - -

Table 7 Chemical properties of

MS i SCC prop Authors [75] [76] (771 [78] (79, 80] (81] (82]
SiO, 99.886 95 93.7 91.7 94 96 95.48
Al,O4 0.04 1.12 0.81 1.2 - 0.1 0.4
Fe,05 0.04 1.1 1.33 1.1 - 0.6 0.03
CaO 0.001 0.11 0.47 1.7 - 0.1 0.44
MgO - 0.14 - 0.9 - 0.2 0.4
SO, - - 0.4 02 - 11 0.42
K,O0 - 0.25 1.52 0.7 - 0.4 0.25
Na,O - 0.29 0.45 0.5 - 0.1 0.32
LOI 0.015 - 3.28 2 3 1.7 0.9
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Table 8 Physical properties of MS in SCC

Authors 48]  [42] (821  [76] [79]
Specific gravity 22 2.1-24 2.08 - 223
Fineness (cmz/g) - - - - -
Surface area (cmz/ 2) 20,000 - 20,000 200,000 3000
Mean particle size (pm) 0.1 - - 0.1-0.2  0.15
Table 9 Chemical properties of NS in SCC

Authors [79] [80] [75] [46] [43]
Sio, 99.9 99.9 99.88 99.4 99.8
Al O4 - - 0.005 0.08 -
Fe,04 - - 0.001 - -
CaO - - 0.06 - -
MgO - - - - -
SO, - - - - -
K,O - - - - -
Na,O - 0.01 - 0.45 -
LOI 0.12 0.66 0.1 <1.0
Nanosilica

NS particles are generally available in various forms with dif-
ferent sizes of the particles, purity of NS and surface areas. The
two forms of NS are colloidal NS and powder NS. Both the
forms are commercially available, and deliver good strength
[83, 84]. NS are very fine powder, and the structure of NS
was observed to be spherical in shape. NS particles are 1000
times smaller than the size of the cement particles. NS were
identified to highly reactive than MS particles. The surface
area-to-the volume ratio is very high for NS particles. NS par-
ticles possesses 10-20 times high specific surface area when
compared to MS particles. NS particles consist of high purity
of silica of more than 99%. The specific gravity of MS and NS
was almost equal [85, 86]. The characteristics of NS were first
investigated using a transmission electron microscope (TEM),
which indicated that the nanoparticles were spherical with a
mean particle size of 17 nm. The elemental components were
labeled using EDAX, and NS revealed more than 99% of NS
[87]. The chemical and physical properties of NS blended SCC
are listed in Tables 9 and 10, respectively. The transmission
electron microscope (TEM) analysis was performed on NS,
and the TEM micrograph is displayed in Fig. 4e. The TEM

image of NS shows a chain of spherical units attached together.
There are tiny, very fine ultra-light weight spherical balls with
particle size less than 17 nm. NS enhances the pozzolanic reac-
tion and contributes high strength to concrete.

Engineering properties
Fly ash

The production of SCC was investigated with the high-volume
FA by substituting OPC with FA at varied percentages, such as
40, 50, and 60%, and fresh concrete parameters such as slump
flow, L-box, and V-funnel were explored. In comparison with
SCC without FA, new concrete made with FA had a good
flow ability [89]. The slump flow surged as the amount of FA
raised, and the time it took for the concrete to pass through the
V-funnel reduced. The characteristics of high strength SCC
were investigated by incorporating FA in large [90, 91]. For
supplementary cementitious material by mass of 35-55%,
the Class C FA was employed. Fresh concrete characteristics
revealed that SCC with a high volume of FA when compared
to various admixtures decreased the utilization of the SP and
viscosity modifying agent (VMA). The slump flow of FA
blended SCC from various literatures is represented in Fig. 5.
It is marked that the increase in FA content in SCC increases
the workability and makes concrete to be super-workable.

When the proportion of FA employed as a cementitious
substitute was raised, the hardened characteristics improved.
It was stated that SCC might be generated in a cost-effective
manner employing large amounts of FA [40]. A rational design
mix approach for SCC was devised employing high volume
FA as a mineral additive [94]. The inclusion of FA was found
to enhance slump flow while affecting compressive strength
[92, 93]. The compressive strength results of SCC contain-
ing FA particles are represented in Fig. 6. The compressive
strength and split tensile strength of various grades of SCC
were associated, formulated, and reported to be higher for FA
integrated SCC than the desired mean strength of conventional
concrete for SCC of various grades. FA has been partially sub-
stituted at 20, 40 and 60%, respectively. With an increase in
FA in concrete, the compressive strength was reduced after
7 and 28 days. Higher FA concentration resulted in a linear
reduction in split tensile strength and flexure strength values
[95]. The mechanical behavior of SCC incorporating industrial
by-products is listed in Table 11.

Table 10 Physical properties of

MS in SCC Authors [78] [88] [79] [80] [46]
Specific gravity 1.2 - - - 14
Surface area (cm?/g) - 200 m%g 200 m%g 200 m%/g 80 m%/g
Mean particle size (pm) 10-20 nm 11-13 nm 15 nm - 50-60 nm
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10

A logical strategy for proportioning SCC mixes was pro-
posed with a large amount of Class F FA [96]. To determine
the amounts of materials in an objective to acquire the rheo-
logical characteristics and mechanical properties, a simple
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Fly ash (%)

tool was employed. All the developed SCC mix proportions
fulfilled the specified criteria for the workability test and
strength qualities after using this procedure. This sort of
design tool aids in achieving the desired strength with the
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Table 11 Mechanical performance of industrial by-products

Authors Materials Percentage used as Research findings
cement replace-
ment
[34, 36, 39] FA 20,30,40 FA particles when blended in SCC improved the compressive and flexural strength at later
ages. The durability investigations showed that SCC with FA mixes absorbed less water and
chloride permeability. The depth of carbonation was observed to be minimal
[26, 46, 59, 61] MK 5,10,15 The SCC mixes containing MK as partial cement substitute delivered better tensile and com-
pressive strength at 28 days. The MK mixes expressed a lower penetrability properties. The
MK particles formed a stronger CSH gel and acted as a better resistance to acid and sulfate
attacks
[39, 43] GGBS 20,30,40 The strength properties of SCC containing GGBFS blends produced low strength at early ages
and observed to boost only after the 28 days. The drying shrinkage properties and the resist-
ance against sulfate and acid showed better performance for GGBFS blended SCC mixes
[75, 81] MS 5,10,15 The strength properties like compressive, split tensile and flexural strength properties
increased for MS up to 10% when used as partial cement replacement in SCC as the CSH
gel formation was dense. The permeability investigations like capillary absorption, chloride
penetration showed lower permeation and delivered excellent durability performance
[45, 87] NS 1,23 SCC mixes when blended with NS delivered the highest strength for compression, flexural and

tensile tests. The addition of NS enriched the growth of CSH network by filling the voids and
exhibited an extraordinary long-term durability behavior of SCC

least possible trials. For proportioning SCC design param-
eters, this tool was proved to be straightforward, straight-
forward, and extremely reliable. This work was highly suc-
cessful in creating SCC utilizing FA, and additional mineral
admixtures were suggested as well.

SCC specimens blended with FA absorbed significantly
lower water than normal concrete, according to the water
absorption measurements. After immersing the samples in
acid and chloride ingress, the resistance against acid and
chloride attack was analyzed based on the loss in weight and
compressive strength. When comparing FA concrete to con-
ventional concrete, it was discovered that the FA concrete
had a strength reduction of more than 40%. The investigation
found that using FA in SCC made the concrete extremely
durable [92]. The concrete sample was subjected to a shrink-
age test to determine the amount of shrinkage. In general,
SCC shrinkage is greater, whereas the presence of FA mini-
mizes the amount of shrinkage [95]. The drying shrinkage
of concrete with a greater FA exhibited lesser shrinkage.
SCC with a higher FA % had better workability, decreased
strength, and greater durability [97]. The purpose of the
experiment was to determine the chloride permeability of
SCC mixed FA. For 90 and 365 days, the chloride pene-
tration test revealed 700 and 400 coulombs, respectively.
Chloride resistance was higher in the SCC containing FA
as cement replacement material [98, 99].

Metakaolin
For three distinct w/b ratios of 0.32, 0.38, and 0.45, the

behavior of blending MK in SCC was investigated [57]. Fig-
ure 7 represents the slump flow variation in SCC by adding

MK as cement replacement material. It was noted from the
previous literatures that the increase in MK particles lowered
the workability. The time required to disperse the first 50 cm
of concrete flow was recorded, and it was discovered that for
low w/b ratios, the higher MK doses in SCC took longer to
spread than the European Federation of National Associa-
tions Representing for Concrete (EFNARC) limits, implying
a higher plastic viscosity. For the initial diametrical flow
of 50 cm, a greater w/b ratio of 0.45 resulted in reduced
time consumption. The filling ability was assessed using the
V-funnel test, which demonstrated that the w/b of 0.45 from
5to 15% MK utilized a permissible time range of 6-12 s, as
specified by EFNARC requirements. This increase in V-fun-
nel flow time was reported to be in line with prior research,
which found that increased MK made SCC mixtures very
viscous and rendered them unsuitable for work [100, 101].
The L-box test was performed for the developed SCC using
MK as a cement substitute to estimate the blocking ratio. It
was discovered that high MK concentration in SCC resulted
in a blocking ratio that was outside the limits suggested by
EFNARC. The blocking ratio in the fresh SCC varied from
0.6 to 0.8, with no signs of segregation or deformation [57].
The blocking ratio of greater levels from 0.6 and greater as
recommended by [102] should be considered. It was shown
that replacing up to 10% of the cement with MK had no
effect on the SCC's fresh state qualities.

The compressive strength test results of SCC with MK
particles at various proportions are presented in Fig. 8. The
compressive strength of SCC blended with MK was studied
from 0 to 30% replacement to cement at 5% intervals [56].
The compressive strength of MK blended SCC was observed
to be increasing when the MK content was increased. The
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strength was significant when SCC was blended with 20%
MK at 28 days, and it has previously been documented that
MK blended SCC strength deteriorates with time. It was
stated that SCC containing MK exhibited high strength at
the early age periods of 3—14 days. MK also played a signifi-
cant role in the 14-day early strength enhancement [57]. The
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splitting tensile strength test revealed that the primary addi-
tion of MK reduced tensile strength, whereas a subsequent
10% addition boosted the strength property [48]. Despite the
higher fineness of MK compared to that of OPC, the pres-
ence of high alumina content in MK responded the most to
the pozzolanic reaction. SCC mixes consisting of MK close
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to 15-20% exhibited superior compressive and splitting ten-
sile strength properties [26, 47, 61].

The integration of MK in SCC considerably affected the
pore network by cutting down the pore size, significantly
reducing the pore network, and limiting the infiltration of
water and other hazardous ions, according to the water
absorption results and findings. Due to the fineness and the
pore-filling abilities of MK, when introduced into concrete
as cement substitute material, it lowered the water absorp-
tion of the concrete specimens. The rapid chloride penetra-
tion method was used to measure the long-term durability of
SCC mixtures containing MK. In SCC, cement substitution
of up to 15% MK resulted in very less chloride ion ingress of
300 coulombs; greater than 15% MK resulted in extremely
low chloride ingress of around 910 coulombs [61]. RCPT
study indicated that the MK absorbed up to 15% less chlo-
ride ingress owing to the production of hydration products
such as CSH gel formed during the pozzolanic reaction of
MK in the cementitious systems with the greater alumina
levels [103]. SCC combined with 10 to 15% MK produced a
consistent and homogeneous microstructure by transforming
larger to tiny pore networks and lowered SCC permeability
[59]. The energy-dispersive spectroscopy (EDS) research
indicated a lower atomic ratio of Ca:Si for the This drop
in Ca:Si was caused by the transition of calcium hydroxide
(CH) crystalline structures to secondary CSH gel network,
which reduced the size of the microcrack while increasing its
strength. According to the XRD study, the addition of MK
increased the peak intensity levels of CSH gel compared to
the control SCC mix proportion. SCC mix blended with 10%
MK than for the control SCC mix. This demonstrated that
the inclusion of MK resulted in a refined pore network and
rendered SCC to be extremely impenetrable [26]. It was
revealed that incorporating MK in SCC has improved envi-
ronmental and economic factors while also utilizing less
energy [104].

GGBFS

The flowability features of the GGBFS blended SCC mixes
improved, and the lateral pressure of SCC upon on formwork
was decreased [105]. Slump flow experiments revealed an
improvement for GGBFS blended mixes with a thickness
ranging from 620 to 680 mm and a GGBFS percentage rang-
ing from 0 to 70% in SCC supplementary cementitious mate-
rial. The fresh concrete properties of SCC including GGBFS
were investigated in different concentration as a cementing
ingredient, which increased the filling ability, passing abil-
ity, and resistance to segregation [106]. The explanation for
the improved workability is that GGBFS uses less mixing
water than OPC particles and the free water is absorbed over
the GGBFS particles since they are shinier and smoother.
Since the density of GGBFS is lesser than those of cement

grains, when an equivalent mass of cement is replaced, the
mix creates a considerable quantity of paste content, which
favorably influences the workability characteristics [107].
The flowability of SCC determined by the slump test results
is reported in Fig. 9 for the SCC consisting of GGBFS at
10-50% as cementitious materials.

The early age structural properties were investigated and
discovered that an elevation in GGBFS incorporated in SCC
mix increased the strength. SCC mixed with GGBFS pro-
longed the final setting time, indicating a strength gain [108].
The compressive strength of the GGBFS blended SCC mix
was lowered at an early age but regained after 28 days [109].
Higher GGBFS percentage is associated with stronger hard-
ened strength between 28 and 90 days compared to SCC
mixtures consisting of 100% OPC. The pozzolanic reactivity
was aided by the formation of a large quantity of calcium
silicate hydrate (CSH) gel, which reduced the amount of free
lime in the concrete due to the inclusion of high GGBFS
content [106]. The compressive strength results from the
previous literatures are reported in Fig. 10. It was observed
that beyond 20-25% of GGBFS addition, the compressive
strength determined at 28 days drops.

The use of GGBFS has minimized the heat transmission
during the hydration process and increased the resistance
against the sulfate and chemical attack. This higher resist-
ance of SCC to chloride and sulfate attack made the mix
more durable and suitable for the development of coastal
buildings [47, 69]. In comparison with conventional SCC,
the inclusion of larger GGBFS proportions when imple-
mented into SCC as cementitious material lowered carbona-
tion resistance. Through the RCPT experiments, the use of
GGBS increased drying shrinkage and made the material
extremely resistant to chloride intrusion [110].

Microsilica

The flowability of self-compacting concrete with different
admixtures was investigated [111]. The slump flow diam-
eter for control concrete and the lower proportion inclusion
of MS was observed to be less than or equal to 680 mm
and, adding MS over 15% enhanced the slump flow distri-
bution horizontally. The outcomes of a V-funnel with dif-
ferent cement concentrations and 10% MS were demon-
strated [112]. The length of time it took to flow through
V-funnel was reduced as the cementitious content was
high. The passing ability of SCC by performing the L-Box
with partial cement substitute at 0, 10, 12.5, and 15% of
MS was investigated [113]. As a result, the L-Box block-
ing ratio was elevated from 0.758 to 0.810. The higher the
content of MS substitution in cement, the lower the pass-
ing ability. The J-ring test results of SCC utilizing MS at
various percentages ranged from 2 to 16%. The diameter of
the J-slump flow dropped from 690 to 345 mm. Boosting
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the MS concentration stiffened the fresh concrete by reduc-
ing its flowability. For reinforced concrete, a minimal
amount of MS was recommended for cement replacement.
Excessive volume of MS was unable to flow through the
J-Ring test apparatus, which has not been recommended for
thick reinforced concrete constructions [114]. The excess
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concentration of MS, together with the increased doses of
SP and VMA, resulted in improved passing ability property.

The fresh concrete properties like the slump flow, L-box
ratio, V-funnel time and the compressive strength test results
are plotted in Fig. 11 for MS blended SCC. It was stated that
the inclusion of MS though it lowered the horizontal flow
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Fig. 11 Fresh and hardened ’_ m- Slump flow (mm)
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(slump flow) managed to satisfy 650 mm slump. Similar,
trend was observed for L-box ratio. The time taken for SCC
to pass through the V-funnel was increased for increasing
amounts of MS. The compressive strength was significantly
high up to 10% MS mixed SCC mix, after which it declined.
This was owing to a higher concentration of MS agglomerat-
ing in the cementitious matrix system [81, 87]. The influ-
ence of MS on the fresh state properties of SCC, mechanical
properties which includes compressive, flexure and tensile
strength, and durability characteristics like shrinkage, poros-
ity and creep was investigated. The influence of MS on the
fresh state properties of SCC, mechanical properties which
includes compressive, flexure and tensile strength, and
durability characteristics like shrinkage, porosity and creep
was investigated. The influence of MS blended SCC was
examined on the aspects of mechanical properties and also
explored to verify whether it spreads on its own weight and
does not seek additional vibrating tools. The effectiveness
of the SCC mix containing MS, superplasticizer (SP), and
VMA was investigated in this study. It was discovered that
the compressive strength of cubes with 5% MS as cement
substitution was 28% more than that at 10% MS [115]. The
flexural strength of SCC containing MS blends was deter-
mined by three-point loading method of assessment at the
age of 28 days [116]. When compared to the control mix, the
percentage increase was determined to be almost as 18.18,
27.27, and 36.36%, respectively.

Silica fume is a highly reactive pozzolanic substance due
to its fine granularity and high amorphous SiO, concentra-
tion [117]. The thickness of the interfacial transition zone

MS (%)

that existed in the mortars and the degree of orientation of
the calcium hydroxide crystals are modulated by fumed sil-
ica particles [118]. Silica fume's pozzolanic effect appears
to be especially active in the early hours after hydration. The
inclusion of silica fume significantly lowered the chloride-
ion diffusion. This might be attributable to the inclusion of
MS, which produces significant pore refinement, or the con-
version of the larger pores into tiny ones because of their
pozzolanic interaction synchronous with cement hydration.
Long-term corrosion resistance and alkali—silica expansion
are improved by silica fume [112, 116].

Nanosilica

The mini-cone slump test for self-compacting mortars with
NS at 0.75, 1.5, and 3% replacement was investigated [119].
When compared to the control mix, the inclusion of NS con-
tent in cement resulted in a 15% decrease in slump flow.
The rheological characteristics of SCC with decreased fine
content and NS of various particle sizes were investigated.
The NS employed in this investigation was colloidal, with
particle sizes ranging from 35 to 5 nm. For successful con-
sistency, the rheological research recommended a dose of
1.5% NS sized 35 nm, 1% NS sized 17 nm, and 0.3% NS
sized 5 nm. As a result, the overall fine quantity in SCC
mixtures was lowered. The stronger the pozzolanic effec-
tiveness of NS, the smaller the particle size. The fresh and
hardened properties of SCC containing NS particles are
identified and reported in Fig. 12 [87]. The increase in NS
amount lowered the filling and passing ability of fresh SCC.
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Fig. 12 Fresh and hardened
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The more NS there is, the greater the requirement for super-
plasticizer. The inclusion of NS reduced the fluidity, making
it tough to fill the formwork with concrete. The inclusion
of NS improved the strength and durability [45, 79]. NS of
particle size 17 nm with a major composition of 99% of SiO,
was experimented in SCC. NS was utilized in SCC as partial
cementitious material at varying proportions like 1%, 2%
and 3% by weight of cement. For this investigations, M60
grade concrete was produced with a constant water to binder
ratio of 0.38. The chemical admixtures like SP and VMA
were used at 1.2 and 0.12%, respectively. The increment
of NS dosage in SCC increased the requirement for work-
ability. To meet these flowability needs, the dosage of SP
and VMA was increased up to 2 and 0.2% at the maximum
for maximum percentage of NS. The compressive strength
at 28 days revealed that an increase of 13.8% was observed
for 2% NS dosage in SCC. The test on SCC against sulfate
attack containing 5% MgSO, solution at both 28 and 90 days
was investigated. The NS blended SCC mix at 2% exhibited
a better sulfate resistant mix compared to other mixes [120].
The sorptivity test results did not exhibit much difference for
different doses of NS in SCC [118]. The water permeability
and chloride permeability tests showed that when NS was
added to SCC, the mixes were found to be highly imperme-
able to water, capillary suction and chloride ingress. Higher
surface area of the NS particles contributed more in the poz-
zolanic reaction by forming a wide-spread CSH gel network
of minimizing the pores. The tiny pores were encroached by
the growing secondary CSH over the CH crystals [87]. The
microstructural investigations expressed a more compact and
denser pattern of micrograph where the CSH gel was widely
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scattered covering the voids and thereby delivering better
strength and durability properties [121-126].

Credits and critical reviews

The cost of the by-products such as FA, GGBFS, MK and
MS is very negligible as they are the by-products generated
from various industrialization activities. These materials are
collected in huge quantities, and they are sieved and utilized
for cementitious blends in concrete. The production of nano-
sized particles consumes higher level of material prepara-
tion, so the cost of NS is huge.

The effective utilization of FA in SCC as partial cemen-
titious materials provides excellent workability compared
to MK, GGBFS, MS and NS. The compressive strength of
the SCC with FA increases with the increase in age as the
FA particles combine with the free lime and slowly take
part in the pozzolanic reaction. FA helps to lower the heat
of hydration; also the reaction between free lime and FA
generates less heat. FA blended SCC produces an increased
durability, lowers the alkali silica reactivity, and decreased
the drying shrinkage that occurs in SCC due to more finer
contents present. It is therefore suggested to be used for the
construction of high strength, high performance, and special
concretes. It is also suggested for the precast construction for
both civil and architectural projects as the color and appear-
ance of MK are lighter.

The SCC blended with MK as supplementary cementi-
tious materials carries numerous advantages by offering high
workability, good passing ability and segregation resistance.
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The hardened properties like the compressive and the flex-
ural strength were improved when MK was added to SCC
mixes. MK lowers the permeability; there is good resistance
when exposed to chemical attacks. MK enhances the long-
term durability, and it helps to develop a sustainable SCC
mix. It could suppress the potential for efflorescence attack.
MK turns the SCC to be denser by better particle packing
and thereby lowers the shrinkage effect and delivers a good
surface finish of concrete.

The use of GGBFS as cement replacement material helps
to enhance the passing ability, filling ability, segregation
resistance and pumping ability. The strength properties like
compression, split tensile and flexural strength increased in
the implementation of GGBFS as cementitious material.
It also reduces the permeability, provides high resistance
against chloride penetration, sulfate resistance and alkali
silica reactivity. The production of GGBFS does not emit
CO,, so when incorporated in the SCC production it helps to
develop an ecofriendly concrete. A low less amount of heat
is generated during heat of hydration process, and GGBFS is
chemically stable. When GGBESS is added to SCC mixture,
it helps to alter the color of concrete and tends to appear
lighter in color. This property offers good visibility and
safety and possesses the ability to reflective. It provides a
better finish to the concrete surface and renders an escalated
aesthetical appearance. The utilization of GGBFS in SCC
not only cuts the construction cost to some extend but also
reduces the repair and maintenance costs.

The workability of concrete decreases as the propor-
tion of microsilica increases. By including a greater per-
centage of silica particles alongside the proper dosage of
chemical admixtures, the danger of segregation and bleed-
ing was minimized. The inclusion of microsilica improves
the mechanical characteristics of concrete. Water absorption
in the concrete specimen is decreased when more CSH gel
forms in microsilica. The chloride ingress is reduced due to
dense microstructure of SCC as the spherical MS particles
filled the micro-cracks. The MS when blended to SCC deliv-
ers overall better performance in the aspects of durability
except the drying shrinkage properties. The drying shrinkage
could be reduced when some other by-product gets blended
as ternary mix to the cementitious system along with MS
particles.

The role of NS in SCC on the fresh concrete investiga-
tions exhibited only reasonable satisfactory ranges as sug-
gested by EFNARC. The flowability of SCC containing NS
could be improved along the appropriate addition of SP
and VMA at higher dosages. The higher the NS contents,
the lower is the flowing ability of SCC. The SCC with NS
delivers highest strength compared to other by-products. NS
offers better microstructure of SCC compared to FA, MK,
GGBFS and MS. The nano-level pores will be cut down, and
the CSH gel formation will be more vibrant yielding high

mechanical properties. NS lowers the permeability, chloride
ingress and gives great long-term durability properties.

Conclusions

The discussion of the current study will provide a platform
for the future construction industry, researchers, academi-
cians, and the environmentalist to create a better and sus-
tainable concrete with high flowability, reduced cost and
highly durable in long-term aspects. Further, SCC saves the
consumption of cement to some extent, by preserving the
environmental impacts and by utilizing the materials which
have been dumped currently creating many disposal issues.
Even today, construction engineers face a problem in cre-
ating concrete with high strength and durability properties
of concrete. This struggle can be overlooked by using the
micro- and nano-level particles like microsilica and nanosil-
ica. This study offers a summary of the cleaner manufacture
of SCC using various industrial by-products. A substantial
quantity of study has been devoted to a better prediction for
the characteristics of a broader spectrum of industrial by-
products. Based upon the results reached, some other sug-
gestions for using by-products as SCC cementitious mixes
were discussed here.

e The fresh concrete investigations reported that the inclu-
sion of certain by-products such as FA, MK and GGBFS
paved a way to provide a highly workable SCC without
the need for higher consumption of chemical admixtures
like SP and VMA. Few by-products such as MS and NS
which highly constituted of SiO, produced a reasonably
good and better flowability properties along with the
requirement of higher dosages of SP and VMA to make
it workable.

e In terms of mechanical properties such as compres-
sion, flexure, and tensile strength, the use of industrial
by-products performed well. As the CSH gel expansion
impinged by bridging the gap and provided high strength,
SCC mixed with by-products exhibited an impenetrable
character.

¢ Interms of durability properties, the utilization of indus-
trial by-products like FA, MK, GGBFS, MS and NS
when blended as cementitious materials in SCC inflated
the durable performance of concrete. The water absorp-
tion and chloride penetration are less as the by-products
formed a good bond in the ITZ.

e These industrial by-products when blended to the cement
matrix help to fill the void network by developing pri-
mary and secondary CSH gel minerals and tightly pack
the microstructure of the cementitious matrix and there-
fore turn to be impermeable.
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By utilizing the by-products like FA and GGBFS, a more
economical SCC could be produced in a sustainable
aspects and benefits. While utilizing other by-products
such as MK, MS and NS, highly durable and better per-
formance of the SCC could be achieved but with a major
setback due to its procurement cost.

The incorporation of these industrial by-products in SCC
has decreased the cement use to some extent, therefore
significantly lowering the carbon footprint and the green-
house impact. These techniques of successful use of
industrial by-products as partially replacement of cement
materials also help to preserve the soil from contamina-
tion and deterioration.

SCC blended with these industrial by-products could be
utilized for the construction of structures near coastal
areas as the chloride permeability is very less and neg-
ligible. Also, these concretes can be preferred for areas
where the structures are exposed to chemicals, sulfate
attacks and more adverse environments.
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