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ARTICLE INFO ABSTRACT
Keywords: In past decades, researchers have tried to improve the durability of concrete by integrating supplementary
Sustainability cementitious materials into concrete. Recent advancements in the field of nano-engineered concrete have
Supplementary cementitious material reported that nanomaterials significantly improve the mechanical and durability properties of concrete. This
Nanomaterials paper provides a comprehensive summary of recent developments on the use of nanomaterials as a perfor-
Eaﬂo'gloé mance enhancer in cement/geopolymer concrete. Many significant correlations associated with the reinforce-
szg;;; /]’iletakaolin ment of cementitious matrices using nano-TiO,, nano-Fe,O3, nanoclay/metakaolin, and nano-CaCO; were
Nano-CaCOs studied. Performance aspects such as fresh properties, microstructure, mechanical and durability characteris-
Geopolymer concrete tics, and the influence of various particle sizes have been reviewed. The findings from this review confirm
the feasibility of using the nanomaterials in cement concrete, with the required properties of building materi-
als. It is also expected that this review provides better insight into using nanomaterials in concrete for the ben-
efit of academic and fundamental research and promotes its practical application in the construction industry.
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Nomenclature

Abbreviations
C-A-H  Calcium-aluminate-hydrate

C-A-S-H Calcium-aluminate-silicate-hydrate
C-S-H Calcium-silicate-hydrate

CNT Carbon nanotube

EDS Energy-dispersive X-ray spectra

GO Graphene oxide

1TZ Interfacial transition zone

NA Nano-aluminum oxide (nano-Al,O3)
NC Nanoclay

NF Nano-hematite (nano-Fe,03)

NS Nano-silicon dioxide (nano-SiO,)

NT Nano-titanium dioxide (nano-TiO,)
NZ Nano-zinc peroxide (nano-ZnO,)
RA Recycled aggregate

RHA Rice husk ash

SCC Self-compacting concrete

SCM Supplementary cementitious material
SEM Scanning electron microscopy
UHPC  Ultra high-performance concrete
UPV Ultrasonic pulse velocity

w/b Water to binder ratio

wt% Weight percentage

XRD X-ray diffraction
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1. Introduction

Ordinary Portland cement, produced at around 4-5 billion tons
annually, is the costliest ingredient in cement concrete. It has been
estimated that one ton of cement was produced per year for every
human being (Andrew, 2018). The annual global production rate of
concrete has been estimated to be 25-30 billion tons, and it is respon-
sible for 8%-9% of the global anthropogenic greenhouse gas emis-
sions. Reducing CO, emissions has attained prime importance
around the globe, and minimizing Portland cement consumption has
been identified as a major factor towards this goal. The need for
high-strength concrete propelled the demand for higher cement con-
tent, further increasing greenhouse gas emissions. However, research
in using nanomaterials to improve cement-based materials’ mechani-
cal and durability properties has gained significant momentum. The
partial replacement of Portland cement with nanomaterials such as
carbon nanotubes (CNTs), nano-SiO5 (NS), nano-Al,03 (NA), graphene
oxide (GO), nano-TiO, (NT), nanoclay (NC), nano-ZnO, (NZ), nano-
CaCOj3, and nano-Fe,O3 (NF) reduces carbon dioxide liberation while
enhancing the mechanical and durability characteristics of concrete
(Sumesh et al., 2017; Norhasri et al., 2017).

The increasing demand for ultra-high-performance concrete
(UHPQ) in the early millennium paved the way for nanotechnology
application in cement concrete. Nano-engineered concrete has been
developed as an alternative to silica fume concrete (which was conven-
tionally used in the production of UHPC for better strength and dura-
bility) because of its limited availability and high cost. Nano-silica was
first designed to mimic the characteristics of silica, which later led to
the utilization of various other nanomaterials in cement-based materi-
als (Norhasri et al., 2017; Sumesh et al., 2017).

Nano-science and engineering in concrete technology deal with the
characterization of the nano-scale structure of cementitious materials
and analyze how it influences macro-scale performance. Nano-
engineered concrete can be fabricated by incorporating nanomaterials
or nanotubes to achieve controlled novel properties. These properties
include self-cleansing, healing and sensing capabilities, enhanced
mechanical properties, high electrical resistivity, and better resistance
to chloride, sulfate, and acid media (Sanchez and Sobolev, 2010).
Nanomaterials significantly influence the mechanical properties
because of their filler effects, high pozzolanic activity, nucleation
effects, and nanoparticle size. The optimal quantity improves the prop-

erties significantly, while excess inclusion can cause agglomeration
and negatively affect the concrete (Heikal and Ibrahim, 2016;
Sadeghi-Nik et al., 2017). The following subsections explain the pro-
duction methods and applications of commonly used nanomaterials.

2. Scope of the literature review

The foremost aim of this literature review is to access and evaluate
the published literature on the influence of various nanomaterials,
including nano-TiO,, nano-Fe,Os, nanoclay/metakaolin, and nano-
CaCO3. The survey addresses the fresh properties, microstructure,
mechanical, and durability characteristics, exploring the latest
research developments. Four nanomaterials are commonly used in dif-
ferent studies, and their optimum dosages are identified and given in
Fig. 1. The comparison of the physical properties of the four nanoma-
terials considered in the current study is provided in Table 1. The
influences of various types of nanomaterials on the attributes of con-
crete are critically reviewed in the following paragraphs. Comparisons
of the properties and performance of concrete using different nanoma-
terials are given, followed by a summary and conclusion.

Abbreviations
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Fig. 1. Optimum replacement percentages of various nanomaterials.
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Table 1
Physical properties of various nanomaterials considered in the current study.
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Material Purity Average Specific surface  Density Volume density Appearance  Color Reference (internet reference excluded)
particle size  area m?/g
Nano-TiO, >99.9 wt% 20 nm >200 3.9 g/em®  0.35 g/cm® Spherical White Nikbin et al., (2019)
Nano-Fe;O3  98.9 20 = 5nm 68 2.5 g/cm® 0.5-1.20 g/cm?® Spherical Brown to orange  Abo-El-Enein et al (2018)
Nano-clay 99.9 176 nm 48-140.792 2.6 g/cm® 0.25-0.68 g/cm®  Tetrahedron  Off-white Zhan et al., (2020)
Nano-CaCO; > 98 20-110 mm  15-40 2.93 g/cm3 0.4-0.68 g/cm3 Cubic or white Bankir et al., & Assaedi et al., (2020)
hexagonal

3. Nanomaterials in cement/geopolymer concrete
3.1. Nanoclay

Clays are fine-grained rocks/soil having limitless applications
because of their physical and chemical attributes. Since prehistoric
times, clays have been used in ceramics, agriculture, pottery, chemi-
cals, construction materials, and civil engineering applications
(Moreno-Maroto and Alonso-Azcarate, 2018). According to sedimen-
tologists, clay particles are less than 4 pm, while geologists use 2 ym
and colloidal chemists use 1 um as the criterion (Guggenheim and
Martin, 1995). Nanoclays are crystal-lattice-layered mineral silicates
consisting of two-dimensional 1-nm-thick layers made up of two tetra-
hedral silica sheets fused to an edge-shaped octahedral sheet of alu-
mina or magnesia. (Giannelis et al., 1999; Huang, 2018; Bergaya
and Lagaly, 2013). Clay nanocomposites are in the smectite family
of clays and have gained wide attention due to their low cost, wide
availability, improved gas barrier, and mechanical and thermal
characteristics.

Recently, nanoclays have been widely utilized in cement-based
materials as a nanofiller due to their average particle size, roughly
1000 times finer than cement grains. Commonly used nanoclays are
nano-kaolin [Al,Si,O5(OH),] and nano-montmorillonite [(Ca,Na)g s-
Al,(Si, A1)4019(OH),]. Nano-halloysite [Al,Si;O5(0OH),] is a new type
of nanoclay similar to kaolin with a hollow nanotube crystal morphol-
ogy (Giannelis et al., 1999; Ghodke et al.,, 2016; Varga, 2007;
Farzadnia et al., 2013a; Pique and Vazquez, 2013). Nanoclay can be
considered a pozzolanic material because its major components are sil-
ica (44.98%-47.8%) and alumina (35.3%-41.8%), accounting for over
70% of the total composition.

In nano-metakaolin, silica varies from 45.5% to 89.6% and alumina
from18.9% to 42.3%, respectively. It can react with calcium hydroxide
leading to the formation of C-S-H and C-A-H gels which can improve
the mechanical and durability properties of the cementitious matrices
(Niu et al., 2021; Zhan et al., 2020). Calcination of nanoclay at
600-800 °C results in the curtailment of the particle size leading to
crystal structure destruction and amorphous phase formation, and
the product is known as nano-metakaolin (Shebl et al., 2009; Jiang
et al., 2019). The temperature for calcination plays a vital role in
enhancing the reactivity of nanoclay. The optimum temperature for
calcination of nano-halloysite and metakaolin was identified as 750 °
C to obtain the best pozzolanic activity (Abo-El-Enein et al., 2014;
Allalou et al., 2019).

Incorporating nanoclay and metakaolin (calcined nanoclay) can
enhance the hydration process of cement-based materials. It was noted
by Fan et al. (2015) that the increase in the quantity of nanoclay grad-
ually reduced the quantity of calcium hydroxide, while the X-ray
diffraction (XRD) peaks of C-S-H notably increased. Similarly,
Hakamy et al. (2015) noted a decrease in calcium hydroxide from
16.8% to 12.1%, while the amorphous phases increased from 70.1%
to 74.8%. It was noted by Heikal and Ibrahim (2016) that the incorpo-
ration of 6% calcined nanoclay increased the quantity of chemically
combined water by 35%, 33%, 34%, and 29% at 3, 7, 28, and 90 days,
respectively, while an excess of nanoclay can cause agglomeration,
reduce the quantity of combined water, and hinder the hydration pro-

cess. XRD and scanning electron microscope (SEM) images of nanoclay
are shown in Fig. 2.

The microstructure of the cementitious mixture is improved by
adding nanoclay and calcined clay. Fan et al. (2016) observed that
the addition of 1% nanoclay generated a surplus quantity of needle-
like and fibrous C-S-H that intermixed to form a uniform and dense
microstructure. The individual C-S-H crystals, ettringite, and loose C-
S-H gels were not visible as they were in the control cement mortar
samples. The pore structure of cement paste was refined on account
of the pozzolanic and filler effect of the nanoclay. Fan et al. (2014)
observed that incorporating 1% nanoclay reduced the total porosity
by 19% and the average pore size by 21%. Similar observations by
Fan and Zhang (2014) stated that the hydration reaction of calcined
clay is much higher than the non-calcined types. The porosity of con-
crete containing 1%, 3%, and 5% calcined clay was reduced by 97%,
98%, and 89%, respectively, compared with the control concrete.

3.1.1. Effect of nanoclay on the properties of concrete

The workability of cement-based materials decreases when adding
both calcined and non-calcined nanoclays and is significantly affected
by higher dosages. As noted by Fan et al. (2014), the water required
for standard consistency increases gradually to 133.25, 147.11,
149.07, 154.11, 157.85, and 162.07 kg with the incorporation of
0%, 1%, 3%, 5%, 7%, and 9% nanoclay, respectively, on account of
its high specific surface area. The inclusion of 9% nano-metakaolin
reduced the concrete slump by 15.7% (Norhasri et al., 2016). Simi-
larly, Heikal and Ibrahim (2016) noted that adding 1%, 4%, and 8%
calcined nanoclay reduced the initial setting time by 5%, 11%, and
24%, respectively, while the final setting time was reduced by 9%,
16%, and 22% respectively.

Nanoclay and calcined nanoclay significantly influence the
mechanical properties because of high pozzolanic activity, nucleation
effects, and nanoparticle size. The optimal quantity improves the prop-
erties significantly, while excess inclusion can negatively affect the
concrete. Excess nanomaterials can agglomerate, hindering the hydra-
tion process while also incapacitating the bonds between the aggregate
and cement matrix (Liao et al., 2004; Heikal and Ibrahim, 2016;
Sadeghi-Nik et al., 2017). Ultrasonic dispersion can disintegrate the
agglomeration as mentioned by Hamed et al. (2019), who noted an
enhancement in the compressive, tensile, and flexural strength by
52%, 28%, and 35%, respectively, in contrast with 18%, 10%, and
15% (non-ultrasonic treated nanoclay) at a 7.5% dosage.

Nano-metakaolin exhibited little influence on the early strength
characteristics of ultra-high performance concrete (Norhasri et al.,
2016). It was noted by Morsy et al. (2014) that the compressive
strength was enhanced by 15%, 34%, and 19%, and the flexural
strength by 6%, 29%, and 19% with the addition of 2.5%, 7.5%, and
10% calcined nanoclay (nano-metakaolin), respectively. A similar
observation by Hakamy et al. (2015a) noted that calcined nanoclay
provides compressive strength increased by 39%, 35%, and 26% when
compared to the 31%, 23%, and 17% (of the normal nanoclay), respec-
tively, at 1%, 2%, and 3% dosages. The optimal dosage for non-
calcined nanoclay was observed to be around 5%-7.5%, while that
of the calcined nanoclay was between 0.5% and 2%. The compressive
strength of the mortar specimens having 6% nano-metakaolin



J.A. Abdalla et al.

Q: Quartz P: Portlandite  M: Mullite

MM: Moatmorilloaite o o b ciase C:Caleile  H: Homatito

1600 0]

Intensity

20 (degree)

Cleaner Materials 4 (2022) 100061

A®OBSO  Date :94 Mar 2017

BT 15000  WO= 6mm  pPrgoNo w7207 Time 135310

=

Fig. 2. a) X-ray diffraction, and b) scanning electron microscope images of nanoclay (Langaroudi et al., 2019).

increased by 11% at 28 days, while the combination of 6% nano-
metakaolin and 0.02% carbon nanotubes improved it by 29% because
of the bridging effect and better dispersion of nanomaterials.

The toughness and elastic modulus of nanoclay concrete was inves-
tigated by various researchers. Langaroudi et al. (2018) added 3% nan-
oclay to four types of concrete individually, including 15% silica fume,
45% blast furnace slag, 15% rice husk ash, and 30% fly ash, partially
substituting the binder by weight. It was noted that the inclusion of 3%
nanoclay improved the elastic modulus respectively by 0.8%, 2%,
5.4%, and 7.7% when compared to the control blends. The elastic
modulus of the reactive powder concrete improved by 12.27%-
21.88% with the incorporation of 2%-5% nano-metakaolin (Habeeb
et al., 2019). Similar research by Alharbi et al. (2021) pointed out a
25% increment in the elastic modulus when 3% calcined clay was
added to a reactive powder concrete. According to research published
by Hakamy et al. (2015a), the fracture toughness of concrete was
enhanced by 31% when incorporating 1% nanoclay and by 40% when
incorporating 1% calcined clay. Another study by Hakamy et al.
(2015) noted a 38% enhancement in fracture toughness with the uti-
lization of 1% calcined nanoclay because of its pozzolanic activity
and pore-filling effect.

Langaroudi et al. (2018) noted a reduction in the water absorption
and penetration of concrete when it included 1%, 2%, and 3% nan-
oclay. The initial water absorption was trimmed by 60.4%, 40.6%,
and 65.6%, respectively, while the final water absorption was corre-
spondingly reduced by 20.2%, 11.0%, and 53.2%. When 3% nano clay
was added to the four types of concrete individually, including 15%
silica fume, 45% blast furnace slag, 15% rice husk ash, and 30% fly
ash partially substituting the binder by weight, the final water absorp-
tion was reduced by 47.8%, 30.91%, 7.5%, and 11.32%, respectively.
The water penetration of concrete that included 1%, 2%, and 3% nan-
oclay decreased by 42.9%, 42.9%, and 64.3%, respectively, compared
to the control specimen. Ibrahem (2013) observed similar results,
reporting 16.6%, 21.79%, and 25.6% improvements respectively when
including 3%, 5%, and 10% nano-metakaolin.

Langaroudi et al. (2018) measured an enhancement in the electri-
cal resistivity of concrete when including nanoclay. The electrical
resistivity of specimens incorporating 1%, 2%, and 3% (at 90 days
of curing) was enhanced by 122.1%, 96.7%, and 189%, respectively,
caused by the reduction of interconnecting pore structures by the poz-
zolanic reactivity of the nanoclay. Langaroudi and Mohammadi (2018)
observed severe scaling and surface deterioration of a control speci-
men after 150 cycles of freeze and thaw, while the nanoclay specimens
were slightly scaled and less affected. The 300 freeze-thaw cycles led
to a drastic deterioration in the control specimen; however, the nan-
oclay specimen was less severely affected. The control concrete expe-

rienced 18.64% mass loss, 72% compressive strength loss, and a 45%
reduction in the dynamic modulus of elasticity. Concrete incorporating
1%, 2%, and 3% nanoclay underwent 13.14%, 9.0%, and 3.96% mass
loss; 47%, 52%, and 30% compressive strength loss; and 28.5%,
25.3%, and 15.5% reductions in the dynamic modulus of elasticity,
respectively. Similar results were also observed by Fan et al. (2015).

Resistance to acid attack was investigated by Fan et al. (2016), who
reported a 17% reduction in the compressive strength with the incor-
poration of 3% nanoclay after 60 days of exposure (Fig. 3). Similar
studies by Diab et al. (2019) pointed out that the compressive strength
loss, weight loss, and ultrasonic pulse velocity (UPV) were reduced
respectively by 20.1%, 18.9%, and 31.2% for the 3% calcined nano
clay concrete when compared with the control specimen after 150 days
of exposure in sulfuric acid solution. Concrete specimens incorporating
1%, 3%, 6%, and 9% nano-metakaolin reduced the weight loss caused
by magnesium sulfate attack by 11.4%, 20.7%, 32.5%, and 41.4%,
respectively, and the expansion strain was reduced by 4.9%, 17.0%,
21.3%, and 26.0%, respectively, when compared with the control
specimen.

Some researchers investigated the resistance of nanoclay concrete
to chloride penetration, concluding that nanoclay-incorporated and
calcined nanoclay-incorporated concrete is highly resistant. He and
Shi (2008) pointed out that the chloride diffusion coefficient of mor-
tars incorporating 1% hydrophilic nano-montmorillonite (clay-hi)
and hydrophobic nano-montmorillonite (clay-ho) was reduced by
66% and 76%, respectively, when compared with the control mortar.
Guo et al. (2018) pointed out that the chloride permeability coefficient
of mortar containing 4% nano-metakaolin improved by 18.93%-
31.05% at 7-28 days compared to the reference specimen. Fan and
Zhang (2014) noted that the chloride penetration reduced by 27%,
29%, 53%, 31%, and 23% respectively at nanoclay contents of 1%,
3%, 5%, 7%, and 9%. A similar observation by Langaroudi et al.
(2018) noted the lowest chloride migration coefficient when 3% nan-
oclay was incorporated.

Shrinkage in nanoclay concrete may vary with different nanoclay
types because their morphology and chemical compositions may nota-
bly influence it (Niu et al., 2021). It was demonstrated by Polat et al.
(2015) that the autogenous shrinkage was reduced by 43% for mortar
incorporating 1.3% nanoclay and by 40% for 3% nanoclay incorpora-
tion compared with the control specimen. A similar claim was made by
Lee et al. (2018), who noted that the maximum crack width, average
crack width, average crack length, and total crack area of mortar con-
taining 0.25% nanoclay were respectively 23.9%, 41.9%, 48.8%, and
69.3% lower than for a control specimen.

The behavior of nanoclay concrete at high temperatures was inves-
tigated by Irshidat and Al-Saleh (2018). It was noted that the compres-
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Fig. 3. (a) Compressive strength loss, (b) Mass loss of concrete with nanoclay after exposure to acid media (Fan et al., 2016).

sive strength, tensile strength, and flexural strength improved for con-
crete containing 2% nanoclay after exposure to high temperatures
(Fig. 4). At a temperature of 600 °C, the compressive strength, tensile
strength, and flexural strength were enhanced by 15%, 27%, and
106% compared with a control specimen. Ghazy et al. (2015) noted
an enhancement in the compressive strength of the concrete contain-
ing 5% and 10% nano-metakaolin by 1.56% and 11.55%, respectively,
at 200 °C, while it was reduced by 42.71% and 30.56%, respectively,
at 800 °C. Similar results were also noted by Al-Khafaji et al. (2016).

3.2. Nano-CaCO3

Calcium carbonate (CaCO3) is one of the most abundant and eco-
nomically viable naturally occurring minerals, extensively used by var-
ious industries as a filler material while also helping to improve some
composite material mechanical characteristics. It is generally obtained
from limestone, chalk, and marble and is also produced artificially by
the reaction of Ca with CO,. Mineral calcium carbonate is crushed,
ground, sieved, and re-crystallized into nano-CaCOs. The application
of nano-CaCOs lies broadly in paints, paper making, sealants, medi-
cine, plastics, and the food industry (Pera et al., 1999; Lin et al.,
2008; Souza et al., 2008; Yang et al., 2020).
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The use of micro-limestone mainly enables the filler effect, densify-
ing the microstructure. Nano-limestone can accelerate the hydration of
cementitious materials because of nucleation effects and filler charac-
teristics (Lothenbach et al., 2008; Kumar et al., 2013; Li et al., 2016). It
was pointed out by Batuecas et al. (2021) that the incorporation of 2%
nano-CaCO; into cement reduces the CO, content. Traditional Port-
land cement contained 0.96 kg CO;..q/kg of cement, while Portland
cement incorporating 2 wt% of nano-CaCO3 had only 0.3 kg CO5.cq/
kg cement, a 69% reduction.

Wau et al. (2021) noted that the major constituents of nano-CaCO3
are CaO and CO,, at 54.77% and 43.3%, respectively (Fig. 5). Remain-
ing constituents are 1.23% SOs3, 0.25% Fe,;03, 0.18% MgO, 0.12%
SiO,, and traces of Al,O3 and Na,O at 0.09% and 0.06% respectively.
Ca(OH), has been used as a natural stabilizer for CaCOs3, enabling the
production of rice-like hollow nano-CaCO3; without any agglomeration
(Ulkeryildiz et al., 2016). A high modulus at the interfacial transition
zone (ITZ) around the coarse aggregate from the addition of NC was
observed in a nano-indentation test, revealing that the pozzolanic reac-
tions generated additional C-S-H gels (Hosan et al., 2021).

3.2.1. Effect of nano-CaCOs on the properties of concrete
The addition of 1% nano-CaCOj significantly reduced the volume
of permeable voids by 46% after 28 days of curing. In the case of high
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Fig. 4. Residual properties of nanoclay concrete: (a) compressive strength, (b) flexural strength, (c) tensile strength (Irshidat and Al-Saleh, 2018).
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Fig. 5. a) SEM image, and b) XRD pattern of nano-CaCO3 (Wu et al., 2021).

volume fly ash concrete (40%), the volume of permeable voids was
reduced by 30% and 46%, respectively, at 28 and 90 days of curing
(Shaikh and Supit, 2014). Wu et al. (2016) observed a reduction in
porosity from 15.2% to 12.5% when the nano-CaCO; quantity was
increased from 0% to 3.2%. Meanwhile, the porosity increased from
12.5% to 17.5% when the nano-CaCO; quantity increased from
3.2% to 6.4%. It was noted by Wu et al. (2016) that the heat of hydra-
tion was modified with the addition of NC. The control blend dormant
period was observed to be around 13 h and was reduced to 9 h because
of the chemical effects (dilution and nucleation) and pore-filling char-
acteristics of the NC. Hosan and Shaikh (2020) did not observe signif-
icant changes in the calcium hydroxide peaks in high-volume slag
pastes and high-volume slag fly ash paste containing NC during X-
ray diffraction analysis. Enhanced intensity of ettringite, calcium
alumino-hydrate, calcium carbonate, and calcium silicate hydrate
was observed.

Microstructural characteristics, as observed by mercury intrusion
porosimetry, indicate that the addition of nanoparticles considerably
reduces porosity (Ding et al., 2020). The cumulative mercury volume
intruding in control concrete was 0.0412 cm®/g, while that of the con-
crete including 1%, 2%, 3%, and 4% NC was 0.0365, 0.0254, 0.0189,
and 0.0101 cm?/g, respectively (Khotbehsara et al., 2018). Similar
results were observed by Wu et al. (2018a), who noted that the poros-
ity of the control specimen was 15.2%, which reduced to 12% with
3.2% of NC content. The incorporation increased the porosity by
17.5% for 4.8% NC and 18.3% for 6.4% NC, as high NC content
may lead to agglomeration. The incorporation of NC refined the mid-
dle capillary pores (50-100 nm size), increasing the volume of meso-
pores (10-50 nm) by 60%.

The workability of concrete incorporating NC decreased with
increasing content, as observed by Shaikh and Supit (2014). The slump
value was reduced from 140 mm for the control blend to 135 and
120 mm, respectively, for mixtures containing 1% and 2% NC. Liu
et al. (2012) noted that the initial and final setting times of the cemen-
titious matrix gradually reduced with increasing nano-CaCO3 content.
The control blend’s initial setting time, final setting time, and flowabil-
ity were 200, 260, and 163 mm, respectively. These were reduced to
187, 232, and 137 mm for 1% nano-CaCOs; 139, 221, and 130 mm
for 2% nano-CaCOs; and 130, 207, and 120 mm for 3% nano-CaCOs;.
In contradiction to the above findings, Camiletti et al. (2013) observed
improved flowability with increased NC in an ultra-high performance
concrete mix.

Wau et al. (2021) observed a 9% improvement in the compressive
strength, a 20% improvement in flexural strength, and a 41% improve-
ment in the bond strength when 3.2% nano-CaCOs; was used. Li et al.

(2015, 2015a) noted that 3% is the optimum content, improving com-
pressive strength by 3%-19% and flexural strength by 11%-28%. The
pull-out strength improved by 200%, and the fiber-matrix bond
strength improved by 45%, as observed by Wu et al. (2018). It was
noted by Liu et al. (2012) that the optimum content of nano-CaCO5
was 1%-2%. Beyond this level, the mechanical properties were
reduced (Fig. 6). Maximum flexural strength (108.4% and 108.3%
higher than control at 7 and 28 days, respectively) was observed for
1% nano-CaCOs, while the maximum compressive strength was noted
at 2% NC (111.2% and 108.6% higher than control at 7 and 28 days,
respectively). Similarly, Assaedi et al. (2020) noted improved flexural
tensile strengths of 3.09, 4.30, and 4.21 MPa, respectively, for 1%, 2%,
and 3% NC geopolymer concrete compared with 2.71 MPa for the con-
trol concrete. Similar results were also observed by Cosentino et al.
(2020). Su et al. (2016) noted that ultra-high performance concrete
incorporating 3% nano-CaCOj3 exhibited 60% higher splitting tensile
strength than nano-silica concrete specimens.

The water sorptivity of mortars and concrete containing 1% NC
experienced 19% and 60% reductions from the control at 28 and
90 days, respectively, as newly formed C-S-H gels filled the concrete
capillary pores. The addition of NC densified the microstructure,
enhancing the concrete density by refining the pores (Shaikh and
Supit, 2014). The capillary water absorption of concrete containing
2% NC was reduced by 61% (Fig. 7), and 3% NC concrete gave the
lowest water absorption (65%-70% improvement), as observed by
Khotbehsara et al. (2018).

The shrinkage of a cementitious blend incorporating NC was stud-
ied by Liu et al. (2012). It was established that the early age shrinkage
of cement paste incorporating 1% nano-CaCO3; was only 1/3 that of
the control paste, while it became twice the control when the NC con-
tent was 2%. Camiletti et al. (2013) noted 18% reduced shrinkage and
3% lower mass loss for specimens containing 5% NC. The resonance
frequency increased with the addition of NC, as observed by Bankir
et al. (2020), as 1% NC improved the resonance frequency by 10%.
The resonance frequency of the control was 3012 Hz, whereas includ-
ing 1% NC improved the resonance frequency to 3330 Hz, and 2% NC
had a 3015 Hz resonance frequency. In contradiction to the results
above, Li et al. (2016) pointed out that ultra-high performance con-
crete containing 2% NC with water to binder ratios of 0.15 and 0.18
exhibited 16% and 29% higher autogenous shrinkage than the control
concrete. At 72 h, the autogenous shrinkage increased by 7.56% and
16.87%, with 1% and 2% NC added. Similar results were also reported
by Hosan and Shaikh (2021).

Shaikh and Supit (2014) noted that the chloride penetration
charges passed through control concrete were respectively 3442 and
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Fig. 7. Capillary water absorption of concrete containing various nanomate-
rials (Khotbehsara et al. 2018).

2916 C at 28 and 90 days. With the addition of 1% NC, the chloride
penetrations were reported as 2749 and 1475 C, respectively, at 28
and 90 days, indicating corresponding improvements of 20% and
50%. The lower passed charges indicate high resistance to chloride
penetration. The chloride diffusion coefficients of control and 1% NC
concrete were 4.1 x 102 and 1.07 x 102 m?/sec, respectively,
about a 73% reduction. Shaikh and Supit (2015) further noted that
chloride permeabilities at 28 and 90 days were reduced by 11.8%
and 7.7%, respectively. By contrast, the chloride diffusion coefficient
at 60 days was reduced by 32.6% compared with the control concrete
(Herath et al., 2020).

The behavior of concrete subjected to acid attack was studied by
Bankir et al. (2020), who reported that the mass loss of the control
specimen after the acid attack was 7.8% compared with 5.3% for mor-
tar containing 20% blast furnace slag (Fig. 8). With 1% NC, the mass
loss was 3.6%. Khotbehsara et al. (2018) demonstrated that the electri-
cal resistivity of a control concrete was very low, indicating a high pos-
sibility of corrosion. The control specimen resistivity was 7.2 kQ-cm,
while that of the 4% NC concrete was 25 kQ-cm, an improvement of
up to 257% compared to the reference.

Wau et al. (2016) studied properties at high temperatures, noting no
obvious changes up to 450-550 °C. When the temperature was
increased to 600-700 °C, decomposition of CaCO; was observed,
which increased further with an increasing quantity of CaCOs, Salih
et al. (2020) observed similar results while noting an 83% reduction
in the sum of cement weight loss at 600-800 °C when 1% NC was
incorporated. Bankir et al. (2020) observed that the thermal conduc-
tivity of a control mortar sample was 1.23 W/m-K, while that of sam-

ples containing 1% and 2% NC were 1.79 and 1.17 W/m-K,
respectively. Including 20% blast furnace slag reduced the thermal
conductivity to 1.01 W/m-K.

3.3. Nano-Fe;03

Nano-Fe,03 (NF), also known as nano-hematite, improves the prop-
erties of cement-based materials because of its nano-filling effect, bet-
ter dispersion ability, acceleration of C-S-H formation, and porosity
reduction. The investigations carried out by Li et al. (2004, 2004a)
were the first reported in the literature on the use of nano-Fe,O3
(NF) particles in cement-based materials. It was identified that the
cement mortar, when mixed with NF, turns into a smart structural
material that can self-monitor the stress with improved diagnostic abil-
ity. The reaction between Fe,O3 and Ca(OH), leads to the formation of
ilavite compound having void filling characteristics similar to ettrin-
gite (Amin et al., 2013). The reaction of nano-ferric oxide with calcium
hydroxide generates nano-reinforcing materials that densify the con-
crete microstructure (Heikal et al., 2021). Concrete composite incorpo-
rating 2% NF exhibited the highest gamma radiation shielding
capacity compared with ordinary Portland cement concrete (Abo-El-
Enein et al., 2018); an energy-dispersive X-ray spectra (EDS) image
is given in Fig. 9. The inclusion of NF facilitates additional nucleation
sites for C-S-H, accelerating the growth of hydration products in the
pores/voids within the concrete materials (Feng et al., 2020).

The addition of NF refines the pore structure and increases the vis-
cosity of the cement matrix. The most probable pore diameter
decreased from 14 nm in the control specimen to 13 nm for 3% NF
and 11.9 nm for 4% NF. The median volume diameter improved from
22.2 nm for the control to 19.7 and 14.5 nm for 3% and 4% NF, respec-
tively. The addition of up to 4% NF can accelerate the hydration of
cement and enhance the rate of exhausted heat (Khoshakhlagh et al.,
2012). NF acts as a filler and activates the cement hydration, reducing
the Ca(OH), crystals. The large pores observed in the control specimen
became filled in the NF-modified samples, making a compact
microstructure indicating the rapid formation of C-S-H gels
(Madandoust et al., 2015).

3.3.1. Effect of nano-Fe;O3 on the properties of concrete

The fresh properties of concrete incorporating NF were investi-
gated by Madandoust et al. (2015). The control mixtures’ slump and
v-funnel flows were 24.5 cm and 8.5 s, respectively. The slump flow
of concrete incorporating 1%, 2%, 3%, 4%, and 5% NF were respec-
tively 24, 24, 24.5, 25 and 25.5 cm, while the v-funnel flow values
were 9.4, 10.5, 9.8, 8.5 and 7.8 s. It was noted that the v-funnel flow
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Fig. 9. EDS image of nano-Fe;O3; (NF) (Abo-El-Enein, 2018).

values gradually decreased with an increasing quantity of NF. Similar
observations were made by Joshaghani et al. (2020), who noted
improved v-funnel and l-box values for up to 3% NF in self-
compacting concrete. Feng et al. (2020) noted a 34.5% increase in
the slump flow with the incorporation of 2% NF, while the compres-
sive and tensile strength substantially improved with 1% fiber, as
shown in Fig. 10. Generally, the high surface area of the nanoparticles
absorbs more water and increases the water demand in the mixture,
requiring a high dosage superplasticizer (Joshaghani et al., 2020).

A significant reduction in microcracks and a compact microstruc-
ture was noted by Feng et al. (2020) when incorporating 2% NF dis-
tributed uniformly. While incorporating NF up to 2% provided an

excellent filling effect, exceeding 2% led to nanoparticle agglomera-
tion, subsequent porosity enhancement, and quality degradation of
the concrete. Including NF converts the loose needle-like micro-
structural particles of the binder materials to a compact integrated
morphology, which can arrest cracks (Ghazanlou et al., 2020; Kani
et al., 2021).

Li et al. (2004, 2004a) reported that compressive strength
improved by 26% and 14.5% for the addition of 3% and 5% NF,
respectively, while the flexural tensile strength improved by 17.8%
and 23%, respectively. Oltulu and Sahin (2011) noted the compressive
strength of control concrete as 65 MPa, while that of the concrete
incorporating 0.5 wt%, 1.25 wt%, and 2.5 wt% NF was respectively
74.6, 67.6, and 69.4 MPa. Khoshakhlagh et al. (2012) noted the best
compressive strength at 4% NF. The compressive strength of the con-
trol self-compacting concrete (SCC) was 31.6 MPa at 28 days (71.83%
improvement), while that if the concrete incorporating 3% and 4% NF
were 48.2 and 54.3 MPa, respectively.

Nazari and Riahi (2011) observed an increasing trend in the split-
ting tensile strength when incorporating nano-Fe;O3; (NF) particles.
The splitting tensile strength of the water cured and lime water cured
control specimens were respectively 2.3 and 1.9 MPa. The strengths of
water cured specimens containing 0.5 wt%, 1 wt%, 1.5 wt%, and 2 wt
% NF particles were respectively 2.7, 3.2, 3.0, and 2.3, while that of
the lime water cured specimen were 3.0, 3.1, 3.3, and 3.9 MPa, respec-
tively. Khoshakhlagh et al. (2012) noted a better performance of
3.1 MPa with 4% NF than the 1.6 MPa of the control specimen
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Fig. 10. a) Workability, b) compressive strength, and c) splitting tensile strength of NF concrete (Feng et al., 2020).
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(93.75% improvement). Khoshakhlagh et al. (2012) also noted better
flexural strength performance of 7.4 MPa with 4% NF when compared
with the 4.2 MPa of the control specimen (76.19% improvement). The
addition of 0.5% NF increased the strength by 24%, while the inclu-
sion of 1 wt% improved it by 55% (Nazari et al., 2010; Oltulu et al.,
2011). Similar observations by Kani et al. (2021) noted flexural tensile
strengths enhanced by 134%, 158%, and 142%, respectively, for spec-
imens incorporating 2%, 3%, and 4% NF.

Nazari and Riahi (2011) observed a trend of water absorption
reduction when incorporating the nano-Fe,Os; (NF) particles. The
water absorption of the water cured and lime water cured control spec-
imens were respectively 4.80% and 4.92%. The water absorption of
water cured specimens containing 0.5%, 1%, 1.5%, and 2 wt% NF par-
ticles were respectively 0.92, 1.17, 1.40, and 1.71, while the corre-
sponding values for the lime water cured specimens were 0.85, 0.95,
1.03, and 1.15, respectively. Khoshakhlagh et al. (2012) observed that
the water absorption of the control specimen was 3.89%, while that of
the specimens including 3% and 4% NF were 1.23% and 1.02%,
respectively The absorption decreased by 73.77% with 4% NF. Similar
observations were made by Joshaghani et al. (2020), who noted a 64%
reduction with 5% NF.

The capillary permeability of mortars containing NF was studied by
Oltulu and Sahin (2011). It was noted that concrete capillary perme-
ability incorporating 0.5 wt%, 1.25 wt%, and 2.5 wt% NF was reduced
by 26%, 13%, and 6%, respectively. In comparison, the capillary per-
meabilities for mortars containing combined nano-silica and NF at
0.5 wt%, 1.25 wt%, and 2.5 wt% were reduced by 12%, 14%, and
17%, respectively. The probability of corrosion is reduced with an
enhancement in the electrical resistivity. Madandoust et al. (2015)
noticed a much lower electrical resistivity value of 7.2 kQ-cm for the
control specimen, which increased to the range of 18 (150%), 22
(214.3%), and 15.4 kQ-cm (113.8%) with the inclusion of 1%, 2%,
and 3% NF, respectively. Similar studies by Joshaghani et al. (2020)
have pointed out a substantial increase in the electrical resistivity of
concrete at 28 and 91 days, especially at lower water to binder (w/
b) ratios.

The behavior of NF concrete subjected to sulfate attack was studied
by Heikal et al. (2021), who utilized two types of NF (processed at 300
and 450 °C in an electric furnace for 2 h). As observed in Fig. 11, the
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compressive strength of specimens containing 0.5% and 1% NF (pro-
cessed at 300 °C) was higher than that of the control concrete. All con-
crete specimens containing 450 °C NF (0.5%-2 wt%) were higher than
the control specimens. The rapid chloride permeability of the control
specimen was 2900 C, which was reduced by 44% with the inclusion
of 2 wt% NF (Madandoust et al., 2015). Braganca et al. (2016) noted
enhanced resistance to sulfate attack as nano-magnetite reacts with
calcium hydroxide to form the Fe-ettringite phase that reduces
porosity.

The behavior of NF mortar specimens at elevated temperatures of
110-650 °C was investigated by Khoshakhlagh et al. (2012), who
noticed an enhanced weight loss for specimens containing NF. The
control specimen underwent a 10.6% weight loss, while the specimens
containing 3%, 4%, and 5% NF had respective weight losses of 11.7%,
11.6%, and 11.3%. In contradiction, Abo-El-Enein et al. (2018)
reported that the NF concrete exhibited better performance when
exposed to 600 °C temperatures. The compressive strength reduction
was 20% and 18% (24% and 26% less) for the concrete containing
2% and 3% NF, respectively, compared with 44% for the control con-
crete. Greater reductions for NF concrete were noted at 800 °C, which
were 73% and 74% for 2% and 3% NF, respectively, compared with
69% for the control concrete.

3.4. Nano-TiO,

Nano-sized titanium dioxide (TiO,), a semiconductor photo-
catalyst, is one of the most extensively investigated nanomaterials.
The photo-catalysis characteristic of titanium dioxide was first identi-
fied by Fujishima and Honda. It splits water into hydrogen and oxygen
by UV light energy-instigated electro-catalysis utilizing TiO, as a
photo-anode in an electrochemical cell. This process is popularly
known as the Honda-Fujishima effect (Paul and Giri, 2018;
Sanalkumar and Yang, 2021). Nano-TiO, (NT) is a versatile material
widely used as the white pigment in paints and cosmetics, glass, wall-
paper materials, cement-based materials, and ceramic tiles. Its utiliza-
tion as a decorative coating in construction material helps protect from
sunlight and pollution, while its incorporation in pavement materials
enables the decomposition of vehicle-induced gases (Chen et al.,
2012; Shchelokova et al., 2021).
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Fig. 11. Compressive strength of a sulfate-attacked NF specimen, where NFO is the control, NF (1-4) contains respectively 0.5%, 1%, 1.5%, and 2% NF (Heikal

et al., 2021).
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The photocatalytic property of nano-TiO, can help decompose gas-
eous pollutants, enhancing and optimizing the performance of con-
crete (Meng et al., 2012). The X-ray diffraction (XRD) of NT exhibits
a smooth hump confirming the amorphous phase, suitable for use in
cementitious matrices (Fig. 12). The peaks labeled ‘R’ and ‘A’ denote
rutile and anatase phases (Daniyal et al., 2019). The first available
research on nano-TiO, (NT) concrete was carried out by Li et al.
(2006) from the Harbin Institute of Technology, China. The abrasion
resistance of concrete that included 1% nano-TiO, provided better
results than polypropylene and nano-silica. The concrete mixtures
incorporating 5% NT exhibited super-hydrophilicity at almost zero
water contact angle after 2 h of direct sunlight exposure, and the sur-
face reflectance recovered after 1 h of direct sunlight exposure
(Sanalkumar and Yang, 2021).

NT particles exhibit no pozzolanic reactions, acting as non-reactive
fine fillers to refine pore structures. NT can accelerate cement hydra-
tion, providing additional nucleation sites and increasing water
demand with reduced setting time. The main peak heat of hydration
occurs early with enhanced intensity, while the duration of occurrence
decreases compared to the control specimen (Chen et al., 2012). It was
observed by Xu et al. (2020) that for recycled aggregate (RA) concrete
at 0.35 w/b and an aggregate to binder ratio of 3, when 50% of the
virgin aggregate is replaced by RA, the addition of 5% fly ash and
0.3 optimal quantity of NT, the harmful pollutant nitrogen oxide
(NOx) was degraded by 70%, indicating a highly durable photocat-
alytic performance. The utilization of NT in recycled aggregate con-
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crete can reduce the quantity of carbon dioxide, as mentioned in
Fig. 13 by Moro et al. (2020). Karthikeyan and Dhinakaran (2018) dis-
cussed that the optimum quantity of NT was 0.5 wt% with 9.5% silica
fumes and 0.5 vol% steel fibers.

3.4.1. Effect of Nano- TiO on the properties of concrete

Joshaghani et al. (2020) and Jalal et al. (2013) reported that the
high surface area of NT and its tendency to absorb more water caused
a reduction in slump flow. Acceptable workability was observed at 3%
NT while incorporating 5% NT drastically reduced workability (and
showed more viscous behavior, which further affected the rheological
properties of the self-compacting concrete). The concrete was filled in
the molds without any induced vibrations, and the presence of NT
improved the consistency, reducing the segregation and bleeding of
concrete. The fluidity of the cement mortar decreased by 21% and
40% with the inclusion of 5% and 10% NT, respectively, significantly
improving with the addition of superplasticizer and slag (Meng et al.,
2012).

The microstructural properties of NT concrete were studied by Feng
et al. (2013), who identified three types of nano-modification mecha-
nisms caused by NT in a cementitious matrix. First, NT acted as activa-
tor nuclei by producing needle-shaped hydration products that fill the
micro-pores. Second, the emergence of a homogeneous dense calcium-
silicate-hydrate (CSH) gel was facilitated. Third, the NT particles aided
in the sustained disposition of hydration products throughout the
cement matrix. It was demonstrated by Ren et al. (2018) that the NT
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particles could act as fillers and as crystallization centers of calcium
hydroxide, which can trim the crystal sizes at the paste-aggregate
interface, improving the structure and material properties. The NT
can consume calcium hydroxide in the cement paste and generate cal-
cium titanate, which can be detrimental for the concrete at later ages.

The introduction of NT improved the pore structure, acting as a fil-
ler and enhancing concrete density. It activates the cement hydration
and also reduces the size of calcium hydroxide crystals. When the
quantity of NT was more than 4%, the crystal quantity of Ca(OH),
was reduced because of the limited growing space. This increases
shrinkage and creep, leading to a looser cement matrix pore structure
and subsequent reduction in the desired concrete properties (Jalal
et al., 2013).

It was observed by Meng et al. (2012) that the addition of 5% and
10% NT improved the 1-day strength by 46% and 47%, respectively,
while it reduced the 28-day strength by 6% and 9%, respectively, com-
pared with the control specimen. The addition of superplasticizer and
slag powder with the NT improved the 28-day compressive strength by
15% and 7%, respectively. Nikbin et al. (2019) noted 40% more
strength (48.4 MPa compared to 34 MPa for the control) with the addi-
tion of 6 wt% NT. The ultrasonic pulse velocities (UPVs) for concrete
containing 6% and 8% NT were in the excellent ranges of 4.65 and
4.52 km/s, respectively. The addition of 3% NT improved the com-
pressive strength by 19.2% (Chinthakunta et al., 2021). It was identi-
fied by Sun et al. (2020) that cement paste that included 5 nm particles
exhibited better compressive strength when compared with 25 nm
size. The optimal value was obtained for 5 nm size NT at 0.5 wt% with
0.3 water to cement ratio. This mixture exhibited an 18.7% increment
in the compressive strength at 7 days and 24.35% at 28 days.

Jalal et al. (2013) noted that the flexural strength improved when
adding up to 4 wt% but decreased beyond that. Meng et al. (2021)
demonstrated the ball-milling method to disperse NT on the surface
of fly ash, used as a supplementary cementitious material (SCM). At
1 wt% NT (with a 30-minute ball-milling duration), a dramatic
enhancement of 37.74% in flexural strength was obtained. Sastry
et al. (2020) recorded enhancements of 32.63% in flexural strength
and 22.22% in split tensile strength at 5% NT. The impact resistance
of concrete that included NT was studied by Nikbin et al. (2019). It
was noted that a specimen that incorporated 6% NT had 66% more
impact resistance when compared with the control blend. The number
of blows taken by the control specimen until first crack and ultimate
failure was 11 and 15, respectively, compared to 18 and 25 for a
6 wt% NT specimen. After first cracking, the NT specimen resisted
36% more strikes until ultimate failure.
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The water absorption properties of the NT concrete were investi-
gated by Jalal et al. (2013), who noted that the capillary absorption
height and the percentage of water absorption declined for NT content
up to 4% because of the high reactivity and filler effect of the NT par-
ticles. The water absorption for the control and 4 wt% NT concrete at
168 h of exposure were 5.12% and 4.22%, respectively. When the sub-
stitution was above 4%, the water absorption increased because of the
unsuitable dispersion and agglomeration in the cement paste. The high
surface area of the nanoparticles promotes hydration and reduces the
porosity, which subsequently reduces the depth of water penetration.
The effect of NT was inferior when compared with nano-alumina and
nano-iron oxide (Joshaghani et al., 2020).

Jalal et al. (2013) noted a gradual reduction in the chloride pene-
tration depth with increasing amounts of NT particles. The chloride
penetration was 0.13% and 0.09% with 3% and 4% NT, respectively,
while the control concrete was 0.23%. The rapid chloride penetration
and chloride migration were gradually reduced with the addition of
NT (Joshaghani et al., 2020). The rapid chloride penetration charges
passed through concrete containing fly ash, silica fume, and NT was
115.5 C compared with 970.83 C for the control concrete
(Chinthakunta et al., 2021).

The electrical resistivity of concrete containing fly ash, silica fume,
and NT was very high (142.20 kQ-cm), as observed by Chinthakunta
et al. (2021), showing a negligible corrosion rate at 90 days compared
with the 19.8 kQ-cm of the control mixture. Daniyal et al. (2019)
noted a significantly lower corrosion rate in the NT specimens at all
exposure conditions, while the best results were observed at 3% NT.
Mobhseni et al. (2018) noted electrical resistivities of control specimens
between 5 and 10 kQ-cm (high probability of corrosion), while those
of concrete containing 10%-15% rice husk ash (RHA) and 3%-5%
NT are above 20 kQ-cm, indicating a very low corrosion probability.
Rao et al. (2015) studied the resistance to carbonation, noting that
specimens incorporating 0.5 wt%, 0.75 wt%, and 1 wt% NT were prac-
tically impermeable to carbonation after 91 days of exposure. Duan
et al. (2016) noted an improved resistance to carbonation by 77%,
62%, and 42% for specimens containing 1%, 3%, and 5% NT, respec-
tively, after 180 days of exposure.

Zhang et al. (2015) reported that the drying shrinkage of a blend
incorporating 25 nm NT at 5 wt% was mitigated because of reduced
water loss by the pore filling effect. The shrinkage of control mortars
was higher in the first 6 days, sharply increasing on days 5-15 of
hydration. Similar studies by Duan et al. (2016) noted reduced shrink-
age after 5 days for a 1% NT specimen and 2 days for 2% and 5% NT
specimens compared with a control specimen. Sastry et al. (2020)

o 14-day
m 28-day

Weight loss (%)

0 T
Control

T T

T T T -

10RHA- NO 10RHA- N1 10RHA- N2 10RHA- N3 10RHA- N4 10RHA- NS

Mixes

Fig. 14. Weight loss of Portland cement concrete with RHA subjected to hydrochloric acid attack. RHA is rice husk ash, N is NT. (Praveenkumar et al., 2019).
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examined the resistance of control and NT specimens to a 5% magne-
sium sulfate solution. The control specimen had a weight loss of
4.383%, while the weight losses were 2.079%, 1.708%, and 1.09%,
respectively, for specimens incorporating 3%, 4%, and 5% NT. Simi-
larly, the control specimen had a 1.44% loss in compressive strength
after 28 days, while concrete incorporating 3%, 4%, and 5% NT had
losses of 1.02%, 0.896%, and 0.80%, respectively.

The resistance of NT specimens to hydrochloric acid attack was
analyzed by Praveenkumar et al. (2020), as shown in Fig. 14. More sig-
nificant weight loss was observed at 28 days than at 14 days. The con-
crete blended with 10% RHA and 3% NT offered the highest resistance
to hydrochloric acid attack. Daniyal et al. (2019) noted high resistance
for NT concrete specimens under acid attack. After 360 days of expo-
sure to acid, the compressive strength of the control and 1%, 3%, and
5% NT were 34.5, 40.3, 42.7, and 43.4 MPa, respectively. It was cor-
respondingly 27.37%, 22.94%, 21.51%, and 21.38% less when com-
pared with specimens immersed in tap water for 360 days.

Farzadnia et al. (2013) noted that the NT concrete exhibited higher
residual compressive strength, brittleness, and gas permeability than a
control specimen for temperatures up to 600 °C. NT lowered the mass
loss to 300 °C, while it increased from 300 to 100 °C. After exposure to
110-650 °C temperatures, the average weight loss for control concrete
was 13.5%, while for concrete including 3% and 4% NT, the mass
losses were 16.7% and 17.5%, respectively. Nikbin et al. (2020)
observed a minimum compressive strength loss of 15.5 at 600 °C for
a specimen incorporating 2% NT, and the highest weight loss (6.9%)
was observed for 6% NT samples. Increasing the quantity of NT grad-
ually increased the losses in compressive strength and weight.

4. Combinations of various nanomaterials

Various researchers have investigated the characteristics of con-
crete incorporating two or more nanomaterials. The properties of
TiOo-graphene composites with 0.01 wt%, 0.03 wt%, and 0.05 wt%
were studied by Zhang et al. (2021). A crumpled morphology with
20-30 nm particle sizes was observed with transmission electron
microscopy. The dosage level of 0.03 wt% promoted the formation
of C-A-S-H phases, providing nucleation sites for the development of
hydration phases. There was a 26.6% increase in compressive strength
and an 11.3% increase in flexural strength compared to the control
concrete. The capillary sorptivity coefficient decreased from 0.635 to
0.432 mm/min®®, and a 68.7% reduction in chloride penetration with
the optimal quantity of 0.03 wt% was observed. It was noted by Guo
et al. (2021) that the addition of 0.5% TiO,-Graphene to the epoxy
resin polymer matrix reduced the capillary sorptivity by 52.22% and
the chloride diffusion coefficient by 77.43%.

The combined effect of NS, NT, and NC was investigated by Ren
et al. (2021). The compressive strengths of a mixture incorporating
2 wt% NT, 2 wt% NC, and 0.5 wt% NS at 1, 3, and 7 days were respec-
tively 52.54%, 53.76%, 61.09% higher than the control specimens.
This combined addition can improve the rate of hydration and produce
more calcium hydroxide, reducing the total porosity from 23.2% to
16.8%. The optimum dosages for NS, NT, and NC have been identified
analytically (using the response surface methodology) as 0.86 wt%,
2.75 wt%, and 0.14 wt%, respectively, producing 83 MPa compressive
strength at 7 days.

The individual characteristics of TiO, (self-cleansing and bacterici-
dal) and SiO, (significant mechanical properties) were combined by
various researchers to produce nanocomposite concrete blends. The
negative charges on the TiO2-SiO2 nanocomposite surface can uni-
formly distribute in the concrete blend. The compressive strength, flex-
ural strength, and dynamic compressive strength improved (Han et al.,
2019). The nanocomposite improves the rate of hydration and reduces
the porosity compared with the individual use of TiO, (Sun et al.,
2017). Incorporating 3 wt% of TiO,-SiO, nanocomposite improved
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the compressive strength because of increased C-S-H and a compact
microstructure (Sikora et al., 2017). The use of 3% TiO,-SiO,
improves the compressive strength of the reactive powder concrete
by 12.26%, while 5% improves the flexural strength by 87% (Han
et al., 2017). It was noted by Shchelokova et al. (2021) that the opti-
mal quantity of the TiO»-SiO, nanocomposite calcined at 800 °C is
0.1 wt% to 0.5 wt%. It exhibited peak photocatalytic activity, better
mechanical properties, and reduced porosity, water absorption, and
abrasion losses.

5. Discussion

Nanoclay is a nanofiller with an average particle size roughly 1000
times finer than cement grains. Calcination at an optimal temperature
of 750 °C plays a vital role in enhancing the pozzolanic reactivity of
nanoclay. The pore structure of cement paste becomes refined because
of the pozzolanic, nucleation, and filler effect. It improves the mechan-
ical properties, electrical resistivity, toughness, and elastic modulus of
the cement blend, reducing water, acid, and chloride penetration.
Shrinkage in nanoclay concrete may vary with the different types of
nanoclay because their morphology and chemical compositions may
notably influence it. After exposure to high temperatures, the compres-
sive strength, tensile strength, and flexural strength is improved for the
nanoclay concrete compared with control specimens.

Nano-CaCOj can accelerate the hydration of cementitious materials
because of nucleation effects and filler characteristics. Its incorpora-
tion can gradually reduce the workability and initial and final settings
with increasing nano-CaCO; content. It can enhance the compressive,
flexural, splitting, and bond strength while reducing water sorptivity,
chloride penetration, and acid attack. The shrinkage and behavior at
high temperatures need further investigation, as researchers have
reported contradicting results.

The addition of nano-Fe,Os refines the pore structure and increases
the viscosity of the cement matrix, significantly reducing microcracks
and providing a compact microstructure. Compared to the other nano-
materials, the incorporation of NF improved the workability of con-
crete. It also improved the mechanical properties and electrical
resistivity, reducing water absorption, chloride penetration, and sul-
fate attack. The behavior at high temperatures needs further studies
due to non-conclusive results. Also, a research gap is observed con-
cerning shrinkage, acid attack, and corrosion of concrete specimens.

The use of nano-TiO, has been researched intensely. Nano-TiO,
concrete fills molds without any induced vibrations, improving consis-
tency and reducing the segregation and bleeding of concrete. NT can
consume calcium hydroxide in the cement paste and generate calcium
titanate, which can be detrimental to the concrete at later ages. NT
improves mechanical properties, electrical resistivity, and impact
resistance, reducing shrinkage, water absorption, acid, sulfate, and
chloride ingress. NT concrete exhibited higher residual compressive
strength, brittleness, and gas permeability than the control specimen
for temperatures up to 600 °C.

6. Comparison of property enhancements among nanomaterial
additives

Incorporating nano-TiO,, nano-Fe,0Os3, nano-clay/metakaolin, and
nano-CaCOj; to partially replace cement/geopolymer paste or as an
additive in cementitious matrices has significant potential for applica-
tion in civil engineering. When properties are compared (as in Fig. 15
and Tables 2-4), it was noted that the workability was gradually
reduced with nanomaterial incorporation, which could be overcome
using a proper superplasticizer. Concrete incorporating nano-CaCO3
exhibited better mechanical properties in terms of compressive
strength, flexural strength, and split tensile strength. It also offered
high electrical resistivity, water absorption resistance, elevated tem-
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Fig. 15. Comparison of fresh, transport, mechanical, and durability properties of concrete containing various nanomaterials.

perature behavior, and freeze-thaw durability, while the resistance to
chloride penetration was minimal compared with other nanomaterials.

TiO, offered the highest elastic modulus, workability, and resis-
tance against chloride penetration, carbonation, acid attack, and free-
ze-thaw damage. The mechanical properties were also enhanced with
the utilization of nano-TiO,. It was also noted that nano-Fe,O3 nega-
tively affected concrete workability while offering high resistance to
water absorption and chloride penetration, and high electrical
resistivity.

To the best of the authors’ knowledge, a research gap was noted for
the elastic modulus, carbonation effect, sulfate attack, acid attack,
freeze-thaw durability, and shrinkage. Superior resistance at elevated
temperatures was observed for concrete mixes incorporating nanoclay.
The combination of various nanomaterials in binary or ternary form
can be investigated to produce superior quality concrete having high
mechanical and durability properties. Based on the literature, the opti-
mal replacement levels of nano-TiO; (1 wt%-4 wt%), nano-Fe,O3
(1 wt%-3 wt%), nano-clay (5 wt%-7.5 wt%), nano-metakaolin (0.5
wt%-2 wt%), and nano-CaCOs3 (0.5 wt%—2 wt%) are recommended.

7. Conclusions

This paper presents a comprehensive review and findings on earlier
research studies and current trends in concrete containing nanomate-
rials, including nano-TiO,, nano-Fe,Os;, nano-clay/metakaolin, and
nano-CaCOj3. The influence of these nanomaterials on the fresh proper-
ties, microstructure, mechanical, and durability characteristics of
cement/geopolymer concrete were analyzed. Based on the analysis
of various studies following conclusions are drawn:.
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e Nanoclays are crystalline layers of mineral silicates possessing poz-
zolanic properties. They provide rich sources of aluminosilicates
that react with calcium hydroxide to form C-S-H and C-A-H gels,
leading to improvements in the mechanical and durability proper-
ties of cementitious composites. Incorporating nanoclay up to 2 wt
% reduces porosity and develops a dense matrix microstructure.
However, higher nanoclay content adversely affects workability
and mechanical strength. Nano-metakaolin up to 6 wt% and a
quantity (0.02%) of carbon nanotubes improve nanoparticle disper-
sion and mechanical properties. The inclusion of nano-metakaolin
also reduces the permeability of the matrix, which was indicated
by the reduced chloride ion penetration results.

Nano-CaCOj; can be used as a filler to densify the microstructure of
the cementitious matrix. The properties of cement mortar and con-
crete, such as workability, setting times, and mechanical strengths,
can be significantly improved with the addition of nano-CaCO3 by
up to 3%. Nano-Fe,O5; (NF) addition accelerates the formation of C-
S-H gel due to its better dispersion and nano-filling effects. Nano-
Fe,0O5 generates nano-reinforcing material when reacting with the
calcium hydroxide in the matrix, resulting in the densification of
the concrete microstructure. NF also helps in accelerating cement
hydration. Nano-TiO5 (NT) acts as a non-reactive nano-filler and
plugs the pores, leading to refinement of the pore structure. How-
ever, the higher surface area of NT particles reduced the workabil-
ity of the mix. NT blended with other SCMs significantly enhances
cement concrete’s mechanical strength and durability properties.
The findings have confirmed the optimal dosage of these nanoma-
terials and the possibility of using combinations of various micro
and nanomaterials to attain superior properties. Concrete contain-
ing a combination of various nanomaterials in appropriate propor-
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Table 2

Fresh and mechanical properties of Nanomaterials.
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Properties— Workability Density, Elastic modulus Compressive strength Flexural strength Splitting tensile

Nanomaterials¥

Nano-TiO, The workability reduced by = 40% enhancement with 6%  40% more strength with Enhancement by 32.63% in the Enhancement by 22.22% in
40% with 1.5 wt% Nt when compared with 4% the addition of 6 wt% NT flexural strength at 5% NT. split tensile strength at 5%

NT. (Ng et al., 2020) (Nikbin et al., 2019) (Sastry et al., 2020) NT.

(Sorathiya et al., 2017) (Sastry et al., 2020)

Nano-Fe,03 34.5% increase in the slump - Research gap Improved by 26% and Improved by 17.8% and 23% 39.13% improvement with
flow with the incorporation 14.5% for the addition of 3  respectively for 3 and 5% NF 1% NC
of 2% NF and 5% NF respectively, respectively, (Li et al.,2004, (Nazari and Riahi, 2011)
(Feng et al., 2020) (Li et al.,2004, 2004a) 2004a)

Nano-clay 9% nano-metakaolin 25% enhancement with 3%  34% increase with 7.5% 29% increase with 7.5% nano-clay 20% increase with 7.5%
reduced the concrete slump  calcined clay. (Alharbi et al., nano-clay (Morsy et al., (Morsy et al., 2014) nano-clay Hamed et al.,
by 15.7% 2021) 2014) (2019),
(Norhasri et al., 2016).

Nano-CaCO3 16% reduction in the slump - Research gap 108.6% improvement with ~ 108.3% improvement with 1 wt%  60% higher splitting tensile
with 2% Nano-CaCO3 2 wt% (Liu et al., 2012) strength with 3% Nano-
(Shaikh and Supit, 2014). (Liu et al., 2012) CaCOs; (Su et al., 2016)

Table 3
Transport properties of nanomaterials.

Properties— Water absorption Chloride penetration Carbonation Sulfate attack Acid attack

Nanomaterials!

Nano-TiO, 21% reduction with 4% NT 76.9% improvement Improved resistance to Weight loss got improved by 3.29%, 25.79%
(Jalal et al., 2013) with 3% NT carbonation by 77%, compressive strength loss improved by improvement in the

(Jalal et al., 2013) 62% and 42% for 1,3 0.64% compressive

Nano-Fe,03

64% reduction with 5% NF
(Joshaghani et al., 2020).

About 62.5%
improvement in the
chloride migration

and 5% NT
(Duan et al., 2016)

- Research gap

(Sastry et al., 2020)

The compressive strength of specimens

strength at 5% NT
(Daniyal et al.,
2019)

- Research gap

containing 0.5 and 1% NF (processed at
300 °C) was higher than that of the control

coefficient. concrete
(Joshaghani et al., (Heikal et al., 2021),
2020)
Nano-clay 53.2% reduction with 3% nano-clay. 53% reduction in - Research gap 41.4% reduction with 9% nano 17% reduction in
(Langaroudi et al., 2018) chloride penetration metakaolin compressive
with 5% NC (Diab et al., 2019) strength loss with
Fan and Zhang (2014) 3% nano-clay.
(Fan et al., 2016)
Nano-CaCOj3 The capillary water absorption of The chloride 66.8% improvement in - Research gap 4.2% reduction
the concrete containing 2% NC was  permeability at 28 and  the carbonation with 3% with 1% Nano-
reduced by 61% (Khotbehsara et al., 90 days reduced by NC CaCO3
2018). 11.8 and 7.7% (Li et al., 2020) (Bankir et al.,
(Shaikh and Supit, 2020),
2015)
Table 4
Other durability properties of nanomaterials.
Properties— Shrinkage Microstructure Elevated temperature Electrical Freeze and thaw
Nanomaterials! resistivity
Nano-TiO, 9.6% lower shrinkage was NT particles fill the empty space and as  23.70% enhanced weight loss at 100% About 50% reduction in
noted in the 1% NT concrete crystallization centers of calcium 110-650 °C for 3% NT (Farzadnia enhancement the mass loss of 1% NT

Nano-Fe,03

Nano-clay

Nano-CaCO;

(Chunping et al., 2018)

- Research gap

The autogenous shrinkage of
mortar incorporating 1.3 and
3% of nano clay reduced
respectively 43 and 40%
(Polat et al., 2015)

18% reduced shrinkage for the
specimens containing 5% NC
(Camiletti et al., 2013)

hydroxide, improving the structure
and the material properties.

(Ren et al., 2018)

The addition of NF refines the pore
structure and increases the viscosity of
the cement matrix. (Khoshakhlagh

et al., 2012).

The pore structure of cement paste got
refined on account of the pozzolanic
and filler effect of the nano clay (Fan
et al., 2016).

The porosity of the control specimen
was 15.2% which reduced to 12%
with 3.2% of NC content.

(Wu et al., 2018a)

et al., 2013)

The compressive strength reduction
was 24 and 26% less for the
concrete containing 2 and 3% NF at
600 °C.

(Abo-El-Enein et al, 2018)

At 600 °C, the compressive strength,
tensile strength, and flexural
strength was enhanced by 15%,
27%, and 106% with 2% NC
(Irshidat and Al-Saleh, 2018).

83% reduction in the sum of weight
loss of cement at 600-800 °C when
1% NC

Salih et al., (2020)

with 2% NT
(Mohseni et al.,
2018)

214.3%
enhancement
with 2% NF
Madandoust
et al., (2015)
189%
enhancement
with 3% nano-
clay. (Alharbi
et al., 2021)

257%
improvement
with 4% NC
(Khotbehsara
et al., 2018)

concrete after 800
freeze-thaw cycles
(Chunping et al., 2018)
-Research gap

14.68% reduced mass
loss, 42% reduced
compressive strength
loss at 3% nano clay
(Langaroudi and
Mohammadi, 2018)
49.48% reduction with
1-3% of NC

(Sun et al., 2020a)
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tions can eliminate most of the drawbacks. The main barrier to the
successful utilization of nanomaterials is dispersion, which various
researchers successfully overcame. The comparison chart clarifies
the overall work done and opens the door for further studies to fill
the research gaps. More focused research needs to be conducted in
this area, which seems to be a promising and vital contribution
towards construction industry sustainability.
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