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Abstract: Self-compacting concrete (SCC) uses a lot of natural resources, much like regular concrete,
which results in unsustainable construction. Even though silica fume (SF) and other secondary
cementitious materials are the subjects of a lot of studies, to determine the past, present, and future
direction of research, information must first be reviewed. This paper compiles data on SSC with
SF substations. Slump flow, slump T50, L-box, and V-funnel tests were used to investigate fresh
SCC properties, such as filling and passing capabilities. Mechanical properties were examined using
compressive, tensile, and flexure strength, while the durability characteristics of SCC were examined
through water absorption, porosity, sorptivity, and chloride resistance. The internal structure of SCC,
with and without SF, is reviewed through scan electronic microscopy (SEM). The results indicate that
SF lacked the filling and passing ability of SCC, but is still within the limit defined by the technical
specification for SCC. However, the study suggests a larger dosage of plasticizer for a higher dose
of SF. Improvements in SCC’s strength and durability were also seen; however, greater doses had a
negative impact on these attributes due to an absence of flowability. Researchers recommended the
ideal SF dosage ranges from 10 to 15% by volume of cement. The assessment also reveals research
gaps that need to be addressed.

Keywords: self-compacting concrete; concrete; filling and passing ability; durability; microstructure
analysis

1. Introduction

Self-compacting concrete (SCC) is a unique kind of concrete that is flowable, non-
segregating, and expands into the formwork by its own mass without the aid of external
vibrators, even when there is heavy reinforcement present. SCC is becoming more popular
in civil engineering. SCC continues to explore a variety of applications and characteris-
tics [1]. Four parameters, including flowability, viscosity, passing ability, and segregation
resistance, may be used to differentiate SCC from conventional concrete. If the concrete has
all four of the aforementioned traits, it is referred to as SCC [2]. In terms of history, the SSC
idea was initially established in 1986 [3]. However, in 1988, Japan was the first nation to
successfully create a prototype of SCC. Similar to ordinary concrete, the SCC building is
unsustainable due to its high natural resource use.

According to the idea of environmental development, environmental resources should
be preserved as limited commodities and wastes should be adequately controlled [4–7].
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The growing quantities of composed trash, up to 2500 million tons annually around the
globe, encouraged the development of a contemporary method of dumping [8]. There
are various options to use leftover raw materials in concrete in the cement manufacturing
sector [5,9–12]. Waste may be used in concrete as cement, or fine or coarse aggregate.

In the construction industry, concrete is the most often used man-made construction
resource, and hydraulic cement is an essential component of this material [13–15]. Nearly
30 billion tons of concrete were produced in 2015, using approximately four enormous
volumes of hydraulic cement annually [16]. The findings presented at the World Cement
Association Conference demonstrate that the yearly rate of global cement production has
increased [17]. There has been significant industrial expansion as a result of the expanding
need for cement in modern structures and infrastructure, notably in developing nations
like China, Russia, and Japan [18]. The capacity to manufacture 59.5 million tons of cement
per year was built due to the projection of future demand for expanding infrastructure. The
cost of cement has increased by roughly 150% in only 10 years [19]. Therefore, it’s crucial
to use alternative materials wherever feasible, instead of cement [20].

The use of a mineral additive is one of the ways SCC differs from conventional concrete.
Viscosity-increasing additives, or fillers, are used in SCC to prevent the separation of big
particles. When casting concrete underwater, or for SCC in tunnels, an additive to improve
viscosity is often employed. To enhance the viscosity of SCC, mineral admixture fillers may
be added to the slurry [11]. The performance of SCC with various pozzolanic materials
substituted for cement has been studied by researchers [21–23]. According to Siddique
et al. [24], the use of mineral admixtures raises the slump without raising the cost of the
mixture, and lowers the amount of superplasticizer required. According to earlier research,
fly ash-containing mixtures had less compressive capacity values at early ages. The sluggish
pozzolanic reaction between the binder (OPC) and fly ash (FA) was the root cause of this
issue [25]. Furthermore, the rate of pozzolanic reaction of secondary cementitious material
also depends on the temperature.

Silica fume (SF) is a poisonous material that harms the environment and its surround-
ings. Nearly all SF was discharged into the environment up until the mid-1970s. There
were many uses for SF even as environmental concerns about it increased. SF is a very
pozzolanic substance due to its tiny particle size and high concentration of amorphous
silicon dioxide, as seen in the Table 1.

Table 1. Chemical composition (wt%) of silica fume (SF).

Reference [26] [27] [28] [29]

SiO2 93.4 91.0 96 85.0
Al2O3 0.30 0.58 0.1 1.00
Fe2O3 0.35 0.24 8.5 2.00
MgO 0.85 0.33 1.1 2.00
CaO 0.38 0.71 4.81 1.50

Na2O - - 0.67 0.31
K2O - - 3.27 2.01

Silica fume’s amorphous structure makes it very reactive; they are round and have
a sizable surface. SF particles are packed densely with cement grains because they are
100 times smaller than OPC grains, which allows calcium hydroxide and SiO2 to react to
produce more CSH and earlier strength [30]. SF increases the concrete’s packing density
because of its microscopic size. SF concrete has been applied extensively in high-strength
concrete for highway bridges, marine constructions, and parking decks, because of its
outstanding performance [31]. The benefits of using SF in concrete are shown in Figure 1.
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Figure 1. Advantages of silica fume in concrete.

To accomplish sustainable construction and formwork, silica fumes have recently
grown in prominence as a partial alternative for cement. SF was used by Ardalan and
Joshaghani [32] in SSC in combination with pumice. An increase in SSC workability and
compressive strength was observed. A study [33] found that the greatest mechanical
qualities were produced by a ternary combination of nano-silica (2.5%) and micro silica
fumes (2.5%). A researcher [34] studied the use of electrical resistivity of SSC (containing SF
and metakaolin) to determine the amount of calcium hydroxide. The correlation coefficient
of the relationship between Ca(OH)2 content and electrical resistivity was found to be
0.95 with a positive slope for reference SCC and 0.97 with a negative slope for samples
containing pozzolans. It can be suggested to apply the electrical resistivity as a simple
method to calculate CH content in cement paste. Leung and Kim [35] conducted research
on the SSC’s moisture absorption capabilities after replacing some of the cement with flaky
ash and SF. With partial substitution, moisture absorption was reduced, but compressive
strength was increased. The link between moisture absorption and compressive strength
was not found. SF in SSC (created using leftover concrete aggregates) have reduced porosity
and moisture absorption, according to researchers [36]. Fouroghi et al. found that a SF
concentration of 5% in SSC had the best pore characteristics [37].

Some literature shows that SF improved the strength and mechanical properties of
SCC; however, information is scattered, and no one can easily judge the exact benefits of
SF in concrete. Furthermore, according to the author’s best information, most researchers
focus on reviewing the properties of conventional concrete with the substitution of SF, while
no research considers the SF benefits in SCC. Therefore, a detailed assessment is essential
to explore the benefits of SF in SCC. The aim of this review is to collect information on SSC
with the substation of SF. The review focuses on the general background of SSC, the physical
and chemical composition of SCC, the impact of SF on fresh properties, strength properties,
and the durability aspects of SCC. The results depict that SF reduced the filling and passing
ability of SCC, but is still within the limit defined by the guidelines for SCC. However,
for a higher dose, the review recommends a higher dose of plasticizer. Improvement in
the strength and durability of SCC was also observed, but a higher dose of SF adversely
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affects strength and durability properties, due to a lack of flowability. Different scholars
recommend different optimal percentages of SF, due to changes in the source. However, the
typical optimum dose range of SF varies from 10 to 15%. Finally, the review also identifies
a research gap for future research that must be explored before being used practically.

2. Fresh Properties

The slump flow test was based on the European SCC criteria, and the mixes with a flow
diameter range of 600 mm and 800 mm were taken into consideration (EFNARC 2002) [38].
The slump flow and slump T50 of SCC with SF replacement are shown in Figure 2.
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Figure 2. Slump flow and slump T50: Data Source [26].

Mortars constructed exclusively with Portland cement are substantially less cohe-
sive than secondary cementitious materials (SCMs) including 6% SF. The flowability of
mortars with SF is not as excellent as that of mortars with fly ash (FA) because there is
greater contact between the higher cohesiveness (FA) [39]. Due to its lower particle size
compared to cement, SF loses workability [40]. Since SF has a greater specific surface area
than cement, a substantial volume of water is required to fuel hydration processes [41].
To attain the requisite workability in all SF concrete combinations, the superplasticizer
dosage was raised. It should be noticed that concrete’s flowability declined as the SF
substation increased. Because silica interacts with calcium hydroxide when it is in its finely
divided state, secondary cementitious calcium silicate hydrate is created, which makes the
concrete stiffer and more cohesive and contributes to the reduction in flowability with SF
substitution [42]. However, all SCC combinations have outstanding flowability and are
within the confines of the SCC technical standard [38].

Due to the SF and FA particles’ spherical form, which creates a ball-bearing action, the
packing effect was more severe. With less intra-particle friction, the lubricated spherical
particles provided effective rolling. Since the amounts of water and superplasticizer were
maintained throughout the formulations, the rolling action could be produced with up
to 20% replacement level lubrication. Following that, the overall powder surface area
increased, requiring more water and superplasticizer to reach the same workability level.
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This result causes the overall spread to steadily diminish after the replacement level of 20%.
The overview of slump flow with SF replacement in SCC is shown in the Table 2.

Table 2. Summary of flowability of SCC with SF.

Reference Silica Fume
Substations Rate

Slump Flow
(mm)

Water to Binder
Ratio Remarks Limit for SCC

600 to 800 mm

[27] 0%, 5%, 10%, 15% and
20%

68, 707, 701, 708
and 707 0.36 to 0.40 No effect Within limit

[43] 0%, 7% and 14% 630, 610 and 580 0.44 Declined 14% substitution of
SF falls out of limit

[44] 0%, 5%, 10%, 15%, 20%
and 25%

870, 870, 860, 840,
820 and 810 0.40 Declined Within limit

[45] 0%, 5%, 10%, 15%, 20%,
25% and 30%

680, 680, 670, 650,
630, 610 and 580 0.37 Declined 25% substitution of

SF falls out of limit

[46] 0%, 5%, 10% and 15% 708, 700, 689 and
680 0.39 Declined Within limit

[47] 0%, 5% and 10% 730, 715 and 705 0.66 Declined Within limit

[48] 0%, 5%, 10% and 15% 660, 670, 700 and
650 0.44 Declined Within limit

[29] 0%, 5%, 10%, 15% and
20%

710, 710, 705, 695
and 695 0.32 Declined Within limit

The L-box and U-box tests were applied to evaluate SCC’s capacity for filling and
passing. In both procedures, the concrete to be tested was placed in a closed, vertical
chamber to provide a hydrostatic pressure head. The concrete must level out across the
vertical or horizontal flow obstructions once a slide is opened. The likelihood of blocking
was influenced by the level discrepancy. When the blocking ratio (H2/H1) was between
0.8 and 1.0 and the L-box blocking ratio was less than 0.8, the EFNARC guideline [38] states
that a combination provide a blocking risk.

SF was added in varying binder concentrations of 5, 10, 15, 20, 25, and 30%, respectively.
According to the findings, increasing the amount of SF in the mixes caused a decrease in
the slump flow, while simultaneously increasing the amount of time the mixtures spent
flowing through the V-funnel [45]. In contrast, the research said that the V-duration funnel
steadily reduces with an increase in SF concentration, suggesting that this improves the
vertical passage of fragments by reducing air bubbles that obstruct the vertical flow of the
paste [49]. However, research [29] found that 5% SF results in an L-Box test ratio of 0.78,
which is beyond the acceptable limit for SCC as stipulated by technical criteria, as shown
in Figure 3. Although research [50] found that blocking ratios up to 0.60 had a high passing
ability, the blocking ratio value in the L box test must be greater than 0.8 for the SCC to
have a satisfactory passing ability, according to the technical standard [51].
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3. Mechanical Properties
3.1. Compressive Strength (CS)

The compressive strength (CS) of the SCC with the SF substation is displayed in
Figure 4. The substitution of SF enhanced the CS of concrete. The CS improved as the
substitute percentages of SF enhanced, but the CS decreased when FA concentration
increased. The SCC mixes with the best CS included 15% SF instead of cement. The results
of tests on both freshly poured and cured concrete shown that it is feasible to create SCC
using SF and FA with usable SCC qualities [26]. Over 130 days, SCC with 15% SF exhibited
the greatest compressive and tensile capacity, measuring 73.87 and 5.489 MPa, respectively.
When the FA/SF level in SCC mixes rose, the UPV values of SCC specimens with FA/SF
generally decreased for all curing durations. However, at 28 and 130 days, normal concrete
(NC) and SCC samples with SF exhibited the maximum UPV values, followed by SCC
samples with FA [27]. The reinforced self-compacting concrete with recycled steel fiber of
0.75% has the greatest rate of increasing CS as a result of substituting cement with SF [43].

The research studied how SF and FA affected the concrete’s fresh and hardened
qualities, alone and in combination. Results showed that SF increases elastic dynamic
modulus, pulse velocity, and CS [52]. Due to the sluggish pozzolanic activity and diluting
impact of FA, the CS of SCC comprising 25% FA and 0% SF, and is 35% lower than that
of the reference. However, the inclusion of SF increased the CS of concrete made with
cement [28].

Concretes containing SF perform better in hardened conditions than concretes with
viscosity-modifying admixtures (VMA). Unusually, SF10 and VMA0.10 have almost the
same mechanical attributes (compressive flexural and modulus of elasticity) [45]. The
impact of several curing regimes, air, water, and steam, on the compressive characteristics
of SCC with various ratios of SF and FA substitutions, were investigated. They emphasized
that standard cured samples had the greatest CS results (cured in water for 28 days). The
compressive capacity increased as the water curing period lengthened. Compression
strength decreased during air curing, and air-cured specimens had the lowest strength
values across all groups [26].

The compressive capacity of cement mortars including FA and SF during autoclaved
curing was studied. They demonstrated that the FA blended cement mortar’s compressive
capacity tended to be lower than the control mortar, owing to greater FA replacement.
However, SF enhanced the compressive capacity of the binary mixed cement mortar,
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making it stronger than the reference sample. The increase in CS was due to the rise in SF.
However, the opposite was true when it came to the rise in FA content. CS increased owing
to a rise in the SF ratio; an increase in FA content had the opposite effect [53].
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By adding SF to concrete, it becomes more durable and has a higher early compressive,
tensile, and flexural strength. It also has a substantial influence on the elastic modulus [54].
Strength is one characteristic, particularly in design mixtures that include 30% CR substi-
tution. When 30% of CR and 5% of SF were used, the minimum 28-day CS of 5.29 MPa
was obtained. Additionally, model equations for predicting the compressive, flexural, and
splitting tensile strengths were effectively created, and optimization was carried out [47].

The compressive capacity of all SCM samples, excluding 15% of the SF, tends to
decline after 90 days of immersion, except for those samples that were aged for 90 days.
Binary mixtures of v displayed superior sulfate resistance even when exposed for longer
periods [55]. Similar findings to those found in this inquiry have been found in other
investigations. Sasanipour and Aslani also noted a reduction in CS in SSC, with 50%
cement substitution for SF [36].

Due to a poor interfacial transition zone, CS decreases when silica fumes are partially
substituted for cement. The application of SF has a poor transition zone that harms the
strength qualities of curing [56]. Higher CS than the strength of the control sample was
produced by the application of SF. Increases in the amount of SF and the use of metakaolin,
which account for up to 15% of the total cement mass, both boosted compressive strengths.
The increased compressive and tensile capacity was achieved by employing the recom-
mended optimal proportion of replacement, 15 % mixed pozzolan (7.5 % metakaolin and
7.5 % of SF) [29].

The CS and structural durability of concrete that is environmentally friendly, and
environmentally friendly for construction, are only slightly impacted by the addition of
20% SF. The findings of this research show that using SF in lieu of cement, and adding steel
fiber, resulted in a more durable and economically viable SCC [57].
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Figure 5 shows a schematic illustration of the solid phase percolation for pastes with
and without SF. Figure 5a makes it abundantly evident that a greater hydration product is
required for pure cement for the solid phase percolation to occur. However, the hydrated SF
particles fill the gaps between the grains of Portland cement after a few minutes, precisely
as is seen in Figure 5b for the paste containing SF. Numerous nucleation sites are produced
when SF concentration rises. A high SF concentration causes the percolation threshold
to occur sooner. When the amount of SF is higher, the cement and SF particles are closer
together, causing the setting to happen more quickly. The summary of SCC performance
with SF substitute is shown in Table 3.
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Table 3. Summary of mechanical properties of SCC with substitution of SF.

Reference Substitutions
Percentages of SF

Optimum
Dose of SF W/C Compression

Strength (MPa)
Split Tensile

Strength (MPa)
Flexure

Strength (MPa) Remarks

[27] 0%, 5%, 10%, 15%
and 20% 15% 0.36 to 0.40

28 Days
38, 58, 63, 68 and 65

130 Days
43, 68, 71, 73 and 70

28 Days
2.1, 4.3, 5.0, 4.8 and 4.7

130 Days
2.8, 5.0, 5.2, 5.3 and 5.1

- Improved

[26] 0%, 5%, 10% and 15% - 0.35

3 Days
61, 70, 70 and 70

7 Days
76, 77, 80 and 80

28 Days
79, 79, 82 and 88

- - Improved

[43] 0%, 7% and 14% - 0.44 28 Days
58, 62 and 68

28 Days
3.5, 3.8 and 4.0

28 Days
4.5, 4.9 and 5.0 Improved

[44] 0%, 5%, 10%, 15%,
20% and 25% - 0.4 - -

28 Days
6.5, 6.3, 5.8, 5.3, 5.0 and

4.5
Declined

[45] 0%, 5%, 10%, 15%, 20%,
25% and 30% - 0.37

1 Day
29.4, 34.7, 32.4, 31.3, 30.6, 30.4 and 30.1

7 Days
33.3, 44.6, 45.2, 47.8, 49.2, 49.3 and 49.6

28 Days
50.8, 61.2, 62.1, 66.3, 70.1, 79.2 and 82.9

-
28 Days

8.2, 8.8, 8.7, 8.9, 8.5, 9.0
and 9.2

Improved

[53] 0%, 6%, 10% and 14% 10% 0.39 to 0.44

7 Days
49, 53, 47 and 44

28 Days
63, 67, 58 and 59

56 Days
73, 78, 71 and 76

7 Days
7.5, 7.0, 7.8 and 6.9

28 Days
8.5, 9.0, 8.9 and 9.2

56 Days
9.0, 9.0, 9.8 and 9.8

28 Days
8.5, 9.0, 8.9 and 9.2 Improved

[46] 0%, 5%, 10% and 15% 5% 0.39

7 Days
27.19, 30.09, 28.08 and 25.70

28 Days
44.50, 47.10, 45.85 and 42.71

7 Days
2.81, 2.90, 2.82 and 2.61

28 Days
3.09, 3.45, 3.29 and 3.00

- Improved

[48] 0%, 5%, 10%
and 15% - 0.44

7 Days
33, 34, 37 and 38

28 Days
42, 52, 55 and 57

- - Improved
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Table 3. Cont.

Reference Substitutions
Percentages of SF

Optimum
Dose of SF W/C Compression

Strength (MPa)
Split Tensile

Strength (MPa)
Flexure

Strength (MPa) Remarks

[55] 0%, 6%, 9%, 12%
and 15% - 0.40 to 0.52

3 Days
34, 28, 21, 22 and 21

28 Days
64, 58, 54, 55 and 53

56 Days
66, 62, 58, 57 and 57

3 Days
6.0, 5.5, 5.0, 4.8 and 4.5

28 days
9.0, 7.8, 7.8, 7.8 and 7.5

56 days
9.5, 8.2, 8.2, 8.0 and 8.0

- Declined

[56] 0%, 15%, 25%
and 35% 0.45

7 Days
19.70, 20.30, 13.30 and 9.50

14 Days
30.70, 27.80, 20.50 and 16.10

21 Days
39.24, 34.42, 25.10 and 20.60

-

Improved at 7
days but

declined at 14
and 21 days

[29] 0%, 5%, 10%, 15%
and 20% - 0.32

28 Days
45, 47, 48, 38 and 33

56 Days
53, 60, 57, 45 and 42

3.3, 3.2, 3.1, 3.3 and 3.0 - Improved

[59] 0%, 5%, 10% and 15% - 0.31

7 Days
35, 37, 38 and 39

28 Days
41, 48, 53 and 55

4.8, 5.2, 4.2 and 4.5 - Improved

[42] 0%, 2%, 4%, 6%, 8%
and 10% - 0.36

28 Days
53.26, 53.56, 54.24 55.55, 69.52, 55.69

and 55.91
56 Days

67.52, 67.92, 68.48, 69.94 and 68.56

3.65, 3.67, 3.68, 3.69, 3.71
and 3.72 - Improved
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3.2. Tensile Strength (TS)

The tensile strength of SCC with a SF substation is displayed in Figure 6. As with the
compressive capacity, it can be shown that SF replacement increased the flexural capacity
of concrete. Due to pozzolanic and filling voids, the substitution of SF has improved the
TS of the material. The TS increased gradually when FA and SF were substituted. The
percentage of SF increased the Portland-fly ash-silica fume concrete mixture’s TS [60].
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Figure 6. Tensile Strength: Data Source [27,42,46].

For all curing regimens at the age of 28 days, binary mixtures of SF and ternary
mixtures of SF and FA yielded the greatest tensile capacity. Binary blends of SF, except SF
(14%), and ternary blends of FA (10%), and SF (6%), performed better for self-curing at the
age of 180 days compared to other curing regimens [53]. The reinforced SSC with recycled
steel fiber of 0.75% has the greatest rate of increasing compressive, tensile, and flexural
capacity as a result of substituting cement with SF [43].

Askari et al. [61] examined the compressive, tensile capacity, fresh qualities, and
mechanical characteristics of SCC incorporating FA and SF. The findings showed that
between 28 and 120 days of curing, a large volume of FA content increases the CS. This result
has demonstrated that FA’s pozzolanic activity has persisted throughout time, however,
FA concentration increases as tensile strength declines. However, the tensile strength of
SCC having a large volume FA is improved and maintained with a 10% SF substitution of
cement [61]. In a similar study, with SF added at a constant rate of 10% and constant water to
a binder ratio of 0.28, Yazici et al. [62] studied the impact of substitution of cement with class
C FA at different substitute levels from 30 to 60% on the fresh assets, compressive, tensile
capacity, modulus of elasticity, and durability aspects. They discovered that using class C
FA in place of cement raised the compressive aspect. The results showed that increasing the
SF content in SCC increased its overall tensile strength for the FA replacement levels [62].
At 28 days, the splitting tensile capacity of SCC improves from 4.84 to 5.86 MPa. The
tensile capacity of concrete increased gradually when FA and SF were added to the concrete
mixtures. The splitting tensile capacity is improved by the addition of 10% SF [28].

The splitting tensile capacity is improved by 27% with the addition of 5% SF to the
reference concrete, and it lowers by 14% with the addition of 10% SF. Crumb rubber consid-
erably lowers the concrete splitting tensile to roughly half of its control mixture [63]. The
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usage of metakaolin and SF had a large and modest impact on tensile strength, respectively.
The increased compressive and tensile capacity was achieved by employing the recom-
mended optimal proportion of replacement, 15% mixed pozzolan (7.5% metakaolin and
7.5% SF) [29]. The silicon carbide whiskers increased the cement-based materials’ tensile
strength, and the ideal dose was 0.1% by weight [64].

Another similar study shows a 12% increase in tensile capacity compared to the
reference sample, which included 10% SF and 1% steel fibers [65]. By adding SF to concrete,
CS, splitting tensile strength, and resistance to freezing and thawing, are all increased [66].
The compressive and splitting tensile capacity were unchanged when brick debris made
up to 25% of the sand. Therefore, using this replacement % in RCC is simple. However,
the compressive and splitting tensile capacity was decreased by utilizing this replacement
ratio [59].

While only SF was employed as the pozzolanic material, as opposed to FA, the CS, as
well as TS, progressively rose [42]. The behavior of the tensile strength of concrete changes
dramatically when SF or micro silica is substituted for M40 or M50 grade concrete by 0,
5, 7.5, 10, or 15%. Beyond 28 days, the maximum tensile capacity of concrete containing
SF was achieved; after that point, it began to decline [67]. According to research, the M35
grade of concrete exhibits an amazing improvement in the tensile characteristics of concrete
when SF is substituted by 0, 5, 10, 15, or 20. With split tensile strength, 10% was found to
be the greatest improvement [68].

Figure 7 depicts the fracture patterns that developed on several test discs that were
plain and reinforced with 0.75% recycled steel fiber. Due to enhancements at the interface
of the aggregate-paste and fiber-matrix, and an improved fiber bridging action, the simulta-
neous use of SF and recycled steel fiber led to the formation of additional fractures on the
specimens’ surfaces, as illustrated in Figure 7.
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3.3. Flexural Strength (FS)

Figure 8 displays the SCC’s flexural strength (FS) with a SF substation. As with the
CS, it can be shown that SF substitute enhanced the FS of concrete. The flexural toughness
factors are increased by substituting cement with SF, and the specimens reinforced with
recycled steel fiber at a rate of 0.5%, and the highest substitute ratio of cement with SF
showed the greatest improvement (14%). Furthermore, assuming a consistent amount of SF
in the substituted cement, adding recycled fiber lowers the flexural toughness indices [43].
The FS of mixes increased by around 24 to 50% when SF was increased from 0 to 25%. The
enhanced pozzolanic activity as a result of the increased development of calcium silicate
hydrate (C-S-H) gels is primarily responsible for the increase in strength that results from
the inclusion of SF as a supplemental cementitious ingredient. On the other hand, since SF
particles are smaller in size, more gaps are filled and the porosity on the surface junction
of rubber and surrounding materials is reduced, which results in the strengthening of
paste [44].
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Figure 8. Flexural strength: Data Source [44,45].

Binary blends of SF and ternary combinations of SF and FA produced the highest
levels of flexural capacity for all treatment regimens at the age of 28 days. In comparison to
other curing regimens, binary mixes of SF, other than SF14 and ternary blends of FA10SF6,
performed better for self-curing (LPWC) at the age of 180 days [53].

The addition of SF to concrete increases the concrete’s toughness, while also delivering
early high levels of compressive, tensile, and flexural strength. It also has a substantial
influence on the elastic modulus. Additionally, SF renders concrete resistant to chemical
assaults. Because of this, high-performance concrete with SF is preferred for parking decks,
overpasses, and maritime constructions [54].

The FS of the SSC was decreased during the whole curing period when cement was
partially substituted with SF. Due to a poor interfacial transition zone, the CS decreases
when SF are partially substituted for cement. The application of SF has a poor transition
zone that has a damaging impact on the strength qualities [56]. According to research, the
compressive, flexural, and modulus of elasticity may all be increased by 10% of SF without
negatively affecting any of the other properties by 29%, 22%, and 14%, respectively [69].
According to one study, using FA and SF increases concrete’s flexural capacity by 10%. The
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mixtures containing 5% of SF and 10% of FA had the best replacement percentage in terms
of flexural capacity [70]. According to Fakhri et al. [71], adding rubber particles and SF to
RCC at the same time boosts the concrete’s compressive and flexural capacity, decreases
water absorption, and improves density [71].

4. Durability
4.1. Water Absorption

High water absorption values may affect concrete durability because water allows
the majority of very corrosive elements to penetrate the concrete. The water absorption is
shown in the image with various SF replacement ratios. Due to pozzolanic reaction and
micro-void filling, concrete’s water absorption reduced when SF was substituted. Figure 9
depicts the water absorption of SCC with SF.
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Figure 9. Water absorption: Data Source [29].

The specific surface was enhanced by growing the proportion of SF, which may help to
reduce the amount of water that concretes absorb [29]. According to the study, SF samples
absorb the least water when compared to samples made of FA and zeolite [72].

According to the study [73], pozzolanic materials boosted concrete density. Owing
to the pozzolanic materials’ micro-filling properties, which fill the spaces between the
components in concrete and create a more dense mixture, the density of the concrete is
increased when using these materials [73]. Less water is absorbed when density increases.

However, the research found that the maximum water absorption occurred at higher
doses (35% SF). Quick water absorption was seen, although it eventually subsided in the
early days (1 day) [56]. Due to the existence of porous structures, concrete absorbs more
water [74,75]. The lack of flowability, which required more energy for compaction and
resulted in larger pores in the concrete, may be blamed for the increased water absorption
at higher doses of SF.

4.2. Porosity and Sorptivity

One of the often recognized extreme physical features of construction material is
porosity, primarily because of its impact on crucial characteristics such as strength and
durability. Figure 10 depicts the porosity and sorptivity with various SF replacement ratios.
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With the replacement of silica, concrete’s porosity and sorptivity increased. The greater
water-to-binder ratio in binary mixes including SF, compared to other mixes and control
specimens, may be the cause of the enhanced porosity [55].
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Contrarily, several studies have shown that the replacement of pozzolanic material
reduces the porosity of concrete because the pozzolanic reaction produces secondary
cementitious materials (CSH), which enhance the mortar’s binding properties and result in
a reduction in porosity [18]. Additionally, the micro-filling action of SF, which fills the gaps
in aggregate, results in a dense mixture, reducing the penetrability of the concrete. The
penetrability of the concrete is favorably impacted by the combined pozzolanic reaction
and micro filling voids. The findings demonstrated that SF may reduce porosity and
water absorption [36]. However, other research indicates that using more pozzolanic
elements in concrete leads to larger voids since they are harder to work with due to a lack
of flowability [76,77]. Concrete’s porosity often rises when there are more voids present.

4.3. Chloride Resistance

The most serious factor that has to be taken into account is chlorine assault on con-
crete’s long-term durability. About 40% of the failures of concrete structures are caused
by chlorine assault. Because oxygen and water are present, chloride attack corrodes the
steel, drastically reducing the structural capacity. When chloride ions came into contact
with steel and nearby reactive materials, corrosion occurs. This causes a chemical process
that yields hydrochloric acid (HCL). The HCL eats away at the steel reinforcing, causing
the concrete structure to fracture, spall, and ultimately collapse [78]. The corrosion process
is started by chloride ions entering deep sections via pores [72].

Figure 11 depicts how much weight concrete loses when exposed to chloride solution
(NaCl). Loss of weight diminishes as the amount of SF replacement rises because SF
improves the concrete’s pores, makes it denser, and makes it more resistant to chloride
attack. According to research, adding 20% more SF to cement results in concrete that is far
better resistant to chloride attack than conventional concrete because silica fume’s filler
effects create small, discontinuous pore structures that improve microstructure [79].
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The charges that passed the SCC with varying amounts of SF are shown in Figure 12.
Charges passed were shown to decrease as SF replacement increased. According to re-
search, SF was utilized instead of some of the conventional cement in concrete samples to
dramatically reduce the penetrability of chloride particles, which in turn reduced the rate
of corrosion of the reinforcement [80].
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The use of FA and SF exposed to harsh maritime conditions greatly lessens the impact
of chloride ions, according to the analysis of the findings of several research [81,82], while
SF significantly reduces the level of chloride at various depths [47,48]. Additionally, further
cementitious materials often lower the level of chloride at various depths. According to
research [82], the addition of cement components enhances porosity and raises the quality
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of the microstructure. The size and connectivity of pores are both dramatically reduced by
SF. As a result, it densifies the material’s microstructure and decreases chloride’s capacity
to flow through it [72].

The pozzolanic activity and micro-filling of voids, which cause compact mass with
reduced porosity, may be blamed for the lower chloride ion penetration with the SF
substitute. The mortar’s porosity makes it easier for chloride ions to penetrate more
deeply [83]. According to research, SF may significantly reduce and regulate the entry of
chloride ions; the improvement in permeability on the surface brought on by the creation
of dense C-S-H by SF may be the cause [43].

5. Scan Electronic Microscopy (SEM)

The most crucial component of concrete is the gap between cementitious and stone
components, which also happens to be the weakest link in the chain and the key factor
limiting strength and durability. The calcium silicate hydrate formed by the hydration
process of the OPC nanostructure fills this space and boosts its strength and longevity. Due
to its very large specific surface area, SF has a high degree of reactivity, which causes it to
react with calcium hydroxide quickly and contributes to the creation of calcium silicate
hydrate [84].

Figure 13 displays SEM micrographs of the hardened SSC partial replacement cement.
Micro-clusters may be seen on the sample’s surface where cement has partially replaced
15% of the SF, but there are no significant surface voids. After curing, larger micro-clusters
(lumps) and some deep spaces are present on the surface of the sample with a cement
substitute of 25%. These lumps are a consequence of the concrete’s use of coarse aggregate.
There are no visible lumps or micro-clusters on the surface of the specimens with cement
substitute of 35% SF, but a large void can be seen. When the cementitious material has a
poor interfacial interaction with the coarse aggregate, due to its uneven shape, voids are
created that cause interstitials to develop during the curing process.
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Self-compacting concrete (SCC) mix had a significant number of voids and a poor paste-
aggregate interface zone (ITZ). However, a solid structure and comparatively excellent
paste-aggregate interface zone (ITZ) emerged when SF was substituted with 16%, as seen
in Figure 14. This microstructure was distinguished by scattered, compact aggregates
with previously employed auxiliary components that helped reduce further tiny holes.
The material behavior of mixtures has an influence on the main activities that modify the
characteristics of concrete. The improvement of the microstructure of the solidified matrix
and, by extension, the improvement of the paste-aggregate interface zone, determines the
mechanical characteristics and, therefore, the durability of concrete (ITZ) [80]. Due to its
pozzolanic reactions, which result in finer hydration reactions and densification in the
microstructure, cement content has been shown to enhance the compressive capacity and
decrease the porosity of solidified concrete when the extra material was replaced. Research
also concluded that the SEM pictures showed that the relationship between the sand
particles and the calcium carbonate generated by microorganisms in the gaps was the crucial
element [85]. It was discovered that carbon nanotubes reinforce the interfacial transition
zone and bridge over concrete microcracks to slow the spread of those fractures [86].
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6. Conclusions

The paper compiles data on SSCs with SF substations. Fresh properties, mechanical
characteristics, durability aspects, and microstructure analysis were reviewed through
scan electronic microscopy (SEM) review. The following conclusion can be drawn based
on analysis:

• The flowability and passing ability decreased with the substitution of SF due to its
finesse, which required more cement paste. Although most research observed that
all the mixes fall within the limit of SCC, most research recommends a higher dose
of plasticizer.

• Strength characteristics, such as the compressive, tensile, and flexural capacity of SCC
enhanced with the substitution of SF due to filling voids and pozzolanic reaction.
However, a higher dose of SF adversely affects strength properties due to the lack of
flowability and dilution effect. Different researchers recommend different optimum
doses, due to changes in source and mix design. However, the typical optimum dose
of SF varies from 10 to 15%.

• Increased durability aspects, such as porosity, water absorption, and chloride resis-
tance, were also noted; however, less data is accessible in this area.

• The microstructure becomes denser, and the CS and durability performance are im-
proved, according to scanning electron microscopy evidence that SF particles serve as
C-S-H phase nucleation and crystallization sites.

The overall review suggests that SF can be used up to 15% as a cement substitute
without any negative effect on strength and durability properties.

7. Recommendations

Various research focuses on SF as a cement alternative in SCC, and concludes that SF
might be used as a binder in concrete. However, there are still some areas that are not clear
and this review recommends exploring them further before they are used. Namely:

• Durability aspects should be explored in more detail.
• A detailed study on microstructure analysis, such as thermogravimetric and Fourier-

Transform Infrared, should be investigated.
• No or little information is available on the thermal properties of SCC with SF.
• Cost benefits analysis should be performed.
• The effect of curing temperature should be explored.
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53. Benli, A.; Karataş, M.; Bakir, Y. An Experimental Study of Different Curing Regimes on the Mechanical Properties and Sorptivity
of Self-Compacting Mortars with Fly Ash and Silica Fume. Constr. Build. Mater. 2017, 144, 552–562. [CrossRef]

54. Siddique, R. Utilization of Silica Fume in Concrete: Review of Hardened Properties. Resour. Conserv. Recycl. 2011, 55, 923–932.
[CrossRef]

55. Benli, A.; Karataş, M.; Gurses, E. Effect of Sea Water and MgSO4 Solution on the Mechanical Properties and Durability of
Self-Compacting Mortars with Fly Ash/Silica Fume. Constr. Build. Mater. 2017, 146, 464–474. [CrossRef]

56. Ofuyatan, M.O.; Adeniyi, A.G.; Ighalo, J.O. Evaluation of Fresh and Hardened Properties of Blended Silica Fume Self-Compacting
Concrete (SCC). Res. Eng. Struct. Mater. 2021, 7, 211–223. [CrossRef]

57. Saba, A.M.; Khan, A.H.; Akhtar, M.N.; Khan, N.A.; Koloor, S.S.R.; Petrů, M.; Radwan, N. Strength and Flexural Behavior of Steel
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