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Abstract
Attempts to modify cement-based mixtures and to improve their properties have always attracted the attention of 
researchers. Favorable effects of nanoparticles, such as small particle size, high reactivity, and great surface area, have 
made them be used as one of the best replacements of cement. This paper aims to review the previous researches con-
ducted regarding the effects of nanoparticles on the properties of concretes. Influence of various types of nanoparticles 
on the workability of fresh composite, mechanical properties such as compressive strength, flexural strength, splitting 
tensile strength, modulus of elasticity, and abrasion resistance, and durability-related properties such as water absorp-
tion, chloride ion penetration, resistance to frost, shrinkage, and carbonation of concrete is discussed.
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Abbreviations
ANP	� Aluminum nanoparticle
ENM	� Engineered nanomaterial
ENP	� Engineered nanoparticles
FA	� Fly ash
HPSCC	� High-performance self-compacting concrete
HSC	� High-strength concrete
HVFA	� High-volume fly ash
NC	� Nano-CaCo3
NS	� Silica nanoparticle
NSC	� Nano-silicon carbide
NT	� Tio2 nanoparticle
RCPT	� Rapid chloride penetration test
SCC	� Self-compacting concrete
SF	� Silica fume
UHPC	� Ultra-high-performance concrete
UHPCC	� Ultra-high-performance cementitious 

composite
UHSC	� Ultra-high-strength concrete
W/B	� Water–binder ratio
W/C	� Water–cement ratio

1  Introduction

Concrete is one of the most used construction materials 
worldwide. The production process of cement which is 
one of the main components of concrete involves a high 
amount of CO2 emissions which are about two billion tons/
year (nearly 7% of the planet’s total CO2 emissions) [1]. It 
is expected that production of cement to reach about six 
billion tons/year by 2050 [2]. For the sake of minimizing 
the hazardous effects of cement on the environment and 
climate change, serious actions have been taken. A wide 
range of studies have been conducted regarding finding 
alternatives for cement such as the incorporation of poz-
zolans and nanoparticles. Nanoparticles can be better 
described as admixtures of concrete, which are newly used. 
Nanoparticles, in general, are used in cement-based mate-
rials not only as additives but also as cement replacement 
to improve some mechanical and durability-related prop-
erties due to their high reactivity and great surface area 
[3]. Nanotechnology is one of the newest and developing 
technologies. Drexler [4] defines nanotechnology as “the 
control of matter based on molecule-by-molecule con-
trol of products and by-products through high-precision 
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systems as well as the products and processes of molecular 
manufacturing, including molecular machinery.” Nanopar-
ticles have particles size ranging between 1 and 100 nm 
(Fig. 1). The utilization of nanoscaled materials in cementi-
tious composites started at the beginning of the 1960s by 
Stein and Stevels who used nano-SiO2 in the alite paste 
[5]. There are many different fields of application of nano-
particles such as national defense, electronic engineer-
ing, chemical industry, aerospace engineering, biology 
engineering, and medical science due to their preferable 
physical and chemical properties [6]. Small particle sizes 
of nanoparticles help improve the microstructure of con-
crete by filling the pores in the cement paste and conse-
quently increasing the packing level [7, 8]. Nanoparticles 
also develop the strength of cement-based materials by 
improving the hydration process of cement and hence 
producing calcium-silica-hydrate (C-S–H) [9, 10]. In civil 
engineering society researches have been undertaken 
and tests have been conducted on the use of nanoparti-
cles such as nano-SiO2 [6, 9, 11–17], nano-CaCO3 [18–20], 
nano-TiO2 [9, 14, 16, 21, 22], and nano-Al2O3 [14, 23].

This paper provides an overview of the effects of 
nanoparticles on different types of concretes by study-
ing the material properties of nanoparticles. Fresh-state 
properties; mechanical properties such as compressive 
strength, splitting tensile strength, flexural strength, 
abrasion resistance, and modulus of elasticity; and 

durability-related properties such as water absorption, 
chloride ion penetration, freezing and thawing resist-
ance, shrinkage, and carbonation of mixtures include 
nanoparticles by reviewing existing studies in this area.

2 � Types and properties of nanomaterials 
used in cementitious mixtures

Nanomaterials are used as cement replacement in vari-
ous percentages. Tables 1, 2 list the type and properties 
of nanomaterial particles as reported in the literature. 
Listed in the tables are types of composites, nanomate-
rial type, and type of use. Among material properties, 
physical properties, including workability and air con-
tent, and mechanical properties, including compressive 
strength, flexural strength, splitting tensile strength, and 
modulus of elasticity of different types of concretes con-
taining nanoparticles, are listed in tables below.

Fig.1   The particle size and specific surface area scale related to concrete materials [24]
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3 � Effects of nanoparticles on the properties 
of various types of concrete

3.1 � Self‑compacting concrete (SCC)

In a study conducted by Jalal et al. [38], various properties 
of high-performance self-compacting concrete (HPSCC) 
containing silica fume (SF), silica nanoparticles (NS), and 
class F fly ash (FA) were investigated. NS, SF, and SF + NS 
replaced Portland cement with a percentage of 2%, 10%, 
and 10% + 2%, respectively, with the water/binder ratio 
being kept constant of 0.38. Rheological properties of 
HPSCC were measured by V-funnel (s) and slump flow 
(mm). Results showed that the addition of 2% NS did not 
have any significant effect on the workability, while the 
addition of FA increased workability at different percent-
ages. V-funnel test results showed the lowest flow time 
for 10% and 15% addition of FA which was 2.5 s and the 
highest for 2% addition of NS which was 12 s.

Joshaghani et  al. [39] showed that the slump flow 
diameter of SCC containing various types of nanoparticles 
exhibits a decreasing trend due to the small particle size 
of nanomaterials and their tendency to consume a higher 

amount of water. However, the addition of nanoparticles 
up to 3% improved the V-funnel and L-box behavior of 
SCC samples. For the higher amounts of nanoparticles, the 
workability of SCC decreased due to the formation of a 
viscous mixture.

Flexural strength of HPSCC for 10% SF and 2% NS at 
binder amounts of 400 and 500 kg/m3, increased by 23.5%, 
58.9%, 47% and 20%, 52%, 52% at 7, 28, and 90 days, 
respectively [38]. This increase in the flexural strength has 
been explained by some researchers who have conducted 
studies on silica nanoparticles as following:

(a). The incorporation of nanoparticles plays a good role 
in filling the cement pores, which leads to an increase in 
strength [38].

(b). Uniform dispersion of small content of silica nano-
particles in the cement paste has led the nanoparticles 
to connect with cement hydrate strongly, and the high 
activity of nanoparticles improves the hydration process 
which then results in strength increment of the cement 
mortar [28].

(c). Restriction of the development of crystals by the 
nanoparticles that play an affirmative role in the strength 
of the matrix. [40, 41].

Table 2   Properties of nanomaterials used in previous studies

Ref Type of nanomaterial Physical properties Hardened 
Mechanical 
Properties

Workability Density Compressive 
strength

Splitting tensile 
strength

Flexural 
strength

Modulus 
of elastic-
ity

[11] Nano-SiO2 ✓ x ✓ x x x
[13] Nano-SiO2 and nano-ferrite x x ✓ ✓ ✓ ✓
[16] Nano-SiO2 and Nano-TiO2 ✓ x ✓ x ✓ x
[18] Nano-CaCO3 ✓ x ✓ x x x
[19] Nano-SiO2 ✓ x ✓ ✓ ✓ x
[20] Nano-SiO2 ✓ x ✓ ✓ x x
[21] Nano-TiO2 ✓ x ✓ ✓ x x
[23] Nano-SiO2 and Nano-Al2O3 ✓ x ✓ x x x
[25] Nano-SiO2 and Nano-clay x x ✓ x ✓ x
[26] Nano-SiO2 and Nano-CaCO3 ✓ x ✓ x ✓ x
[27] Nano-SiO2 and Nano-CaCO3 x x ✓ x ✓ x
[8] Nano-SiO2 and nano-limestone x x ✓ x x x
[28] Nano-SiO2 ✓ x ✓ x x x
[30] Nano-SiO2 ✓ x ✓ x x x
[31] Nano-metakaolin ✓ x ✓ x x x
[32] Nano-SiO2 x x ✓ ✓ x x
[33] Nano-clay ✓ x ✓ ✓ x x
[34] Nano-SiO2 x x ✓ x x x
[35] Nano-SiO2 x x ✓ ✓ ✓ x
[36] Nano-clay ✓ x ✓ ✓ x ✓
[37] Nano-SiO2 ✓ ✓ ✓ ✓ x x
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Langaroudi and Mohammedi [36] reported that the 
addition of NC by weight of cement increased the modu-
lus of elasticity of SCC. Jalal et al. [21] found that the addi-
tion of TiO2 nanoparticles up to 4% by weight increases 
splitting tensile strength and then strength decreases 
with further additions (Fig. 8). The authors reported that 
the replacement of TiO2 nanoparticles up to 4% speeds 
up the formation of C-S–H gel which leads to enhance 
splitting tensile strength as a result of increased crystal-
line Ca (OH)2 at the early age of hydration. The findings of 
Niewiadomski et al. [42] show favorable effects of different 
types of nanoparticles such as SiO2, TiO2, and Al2O3 on the 
improvement of mechanical properties of SCC. The com-
pressive strength of SCC was enhanced upon the addition 
of nanoparticles. In the case of flexural strength, the con-
crete samples containing 0.5% of nano-SiO2 and nano-TiO2 
had higher strength values than the reference sample. The 
authors also stated that all SCC samples produced with 
the addition of nanoparticles had lower values of flexural 
strength at 90 days; however, they did not explain the rea-
sons behind having lower strength.

The study conducted by Dolatabad et al. [14] on the 
effects of different types of nanomaterials such as nano-
SiO2, nano-TiO2, and nano-Al2O3 revealed the enhanced 
acid resistance and water permeability of lightweight SCC. 
An incline in the water permeability values was observed 
upon the addition of nanoparticles. The authors reported a 
reduction by 15% and 18% in the water penetration depth 
of the SCC sample with 2% by weight of NS at the cur-
ing ages of 28 and 56 days, respectively. Increasing the 
amount of nanoparticles led to the formation of a less per-
meable structure. The addition of nanoparticles improved 
the resistance of the mixture against the acidic medium 
since all SCC samples produced with nanoparticles had 
less weight loss compared to the reference sample after 
70 days of immersion in an acidic medium of 5% H2SO4 
solution (Fig. 2). When Fig. 2 is observed, it can be seen 
that SCC samples containing 4% of nano-TiO2 have the 
lowest rate of weight loss.

In the study conducted by Jalal et al. [21], it was seen 
that chloride permeability decreased as the amount of 
TiO2 nanoparticles increased up to an optimal level which 
was 4% in this study. Beyond 4%, chloride permeability 
slightly increased due to the weaker pore structure of con-
crete at high amounts of TiO2 nanoparticles. The authors 
explained this weak pore structure and stated that it could 
be attributed to the space between nanoparticles which 
gets narrower as the amount of nanoparticles increases; 
this causes a decrease in the crystal quantity since there 
is not enough space for Ca(OH)2 crystals to grow up; this 
results in shrinkage and increase in creep of the cement 
matrix; and thus, weak pore structure of cement matrix 
leads to an increase in the chloride penetration. In a study 

done by Quercia et al. [37], it was concluded that incorpo-
ration of NS together with air introduced agent to concrete 
highly developed resistance against freezing and thawing. 
The authors attributed this development to the formation 
of C-S–H gel and refined pore structure that blocked water 
penetration to concrete, so concrete became resistant to 
various temperatures close to the concrete surface.

Observations above indicate that the incorporation of 
nanoparticles can imply a favorable effect on the proper-
ties of SCC. Enhanced properties can be attributed to the 
particle size effect of the nanoparticles which leads to the 
formation of a denser structure through filling pores in 
the cement matrix. This is an essential point when con-
sidering the permeability of concrete since the addition 
of nanoparticles reduces the numbers of capillary pores 
which results in the prevention of water and chemical sub-
stances that harm the concrete. Consequently improved 
mechanical and durability-related properties can be 
obtained. However, the incorporation of nanoparticles is 
seen to negatively affect the workability performance of 
SCC, due to the formation of a viscous structure owing to 
the finer size of nanoparticles. The amount of nanoparti-
cles may vary from one study to another; hence, different 
results can be achieved. Optimizations on the amounts of 
nanoparticles can provide a better overview of the opti-
mum content of the nanoparticles to be used to improve 
the performance of SCC.

3.2 � High‑performance concrete (HPC)

Observations by Chitrha et al. [19] showed that utiliza-
tion of NS leads to the reduction in the workability of 
high-performance slag concrete HPSC due to the high 
surface area and reactivity of NS particles which causes 
the absorption of mixing water by nanoparticles and 

Fig. 2   Weight loss (%) versus time for SCC samples exposed to 5% 
of H2SO4 solutions [14]
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consequently reduces the amount of free water needed 
to enhance workability. To overcome the water demand, 
the authors suggest that a superplasticizer should be used. 
The authors also reported that with 0.4% of superplasti-
cizer the slump value was 32 mm for 1% of NS; however, 
when the amount of superplasticizer increased to 0.6%, 
the slump increased slightly and got the value of 47 mm 
for 3% of NS (Fig. 5).

Using NS as a partial replacement of cement increased 
the flexural strength of HPC [19]. The flexural strength in 
all replacement ratios was greater than the control con-
crete; hence, the best results were obtained with the 2% 
incorporation of NS which were 41%, 37.7%, 36.5%, and 
32% greater than the reference specimen for 3, 7, 28, and 
90 days of curing, respectively [19]. Khaloo et al. [34] stud-
ied the effects of different types of NS with different sur-
face areas such as 200 and 380 m2/g at different w/b ratios 
on the properties of HPC. It is reported that at a 0.25 w/b 
ratio, the reference concrete at 28 and 91 days of curing 
had a higher splitting tensile strength than the specimen 
containing NS380. This phenomenon was attributed to the 
higher surface area of NS, which increased the probability 
of nanoparticles to agglomerate. Furthermore, the speci-
men produced with NS200 had a higher splitting tensile 
strength value than both NS380 and the reference sample. 
This situation can be explained by the lower possibility 
of the formation of the agglomerates with lower specific 
surface areas of NS200. The authors concluded that in gen-
eral NS with a lower specific surface area (NS200) is more 
effective in improving the splitting tensile strength of HPC 
than NS380.

Observations reported by Chithra et al. [19] revealed a 
decrease in the water absorption values for concrete speci-
mens containing NS. The water absorption was measured 
to be 2.99%, 1.95%, and 2.17% for 0%, 2%, and 3% replace-
ment of NS by weight, respectively, at 28 days of curing. 
The authors explained this reduction in water absorption 
by the pozzolanic effects of NS, which produced a denser 
and more compacted concrete. Also, the pore-filling prop-
erty of the very fine NS particles helps to improve the pore 
structure of the concrete, which then leads to lower water 
absorption of concrete. Resistance against chloride pen-
etration increased with the addition of NS up to 2%. It 
was also concluded that more coulomb charges passed 
at 28 days than 90 days. The decrease in the penetration of 
chloride ions was explained by the denser microstructure 
and refined pore structure.

Jalal et al. [38] reported that 2% addition of NS to con-
crete decreased water absorption by 35% and 32% for 
binder amounts of 400 and 500 kg/m3, respectively, which 
showed better water impermeability of concrete with the 
addition of NS when compared to traditional concrete. 
The authors also reported a 58% and 54% reduction in 

capillary water absorption with a 2% addition of NS for 
binder content of 400 and 500 kg/m3, respectively. Fur-
thermore, a 2% addition of NS decreased the chloride ion 
permeability by 43% for both binder contents of 400 and 
500 kg/m3 in samples having a depth of 0–5 mm.

Nanoparticles with different surface areas have different 
effects on the concrete. Nanoparticles with a high specific 
surface area are more likely to agglomerate which reduces 
their favorable effects, whereas those with the lower sur-
face area have a low tendency to form agglomerates and 
improve properties of HPC. The amount of nanoparticles 
can be considered as an important factor in the perfor-
mance of the concrete. Studies have shown that up to 2% 
addition of NS, the strength of HPC reached the maximum 
value; however, at higher amounts of NS the pozzolanic 
action was reduced. It can be due to the existence of more 
nano-silica than the liberated lime. Further focuses on 
these parameters can construct a better understanding 
of the use of nanoparticles, and hence, more benefits of 
them can be obtained.

3.3 � Ultra‑high‑performance concrete (UHPC)

Norhasri et al. [31] reported a gradual decrease in the 
workability of UHPC upon the addition of metakaolin 
nanoparticles. Slump values were reduced by 15.73% 
with the 9% replacement of cement by nano-metakaolin 
(Fig. 5). The greater surface area of the UHPC mix due to 
the incorporation of nano-metakaolin was assigned as 
the reason behind the reduction in the workability. The 
smaller particle size of metakaolin nanoparticles increased 
the surface area and hence more surface area needed to 
be covered which consequently led to the reduction of 
workability of UHPC.

Rong et al. [20] investigated the effects of NS on the 
properties of ultra-high-performance cementitious com-
posites (UHPCC). They concluded that with up to 3% 
content of NS the flexural strength increased but then 
decreased at higher amounts of NS. This reduction was 
attributed to the accumulation of NS particles at higher 
contents. Li et al. [27] also evaluated the effects of nano-
SiO2 and nano-CaCO3 on the properties of ultra-high-
performance concrete (UHPC). The results supported the 
studies of Wu et al. [26]. Flexural strength increased up 
to an optimal amount of NS incorporation, which was 1% 
in this study, and then decreased at higher contents but 
still greater than the reference specimen (Fig. 7). Flexural 
strength increased by 41% and 35% for the replacement 
amount of 1% for the w/b ratio of 0.16 and 0.17, respec-
tively. When the replacement amount of NS increased to 
2%, the flexural strength was measured to be 31% and 
18% higher than the control specimen for a w/b ratio of 
0.16 and 0.17, respectively. Like NS, the incorporation of 



Vol.:(0123456789)

SN Applied Sciences (2021) 3:529 | https://doi.org/10.1007/s42452-021-04461-3	 Review Paper

NC also increased flexural strength. 3% replacement of NC 
improved the flexural strength of UHPC by about 40% and 
30% for a w/b ratio of 0.16 and 0.17. This increment was 
explained by the nucleation effect induced by NC [43]. An 
investigation conducted by Norhasri et al. [31] showed 
that the metakaolin nanoparticles have no significant 
effect on the early age strength enhancement of UHPC. 
The authors explained this situation by the retardation 
of the filling process of nano-metakaolin particles due to 
the packed constituents in the UHPC mix. Furthermore, at 
higher amounts of nano-metakaolin, the incomplete fill-
ing process caused the formation of unhydrated products 
which then weakened the bond between the aggregates 
and cement paste.

Calvo et al. [44] developed UHPC with the incorporation 
of an innovative self-healing system based on two micro/
nano-additions which were silica microcapsules contain-
ing epoxy sealing compound and amine-functionalized 
NS particles. The utilization of this self-healing system 
was considered to enhance the durability of UHPC since 
it causes a reduction in the values of the initial suction 
capillary coefficient. Furthermore, it is reported that the 
cracked control mixture had greater water absorption than 
cracked self-healing UHPC samples.

In general, the addition of nanoparticles causes a reduc-
tion in the workability of UHPC. Reported results in the 
literature show that as the particle size gets smaller, their 
surface area increases, and hence more amount of water 
is required for proper workability. The strength of concrete 
is affected by the w/b ratio. Studies show that with a low 
w/b ratio, higher strength performance of UHPC can be 
achieved.

3.4 � High‑strength concrete (HSC)

Amin and el-hassan [13] investigated the effects of differ-
ent nanomaterials such as NS and nano-ferrite (NiFe2O4 
[Ni ferrite] and Cu0.5Zn0.5Fe2O4 [Cu–Zn ferrite]) on the 
properties of HSC. Improved behavior of the splitting 
tensile strength with the addition of nanoparticles was 
observed. The splitting tensile strength was developed by 
44%, 60%, and 60% for addition of content of 15% of NS, 
10% of Ni ferrite, and 10% of Cu–Zn ferrite, respectively, 
with respect to the reference sample (Fig. 8). The optimum 
amount of nanoparticles to be used as reported by the 
authors was 3% of NS and 2% of Ni ferrite and Cu–Zn ferrite 
by weight; beyond these amounts, the strength degraded. 
The results of flexural strength showed an increasing trend 
up to 3% replacement of nano-silica and 2% replacement 
of nano-ferrite (Fig. 7). Strength decreased at the higher 
ratios of nanoparticles, even though the flexural strength 
of concrete containing 4% of nanoparticles was still higher 
than the control concrete. The authors attributed this 

incline in strength to the rapid consumption of Ca (OH)2, 
which is one of the hydration products of the portland 
cement, by the highly reactive nanoparticles. The authors 
also indicated that an increase in modulus of elasticity 
of concrete with nanoparticles occurred up to a level of 
replacement of nanoparticles which is mentioned above 
and then decreased. This means stiffer concrete due to the 
presence of nanoparticles.

Palla et al. [45] stated that utilizing NS increased the 
splitting tensile strength of HSC. The strength increased 
by about 10% and 23% for 0.5% and 2% content of NS. 
The formation of extra C-S–H gel explained this increment 
due to the pozzolanic effect of silica nanoparticles [13]. In 
the study conducted by Ganesh et al. [46], silica nanopar-
ticles were used as cement replacement at the dosages 
of 1% and 2% by weight in the production of HSC. The 
results revealed that the 28-day compressive strength 
could be enhanced by 8% and 18% compared to the 
control mix by the addition of 1% and 2% of nano-silica, 
respectively (Fig. 6). Lack of calcium hydroxide at the later 
ages (56 days) to react with unreacted silica nanoparticles 
caused the 56-day compressive strength to not be signifi-
cantly higher than the 28-day compressive strength value. 
Higher consumption of calcium hydroxide by the reactive 
nano-silica particles at an early age was the reason for the 
low content of calcium hydroxide at later ages.

Palla et al. [45] reported that a 2% incorporation of 
NS decreased the water absorption by approximately 
46% compared to the control concrete. According to the 
authors, higher water absorption of the sample concrete 
is due to the existence of more pores in the bulk paste 
and permeable surface, so the addition of NS leads to a 
denser microstructure; thus, fewer pores are available 
which makes concrete less permeable. Ganesh et al. [46] 
showed that chloride penetration of HSC can be reduced 
with the inclusion of NS particles due to the filling ability 
of SN which fills the pores in the mixture. Furthermore, 
the authors also stated that the addition of NS decreased 
water absorption of HSC through the formation of a denser 
structure due to the filling effect of NS particles.

Kumar et al. [35] revealed that compared to the control 
HSC, NS particles reduced the thermal conductivity of HSC 
by 11%, 18%, 22%, and 15% at the various temperatures of 
200 °C, 400 °C, 600 °C, and 800 °C, respectively. The authors 
stated that the weight loss of HSC samples containing NS 
particles was lower than the control specimens except 
for the specimens exposed to 400  °C which exhibited 
3.5% higher weight loss than the control HSC (Fig. 3). This 
behavior is explained by the disintegration of the C-S–H 
gels at high temperatures which causes the evaporation 
of the crystal water related to C-S–H gels. The lower weight 
loss of HSC samples having NS particles at higher tempera-
tures of 600 °C and 800 °C is attributed to the retardation 
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of the thermal degradation due to the formation of a more 
compact microstructure upon the addition of NS particles.

Effects of high temperatures on the performance of HSC 
incorporating NS particles were investigated in a study 
conducted by Bastami et al. [47]. Different dosages of NS 
were used together with silica fume. For HSC samples con-
taining NS particles, the decrease in compressive strength 
was more pronounced at the elevated temperatures of 
600–800 °C, whereas for normal HSC concrete this range 
was 400–800 °C. Results of residual compressive strength 
indicated that with the increase in the content of NS the 
residual compressive strength increased at the elevated 
temperatures (Fig. 4). Residual compressive strength of 
HSC having 4.2% of NS (by mass) was 14.7%, 13%, and 
17.1% greater than that having 1.41% of NS at elevated 
temperatures of 400, 600, and 800 °C, respectively.

According to the studies reported in the literature, it can 
be seen that the addition of nanoparticles has a signifi-
cant effect on the strength properties of HSC. This makes 
nanoparticles a favorable component in the production of 
HSC. Studies have also shown that the performance of HSC 
exposed to high temperature can be enhanced with the 
incorporation of various types of nanoparticles. Further-
more, durability-related properties such as water absorp-
tion and chloride ion penetration have improved in the 
HSC samples containing nanoparticles.

3.5 � Ultra‑high‑strength concrete (UHSC)

Wu et al. [26] studied the behavior and effects of differ-
ent kinds of nanomaterials, such as nano-CaCO3 (NC) and 

Fig. 3   Weight loss versus temperature for HSC samples [35]

Fig. 4   Residual compressive strength with the substitution level of 
nanoparticles [47]

Fig. 5   Variation of slump of concrete with substitution level of nan-
oparticles: (1): nano-CaCO3 [18]; (2): nano-SiO2 [19]; (3): nano-SiO2 
[30]; (4): nano-metakaolin [31]

Fig. 6   Variation of 28-day compressive strength of concrete with 
substitution level of nanoparticles: (1): nano-SiO2 [12]; (2): nano-
SiO2 [25]; (3): nano-clay [25]; (4): nano-SiO2 [46]; (5): nano-SiO2 [51]
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nano-SiO2 (NS) on the properties of ultra-high-strength 
concrete (UHSC). Different contents of nanomaterials by 
mass of cementitious materials were used in the study. 
The amounts used were 0, 1.6%, 3.2%, 4.8% and 6.4% for 
NC and 0, 0.5%, 1.5% and 2% for NS. Test results exhib-
ited an increase in the flexural strength in the range con-
tent between 1.6% and 4.8% of NC, but then strength 
decreased when the amount of NC increased up to 6.4% 
of NC. The flexural strength was 15% and 30% greater 
than the reference concrete for the content of 1.6% and 
4.8% of NC, respectively, but in the amount of 6.4%, the 
flexural strength reduced to a value lower than the refer-
ence concrete. Results of NS showed a similar trend to the 

NC series. Flexural strength increased by 1–3 MPa for the 
content amount of 0.5–1.5% of NS, respectively, but then 
decreased to a value lower than the reference concrete 
at the amount of 2% of NS; this reduction was related to 
the gaps formed by the accumulation of NS particles [48]. 
The authors of this study also mentioned the difference in 
strength gain between NS and NC. The early age strength 
(1, 3, and 7 days) of the NS series was higher than that of 
NC; however, between 7 and 28 days, the strength of the 
NC series was higher than NS.

It can be concluded that the influence of different kinds 
of nanoparticles on the performance of UHSC may vary 
based on the type of nanoparticles. The effect of NS on the 
early age strength enhancement of UHSC was higher than 
that of NC, whereas the older age strength gain of NC was 
bigger than that of NS. This difference could be due to the 
difference in the rate of pozzolanic reactions of nanopar-
ticles. Future studies may concern this issue by analyzing 
the rate of pozzolanic reaction on the strength enhance-
ment at both early and old age. Hence better understand-
ings of the effects of nanoparticles can be achieved.

3.6 � Other types of concrete

Shaikh and Supit [18] reported the workability of high-vol-
ume fly ash (HVFA) concrete containing calcium carbonate 
(CaCO3) nanoparticles. Results showed a reduction in the 
workability of concrete containing CaCO3 nanoparticles; 
moreover, reduction in the workability was more pro-
nounced with higher percentages of CaCO3 nanoparticles 
as partial replacement of cement (Fig. 5). Isfahani et al. [30] 
stated that for a w/b ratio of 0.65 slump values of concrete 
showed a great decrease from 175 to 30 mm upon the 
inclusion of 1.5% NS (Fig. 5). This behavior was attributed 
to the reduction of the content of the lubricating water 
in the mixture due to the existence of NS particles which 
leads to the formation of a more viscous concrete [49] (Fig. 
6).

Ivanchik et al. [11] utilized nano-silica with a particle 
size of about 100 nm for the modification of concrete. 
Compressive strength test results showed that 10% inclu-
sion of nano-silica by weight of cement had the highest 
compressive strength value. The control specimen was 
destroyed under 63.5 kN, while the specimen with 10% 
was destroyed under 99.3kN. Naji Givi et al. [12] investi-
gated the usability of nano-SiO2 as partial substitution of 
cement at the replacement levels of 0.5%, 1.0%, 1.5%, and 
2% on the enhancement of the mechanical properties of 
concrete. Results showed a higher compressive strength 
of samples produced with nano-SiO2 particles compared 
to control samples. The highest compressive strength 
value was measured at a replacement level of 1.5% and 
then decreased at the other percentages even though 

Fig. 7   Variation of 28-day flexural strength of concrete with substi-
tution level of nanoparticles: (1) 80 nm nano-SiO2 [12]; (2): 15 mm 
nano-SiO2 [12]; (3): nano-SiO2 [13]; (4): nano-Ferrite [13]; (5): nano-
CaCO3 [27]

Fig. 8   Variation of 28-day splitting tensile strength of concrete with 
substitution level of nanoparticles: (1): nano-SiO2 [13]; (2): nano-fer-
rite [13]; (3): nano-TiO2 [21]
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2% replacement still showed a higher value than the con-
trol one (Fig. 6). The amount of nanoparticles more than 
required to react with lime during the hydration process 
causes excess silica to move out, which then leads to a 
reduction in strength [50]. Regarding flexural strength, 
the authors stated that the flexural strength of concrete 
samples incorporating 80 nm nano-SiO2 was lower than 
that of the samples having 15 nm nano-SiO2 (Fig. 7). The 
higher flexural strength of 15 nm SiO2 particles could be 
attributed to the higher pozzolanic reactivity of 15 nm 
SiO2 particles than 80  nm SiO2 nanoparticles. Conse-
quently, 15 nm SiO2 particles lead to the formation of more 
hydrated products by accelerating the process of cement 
hydration [12]. Mohamed [25] investigated the effects of 
nanomaterials such as nano-silica and nano-clay on the 
mechanical properties of concrete. Concrete specimens 
were prepared with different contents of nanoparticles 
ranging from 0.5–10% as cement replacement by weight. 
Specimens were tested after 7, 28, and 90 days of curing. 
It was concluded from the results that nanoparticles had 
good improving effects on the compressive strength of 
concrete but using nanoparticles more than a certain 
amount harmed the compressive strength (Fig. 6). It was 
mentioned that using 3% of binary addition, including 
75% nano-clay and 25% nano-silica, showed the high-
est compressive strength value among all the specimens 
tested. Ren et al. [16] made an experimental study on the 
effects of SiO2 and TiO2 nanoparticles on the concrete’s 
mechanical properties. Cement was replaced by nano-SiO2 
and nano-TiO2 particles at the proportions of 1%, 3%, and 
5% by weight, and the produced concrete samples were 
tested at the ages of 3, 7, 21, and 28 days. Results revealed 
that the addition of SiO2 nanoparticles improved the com-
pressive strength of concrete. Samples containing NS had 
higher compressive strength than that of the reference 
sample at the early age of 3 and 7 days. This could be due 
to the fast completion of the hydration at the first 7 days of 
curing. Opposite of SiO2 nanoparticles, TiO2 nanoparticles 
did not have a remarkable effect on the concrete as they 
did not increase the compressive strength of concrete, 
only 3% addition of TiO2 nanoparticles increased compres-
sive strength at the ages of 21 and 28 days (Fig. 8).

Madani et al. [51] stated that using nano-silica hydrosol 
with different specific surface areas (100 m2/g, 200 m2/g, 
300 m2/g) improves the compressive strength of concrete 
at a very early age; this increase at the early age is related 
to the high pozzolanic reactivity of nano-silica and to the 
fact that nano-silica increases the rate of cement hydra-
tion. The effects of nano-silica decreased at the ages of 
28 and 90 days; for example, the compressive strength 
of concrete produced with 3% replacement of nano-sil-
ica with cement decreased from 42% at the early age to 
6% at 28 and 90 days. Douba et al. [52] reported that the 

incorporation of different types of nanomaterials gave dif-
ferent elastic modulus values. They used different types 
of nanomaterials, such as multi-walled carbon nanotubes 
(MWCNTs), aluminum nanoparticles (ANP), and NS. Elastic 
modulus values were measured to be 14.29, 10.30, 8.74, 
15.09, 6.23, and 3.76 GPa for reference concrete, MWCNT-
0.5, ANP-0.5, ANP-2, NS-0.5, and NS-2, respectively. Accord-
ing to Fig. 9, it can be noticed that 2% incorporation of 
ANP provided a higher elastic modulus than the reference 
concrete, while other ratios of incorporations demon-
strated lower values than the reference one. The authors 
stated that the change in modulus of elasticity is mostly 
affected by the nanomaterial’s chemical effect on the host 
matrix. Said et al. [32] stated that the addition of nano-
silica significantly improved the tensile and compressive 
strength of concrete. The authors reported an increase in 
strength of about 14% and 18% with the incorporation 
of silica nanoparticles for the specimens produced with 
and without fly ash at the early curing age of 3 and 7 days, 
respectively. Enhancement in strength was attributed to 
the pozzolanic and filler effects of silica nanoparticles.

Studies conducted on the abrasion resistance of con-
crete reveal that abrasion resistance can be improved by 
improving compressive strength, curing conditions, pro-
duction techniques, aggregate properties, and testing 
conditions [53, 54]. In an experimental study conducted 
by Li et al. [22] effects of incorporating nano-TiO2, nano-
SiO2, and polypropylene fibers on the abrasion resistance 
of concrete were investigated. They reported an enhance-
ment in the abrasion resistance upon the addition of nano-
particles. It is stated that as the contents of nano-TiO2 and 
nano-SiO2 increase, their effect on the abrasion resistance 
decreases. The surface index and side index of abrasion 
resistance were improved by 180.7% and 173.3% for the 

Fig. 9   Variation of modulus of elasticity with a substitution level of 
nanoparticles [52]
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concrete sample containing 1% of nano-TiO2 by weight 
of the binder (Fig. 10), whereas these improvements were 
measured to be 157% and 139.4% for surface index and 
side index of abrasion resistance upon the addition of 1% 
of nano-SiO2. The decline in the abrasion resistance with 
the increasing amount of nanoparticles could be attrib-
uted to the distance of nanoparticles at high amounts. 
As the amount of nanoparticles increases, the distance 
between them decreases which leaves less space for the 
growth of Ca(OH)2 crystal; this causes less formation of 
C-S–H gel and hence weaker microstructure of the con-
crete matrix, consequently less strength and resistance to 
abrasion.

Salemi and Behfarnia [23] stated that the incorpora-
tion of nanoparticles to concrete increased the resistance 
against freezing and thawing. The strength loss of com-
pressive strength was reduced by 16.28% and 18.19% 
for concrete samples containing 5% NS and 3% nano-
alumina, respectively. The authors also reported that 5% 
NS and 3% nano-alumina exhibited the highest freezing 
and thawing resistance among all other specimens since 
they had the lowest strength loss values. The decrease in 
length was measured to be 28.1% for concrete specimens, 
and it decreased to 3.81% and 1.41% with the addition 
of 5% NS and 3% nano-alumina, respectively. Zhao et al. 
[17] pointed out the relationship between water–cement 
ratio and frost resistance and stated that frost resistance 
decreased as the water–cement ratio decreased. They 
reported that a decrease in the capillary voids occurred 
due to the addition of NS, and thus, freezing and thaw-
ing resistance of concrete developed. Frost resistance of 
concrete containing NS particles increased by 28% when 
compared to traditional concrete. Olivier et al. [15] stud-
ied the effects of incorporating nanoparticles such as 
NS on the shrinkage crack behavior of concrete. It was 

noticed that NS accelerated drying time enhanced by the 
reduced bleeding, this led to the initiation of the plastic 
shrinkage cracking, and hence plastic shrinkage occurred. 
The authors reported that plastic shrinkage behavior for 
concrete containing NS was different from conventional 
concrete. In NS specimens before plastic shrinkage, a 
crack occurred, which is a sign of settlement, while in con-
ventional concrete plastic settlement occurred first and 
reached maximum before any noticeable plastic shrinkage 
happened. Gao et al. [29] studied the effects of nanopar-
ticles such as NS and nano-silicon carbide (NSC) on the 
drying shrinkage of road fly ash concrete. The increment 
in the drying shrinkage rate of road fly ash concrete was 
124.8% and 85% for 2% of both NS and NSC, respectively, 
in comparison to the reference concrete.

Isfahani et al. [30] stated that the addition of NS to con-
crete could exhibit different effects with different water/
binder (w/b) ratios. They concluded that with increasing 
w/b to 0.65, the carbonation coefficient (K) increased to a 
maximum of 29.3 mm/year0.5 from 24 mm/year0.5 for the 
incorporation of 1% of NS. In comparison, K decreased 
to a maximum of 16 mm/year0.5 from 20.8 mm/year0.5 
for a 1% addition of NS at w/b of 0.55. Shaikh and Supit 
[18] conducted rapid chloride penetration test (RCPT). 
Results exhibited improved performance of normal and 
high-volume fly ash (HVFA) concretes containing CaCO3 
nanoparticles against chloride ingress. 1% replacement 
of CaCO3 nanoparticles with cement increased the resist-
ance of both ordinary and HVFA concretes against chloride 
ion penetration by 20% and 18%, respectively, at 28 days. 
The authors mentioned that the longer the curing period, 
the lower the total charge passes through the concrete 
specimens; this is attributed to the pozzolanic reactions 
of CaCO3 nanoparticles.

Presented results reveal that the addition of nanopar-
ticles can significantly improve the mechanical and dura-
bility-related properties of different types of concrete. 
However, the workability of concrete is reduced with the 
incorporation of nanoparticles. It can be concluded from 
the studies that at high amounts of inclusion effects of 
nanoparticles decrease. This is a challenging issue that 
most researchers face. At high amounts, agglomeration 
of nanoparticles occurs, which leads to the formation of 
weak area zones in the matrix.

4 � Dispersion of nanoparticles in the host 
matrix and morphology

The dispersion state of nanoparticles in the cement 
matrix has a significant role in the properties and the 
performance of the produced composite. The non-uni-
form dispersion of nanoparticles in the cement matrix 

Fig. 10   Abrasion resistance of samples containing nano-SiO2 and 
nano-TiO2 [22]
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causes the agglomeration of them which then leads to 
the formation of weak areas in the composite [28]. Thus, 
it is important to avoid the agglomeration of nanopar-
ticles to produce a cement-based mixture with high 
performance [55]. Due to the agglomeration of nano-
particles, some parts of their surface stick to each other 
causing them been unable to react, hence reducing the 
reactivity of nanoparticles [3]. According to Niewiadom-
ski et al. [42], non-uniform dispersion of nanoparticles 
in the matrix and inappropriate addition method can 
be considered as the reasons for obtaining unfavorable 
mechanical properties.

Some researchers [55–57] recommend a well dispersion 
of nanoparticles before mixing with other constituents. In 
some investigations, ultrasonication was used to disperse 
nano-powders either with or without any dispersing agent 
[8, 57–62]. Reches et al. [9] stated that despite the exist-
ence of the microscale agglomerates, an improvement 
in the strength occurred with the inclusion of TiO2 nano-
particles. This enhancement was attributed to the role of 
nanoparticles as nucleation sites. Ganesh et al. [46] used 
a sonicator to disperse the amorphous nano-silica in the 
surfactant-like superplasticizer with the addition of water. 
The research showed that 56-day compressive strength 
was not considerably higher than the 28-day compressive 
strength. The authors contributed this to the poor disper-
sion of silica nanoparticles in the cement matrix.

Du et al. [59] reported the challenges of dispersing 
nano-silica particles in the mixture due to the microscale-
diameter agglomeration of silica nanoparticles (Fig. 11). To 
overcome this challenge and to obtain an aqueous solu-
tion of nano-silica, the surfactant and ultrasonication were 
applied. Haruehansapong et al. [63] pointed out the effects 
of weak dispersion of NS particles on the improvements of 
compressive strength. Compressive strength of the mix-
ture produced with 40 nm NS particles was greater than 
those produced with 12 and 20 nm NS particles. Smaller 
nanoparticles lead to the formation of agglomerations and 
hence result in poor distribution.

According to Kawashima et al. [58], utilization of sur-
factants like polycarboxylate plays a significant role in 
the dispersion of nano-CaCO3 in an aqueous solution. 
The authors stated that by changing the architecture of 
the polymer, better adsorption and dispersion can be 
obtained. The physical break-up of nanoparticles by the 
sonication process results in an improved dispersion of 
nanoparticles and consequently enhances the early age 
(7-day) strength gain of the fly ash cement paste [58].

Microstructural studies revealed that by incorporating 
silica nanoparticles a more compact and denser micro-
structure of concrete can be obtained compared to the 
concrete produced without nano-silica particles [64, 65]. 
The utilization of nano-silica significantly improves the 
hydration process of the cement through the generation 
of more hydrated products such as C-S–H gel [19, 49, 66]. 
According to the findings of Khaloo et al. [34], the specific 
surface area of nanoparticles has a significant effect on the 
properties of the matrix. Silica nanoparticles with higher 
specific surface areas (380 m2/g) are more likely to form 
agglomerates than silica nanoparticles with a specific sur-
face area of 200 m2/g. As it can be observed from Fig. 12, 
larger volumes and dimensions of agglomerates exist in 
the matrix of the HPC produced with NS380 than the HPC 
with NS200. NS200 led to the formation of a denser struc-
ture than NS380 and hence enhanced the strength of the 
matrix. Du et al. [59] indicated that the incorporation of 
silica nanoparticles led to the formation of a homogenous 
microstructure and filled the gaps in the interfacial transi-
tion zone (ITZ). The authors also stated that mechanical 
and durability-related properties of concrete could be 
enhanced by densifying the ITZ phase in concrete which 
is possible through the utilization of silica nanoparticles.

Yu et al. [49] reported the existence of a large amount 
of Ca(OH)2 along with a porous structure for the UHPC 
sample produced without silica nanoparticles (Fig. 13a). 
Modifying the UHPC with 4% of nano-silica improved the 
microstructure and impermeability of the UHPC by pro-
ducing more C-S–H gel from the pozzolanic reaction of 

Fig. 11   SEM micrographs of 
silica nanoparticles [59]: a: 
agglomeration of nano-silica 
particles; b: high magnification 
of silica nanoparticles
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Fig. 12   SEM micrographs [34]: 
a: agglomerates in the pores of 
HPC NS200; b agglomerates in 
the pores of HPC NS380

Fig. 13   SEM micrographs [49]: 
a: control specimen; b: UHPC 
with 4% of nano-silica; c: UHPC 
with 5% of nano-silica
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silica nanoparticles with Ca(OH)2 (Fig. 13b). However, the 
addition of more silica nanoparticles increased the poros-
ity of the UHPC since greater nano-silica causes the mix-
ture to be more viscous (Fig. 13c).

Figure 14 shows the microstructure of the SCC pro-
duced with and without the inclusion of clay nanoparticles 
[33]. Scanning electron microscope (SEM) images show 
the existence of C-S–H gel accompanied by high volumes 
of ettringite and Ca(OH)2 in the control sample (Fig. 14a). 
The addition of 0.5% of clay nanoparticles enhanced the 
microstructure of SCC, and a good dispersion of clay nano-
particles can be observed in the matrix which leads to the 
generation of a more compacted microstructure (Fig. 14b). 
The effects of small sizes of clay nanoparticles on the fill-
ing pores and formation of a denser microstructure of SCC 
can be seen in Fig. 14 c for the concrete sample containing 
0.5 of nano-clay. Formation of C-S–H gels can be seen in 
the sample with nano-clay content of 0.5% (Fig. 14d). Pro-
duced C-S–H gels play a significant role as they enhance 
the bond between clay nanoparticles and the cement 
paste. Increasing the dosage of clay nanoparticles to 1% 
caused the formation of agglomeration (Fig. 14e and f ).

One of the main concerns regarding applications of nano-
particles in concrete is the dispersion state. Presented stud-
ies have shown that as the particle size of nanomaterials gets 
smaller, their tendency to stick together and form agglom-
erations gets higher. To overcome this challenge, different 

dispersion methods such as mechanical stirring [67, 68], ball 
milling [58], high shear mixing [69], and ultrasonication [8, 
57–62] have been used. These methods are known to be 
effective in breaking down the agglomerated particles into 
smaller parts so that their dispersion in the matrix becomes 
easier. Microstructural studies have revealed that the micro-
structure of concrete can be greatly enhanced with the addi-
tion of nanoparticles. This could be due to the pozzolanic 
effects of nanoparticles during the hydration process which 
then lead to the formation of more C-S–H gels.

5 � Conclusions

This study has provided a detailed review of the utilization 
of nanoparticle materials in different types of concrete. 
Fresh-state, mechanical, and durability-related properties 
of cementitious materials were discussed, and conclusions 
are given below:

	 (1)	 The incorporation of nanoparticles with high surface 
areas and finer particle sizes than cement requires 
more amount of water to maintain the workability and 
hence negatively affects the workability of the mixture.

	 (2)	 Improve in compressive strength can be noticed 
with an increase in the replacement ratio of nano-
particles. This is due to the enhanced hydration and 

Fig. 14   SEM micrographs of SCC concrete produced with and 
without clay nanoparticles [33]: a: control specimen. 1 = C-S–H, 
2 = Ca(OH)2, 3 = ettringite, 4 = pore; b: arrangement of nano-clays 
in the SCC sample with 0.5% of clay nanoparticles; c: pore-filling 

effect of clay nanoparticles; d nano-clay agglomerates and C-S–H 
gels on the surface of agglomerates; e,f: existence of nano-clay 
agglomerates in the specimen containing 1% nano-clay particles
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the formation of a more compacted microstructure 
with the inclusion of finely dispersed nanoparticles. 
It can be concluded that strength gain is observed 
mostly at an early age.

	 (3)	 The incorporation of different nanoparticles 
enhances and increases the flexural strength up to 
an optimal amount. At the higher dosages of inclu-
sion of nanoparticles, the flexural strength tends to 
decrease when the amount surpasses the threshold.

	 (4)	 An increase in splitting tensile strength with the 
incorporation of nanoparticles has been noticed. 
This can be due to the improved microstructure of 
the mix due to the incorporation of nanoparticles 
which cause a refinement of the microstructure.

	 (5)	 The addition of nanomaterials has developed the 
modulus of elasticity to a good level. The chemical 
effects of nanoparticles on the matrix influence the 
modulus of elasticity.

	 (6)	 Water absorption of concrete modified with nano-
particles was reduced. The fine particle size of nan-
oparticles fills the pores in the hardened cement 
paste and hence creates a denser and less perme-
able structure. Nanoparticles with smaller particle 
size better improve the impermeability of the mix-
ture than the nanoparticles with the greater particle 
size.

	 (7)	 Nanoparticles reduce the permeability of cementi-
tious mixtures against chloride ions; thus, lower val-
ues of chloride ion penetration can be seen with the 
incorporation of nanoparticles.

	 (8)	 The inclusion of nano-scaled particles improves the 
resistance against freezing and thawing. Using 5% 
of nano-silica and 3% of nano-alumina reduced the 
loss of compressive strength by 16.28% and 18.19%, 
respectively.

	 (9)	 Various types of nanomaterials impose different 
effects on the shrinkage property of the mixture.

	(10)	 The carbonation depth of concrete can obtain dif-
ferent values with different types of nanoparticles.

	(11)	 The microstructure of different types of concrete is 
significantly enhanced upon the addition of nano-
particles since nanoparticles improve the hydration 
process by producing more hydrated products.

6 � Future trends

The findings of this paper indicate that the properties of 
different types of concrete can be significantly improved 
with the incorporation of the various types of nanoparti-
cles. One of the main challenges regarding the incorpo-
ration of nanoparticles is the dispersion of them in the 
matrix. Future studies should focus on finding innovative 

methods to provide a uniform dispersion of nanoparticles 
and avoid the formation of agglomerates. Further studies 
on the workability of nanoparticle-induced concrete are 
recommended so that the optimum amount of required 
superplasticizer can be determined. Using nanoparticles 
in fewer amounts accompanied by waste materials such 
as plastic aggregates or plastic fibers can be an attractive 
research study. Further researches can be made on the 
properties of cement-based materials containing both 
nanoparticles and waste plastic materials to examine long-
term properties and improve sustainability. This topic is 
essential regarding environmental issues due to the accu-
mulation of waste plastic materials.
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