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Abstract: The incorporation of nanotechnology has led to significant strides in the concrete industry,
ushering in innovative construction methodologies. Various nanomaterials, including nano-silica
(NS), have undergone comprehensive scrutiny as potential partial substitutes for cement in concrete
formulations. This article aims to provide a comprehensive overview of the impacts of NS on
several mechanical properties of concrete, encompassing compressive, split tensile, and flexural
strengths. Additionally, the review delves into the influence of NS on the concrete’s durability,
including microstructural characterization and the eradication of structural micropores. NS has
demonstrated the capacity to bolster both strength and durability while concurrently diminishing
structural micropores. Moreover, this review explores the contemporary status of NS application
in cement concrete and presents avenues for prospective research. The assessment of engineering
attributes becomes imperative for concrete infused with nano-silica. This encompasses aspects
like bond strength, creep, shrinkage, and more. A rigorous evaluation of fresh and hardened
properties is necessary to discern the material’s thermal and acoustical characteristics. Such a
comprehensive understanding contributes to a holistic evaluation of the material’s adaptability across
diverse applications.

Keywords: nano-silica modified concrete; durability; mechanical properties

1. Introduction

Concrete has undergone significant changes since its inception, starting with normal
concrete. In the 1900s, this concrete form was often utilized for construction projects
since it offered adequate strength for all uses [1]. Normal concrete contained fewer than
380 kg/m?® of cement, typical aggregates, moderate water requirements, and a small
amount of superplasticizers [2]. However, the emergence of unique structural designs in
the 1960s required concrete with a high load-bearing capacity, exceeding 50 MPa up to
95 MPa [3]. High Strength Concrete (HSC) was developed to meet this demand, which can
bear loads ranging from 50 MPa to 90 MPa [4]. More cement, more aggregate, less water,
and suitable superplasticizers are needed for HSC. Various additives and extra materials
were introduced to do this, including nano-silica, fly ash, metakaolin, and other pozzolanic
minerals [5,6].

Employing nanoparticles to improve the mechanical behavior of cementitious compos-
ites was originally explored in the late 1980s, and research in this field has been ongoing for
almost two decades [7]. Due to their remarkable qualities and capabilities, nanomaterials
can improve the behavior of concrete [8-10]. Nano-5iO; is one of the most widely used
nanomaterials, made up of pozzolanic materials that can react with cement hydration
products [11]. Incorporating Nano-SiO, improved cement-based performance, such as
compressive, flexural strength, water penetration resistance, sulfate attack, and reduced
calcium leaching [11-13].
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Nanotechnology has experienced significant progress, leading to noteworthy find-
ings concerning particles smaller than 100 nm [14]. These minute particles can aug-
ment the mechanical characteristics of diverse materials, including polymers [15] and
concrete [16]. Additionally, they hold relevance in various sectors, such as engineering,
food, and medicine [17]. Therefore, researchers have concentrated on examining the ef-
fects of nano-silica in concrete [18]. Several nanoparticles have been studied, including
nano titanium dioxide, nano aluminum oxide, nano iron oxide, nano zinc oxide, and
nano-silica [18,19].

According to studies, adding nano-silica to concrete can greatly improve the compres-
sive strength of the material [20]. Additionally, it has been demonstrated that nano-silica
can shorten the initial and final setting while accelerating the concrete’s early-age strength.
This is clarified via the point that nano-silica has a big specific surface area and serves as
a solid binder between cement and aggregate [21,22]. Additionally, due to its extremely
small particle size, nano-silica exhibits excellent pozzolanic activity [23,24], enabling it to
completely fill in all the pores and voids in concrete, including the Interfacial Transition
Zone (ITZ), thereby enhancing its strength [20,25,26].

Furthermore, introducing nano-silica enhances calcium silicate hydrate (C-S-H) gel
formation, a critical component for concrete strength. This increased concrete hydration, as
studied by Norhasri et al. (2017) [27], Barbhuiya et al. (2020) [16], and Mohammed et al.
(2018) [28], leads to a higher C-S-H gel content. Simultaneously, the reaction between
nano-silica and portlandite-Ca(OH), reduces the concrete’s portlandite content, resulting
in a denser concrete structure.

Despite numerous studies on the impact of nano-silica on concrete, there is a lack of
comprehensive research that covers all its effects in a single document. This study aims
to bridge that gap by thoroughly investigating the concrete’s mechanical characteristics,
durability, and microstructural characteristics containing nano-silica. The analysis is based
on a meticulous review of approximately one hundred research papers demonstrating
nano-silica’s diverse impacts on concrete.

2. Nanomaterials

Nanomaterials are materials that have been decreased in component to a range of
1-100 nm or contain at least a single dimension inside this nanoscale range in a three-
dimensional space. Nanostructured materials and nanostructured components are the
two main subcategories of nanomaterials. While nanostructured components have at
least one structural component with an outside dimension inside the nanometer range,
nanostructured materials are distinguished by having structural dimensions that are in the
nanoscale range. This categorization is based on the external dimensions of the structural
elements of the materials. [29,30]. Nanomaterials possess unique characteristics that set
them apart from conventional materials. For instance, cement mortar incorporating nano-
silica or nano-Fe;O3 demonstrated increased strength in compression and flexure after
28 days of measurement compared to the blank group, indicating an improved performance
due to the inclusion of nanomaterials [31]. Similarly, nano-Al,O3 ceramics exhibited higher
flexural strength than micro-scale monolithic alumina ceramics, highlighting the enhanced
mechanical properties of nanomaterials [32]. Table 1 presents the types of nanomaterial
particles documented in the literature.
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Table 1. The previous studies examined the utilization of various nanomaterials and their corre-

sponding substitution ratios.

Reference Type of Nanomaterial Type of Concrete Type of Use Remarks
In the investigation, Comparing samples of
' (Nii ferrite) and (Cu-Zn we1§ht c(i)oses of 10/0, 2%, concrete with nano-ferrl'te to
Amin & Abu ferrite) were utilized in the Hich-strength 3%, 4%, and 5% of samples of concrete with
el-Hassan & & nano-sillica, Ni, and nano-silica, the latter

(2015) [33]

experiment together with concrete

15 nm nano-silica.

Cu-Zn ferrite were
added to
cementitious materials.

produced compressive
strength that were superior
by an estimated 10%.

Ren et al.
(2018) [20]

The experiment employed
nano- titanium dioxide
particles with a diameter of
10 nm and nano-silica
particles with a diameter of
20 nm.

Normal concrete

In the study, cement
was substituted with
nano-silica and
nano-TiO; to varying
degrees (1%, 3%, and
5%, respectively).

With a mass concentration of
3%, NS and NT may each
maximally increase the
compressive strength of
concrete by 16% and 9%,
respectively.

Zhao et al.
(2012) [34]

The nano-silica particle
dimension averages
employed in the
investigation was about

Normal concrete

In the study, nano-silica
was utilized at different
weight percentages,
including 0%, 5%, 15%,

The ability of compression
and frost resistance increases
by 20% when nano-SiO,
concentration is 10%
compared to

Shaikh & Supit
(2014) [35]

100 nm. and 20%. .
conventional concrete.
Results demonstrate that
The study incorporated among all nano-CaCO;

In the experiment,
nano-CaCOj3; powder (40 to
50 nm) was employed.

Fly ash concrete

Nano-CaCQOj into
cement at weight
dosages of 1%, 2%, 3%,
and 4%.

concentrations, 1% CaCOs
nanoparticles had the
maximum compressive
strength, which was also 22%
greater than that of
cement mortar.

Chithra et al.
(2016) [36]

The solution under

The study conducted
with nano-silica
involved replacing
different percentages of
cement by weight,
specifically 0%, 0.5%,
1%, 1.5%, 2%, 2.5%,
and 3%.

The addition of nano-silica to
cement mortars that used
40% copper slag as a
substitute for fine aggregate
enhanced the compressive
strength by 2%.

Salemi & Behfarnia
(2013) [37]

consideration is a colloidal High-
dispersion of nanoparticles performance
in water, which has a concrete
density range of 1.3 to 1.32.
Nanoparticles of 20 nm

diameter silicon and 8 nm

diameter aluminum oxide Concrete
were the materials pavement

employed in the

In the investigation, NS

at 3%, 5%, and 7% and

nano-Al,O3 at 1%, 2%,
and 3% were used to
substitute cement to

According to experimental
findings, adding 5%
nano-silica to cementitious
materials increases concrete’s
compressive strength and

. o varying degrees by frost resistance by up to 30%
mnvestigation. weight. and 83%, respectively.
The studv involved Nano-silica and nano-clay
Sy both significantly increase
e substituting cement at .
Mohamed Nano-silica and Normal concrete varving weight the compressive strength of
(2016) [38] nano-clay (NC) ying sht high-performance concrete
percentages, ranging by 18% and 11%
from 0.5% to 10%. y '

respectively.
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Table 1. Cont.

Reference Type of Nanomaterial Type of Concrete Type of Use Remarks
In the experiment,
paste was substituted While nano-5iO, UHSC
Nano-CaCOj elements and by mass with different combmatlons eXhlblteFl a
- . . percentages of continuous and strong rise in
nano-silica particles with .
diameters ranging from 5 High strength nano-CacQs, strength with age up to
Wu et al. (2016) [39] specifically 0%, 1.6%, 7 days, nano-CaCO3; UHSC
to 35 nm and 15 to 105 nm, concrete o o o . .
. . 3.2%, 4.8%, and 6.4%, mixtures essentially showed
respectively, were used in 1 ith hb
the study. as well as wit constant strength between 3
’ nano-silica at 0%, 0.5%, and 7 days, but a fast
1.0%, 1.5%, and 2.0% of increase beyond that
the mass of cement.
The experiment
The study used both mvolyed partially The increase in the flexural to
s . . replacing cement by . .
nano-silica nanoparticles Ultra-high- mass with nano-silica compressive strengths ratio
Li et al. (2015) [40] (20 nm) and performance o 5 o of 1.0% NS-integrated UHPC
. at 0.5 /o, 1.0 /0, 1.5 /o, and . . .
nano-limestone concrete o . matrix with W/B ratios of
nanoparticles (15-80 nm) 2.0%, as well as with 0.16 is 36%
P ’ nano-limestone at 1.0%, ’ 0'
2.0%, 3.0%, and 4.0%.
Nano-silica nanoparticles At quantities of 3%, 2%,
with an average particle and 1% of the Compared to the reference
size of 15 nm were used in composition of concrete, the concrete
Gao et al. the study, as were Road flyash cementitious materials, containing 2% NS at 28 days
(2017) [41] 4 concrete ! §2% 4

nano-sillica nanoparticles
with a medium grain size
of 50 nm.

silica fume and
nano-silica were both
used in the experiment.

saw a 124.8% increase in
drying shrinkage.

Torabian et al.
(2016) [42]

The material used in the
study was composed of
nano-silica nanoparticles,
which had an average

Normal concrete

The study involved
using nano-silica to
replace cement in
different quantities,

A 41% increase in strength is
achieved by adding 1.5% NS
to concrete with a w/b ratio

Said et al.
(2012) [43]

. . specifically 0.5%, 1%, of 0.65.
particle size of 20 nm. and 1.5%.
During the experiment,
. . various quantities of
The substance utilized in nano-silica With the addition of

the study consisted of
nano-silica nanoparticles
that had a medium grain
size of 35 nm.

Normal concrete

nanoparticles,
especially 6% and 12%
by weight, were
introduced to the
cementitious materials.

nano-silica, the strength
increased up to 6% at all
curing ages.

Hosseini et al.
(2017) [44]

The experiment utilized
nano-clay elements that
had a density of
1660 kg/m?.

Self-compacting
concrete

The researchers
substituted cement
with varying
proportions of
nano-clay, which
included 0.25%, 0.5%,
0.75%, and 1% of the
total weight of
the cement.

At 56 days, the addition of
0.25 and 50% nano-clay
increased compressive

strength by 15% and 14%,

respectively.

Nanoparticles possess unique mechanical properties that arise from their volume,
surface, and quantum effects. When added to a material, they result in a smaller grain
size, resulting in the formation of an intragranular or intergranular structure. This, in turn,
improves the quality of the grain border as well as enhances the physical characteristics of
the material [45]. When nanoparticles are added, they dramatically increase the mechanical
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characteristics of numerous materials. Illustratively, the augmentation of mechanical
properties in materials via nanoparticles is evident in the work of Saba et al. (2016) [46].
Their study demonstrated a notable enhancement in mechanical behavior by incorporating
a 3% nanoscale oil palm hollow fruit fiber filler into kenaf epoxy alloys.

A significant stride has been made in understanding the mechanical characteristics of
metal nanomaterials. Table 2 presents detailed information on the physical characteristics
of nanomaterials.

Table 2. Mechanical properties of metal nanomaterials [47,48].

Sample Vickers Fracture Toughness Fracture Ultimate Tensile Impact Strzength
Hardness Gpa (MPa Om) Strength (MPa) Strength (MPa) (J/cm?)
Monolithic Al,O3 17.8 3.6+£03 536 + 35 - -
Al,O3/Cu(oxide) 17.0 49+£0.7 819 £ 53 - -
Al,O3/Cu(nitrate) 17.2 48+02 953 + 59 - -
Al,O3/Ni-Co 19.0 43405 1070 + 72 - -
AA6061/nano-SiC 96.4 - - 190.2 15.5
AA6061/nano-B4,C 69.4 - - 2015 124
AA6061/1.55iC + 1.5B4,C 173.9 - - 280.2 19.7

The higher performance of nanocomposites containing metal nanoparticles over mono-
lithic Al,Og is proof that, according to [47], the addition of metal nanoparticles to nanoma-
terials increases their fracture toughness and strength. Metal particle pinning inhibits the
formation of the Al,O3 matrix, resulting in a lower grain size and grain refining, which
eventually improves the mechanical characteristics. In nanocomposites containing nano-
Cu, the resulting hardness is less than that of Al;O3 because of the lower stiffness of Cu
compared to Al,O3. However, in contrast, nanocomposites with nano-Ni-Co show an
upper hardness than Al,O3 because of the greater toughness of Ni-Co relative to Al,Os.
The final three data sets in Table 2 show that hybrid materials outperform single-reinforced
composites in maximum toughness, impact resistance, and final tensile strength, which is
most likely because of the reaction of SiC and B4C. These findings underscore the impact of
metal nanoparticles on the structural behavior of nanomaterials.

Table 3 presents the physical properties of nonmetallic nanomaterials. The mechanical
properties of skutterudites decrease with the inclusion of carbon nanotubes in the resulting
nanocomposite. It is hypothesized that the reduction in the physical characteristics of the
resulting nanocomposite is produced via the construction of agglomerates of nanotubes
made of carbon within the skutterudites. These agglomerates can operate as planes of
slip that promote fracture propagation, lowering the nanocomposite’s overall mechanical
performance. As a result, sample fracturing occurs even at modest mechanical stresses, as
described by Schmitz et al. (2017) [49]. Contrarily, most organic nanostructures are flexible
and lack mechanical characteristics like hardness and compressive strength. The last five
entries in Table 3 show a decrease in tensile strength as the concentration of nano-HA
increases, which may be due to a poor boundary between nano-HA and nano-PLLA. With
the addition of nano-HA, the flexural strength of the nanocomposites first rises, then falls
beyond a certain threshold. The maximum bending strength of 156.8 MPa is attained at a
nano-HA content of 20%.
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Table 3. Mechanical characteristics of nonmetallic nanomaterials [46,49,50].

Vickers Compressive Flexural Tensile Elongation Youne’s/Bendin
Sample Hardness Strength Strength Strength at Break Mo dilus ( GPa)g
Gpa (MPa) (MPa) (MPa) (%)
p-type skutterudites 576 + 52 630 £ 20 105 £ 10 - - 44 + 8
p-type skutterudites +
0.5 wt% multi-walled 513 £ 52 355 £15 65 +70 - - 40=+6
carbon nanotubes
p-type skutterudites +
1.0 wt% multi-walled 563 + 85 320 £15 54+7 - - 39+8
carbon nanotubes
p-type skutterudites +
1.5 wt% multi-walled 569 £70 255 £10 45 +5 - - 33£10
carbon nanotubes
oil palm empty fruit - . - 50-400 8.0-18.0 1.0-9.0
bunch fiber
Kenaf fiber - - - 500-600 1.5-3.5 40-53
100% nano-PLLA - - 135.6 55.6 - 3.3
90% nano-PLLA + 10% _ ) 1425 532 . 35
nano-HA
80% nano-PLLA + 20% ) ) 156.8 486 } 38
nano-HA
70% nano-PLLA + 30% ) ) 130.3 423 ) 39
nano-HA
60% nano-PLLA + 40% ) ) 125.9 38.6 } 41
nano-HA

3. Nano-Silica

In recent years, there has been an increasing use of silica nanoparticles, also called
nano-silica or silicon dioxide nanoparticles, as a supplement to improve the physical and
long-lasting qualities of concrete [51]. Research has demonstrated that including nano-silica
into cement paste can enhance the concrete’s durability by improving its nanostructure,
as stated by [52]. Furthermore, Ref. [53] found that nano-silica can be a viable option to
reduce cement consumption in the production of high-strength concrete (HSC), thereby
enhancing cost-effectiveness and reducing the material’s carbon footprint.

According to research by [54], nano-silica exhibits superior performance in terms of
the filling effect and particle size distribution compared to conventional mineral admix-
tures. Incorporating nano-silica into concrete mixtures reduces porosity and enhances the
pozzolanic breakdown of nano-silica with calcium hydroxide, causing the production of
CSH and enhancing the mechanical properties. Additionally, research has shown that
nano-silica can develop the cement setting process and enhance the cohesiveness of fresh
mixes, as noted by [55].

Kumar et al. (2019) [56] have stated that nano-silica has high pozzolanic action,
which accelerates the cement hydration at an early stage, leading to the conversion of
calcium hydroxide into CSH gel, thereby improving the physical characteristics of concrete.
Additionally, Figure 1a,b depicts, respectively, the morphology of nano-silica in powdered
form and when seen via electron transmission microscopy.
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(b)

Figure 1. (a) The nano-silica powder [40], (b) transmission electron microscope image of nano-
silica [40].

4. Mechanical Properties
4.1. Compressive Strength

Table 4 compiles the findings from multiple studies that have investigated the com-
pressive strength of concrete. One such study by Chithra et al. (2016) [36] noted that the
addition of 2 weight percent of nano-silica to concrete caused a 43% rise in compressive
strength after 1 day and a 27% rise after 28 days, compared to standard concrete. However,
the researchers cautioned against using excessive amounts of nano-silica, as it may lead to
the aggregation of particles in the cement matrix, weakening the bonds within the matrix.

Isfahani et al. (2016) [42] investigated the effect of the water-to-binder ratio on mechan-
ical strength enhancement and found a significant improvement as the w/c ratio increased.
This improvement was attributed to the dispersion influence of nano-silica. Khaloo et al.
(2016) [57] obtained similar results to those of [42]. Singh et al. (2016) [58] proposed that the
ability of nano-silica particles to fill small voids in cement plays a crucial role in pozzolanic
reactions.

Elkady et al. (2019) [59] studied how different nano-silica dosages affected the struc-
tural behavior of concrete. The findings revealed that using a 4.5% dosage of nano-silica
caused a 13.5% rise in the compressive strength after seven days, compared to the standard
group. For 1.5% and 3% nano-silica dosages, the strength gains were 3% and 4.5%, respec-
tively. After 28 days, the strength gains were 17.5% and 29% at 1.5% and 4.5% nano-silica
dosages, respectively, and a 43.5% increase in strength was observed at a 3% nano-silica
dosage. According to [59], the study suggested that nano-silica particles agglomerated
and prolonged the interaction time with the excess (CH), leading to the creation of CSH
gel. These aggregated particles served as fillers, lowering porosity and boosting strength
at an early age. In comparison to the control group, the optimal dose of nano-silica was
determined to be 3%, which boosted the binding strength by 38.5%.

Yonggui et al. (2020) [60] studied the impact of different proportions of nano-silica
replacements on the structural behavior of recycled aggregate concrete. Their research
revealed that increasing the percentage of nano-silica replacements led to a decrease in
compressive strength. They also found that higher temperatures during the production of
recycled concrete, where nano-silica replaced cement, negatively affected the compressive
strength. The temperature range between 25 and 200 °C caused the evaporation of both
adsorbed and capillary water, resulting in gas pressure that weakened the concrete’s interior
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micro-structure. In contrast, Alhawat and Ashour (2020) [61] noted that adding 1.5% nano-
silica to concrete instead of cement boosted bond strength and corrosion resistance.

Deb et al. (2015) [62] conducted research on the effect of nano-silica on geopoly-
mer concrete and found that adding it increased the compressive strength by 2%, which
matched to the control group. However, using more than 2% nano-silica led to the presence
of unreactive particles, which weakened the concrete considerably. Adak et al. (2014) [63]
stated that adding 6% nano-silica to geopolymer mortar improved its mechanical prop-
erties compared to normal cement mortar. Refs. [63,64] observed positive impacts on the
physical characteristics of geopolymer concrete with the addition of 1% micro-silica and
2% nano-silica. Mustakim et al. (2021) [65] discovered that adding 1.5% nano-silica, in
addition to silica fume, to geopolymer concrete improved the microstructure and resulted in
outstanding strength under compression, presumably because of the quick alkali activation
process of geopolymer concrete.

Jalal et al. (2015) [66] conducted a study demonstrating that the incorporation of
2% nano-silica in high-performance self-compacting concrete resulted in a substantial
enhancement in its strength and durability when matched to the control group. Chithra
et al. (2016) [36] similarly found that the substitution of cement with 2% colloidal nano-
silica improved the structural behavior of HPC. Ghafari et al. (2014) [67] reported that
using 3% nano-silica as a cement replacement in ultra-high-performance concrete resulted
in an optimal performance by optimizing the pore structure and reducing the number of
capillary holes, thereby improving the concrete’s performance.

Multiple research studies have explored the potential benefits of incorporating nano-
silica to enhance the structural behavior of HPC. Fallah and Nematzadeh (2017) [68] dis-
covered that adding 2% nano-silica and 12% silica fume to cement improved the structural
behavior of HPC. Similarly, Amin & Abu el-Hassan (2015) [33] used nano-silica, Cu, and Ni
ferrite to create high-strength concrete with improved mechanical qualities. The increased
amount of CSH gel that resulted from the nanoparticles’ interaction might account for the
higher strength seen in these trials.

According to [69], fiber-reinforced concrete with desirable mechanical properties can
be achieved by adding 8% silica fume and 1% steel fibers, which prevent crack formation
and enhance the material’s performance. The study also found that substituting 2% of the
cement with nano-silica further contributed to these benefits by promoting the production
of more CSH gel and enhancing the concrete’s strength.

Table 4. The impact of nano-silica on concrete compressive strength.

Reference % NS Content Concrete Type Remarks
Studies have demonstrated that the
Mukharjee & Barai, compressive strength of mortar can

(2020) [70]

Concrete be improved by increasing the
amount of nano-silica, which
improves the matrix.

Yonggui et al. (2020) [60]

The compressive strength of
concrete can be upgraded by
adding nano-sillica, and studies
0, 3, and 6% Recycled concrete have shown that higher percentages
of nano-silica content can lead to an
increase in the relative residual
splitting tensile strength of concrete.

Their & Ozakca (2018) [64]

Unless paired with nano-silica, the
addition of steel fiber did not result
in a substantial improvement in
compressive strength.

2% Geopolymer concrete (GPC)
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Table 4. Cont.

Reference % NS Content Concrete Type Remarks
Recveled agoregate GPC’s mechanical and durability
Nuaklong et al. (2018) [71] 1,2, and 3% Y E81eE properties were both enhanced by
geopolymer concrete B - .
1% substitution of nano-silica.
Hieh-performance The addition of 2% nano-sillica
Jalal et al. (2015) [66] 2% sh-pert improved the performance
self-compacting concrete
of concrete.
Fallah & Nematzadeh . ' The addlpg of '2'/0 a}’ld 12% of nano-
(2017) [68] 1,2, and 3% High-strength concrete and micro-silica improved the
physical properties of concrete.
The 8% SF, 2% nano-silica, and 1%
Hasan-Nattaj & o . . steel fibers in the concrete mix
Nematzadeh (2017) [69] 1,2, and 3% Fiber-reinforced concrete provide good
mechanical properties.
The strength was increased when
Ganesh et al. (2016) [72] 1 and 2% High-strength concrete nano-silica was substituted at 2% to

provide more strength.

Chithra et al. (2016) [36]

0.5,1,1.5,2,2.5,and 3%

High-performance concrete

With more nano-silica content, the
structural behavior improved,
however a 2% replacement was
determined to be ideal.

High-strength light

In aggressive environments,

Atmaca et al. (2017) [73] 3% . nano-silica improves the
weight concrete )
concrete’s strength
The research suggests that adding

Supit & Shaikh (2015) [74] 2 and 4% High-volume fly 2 ‘/o of nano-silica to cement can

ash concrete improve the performance of

concrete.

Concrete’s behavior may be

Beigi et al. (2013) [75] 0,2,4,6% Self-compacting concrete improved by adding fibers and

nano-silica.

4.2. Tensile Strength

Adding nano-silica to concrete has been shown to increase its split tensile strength,
according to research. Khaloo et al. (2016) [57] conducted an experiment on concrete
using various sizes of nano-silica particles and discovered that 12 nm nano-silica was more
effective at enhancing strength than 7 nm nano-silica. The study also suggested that the
lower specific surface area of the 12 nm nano-silica facilitated better dispersion in water.

Fallah and Nematzadeh (2017) [68] examined the influence of the addition of nano-
silica to concrete on its splitting tensile strength. Results indicated that substituting 3% of
cement with nano-silica headed to a 16.10% rise in tensile strength compared to regular
concrete. However, the reinforcing effect of silica fume was found to be stronger than that
of nano-silica. Furthermore, when 4% of nano-silica was added to concrete when compared
to unaltered concrete, it resulted in a 35% rise in splitting tensile strength.

According to Zhang et al. (2019) [76], the incorporation of nano-silica in concrete
provides both a form of nano-reinforcement and fills the porosity in the concrete matrix.
Figure 2 compares the tensile strength of concrete when 3% nano-silica is utilized with a
0.4 w/c ratio on various days.

The fact that nano-silica can both reinforce the concrete matrix and fill the porosity in
the material is a promising characteristic for its use in concrete production. The comparison
of tensile strength at different ages in Figure 2 provides evidence of the short-term durability
of the nano-silica-modified concrete. Overall, the results indicate that adding nano-silica to
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concrete may be a practical way to increase its split tensile strength, a crucial mechanical
characteristic for withstanding tensile stresses and preventing material splitting.

The enhancement of the concrete’s tensile strength is driven via multiple mechanisms.
These encompass heightened bonding among nano-silica, cement, and aggregates; the
filling of voids between cement particles and surrounding aggregates (a micro-filling
effect that diminishes microcrack count and size); refining the interfacial transition zone
(ITZ) by minimizing weak points and voids; the capacity for reducing the water-cement
ratio due to the water-reducing effects; and a pozzolanic reaction between nano-silica
and calcium hydroxide, leading to the creation of supplementary C-S-H gel. Therefore,
self-healing concrete cracks and interfacial transition zones in concrete are considered the
most important nanomaterial functionality [25,77,78].

M Varghese et al, (2019) B Kumar et al., 2019

7 days 28 days 90 days
Curing Time (days)

Figure 2. Concrete’s tensile strength with 3% nS at 0.4 w/c ratio at 7, 28, and 90 days [56,79].

4.3. Flexural Strength

Guefrech et al. (2011) [80] found that the strength of flexural mortar was enhanced by
increasing the nano-silica concentration from 3% to 10%. Similarly, (2015) [81] observed
that a 3% nano-silica-modified mortar had the highest flexural strength after undergoing
different curing periods.

Wu et al. (2019) [81] conducted research to investigate the mechanical behavior of
nano-silica carbon fiber-reinforced concrete (NSCFRC) at various temperatures. The study
revealed that the optimal concentration for improved flexural strength was 1 wt% nano-
silica and 0.15 vol% carbon fiber at room temperature. Additionally, NSCFRC displayed
an enhanced residual flexural strength at high temperatures in comparison to carbon fiber
concrete. The findings suggest that incorporating nano-silica in carbon-fibered concrete
can enhance its flexural properties even after being exposed to high temperatures. The
chosen carbon fibers had a diameter of 7 um and a length of 7 mm. Although the carbon
fibers decrease the compressive strength of CFRC (Carbon Fiber-Reinforced Concrete),
they contribute to an increase in the flexural strength of the concrete by reducing crack
growth across the crack surface. On the other hand, the addition of nano-silica significantly
enhances the mechanical properties of the concrete.
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Abna and Mazloom (2022) [82] analyzed the impact of micro-silica, nano-silica, and
polypropylene on the fractural strength of concrete. Their findings indicated that the
addition of polypropylene fibers increased the fractural strength and fracture energy of
the concrete samples. The optimal ratio of these components for achieving the extreme
strength of the fracture and fractural energy was determined to be 5% micro-silica, 0.75%
nano-silica, and 0.1% polypropylene. Furthermore, the study included Figure 3, which
presents the fractural strength values of nano-silica-modified concrete.

3 days 7 days 28 days 90 days

Curing Time (days)
W 0% NS 1% NS 3% NS 5% Ns

Figure 3. FS of nano-silica-modified concrete by [83].

Based on the studies, it can be inferred that the incorporation of nano-silica in concrete
and mortar can enhance their flexural strength, especially when used in conjunction with
other reinforcing constituents. Nevertheless, the ideal concentration of nano-silica may be
influenced via different factors such as the water-cement ratio, the duration of curing, and
the presence of other strengthening agents.

5. Durability
5.1. Chloride Penetration Resistance

Recent research has suggested that the addition of nano-silica to concrete can enhance
its durability by reducing the penetration of chloride ions. For example, Ref. [84] observed
that nano-silica, even at a low dosage of 0.3%, exhibited pozzolanic properties and filler
activity, which led to a decrease in the permeation rate of water and ions of chlorine, as
determined via MIP experiments. Similarly, Ref. [42] found that 0.5% of nano-silica could
reduce the dispersion amount of chloride ions in concrete with water-to-binder ratios
between 0.55 and 0.65, resulting in a more refined microstructure as well as a decrease in
the crucial cutoff diameter of pores. By incorporating nano-silica (NS) into concrete, its
durability can be enhanced via the reduction in pore size and connectivity. NS fills the
gaps between cement particles, leading to a more compact microstructure. Additionally,
NS exhibits high reactivity and undergoes pozzolanic reactions with calcium hydroxide, a
byproduct of cement hydration. Comparing regular concrete to concrete with NS reveals
significant distinctions in their MIP outcomes. The addition of NS induces changes in pore
structure, size distribution, total porosity, pore volume, and distribution as well as capillary
pore size, leading to a more refined microstructure characterized via reduced porosity and
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enhanced durability. These studies consistently revealed a reduction in the charge passed
in slag concrete, indicating a decrease in the transport of chloride ions.

Lincy et al. (2018) [85] observed that, compared to both micro-silica and the control
samples, concrete modified with nano-silica demonstrated significantly greater resistance
to chloride ion diffusion. Similarly, Jalal et al. (2015) [66] discovered that incorporating
nano-silica and silica fume into (HPSCC) resulted in a reduction in the penetration of
chloride ions. Figure 4, presented by Li et al. (2020) [86], shows the chloride penetration
of autoclaved concrete at varying nano-silica content. As a result, adding nano-silica
to concrete can increase its longevity by decreasing chloride ion diffusion; even a small
addition of 0.3% can have a good effect.

6000

5000

Colomb Charge (C)
= N w H
o o o o
o o o o
o o o o

0% 1% 2% 3%
NS replacement %

o

Figure 4. Chloride penetration of autoclaved concrete at different NS contents [87].

5.2. Sulfate Resistance

Huang et al. (2022) [87] examined the impact of adding 0-1.5 wt.% nano-silica and
0-1.0 vol.% polyvinyl alcohol (PVA) fibers on the sulfate resistance and mechanical prop-
erties of fly ash/cement paste hybrids. The study revealed that the addition of PVA and
nano-silica fibers improved the mortars” physical characteristics and sulfate resistance. In
comparison to the control group without these components, the hybrids with 1.0 vol.%
PVA fibers and 1.5 wt.% nano-silica showed a 90% higher flexural strength after twenty
eight days of curing. The compressive and flexural strengths of the cement mortars were
significantly greater after 72 days of immersion in the Na;SO, solution than they were
after a total of 28 days of curing. Additionally, mortars containing 1.0-1.5 wt.% nano-silica
had greater sulfate resistance after a hundred days in water, showing that the inclusion of
nano-silica and PVA fibers can greatly increase resistance to sulfate assault.

Li et al. (2019) [88] discovered that combining micro-silica and nano-silica in concrete
mixes enhanced the resistance to both sulfate and chloride attacks. The study demonstrated
that the use of a combination of micro-silica and nano-silica was more effective in reducing
the rate of strength and mass loss of the concrete samples compared to using either silica
fume or nano-silica alone. Furthermore, the findings indicated that using micro-silica
and nano-silica in concrete mixes resulted in the formation of more dense and compact
microstructures, which can increase the strength of concrete to sulfate and chloride attacks.

Huang et al. (2020) [89] discovered that the combination of nano-silica in cement
pastes improved their resistance to sulfate and that the level of improvement rose as the
concentration of nano-silica enlarged. They also discovered that the addition of coarse nano-
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silica was more active than fine nano-silica in improving sulfate resistance, presumably due
to its superior filling capacity for voids in the cement matrix. Using a range of analytical
methods, the study examined the microstructure and phase composition of the damaged
specimens, providing a better understanding of the mechanisms underlying the improved
sulfate resistance.

Previous studies have indicated that the inclusion of nano-silica in other cementitious
materials, such as silica fumes, can improve the concrete’s resistance to sulfate and chloride
attacks. The addition of nano-silica is thought to refine the pore structure of the cement
matrix, reduce pore connectivity, and enhance sulfate resistance. Furthermore, the efficacy
of nano-silica in improving sulfate resistance may be influenced via its particle size, as
coarse nano-silica particles have been found to be more effective than fine nano-silica
particles in enhancing the sulfate resistance of cement mortars.

5.3. Water Absorption

Rajput & Pimplikar (2022) [90] conducted research which showed that increasing the
concentration of nano-silica in M30 and M40 grade concretes decreased the absorption
of water. The absorption of water from the M30 concrete reduced by 5.15%, 30.15%, and
35.66% compared to the control mix, as the concentration of nano-silica increased from
1% to 3%. For the M40 concrete, the water absorption decreased by 1.47%, 30.40%, and
58.97% when 1%, 2%, and 3% of nano-silica content was added, respectively. The addition
of nano-silica to the cement composites improved the pore structure, resulting in reduced
water absorption values and improved durability.

Athira and Shanmugapriya (2022) [91] investigated the potential of using calcined
red mud cement pastes with and without colloidal nano-silica (CNS) at different (W/B
ratios). They found that the incorporation of 1.5% CNS into red mud cement paste led
to decreased water absorption at all W/B ratios, indicating that adding nano-silica can
enhance the durability of cement-based materials.

According to [67], the inclusion of nano-silica in UHPC can decrease its water sorptivity
and absorption. This effect is due to the high pozzolanic reactivity of nano-silica, which
leads to the formation of more hydration products that fill the capillary pores and reduce
their connectivity.

In general, the studies reviewed suggest that incorporating nano-silica into concrete
can improve its pore structure, leading to lower water absorption and greater resistance to
sulfate and acid attacks. Additionally, the pozzolanic reaction of nano-silica can decrease
the connectivity of capillary pores by filling them with more hydration products, which
can further enhance the concrete’s durability by reducing water sorptivity and absorption.

5.4. Carbonation Resistance

According to several studies, adding nanomaterials may increase the concrete’s resis-
tance to carbonation. Li et al. (2017) [92] examined the influence of micro- and nano-silica
on carbonation in concrete. The research found that adding both micro- and nano-silica
to concrete can decrease carbonation, with the best results achieved when both additives
were used together. The study also indicated that substituting 10% of micro-silica had a
larger influence on reducing carbonation penetration than substituting 1% of nano-silica.

Kumar et al. (2019) [56] found that the addition of up to 3% micro-silica to regular
concrete resulted in a reduction in carbonation depth by 46% and 17% after 7 and 70 days,
respectively. However, increasing the amount of micro-silica beyond 3% resulted in an
increase in carbonation depth over time. The study suggests that the combination of
sufficient calcium hydroxide (CH) and 3% micro-silica can result in the development of
C-5-H gel and a thicker matrix of concrete. However, adding more than 3% micro-silica did
not lead to a denser concrete matrix.

Isfahani et al. (2016) [42] looked into the effects of various nano-silica doses on the
carbonation resistance of concrete with various water-to-binder (w /b) ratios and discovered
various outcomes. Contrary to other studies, the authors found that adding more nano-
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silica did not increase the resistance of carbonation for concrete with 0.65 and 0.50 water-
cement ratios. The study concluded that the w/b ratio is more important than nano-silica
in improving the concrete’s carbonation resistance, and adding more nano-silica could have
an undesirable influence on the resistance of carbonation.

To note, the influence of nano-silica on carbonation resistance can differ based on the
concrete mix and environmental conditions, as per previous studies. While some studies
showed that adding nano-silica can enhance carbonation resistance, others observed little
or negative effects. Factors like the dosage and type of nano-silica, w/c ratio, and curing
conditions need to be considered when evaluating the possible impact of nano-silica on
carbonation resistance. More research is necessary to establish the ideal conditions for
using nano-silica to boost carbonation resistance in concrete.

6. Summary and Conclusions

In a review of around one hundred recent and past studies, it was found that increasing
the amount of nano-silica in concrete enhances its compressive, split tensile, and flexural
strength. This is due to the activator role of nano-silica in promoting hydration and im-
proving microstructural pore density. Additionally, by raising the density of the interfacial
transition zone (ITZ), nano-silica enhances the concrete matrix’s resilience. However, due to
issues such as agglomeration formation, high cost, and restricted availability in some areas,
the use of nano-silica in the manufacturing of concrete is not commonly adopted. Another
major worry is the ineffective distribution of nano-silica in concrete. While sonication is a
viable remedy, further analysis is required to resolve this problem. Although nano-silica
has been extensively researched, its commercial use in the construction industry is still in
the early stages, and large-scale application remains limited:

1. By considering various factors such as the nature and dimensions of the nano-silica
dosage, dispersion technique, dispersant type, water-cement ratio, and sequence of
mixing, it becomes possible to discern the impact on the strength of concrete.

2. Inadequate dispersion or an increase in nucleation sites that can generate C-S-H gel
due to the pozzolanic reaction can result in agglomeration when nano-silica has a
high specific surface area. The dispersion method and type of dispersant used are
factors that influence this.

3. Therecommended replacement dose of nano-silica varies between 2 and 3%, according
to the kind of cement used.

4. In order to retain the rolling effect of nano-silica and prevent the decrease in concrete
workability, it might be essential to employ a significant quantity of plasticizers and
elevate the water-cement ratio.

5. Nano-silica can enhance compressive strength while significantly improving other
ductile properties, making it suitable to blend with fibers to further enhance ductility.

6. At the optimal dosage, the durability of nano-silica-modified concrete can be sig-
nificantly improved. This is due to the stable hydration products generated in the
pozzolanic process, which resist the ingress of harmful chemicals that cause degrada-
tion.

7. Future Research Directions
The following further works are suggested based on the evaluation:

1.  Itis important to assess the engineering characteristics of concrete with nano-silica
added, such as bond, creep, shrinkage, etc.

2. Concrete with nano-silica added should have its fresh and hardened qualities evalu-
ated to identify its thermal and acoustical characteristics.

3. A standardized mix design method for nano-silica-added concrete should be estab-
lished to ensure consistency in the production process.

4.  The optimal quantity of superplasticizers required for improved workability of nano-
silica-added concrete needs to be determined.
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5. The development of lightweight, highly durable, and nano-silica-infused concrete
should be the main focus of research.

6.  Thorough research is needed to optimize nano-silica-added concrete and create math-
ematical models that can predict concrete behavior accurately.

Author Contributions: Conceptualization, H.A. and F.A.; methodology, H.A.; investigation, T.E,;
resources, F.A.; writing—original draft preparation, H.A and FA.; writing—review and editing, TE.;
visualization, H.A.; supervision, FEA. and T.E. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Crainic, N.; Marques, A.T. Nanocomposites: A State-of-the-Art Review. Key Eng. Mater. 2002, 230-232, 656. [CrossRef]

2. Mehta, PK.; Monteiro, P.J. Concrete: Microstructure, Properties, and Materials; McGraw-Hill Education: New York, NY, USA, 2014.

3. Zhao, S.; Sun, W. Nano-mechanical behavior of a green ultra-high performance concrete. Constr. Build. Mater. 2014, 63, 150-160.
[CrossRef]

4. Wang, C,; Yang, C; Liu, F; Wan, C.; Pu, X. Preparation of Ultra-High Performance Concrete with common technology and
materials. Cem. Concr. Compos. 2012, 34, 538-544. [CrossRef]

5. Rashad, A.M. Metakaolin as cementitious material: History, scours, production and composition—A comprehensive overview.
Constr. Build. Mater. 2013, 41, 303-318. [CrossRef]

6.  Giineyisi, E.; Gesoglu, M.; Karaoglu, S.; Mermerdas, K. Strength, permeability and shrinkage cracking of silica fume and
metakaolin concretes. Constr. Build. Mater. 2012, 34, 120-130. [CrossRef]

7. Han, B.; Ding, S.; Wang, J.; Ou, J.; Han, B.; Ding, S.; Wang, J.; Ou, J. Current Progress of Nano-Engineered Cementitious
Composites. In Nano-Engineered Cementitious Composites: Principles and Practices; Springer: Singapore, 2019; pp. 97-398.

8.  Cui, Y,; Kundalwal, S.; Kumar, S. Gas barrier performance of graphene/polymer nanocomposites. Carbon 2016, 98, 313-333.
[CrossRef]

9. Han, B.; Wang, Y.; Dong, S.; Zhang, L.; Ding, S.; Yu, X.; Ou, J. Smart concretes and structures: A review. |. Intell. Mater. Syst. Struct.
2015, 26, 1303-1345. [CrossRef]

10. Garcia-Macias, E.; D’Alessandro, A.; Castro-Triguero, R.; Pérez-Mira, D.; Ubertini, F. Micromechanics modeling of the uniaxial
strain-sensing property of carbon nanotube cement-matrix composites for SHM applications. Compos. Struct. 2017, 163, 195-215.
[CrossRef]

11.  Shi, C.; Zheng, K. A review on the use of waste glasses in the production of cement and concrete. Resour. Conserv. Recycl. 2007, 52,
234-247. [CrossRef]

12. Kong, D.; Du, X.; Wei, S.; Zhang, H.; Yang, Y.; Shah, S.P. Influence of nano-silica agglomeration on microstructure and properties
of the hardened cement-based materials. Constr. Build. Mater. 2012, 37, 707-715. [CrossRef]

13.  Tobdn, ].I; Pay4, J.; Restrepo, O.]. Study of durability of Portland cement mortars blended with silica nanoparticles. Constr. Build.
Mater. 2015, 80, 92-97. [CrossRef]

14. Gtneyisi, E.; Atewi, Y.R.; Hasan, M.F. Fresh and rheological properties of glass fiber reinforced self-compacting concrete with
nanosilica and fly ash blended. Constr. Build. Mater. 2019, 211, 349-362. [CrossRef]

15. Chandra, CJ.; Shadiya, M.; Bipinbal, P.; Narayanankutty, S.K. Effect of Olivine Nanosilica on the Reinforcement of Natural
Rubber Nanosilica Composites. Mater. Today Proc. 2019, 9, 127-132. [CrossRef]

16. Barbhuiya, G.H.; Moiz, M.A.; Hasan, S.D.; Zaheer, M.M. Effects of the nanosilica addition on cement concrete: A review. Mater.
Today Proc. 2020, 32, 560-566. [CrossRef]

17.  Mebert, A.M.; Baglole, C.J.; Desimone, M.F,; Maysinger, D. Nanoengineered silica: Properties, applications and toxicity. Food
Chem. Toxicol. 2017, 109, 753-770. [CrossRef]

18. Behzadian, R.; Shahrajabian, H. Experimental Study of the Effect of Nano-silica on the Mechanical Properties of Concrete/PET
Composites. KSCE ]. Civ. Eng. 2019, 23, 3660-3668. [CrossRef]

19. Li, L.G.; Zheng, ].Y,; Zhu, J.; Kwan, A.K.H. Combined usage of micro-silica and nano-silica in concrete: SP demand, cementing
efficiencies and synergistic effect. Constr. Build. Mater. 2018, 168, 622-632. [CrossRef]

20. Ren,];Lai, Y.; Gao, J. Exploring the influence of SiO; and TiO; nanoparticles on the mechanical properties of concrete. Constr.
Build. Mater. 2018, 175, 277-285. [CrossRef]

21. Reches, Y. Nanoparticles as concrete additives: Review and perspectives. Constr. Build. Mater. 2018, 175, 483-495. [CrossRef]

22. Wang, X,; Huang, Y,; Wu, G,; Fang, C.; Li, D.; Han, N.; Xing, F. Effect of nano-SiO; on strength, shrinkage and cracking sensitivity

of lightweight aggregate concrete. Constr. Build. Mater. 2018, 175, 115-125. [CrossRef]


https://doi.org/10.4028/www.scientific.net/KEM.230-232.656
https://doi.org/10.1016/j.conbuildmat.2014.04.029
https://doi.org/10.1016/j.cemconcomp.2011.11.005
https://doi.org/10.1016/j.conbuildmat.2012.12.001
https://doi.org/10.1016/j.conbuildmat.2012.02.017
https://doi.org/10.1016/j.carbon.2015.11.018
https://doi.org/10.1177/1045389X15586452
https://doi.org/10.1016/j.compstruct.2016.12.014
https://doi.org/10.1016/j.resconrec.2007.01.013
https://doi.org/10.1016/j.conbuildmat.2012.08.006
https://doi.org/10.1016/j.conbuildmat.2014.12.074
https://doi.org/10.1016/j.conbuildmat.2019.03.087
https://doi.org/10.1016/j.matpr.2019.02.047
https://doi.org/10.1016/j.matpr.2020.02.143
https://doi.org/10.1016/j.fct.2017.05.054
https://doi.org/10.1007/s12205-019-2440-9
https://doi.org/10.1016/j.conbuildmat.2018.02.181
https://doi.org/10.1016/j.conbuildmat.2018.04.181
https://doi.org/10.1016/j.conbuildmat.2018.04.214
https://doi.org/10.1016/j.conbuildmat.2018.04.113

Infrastructures 2023, 8, 132 16 of 18

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Ying, J.; Zhou, B.; Xiao, ]J. Pore structure and chloride diffusivity of recycled aggregate concrete with nano-5iO, and nano-TiO,.
Constr. Build. Mater. 2017, 150, 49-55. [CrossRef]

Ardalan, R.B.; Jamshidi, N.; Arabameri, H.; Joshaghani, A.; Mehrinejad, M.; Sharafi, P. Enhancing the permeability and abrasion
resistance of concrete using colloidal nano-SiO, oxide and spraying nanosilicon practices. Constr. Build. Mater. 2017, 146, 128-135.
[CrossRef]

Xu, J.; Wang, B.; Zuo, J. Modification effects of nanosilica on the interfacial transition zone in concrete: A multiscale approach.
Cem. Concr. Compos. 2017, 81, 1-10. [CrossRef]

Sharkawi, A.M.; Abd-Elaty, M.A.; Khalifa, O.H. Synergistic influence of micro-nano silica mixture on durability performance of
cementious materials. Constr. Build. Mater. 2018, 164, 579-588. [CrossRef]

Norhasri, M.M.; Hamidah, M.S.; Fadzil, A.M. Applications of using nano material in concrete: A review. Constr. Build. Mater.
2017, 133, 91-97. [CrossRef]

Mohammed, B.S.; Liew, M.S.; Alaloul, W.S.; Khed, V.C.; Hoong, C.Y.; Adamu, M. Properties of nano-silica modified pervious
concrete. Case Stud. Constr. Mater. 2018, 8, 409-422. [CrossRef]

Dingreville, R.; Qu, J.; Cherkaoui, M. Surface free energy and its effect on the elastic behavior of nano-sized particles, wires and
films. J. Mech. Phys. Solids 2005, 53, 1827-1854. [CrossRef]

Koutsawa, Y.; Tiem, S.; Yu, W.; Addiego, F.; Giunta, G. A micromechanics approach for effective elastic properties of nano-
composites with energetic surfaces/interfaces. Compos. Struct. 2017, 159, 278-287. [CrossRef]

Li, H,; Xiao, H.-G.; Ou, ].-P. A study on mechanical and pressure-sensitive properties of cement mortar with nanophase materials.
Cem. Concr. Res. 2004, 34, 435-438. [CrossRef]

Teng, X.; Liu, H.; Huang, C. Effect of Al,O3 particle size on the mechanical properties of alumina-based ceramics. Mater. Sci. Eng.
A 2007, 452-453, 545-551. [CrossRef]

Amin, M.; Abu el-Hassan, K. Effect of using different types of nano materials on mechanical properties of high strength concrete.
Constr. Build. Mater. 2015, 80, 116-124. [CrossRef]

Zhao, Z.R.; Kong, J.; Yang, H.X. Study on Frost Resistance of Nano SiO, Cement Concrete. Appl. Mech. Mater. 2012, 198-199,
48-51. [CrossRef]

Shaikh, FU.; Supit, SSW. Mechanical and durability properties of high volume fly ash (HVFA) concrete containing calcium
carbonate (CaCO3) nanoparticles. Constr. Build. Mater. 2014, 70, 309-321. [CrossRef]

Chithra, S.; Kumar, S.S.; Chinnaraju, K. The effect of Colloidal Nano-silica on workability, mechanical and durability properties of
High Performance Concrete with Copper slag as partial fine aggregate. Constr. Build. Mater. 2016, 113, 794-804. [CrossRef]
Salemi, N.; Behfarnia, K. Effect of nano-particles on durability of fiber-reinforced concrete pavement. Constr. Build. Mater. 2013,
48,934-941. [CrossRef]

Mohamed, A.M. Influence of nano materials on flexural behavior and compressive strength of concrete. HBRC . 2016, 12, 212-225.
[CrossRef]

Wu, Z,; Shi, C.; Khayat, K.; Wan, S. Effects of different nanomaterials on hardening and performance of ultra-high strength
concrete (UHSC). Cem. Concr. Compos. 2016, 70, 24-34. [CrossRef]

Li, W,; Huang, Z.; Cao, F; Sun, Z.; Shah, S.P. Effects of nano-silica and nano-limestone on flowability and mechanical properties
of ultra-high-performance concrete matrix. Constr. Build. Mater. 2015, 95, 366-374. [CrossRef]

Gao, Y,; He, B.; Li, Y,; Tang, J.; Qu, L. Effects of nano-particles on improvement in wear resistance and drying shrinkage of road fly
ash concrete. Constr. Build. Mater. 2017, 151, 228-235. [CrossRef]

Torabian Isfahani, F.; Redaelli, E.; Lollini, F; Li, W.; Bertolini, L. Effects of nanosilica on compressive strength and durability
properties of concrete with different water to binder ratios. Adv. Mater. Sci. Eng. 2016, 2016, 8453567. [CrossRef]

Said, A.; Zeidan, M.; Bassuoni, M.; Tian, Y. Properties of concrete incorporating nano-silica. Constr. Build. Mater. 2012, 36, 838-844.
[CrossRef]

Hosseini, P.; Afshar, A.; Vafaei, B.; Booshehrian, A.; Raisi, E.M.; Esrafili, A. Effects of nano-clay particles on the short-term
properties of self-compacting concrete. Eur. |. Environ. Civ. Eng. 2017, 21, 127-147. [CrossRef]

Wang, ].L.; Meng, L.J. Influence of Carbon Nano-Fiber on Mechanical Property of PALC. Appl. Mech. Mater. 2014, 535, 785-787.
[CrossRef]

Saba, N.; Paridah, M.; Abdan, K.; Ibrahim, N. Effect of oil palm nano filler on mechanical and morphological properties of kenaf
reinforced epoxy composites. Constr. Build. Mater. 2016, 123, 15-26. [CrossRef]

Oh, S.T.; Yoon, S.J.; Choa, Y.H.; Jeong, Y.K.; Niihara, K. Wear behavior of nano-sized metal particle dispersed AlO3 nanocompos-
ites. Key Eng. Mater. 2006, 317, 369-372. [CrossRef]

Das, S.; Chandrasekaran, M.; Samanta, S. Comparison of Mechanical properties of AA6061 reinforced with (SiC/B4C) micro/nano
ceramic particle reinforcements. Mater. Today Proc. 2018, 5, 18110-18119. [CrossRef]

Schmitz, A.; Schmid, C.; de Boor, J.; Mueller, E. Dispersion of multi-walled carbon nanotubes in skutterudites and its effect on
thermoelectric and mechanical properties. J. Nanosci. Nanotechnol. 2017, 17, 1547-1554. [CrossRef]

Zhu, W,; Huang, J.; Lu, W,; Sun, Q.; Peng, L.; Fen, W.; Li, H.; Ou, Y.; Liu, H.; Wang, D.; et al. Performance test of Nano-HA /PLLA
composites for interface fixation. Artif. Cells Nanomed. Biotechnol. 2014, 42, 331-335. [CrossRef]

Singh, L.; Ali, D.; Tyagi, L.; Sharma, U.; Singh, R.; Hou, P. Durability studies of nano-engineered fly ash concrete. Constr. Build.
Mater. 2019, 194, 205-215. [CrossRef]


https://doi.org/10.1016/j.conbuildmat.2017.05.168
https://doi.org/10.1016/j.conbuildmat.2017.04.078
https://doi.org/10.1016/j.cemconcomp.2017.04.003
https://doi.org/10.1016/j.conbuildmat.2018.01.013
https://doi.org/10.1016/j.conbuildmat.2016.12.005
https://doi.org/10.1016/j.cscm.2018.03.009
https://doi.org/10.1016/j.jmps.2005.02.012
https://doi.org/10.1016/j.compstruct.2016.09.066
https://doi.org/10.1016/j.cemconres.2003.08.025
https://doi.org/10.1016/j.msea.2006.10.073
https://doi.org/10.1016/j.conbuildmat.2014.12.075
https://doi.org/10.4028/www.scientific.net/AMM.198-199.48
https://doi.org/10.1016/j.conbuildmat.2014.07.099
https://doi.org/10.1016/j.conbuildmat.2016.03.119
https://doi.org/10.1016/j.conbuildmat.2013.07.037
https://doi.org/10.1016/j.hbrcj.2014.11.006
https://doi.org/10.1016/j.cemconcomp.2016.03.003
https://doi.org/10.1016/j.conbuildmat.2015.05.137
https://doi.org/10.1016/j.conbuildmat.2017.06.080
https://doi.org/10.1155/2016/8453567
https://doi.org/10.1016/j.conbuildmat.2012.06.044
https://doi.org/10.1080/19648189.2015.1096308
https://doi.org/10.4028/www.scientific.net/AMM.535.785
https://doi.org/10.1016/j.conbuildmat.2016.06.131
https://doi.org/10.4028/www.scientific.net/KEM.317-318.369
https://doi.org/10.1016/j.matpr.2018.06.146
https://doi.org/10.1166/jnn.2017.13727
https://doi.org/10.3109/21691401.2013.827120
https://doi.org/10.1016/j.conbuildmat.2018.11.022

Infrastructures 2023, 8, 132 17 of 18

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Mondal, P; Shah, S.P.; Marks, L.D.; Gaitero, J.]. Comparative Study of the Effects of Microsilica and Nanosilica in Concrete. Transp.
Res. Rec. ]. Transp. Res. Board 2010, 2141, 6-9. [CrossRef]

de Abreu, G.B.; Costa, S.M.M.; Gumieri, A.G.; Calixto, ].M.E; Franca, E.C,; Silva, C.; Quinones, A.D. Mechanical properties and
microstructure of high performance concrete containing stabilized nano-silica. Matéria 2017, 22. [CrossRef]

Quercia, G.; Brouwers, H.J.H. Application of nano-silica (nS) in concrete mixtures. In Proceedings of the 8th Fib PhD Symposium
in Civil Engineering, Lyngby, Denmark, 20-23 June 2010; pp. 431-436.

Senff, L.; Hotza, D.; Repette, W.L.; Ferreira, V.M.; Labrincha, J.A. Mortars with nano-SiO; and micro-SiO; investigated by
experimental design. Constr. Build. Mater. 2010, 24, 1432-1437. [CrossRef]

Kumar, S.; Kumar, A.; Kujur, J. Influence of nanosilica on mechanical and durability properties of concrete. Struct. Build. 2019,
172,781-788. [CrossRef]

Khaloo, A.; Mobini, M.H.; Hosseini, P. Influence of different types of nano-SiO, particles on properties of high-performance
concrete. Constr. Build. Mater. 2016, 113, 188-201. [CrossRef]

Singh, L.P; Bhattacharyya, S.K.; Shah, S.P.; Mishra, G.; Sharma, U. Studies on early stage hydration of tricalcium silicate
incorporating silica nanoparticles: Part II. Constr. Build. Mater. 2016, 102, 943-949. [CrossRef]

Elkady, H.M.; Yasien, A.M.; Elfeky, M.S.; Serag, M.E. Assessment of mechanical strength of nano silica concrete (NSC) subjected
to elevated temperatures. J. Struct. Fire Eng. 2019, 10, 90-109. [CrossRef]

Yonggui, W.; Shuaipeng, L.; Hughes, P.; Yuhui, F. Mechanical properties and microstructure of basalt fibre and nano-silica
reinforced recycled concrete after exposure to elevated temperatures. Constr. Build. Mater. 2020, 247, 118561. [CrossRef]
Alhawat, M.; Ashour, A. Bond strength between corroded steel and recycled aggregate concrete incorporating nano silica. Constr.
Build. Mater. 2020, 237, 117441. [CrossRef]

Deb, PS.; Sarker, PK.; Barbhuiya, S. Effects of nano-silica on the strength development of geopolymer cured at room temperature.
Constr. Build. Mater. 2015, 101, 675-683. [CrossRef]

Adak, D.; Sarkar, M.; Mandal, S. Effect of nano-silica on strength and durability of fly ash based geopolymer mortar. Constr. Build.
Mater. 2014, 70, 453-459. [CrossRef]

Their, ].M.; Ozakca, M. Developing geopolymer concrete by using cold-bonded fly ash aggregate, nano-silica, and steel fiber.
Constr. Build. Mater. 2018, 180, 12-22. [CrossRef]

Mustakim, S.M.; Das, S.K.; Mishra, J.; Aftab, A.; Alomayri, T.S.; Assaedi, H.S.; Kaze, C.R. Improvement in Fresh, Mechanical and
Microstructural Properties of Fly Ash-Blast Furnace Slag Based Geopolymer Concrete by Addition of Nano and Micro Silica.
Silicon 2021, 13, 2415-2428. [CrossRef]

Jalal, M.; Pouladkhan, A.; Harandi, O.F,; Jafari, D. RETRACTED: Comparative study on effects of Class F fly ash, nano silica and
silica fume on properties of high performance self compacting concrete. Constr. Build. Mater. 2015, 94, 90-104. [CrossRef]
Ghafari, E.; Costa, H.; Julio, E.; Portugal, A.; Duraes, L. The effect of nanosilica addition on flowability, strength and transport
properties of ultra high performance concrete. Mater. Des. 2014, 59, 1-9. [CrossRef]

Fallah, S.; Nematzadeh, M. Mechanical properties and durability of high-strength concrete containing macro-polymeric and
polypropylene fibers with nano-silica and silica fume. Constr. Build. Mater. 2017, 132, 170-187. [CrossRef]

Hasan-Nattaj, F.; Nematzadeh, M. The effect of forta-ferro and steel fibers on mechanical properties of high-strength concrete
with and without silica fume and nano-silica. Constr. Build. Mater. 2017, 137, 557-572. [CrossRef]

Mukharjee, B.B.; Barai, S.V. Influence of Incorporation of Colloidal Nano-Silica on Behaviour of Concrete. Iran. J. Sci. Technol.
Trans. Civ. Eng. 2020, 44, 657-668. [CrossRef]

Nuaklong, P; Sata, V.; Wongsa, A.; Srinavin, K.; Chindaprasirt, P. Recycled aggregate high calcium fly ash geopolymer concrete
with inclusion of OPC and nano-SiO,. Constr. Build. Mater. 2018, 174, 244-252. [CrossRef]

Ganesh, P.; Ramachandra Murthy, A.; Sundar Kumar, S.; Mohammed Saffiq Reheman, M.; Iyer, N.R. Effect of nanosilica on
durability and mechanical properties of high-strength concrete. Mag. Concr. Res. 2016, 68, 229-236. [CrossRef]

Atmaca, N.; Abbas, M.L.; Atmaca, A. Effects of nano-silica on the gas permeability, durability and mechanical properties of
high-strength lightweight concrete. Constr. Build. Mater. 2017, 147, 17-26. [CrossRef]

Supit, S.W.M.; Shaikh, FU.A. Durability properties of high volume fly ash concrete containing nano-silica. Mater. Struct. 2015, 48,
2431-2445. [CrossRef]

Beigi, M.H.; Berenjian, J.; Omran, O.L.; Nik, A.S.; Nikbin, .M. An experimental survey on combined effects of fibers and nanosilica
on the mechanical, rheological, and durability properties of self-compacting concrete. Mater. Des. 2013, 50, 1019-1029. [CrossRef]
Zhang, A.; Ge, Y,; Yang, W.; Cai, X.; Du, Y. Comparative study on the effects of nano-SiO,, nano-Fe,O3; and nano-NiO on
hydration and microscopic properties of white cement. Constr. Build. Mater. 2019, 228, 116767. [CrossRef]

Wang, X.; Xu, J.; Wang, Z.; Yao, W. Use of recycled concrete aggregates as carriers for self-healing of concrete cracks by bacteria
with high urease activity. Constr. Build. Mater. 2022, 337, 127581. [CrossRef]

Zhan, P; Xu, J.; Wang, J.; Zuo, J.; He, Z. A review of recycled aggregate concrete modified by nanosilica and graphene oxide:
Materials, performances and mechanism. J. Clean. Prod. 2022, 375, 134116. [CrossRef]

Varghese, L.; Rao, V.VLK,; Parameswaran, L. Nanosilica-added concrete: Strength and its correlation with time-dependent
properties. Proc. Inst. Civ. Eng.-Constr. Mater. 2019, 172, 85-94.

Ltifi; Guefrech, A.; Mounanga, P.; Khelidj, A. Experimental study of the effect of addition of nano-silica on the behaviour of
cement mortars Mounir. Procedia Eng. 2011, 10, 900-905. [CrossRef]


https://doi.org/10.3141/2141-02
https://doi.org/10.1590/s1517-707620170002.0156
https://doi.org/10.1016/j.conbuildmat.2010.01.012
https://doi.org/10.1680/jstbu.18.00080
https://doi.org/10.1016/j.conbuildmat.2016.03.041
https://doi.org/10.1016/j.conbuildmat.2015.05.084
https://doi.org/10.1108/JSFE-10-2017-0041
https://doi.org/10.1016/j.conbuildmat.2020.118561
https://doi.org/10.1016/j.conbuildmat.2019.117441
https://doi.org/10.1016/j.conbuildmat.2015.10.044
https://doi.org/10.1016/j.conbuildmat.2014.07.093
https://doi.org/10.1016/j.conbuildmat.2018.05.274
https://doi.org/10.1007/s12633-020-00593-0
https://doi.org/10.1016/j.conbuildmat.2015.07.001
https://doi.org/10.1016/j.matdes.2014.02.051
https://doi.org/10.1016/j.conbuildmat.2016.11.100
https://doi.org/10.1016/j.conbuildmat.2017.01.078
https://doi.org/10.1007/s40996-020-00382-0
https://doi.org/10.1016/j.conbuildmat.2018.04.123
https://doi.org/10.1680/jmacr.14.00338
https://doi.org/10.1016/j.conbuildmat.2017.04.156
https://doi.org/10.1617/s11527-014-0329-0
https://doi.org/10.1016/j.matdes.2013.03.046
https://doi.org/10.1016/j.conbuildmat.2019.116767
https://doi.org/10.1016/j.conbuildmat.2022.127581
https://doi.org/10.1016/j.jclepro.2022.134116
https://doi.org/10.1016/j.proeng.2011.04.148

Infrastructures 2023, 8, 132 18 of 18

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

Wuy, L,; Lu, Z.; Zhuang, C.; Chen, Y.; Hu, R. Mechanical Properties of Nano SiO; and Carbon Fiber Reinforced Concrete after
Exposure to High Temperatures. Materials 2019, 12, 3773. [CrossRef]

Abna, A.; Mazloom, M. Flexural properties of fiber reinforced concrete containing silica fume and nano-silica. Mater. Lett. 2022,
316, 132003. [CrossRef]

Rong, Z.; Sun, W.; Xiao, H.; Jiang, G. Effects of nano-SiO, particles on the mechanical and microstructural properties of ultra-high
performance cementitious composites. Cem. Concr. Compos. 2015, 56, 25-31. [CrossRef]

Du, H,; Du, S,; Liu, X. Durability performances of concrete with nano-silica. Constr. Build. Mater. 2014, 73, 705-712. [CrossRef]
Lincy, V;; Rao, V.VL.K,; Lakshmy, P. A study on nanosilica- and microsilica-added concretes under different transport mechanisms.
Mag. Concr. Res. 2018, 70, 1205-1216. [CrossRef]

Li, G.; Zhou, J.; Yue, J.; Gao, X.; Wang, K. Effects of nano-5iO, and secondary water curing on the carbonation and chloride
resistance of autoclaved concrete. Constr. Build. Mater. 2020, 235, 117465. [CrossRef]

Huang, J.; Wang, Z.; Li, D.; Li, G. Effect of Nano-S5iO, /PVA Fiber on Sulfate Resistance of Cement Mortar Containing High-Volume
Fly Ash. Nanomaterials 2022, 12, 323. [CrossRef]

Li, L.; Zheng, J.; Ng, P.; Zhu, J.; Kwan, A. Cementing efficiencies and synergistic roles of silica fume and nano-silica in sulphate
and chloride resistance of concrete. Constr. Build. Mater. 2019, 223, 965-975. [CrossRef]

Huang, Q.; Zhu, X.; Zhao, L.; Zhao, M,; Liu, Y.; Zeng, X. Effect of nanosilica on sulfate resistance of cement mortar under partial
immersion. Constr. Build. Mater. 2020, 231, 117180. [CrossRef]

Rajput, B.; Pimplikar, S.S. Influence of nano silica on durability properties of concrete. Innov. Infrastruct. Solut. 2022, 7, 180.
[CrossRef]

Athira, K.; Shanmugapriya, T. Investigation on effect of colloidal nano-silica on the strength and durability characteristics of red
mud blended Portland cement paste through tortuosity. Mater. Constr. 2022, 72, €293. [CrossRef]

Li, W,; Long, C.; Tam, V.W.; Poon, C.-S.; Duan, W.H. Effects of nano-particles on failure process and microstructural properties of
recycled aggregate concrete. Constr. Build. Mater. 2017, 142, 42-50. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ma12223773
https://doi.org/10.1016/j.matlet.2022.132003
https://doi.org/10.1016/j.cemconcomp.2014.11.001
https://doi.org/10.1016/j.conbuildmat.2014.10.014
https://doi.org/10.1680/jmacr.16.00504
https://doi.org/10.1016/j.conbuildmat.2019.117465
https://doi.org/10.3390/nano12030323
https://doi.org/10.1016/j.conbuildmat.2019.07.241
https://doi.org/10.1016/j.conbuildmat.2019.117180
https://doi.org/10.1007/s41062-022-00777-0
https://doi.org/10.3989/mc.2022.01922
https://doi.org/10.1016/j.conbuildmat.2017.03.051

	Introduction 
	Nanomaterials 
	Nano-Silica 
	Mechanical Properties 
	Compressive Strength 
	Tensile Strength 
	Flexural Strength 

	Durability 
	Chloride Penetration Resistance 
	Sulfate Resistance 
	Water Absorption 
	Carbonation Resistance 

	Summary and Conclusions 
	Future Research Directions 
	References

