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Abstract: The raw materials of geopolymer come from
industrial wastes, which have the advantages of lower
carbon emissions and less energy consumption com-
pared with traditional cement products. However, it still
has the disadvantages of low strength, easy cracking, and
low production efficiency, which limit its engineering
application and development. At present, with the appli-
cation and development of nanotechnology in the field of
materials, it is found that nanomaterials have a good filling
effect on composites, which greatly improves the integrity
of the composites. It has become a very popular research
direction to optimize and improve the engineering applica-
tion performance of geopolymer concrete (GPC) by nano-
materials. The modification of nanomaterials can further
improve the properties of GPC and expand its application
fields in engineering and life. Based on people’s strong
interest in nanomaterial-modified GPC and providing the
latest and complete research status for further related
work, this paper summarized the key technical problems
in the field of nanomaterials-modified GPC in the past
decade. Those include the modification mechanism, disper-
sion mode, and mechanical properties of nanomaterials. At

the same time, the application bottlenecks and key problems
of nanomaterials-modified GPC are comprehensively ana-
lyzed. Finally, the prospects and challenges of future work
in this field are discussed.

Keywords: nanomaterials, geopolymers, modification
mechanism, mechanical properties

1 Introduction

Nanomaterials-modified geopolymer concrete (GPC) has
become a research hotspot in recent years because of its
good application performance and various modification
mechanisms [1]. Researches show that nanomaterials
have a significant impact on the fluidity, mechanical
properties, and microstructure of concrete. At the same
time, some scholars pointed out that some modification
effects are not necessarily positive. At this stage, many
key problems in the field of nanomaterials-modified GPC
have not been completely solved, and the research results
of key technologies are still full of controversy [2,3].

Since cement was invented in 1824, the use of it has
continued to increase. With the growth of population,
statistics show that the annual global cement production
will increase to 6.1 billion tons by 2050. China and other
developing countries account for a high proportion, and
China accounts for about half of the global cement pro-
duction in 2019 [4]. The production of ordinary Portland
cement needs to consume a lot of nonrenewable resources,
such as natural gas, oil, coal, and so on. At the same time,
mass production of cement can also lead to ultrahigh CO2

emissions (7% of global carbon emissions) [5]. Based on
the needs of environmental protection and sustainable
development, it is urgent to find alternatives to traditional
cement.

In 1978, J. Davidovits, a French material scientist, put
forward the concept of geopolymer. Geopolymer is a kind
of cementitiousmaterial withmore environmental benefits
than traditional cement materials. Due to lower carbon
emissions and less energy consumption, geopolymer is
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an important alternative to replace traditional cement pro-
ducts [6]. Different from ordinary concrete produced by
cement, GPC uses geopolymer as cementitious material,
which can be produced from waste industrial products
and cheap minerals, such as fly ash [7], slag [8], high
territory [9], and waste glass powder [10]. The production
and preparation of GPC requires alkali activator to carry
out polymerization and forms a stable aluminosilicate net-
work structure, which has excellent mechanical properties
and engineering application properties [11]. Alkali activa-
tors can come from chemical reagents or industrial wastes,
such as red mud and cement kiln ash [12], which are
materials with environmental benefits.

GPC has many advantages, and its reaction mechanism
has been studied more thoroughly at present, but it still has
some bottleneck problems, such as high porosity, low inter-
facial bond strength, and slow strength growth in the later
stage, which limit its wide application in practical engi-
neering [13]. In recent years, with the latest progress of nano-
materials’ research, the use of nanotechnology to solve the
bottleneck problem of GPC has become a hot spot and has
formed some technological exploration, but it is still one-
sided and controversial, which is worthy of further thinking
innovation and technology research and development.

Nanomaterial is a new type of material developed in
the early 1980s. Nanomaterials refer to ultrafine materials
with nanometer size (1–100 nm), including various powder
materials, such as metal, nonmetal, organic, inorganic, and
biological nanomaterials [14], which have obvious applica-
tion value in engineering. Nanomaterials can play an
obvious filling role in concrete because their particle size
is less than 10 nm, the proportion of surface atoms reaches

20%, and the number of atoms distributed on the particle
surface increases sharply with the decrease of particle size,
as shown in Figure 1 [15]. Due to the size characteristics
of nanomaterials, it can well fill the gaps in GPC, play
the role of filling and bridging, accelerate the formation
of aluminosilicate network and hydration process, and
improve the mechanical properties of GPC [16]. The appli-
cation of nanomaterials in GPC is still in its infancy, and
there are still many controversies on the mechanism, dis-
persion mode, and comprehensive performance evalua-
tion of nanomaterials-modified GPC.

There are many kinds of selection and dispersion
methods, but it is difficult to achieve the convenience of
operation and uniformity of dispersion at the same time,
which forms a big obstacle for the research and engi-
neering application of nanomaterials’modification effect.
At the same time, the factors affecting the mechanical
properties of GPC are the focus of the research, and
the solution of these problems undoubtedly needs to be
supported by a lot of exploration. However, through lit-
erature review and carding in this field, it is found that
the research on nanomaterials-modified GPC lacks sys-
tematism; no effective summary and evaluation of pre-
vious work has been made by scholars. As a result, it
makes many scholars’ understanding not comprehensive
enough, suffers from lack of navigation aids, and restricts
further development.

In order to ensure scholars have a more comprehen-
sive understanding of the working basis, research status,
and application prospect of nanomaterials-modified GPC,
the author wrote this paper to explore the influence of
nanomaterials on the properties of GPC and analyze the

Figure 1: Relationship between particle size and specific surface area of concrete [15].
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corresponding mechanisms and key problems. The types
of material selections, the research progress of the prop-
erties, and dispersion of nanomaterials in the field of
GPC modified by nanomaterials in recent ten years were
reviewed, the mechanical properties of GPC modified by
nanomaterials were comprehensively analyzed, and the
application prospects and possible challenges of nano-
materials in GPC were prospected.

2 Types and properties of the
selected nanomaterials

Studying the properties of nanomaterials can help scho-
lars to analyze the modification mechanism of nanoma-
terials. The research on the properties of nanomaterials
should start with the selection of materials; a brief intro-
duction will be given below. At the same time, the types
and physical and chemical properties of nanomaterials
will be introduced in detail, to help readers quickly estab-
lish the system framework of modified nanomaterials.

2.1 Nanomaterials selection used in
modified concrete

The research shows that the workability, mechanical prop-
erties, durability, and microstructure of concrete can be
effectively improved by adding nanomaterials [17]. At pre-
sent, materials such as nano-SiO2 (NS), nano-CaCO3 (NC),
nano-Al2O3 (NA), nano-Fe3O4, nano-TiO2 (NT), nano-ZnO2,
carbon nanotubes (CNTs) and nano-metakaolin, and gra-
phene oxide (GO) are often used as admixtures [18–25],
to improve the engineering properties of concrete. The
first step to prepare Nanomaterial-Modified GPC is to
select suitable nanomaterial as additive. There are various
nanomaterials on the market with different characteristics

and functions. As shown in Figure 2 [26], it can be seen
that NS is the most commonly used nanomaterial to
modify GPC at present, which has a significant impact
on the fluidity, mechanical properties, and microstructure
of concrete. Other nanomaterials have many advantages,
but the main limiting factors of other nanomaterials are
high price, not easy to disperse, and so on [25].

2.2 Physical properties of nanomaterials

According to their morphology, nanomaterials can be
divided into three types, nanoparticles (such as NS, NA,
and NT), nanotubes/fibers (with one-dimensional linear
characteristics, such as CNTs), and nanoflakes (with two-
dimensional flake characteristics, such as GOnanoparticles).
Table 1 lists the main characteristics of the representative
products of these three types of nanomaterials.

Nanomaterials have high specific surface area, which
enables them to act as the main components of concrete
modification, produce additional hydration products
and dense interfacial transition zone (ITZ) in concrete,
and form more favorable microstructure to promote engi-
neering performance. The research results of Sato and
Diallo [33] show that due to the presence of NC in the
geopolymer matrix, the rapid formation of calcium sili-
cate hydrate gel (C–S–H) on the surface of tricalcium
silicate is observed. The formation of additional hydra-
tion products and the filling effect of nanomaterials improve
the performance of ITZ and the permeability resistance of
concrete.

On the other hand, the high aspect ratio of CNTs and
other nanomaterials makes it suitable for improving
mechanical properties of concrete. CNTs enhance the
connection ability of various parts of concrete material
on the nano scale and produce obvious bridging effect,
thus improving the mechanical properties of material and
reducing the generation of cracks.

2.3 Chemical properties of nanomaterials

Nanomaterials increase the rate of aluminate formation
by accelerating the hydration reaction of tricalcium alu-
minate, which is confirmed in the studies of Sato and
Diallo [33]. They found that adding nanomaterials shor-
tened the curing cycle of concrete and increased the heat
of hydration. On the other hand, nanomaterials can also
react with tricalcium silicate to shorten the setting time of

Figure 2: Research on the use of various nanomaterials in geopo-
lymers [26].
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concrete and improve its early strength [34]. However, for
materials like NS, the improvement of mechanical prop-
erties of concrete is more due to the increase of silica
content than to the chemical reaction between NS and
concrete base [35].

It’s worth noting that the effect of concrete composites
modified by nanomaterials will also be affected by the dis-
persion degree of nanoparticles in the composite matrix.
The improper dispersion of nanomaterials will lead to the
agglomeration of nanomaterials, resulting in the formation
of weak areas in the matrix and the corresponding reduc-
tion of mechanical properties, which means that the doping
number of nanomaterials needs to be appropriate.

It is not difficult to find out from the above discussion
that how to effectively utilize these nanomaterials and
fully utilize their special potential in GPC is a matter of
concern. For this reason, academia and industry should
devote themselves to solving the problem of complete dis-
persion of nanomaterials in GPC, and at the same time,
improve the basic understanding of themechanism of prop-
erties modification of GPC modified by nanomaterials.

3 Dispersion technology and
characterization method of
nanomaterials

Nanomaterials have large specific surface area and sur-
face activity. Due to the existence of Van der Waals force
(VDW), nanomaterials tend to agglomerate in the natural

state, resulting in uneven distribution and reducing the
application performance of GPC. Therefore, it is neces-
sary to discuss the influence of dispersion methods and
characterization methods of nanomaterials on GPC.

3.1 Dispersion methods of nanomaterials

The dispersion of nanomaterials is a very important link
in the research field of nanomaterial-modified GPC, which
can directly affect the performance of GPC. Therefore, the
selection of appropriate dispersion mode is a very basic
and important step in the research of nanomaterial-modi-
fied GPC.

At present, the most popular dispersion method is
ultrasonic dispersion. Ultrasonic vibration provides a strong
shear force, which can effectively counteract VDW and
make the aggregated nanomaterials disperse more effec-
tively to prepare a uniform suspension [36]. However,
some scholars believe this method has obvious disadvan-
tages. Suzuki et al. [37] and others mentioned that this
method is time-consuming, too complex, and expensive
when using ultrasonic to disperse nanomaterial. In order
to solve this problem, Saafi et al. [38] studied the combined
application of ultrasound and polycarboxylate surfactants
to prepare more thoroughly dispersed suspensions in a
shorter time. Abbasi et al. [39] used a similar method
to disperse the mixture of NMK. Xu et al. [40] used Darex
super 20, a high-water reducing superplasticizer based on
naphthalene sulfonate, combined with ultrasonic wave for
30min to obtain effectively dispersed GO suspension, as
shown in Figure 3 [41].

Table 1: Main properties of nanomaterials

Types Nanomaterials Main features References

Nanoparticles NS 1. It is globular and mainly amorphous with high volcanic ash activity [21]
2. The diameter is usually 2–100 nm and the specific surface area is about 10–200m2/g

NA 1. It is mainly globular or sub-globular and is characterized by volcanic ash activation [7,13,27]
2. The diameter is usually less than 100 nm and the specific surface area is about
10–100m2/g

NT 1. NT particles have several structures, including rutile, anatase, hydrotalcite, TiO2 (B),
TiO2 (H), TiO2 (R), and cubic phase. Mainly high crystalline phase, no volcanic ash
reactivity

[28,29]

2. The diameter is generally 1–200 nm and the specific surface is 10–150 m2/g
Nanofibers CNTs 1. The diameter of nanotubes is 0.4–2 nm and the specific surface area is 20–1,315 m2/g [30,31]

2. Tensile strength is usually between 50–200 GPa, modulus of elasticity is higher than
1,000 GPa, and conductivity is higher than 1,000 S/cm

Nanoflakes GO 1. The main functional groups fixed on GO surface are –OH and –COOH, which can be
detected by FTIR method

[32]

2. The tensile strength of GO is above 112 GPa, the modulus of elasticity is above
300 GPa, and the resistance is high
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The dosage of superplasticizer and ultrasonic power
should also be considered in the comprehensive disper-
sion method; there is a lack of systematic and unified
understanding in this aspect. In the exploration of redu-
cing the water dosage, Zhao et al. [42] suggested that
the dispersion effect is best when the mass ratio of dis-
persant to nanomaterial is 10:1. Lu et al. [43] believe that
when the mass of the dispersant is 15% of nanomaterials,
it is most conducive to dispersion. In terms of ultrasonic
power, it is generally believed that it will have a great
impact on the dispersion state of GO. Too small power
will lead to poor dispersion effect, and too much power
will damage the structure of GO. Li et al. [44] pointed out
that GO/PVA composites have better dispersion when
the ultrasonic energy is 15Wh/L. Liu et al. [45] found
that GO/nano-silica composite had the best dispersion
when the ultrasonic power was 100W; the mechanical
properties of GO/metakaolin are the best, when the ultra-
sonic time is 15min and the power is 81–94W. Considering
the different composites studied, the parameters of ultra-
sonic equipment and the corresponding treatment methods
are different. It is therefore impossible to generalize the rule
of universality from their studies. Ultrasound power and

time also need to be determined according to the object of
study of each test, and on the premise of many experiments,
to find the best dispersion scheme.

In addition, methods such as chemical additives,
covalent functionalization, etc. can be used to disperse
nanomaterials [46–48]. However, in fact, most of the
above decentralization methods are too costly and some
of them are cumbersome; they are difficult to be widely
applied in practical engineering projects. There is no dis-
persion method with strong applicability at present; it
can be inferred that future research on this field will con-
tinue to deepen and finally find a dispersion method with
strong adaptability.

3.2 Methods for characterizing dispersion

In trial-preparation vessels, it is often possible to observe
the dispersion of nanomaterials with the naked eye
and check whether nanomaterials have precipitation and
agglomeration, etc. However, there is no widely applicable
and convenient method for evaluating the dispersion of
nanomaterials in hardened GPC. Scanning electron micro-
scopy (SEM) is the most commonly used method to directly
study the dispersion of nanomaterials [49]. Due to the exis-
tence of active particles in the hydration process of cemen-
titious materials, it is difficult to separate the hydration pro-
ducts of geopolymer from those of reacted nanomaterials, so
this method is often disturbed by many factors. Some tests
use the engineering properties of hardened GPC, such as
mechanical strength, water absorption, and gas perme-
ability, to indirectly evaluate the dispersion of nanomateri-
als, but so far there is no direct evidence and relevant details
to confirm the reliability of this method [50].

As discussed above, characterizing the dispersion of
nanomaterials in suspensions is much easier, and these
methods are potential options to accurately predict the
distribution of nanomaterials in hardened GPC. In the
past research, there are many methods to characterize
the dispersion of nanomaterials in suspension, and they
have been fully studied, such as ultraviolet-visible

Figure 3: Ultrasound combined with Darex Super20 dispersion
effect [41].

Table 2: Characterization of dispersion of nanomaterials in suspensions

Method Criteria of judgment References

Laser particle size analysis The smaller the particle size, the better the dispersion [51]
ATR-FTIR spectroscopy The larger the particle spacing, the better the dispersion [52]
Zeta potential The higher the particle potential, the better the dispersion [37]
SEM The smaller the particle size, the better the dispersion [25]
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spectroscopy, laser particle size analysis, dynamic light
scattering, zeta potential, Attenuated Total Reflectance -
Fourier Transform Infrared spectroscopy (ATR-FTIR), SEM,
confocal laser scanning microscopy (CLSM), and atomic
force microscopy. The specific methods are shown in
Table 2.

The research on dispersion mode and characteriza-
tion method mainly focuses on tentative exploration, but
there is no relatively uniform understanding at present.
Existing research and exploration have been accumu-
lated in quantity; the author believes that with the dee-
pening of the research, breakthroughs will be made.

4 Working properties of
nanomaterials-modified GPC

It is not difficult to find from the above analysis that
the micro-physical properties of nanomaterials obviously
have a significant influence on the working performance
of GPC. The condensation time of GPC is very short,
which is not conducive to transportation and construc-
tion on site; the application of GPC in engineering is
greatly limited and it is often used to prepare precast
concrete [53].

Many scholars try to use different nanomaterials to
study the change of concrete performance. Wu et al. [54]
found that the workability of concrete was greatly improved
after the addition of NC, and the slump increased slightly
when the content of NC varied between 0 and 1.5%. The
study found that the optimum content of NC was 1.5%. A
study found that ref. [55] the water demand decreased with
the increase of NC content, and when the NC content was 2,
5, and 8%, the water demand decreased by 0.4, 1.8, and
3.2%, respectively.

Several studies have found that NS has a negative
effect on GPC slump. Hani et al. [56] added 0.75% NS to
study the influence on the slump of three different water-
cement ratios of concrete, which decreased by 15.2, 15.5,
and 14.1%, respectively, compared with the standard
group; thus it can be seen that NS reduced the slump
and flow of concrete mixtures with different water-cement
ratios, and these changes were more obvious with the
increase of nanoparticle content. They believe this is related
to the increase in the surface area of concrete after adding
nanomaterials, which will require more mortar to wrap NS,
resulting in a decrease in its fluidity. Similarly, Adesina [57]
found that adding NS up to 1.5% could significantly reduce
the slump at different water-binder ratios. As shown in
Figure 4 [57], the decrease in the slump of concrete with

NS can be attributed to the formation of a high water-
retaining microstructure, which results in an increase in
the viscosity of the mixture.

Adjusting the water-binder ratio can improve the per-
formance of GPC, but it has little effect on mechanical
properties and durability of hardened GPC. Sun et al.
[58] studied the influence of CNTs on the workability of
concrete through experiments. The research found that
when concrete is not mixed with CNTs, the slump can
reach 150mm. With the increase of CNTs content, the
slump of concrete mixtures gradually decreases, and the
fluidity becomes poor. Adding water reducer (<1.0%) into
concrete mixtures with different CNT contents can make
the slump of the mixtures up to 150–160mm, which meets
the construction requirements. Although surface modifica-
tion of nanomaterials and geopolymers with water redu-
cers or high-efficiency water reducers can improve the
working performance of fresh mixtures, the effectiveness
of high-efficiency water reducers may be affected by strong
alkali, which will undoubtedly increase the difficulty of
GPC preparation [59], as alkali activators are required for
the polymerization of GPC.

The influence of nano magnetite on the working per-
formance of concrete is negligible [60]. This phenomenon
is attributed to the highly hydrophobic and porous mor-
phology of nano magnetite. Therefore, it is important
to understand the physical properties of nanomaterials
and their possible influence on their working properties
before they are applied to concrete composites.

According to the existing literature, there are still few
articles on the performance of nanomaterials-modified
GPC. The selected test materials have a certain random-
ness, and there is a lack of unified understanding of the
performance improvement efficiency. Systematic research
on performance improvement is still worth extensive explora-
tion. It is necessary to conduct necessary analysis and

Figure 4: Relationship between NS content and slump [57].
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research from the aspects of material selection, test method,
measuring index, statistical method, and so on.

5 Mechanical properties of
nanomaterials-modified GPC

By adding various nanomaterials to modify the concrete
matrix, concrete with good mechanical properties can be
obtained, which is one of the most promising research
fields of nanomaterials in concrete. More and more studies
have shown that nanomaterials can be used to improve the
mechanical properties of GPC. The mechanism of this
improvement can be summarized as filling effect, bridging
effect, and hydration regulation effect of nanomaterials,
etc., which will be discussed in the following chapters.

5.1 Study on compressive strength

The compressive strength of concrete is one of the most
basic and important mechanical properties. Alomayri [13]
made GPC from low-calcium fly ash (FA) and studied
it with NA. It was found that the compressive strength
can be increased by 12%when the optimum NA content is
2%mass fraction, but the strength will decrease when the
content of NA exceeds this amount. Due to the increase of
the concentration of NA, the amount of aluminum avail-
able for reaction also increases, the reaction speed increases,
and active aluminum promotes gel formation. Due to the
influence of dispersion mode, excessive NA will increase
the porosity of GPC and decrease the strength, when the
concentration of NA exceeds the optimum concentration.
On this basis, Phoo-ngernkham et al. [7] added the same
2 wt% NS and NA composite nanomaterials, and the
strength of GPC is further increased by 26%. Singh et al.
[61] used 5% of NS; after 24 h of curing, the compressive
strength increased by more than 60%. Deb et al. [62] also
blended NS with a mass fraction of 2% and increased the
28-day compressive strength of GPC by 129%.

The modification mechanism of NS is different from
that of NA. NS improves the compressive strength not
only because of the additional hydration reaction of
nanomaterials, but also because NS promotes further vol-
canic ash reaction. The modification effect of NS is natu-
rally better than that of NA [63].

Similarly, the improvement of compressive strength
of concrete by NT is only related to its pore filling effect.
Compared with NS, NT has no pozzolanic reaction. The

research shows that the optimum content of NT is 3%
[64]. When the optimum content is exceeded, NT may
aggregate and form a weak area in GPC [65]. At the
same time, Duan et al. [66] demonstrated that after NT
addition, the micro-cracks and micropores were refined
due to bridging and nano-filling effects of NT. They also
described the microstructure differences of NT at different
ages in a simulation model, as shown in Figure 5 [26].

Some scholars have studied the influence of nanoma-
terial modification on the properties of fiber GPC and
analyzed the data through experiments. Amin and Abu el-
Hassan [67] have studied the influence of NS content
from 0 to 1.8% and different content of basalt fibers on
compressive and tensile strength. The research shows
that with the increase of NS content, hydration reaction
will produce a large amount of C–S–H gel and alumina,
iron oxide, and trisulfide crystals. When the content is
1.2%, the content of C–S–H gel is the highest, which
makes the concrete more compact. These inferences are
also demonstrated from the compressive strength observed
in the tests. However, Li et al. [22] did similar studies and
found that 2% is the best amount to improve concrete
performance.

In order to summarize and consider the influence
laws of various materials on GPC, it is necessary to find
a model to describe the modification effect. Considering
the large amount of data distribution of various studies,
it is difficult to integrate these intensity enhancement
mechanisms with a common formula. Instead, using a
box plot makes it easier to see and summarize the strength
enhancement levels of different nanomaterials, as shown
in Figure 6 [26]. The majority of nanoscale enhancements
occur in the 28-day compressive strength of GPC, ranging
from 7 to 49%, with median and average values of about

Figure 5: Simulated microstructure of NT-modified GPC at different
maintenance ages [26].

Key problems of nanomaterials-modified geopolymer concrete  785



22 and 34%, respectively. These data provide a good pre-
dictor of strength improvement. The research shows that
the dispersion level of nanomaterials has a great influence
on the engineering properties of GPC. Therefore, good dis-
persion and high-quality nanomaterials can make the
modification effect of GPC reach the ideal data shown in
the diagram, that is, the strength enhancement effect is
higher than 60%.

From the above analysis, it is not difficult to find that
the effect of modification of GPC compressive strength by
nanomaterials is directly affected by material type, dis-
persion mode, reaction mechanism, etc. Existing research
has accumulated valuable exploration results, but there
are still uncertainties in many issues, and there is still a
great potential research value in this aspect.

5.2 Study on tensile strength

It is well-known that concrete has a low tensile strength
of only 1/10–1/20 of its compressive strength. For the
tensile strength of GPC, due to the different physical
and chemical properties of different nanomaterials, there
is often a significant difference in the modification effect.

Du et al. [68] and others used FA to prepare high-
performance GPC with GO. Unlike the traditional method
of directly incorporating nanomaterials into GPC, they
have explored a more targeted method; nanomaterials
are used to improve the interface between coarse aggre-
gate and mortar. The key point is to coat the coarse
aggregate with a layer of cementitious material mortar
containing GO, as shown in Figure 7 [68]. Research shows
that the tensile strength of GPC made by this method can
be increased by 20%. Mokhtar et al. [69] directly filled GO
into GPC; the tensile strength only increased by 9.2%.
Through the comparison of the strength improvement
of the two, it can be seen that the new method of modi-
fication and application of nanomaterials has great use
value.

Some scholars used 8% nano-clay instead of slag,
and the tensile strength increased by about 50% [70].
This increased tensile strength can be attributed to the
filling ability and high volcanic ash activity of nano-clay,
which also acts as an activator in the pores, thus
increasing and accelerating the formation of hydration
products. On the other hand, Chiranjeevi et al. [71] modi-
fied rice hull ash GPC with NT; the tensile strength only
increased by about 9%, because NT only had bridging
and nano-filling effects and did not have volcanic ash
activity; the reaction mechanism was similar to that of
modified compressive strength.

From the above discussion, because NS has high poz-
zolanic activity, it is helpful to improve the strength of
concrete. However, Seifan et al. [72] found that the con-
tent of geopolymer also had a great influence on the
strength of GPC modified by nanomaterials, and exces-
sive addition would have a negative impact. They pre-
pared GPC specimens with NS-modified FA. With the
increase of fly ash content, the splitting tensile strength
decreased. At low FA content (10%), the splitting strength
of the specimens was 22% lower than that of the best speci-
mens (only a small amount of fly ash), but not significantly
lower than that of the control specimens (without nano-
particles). The splitting tensile strength of the sample
decreases by 0.19MPa when the fly ash content increases
from 10 to 20%. This value is lower than the strength
decreases of 0.529MPa from 20 to 30% FA. The splitting
tensile strength decreases the most, when the maximum
FA content is 30%, as shown in Figure 8 [72].

At this stage, due to its low price and the combina-
tion of chemical function, nucleation function, and filling
function, NC has attracted more and more attention [73].
According to literature, it is found that when the content
of NC exceeds the optimum content, it is not advanta-
geous to improve the properties of the material. The
main reason is that the VDW of NC is larger than that of

Figure 6: Distribution of GPC strength enhancement levels by
different nanomaterials [26].

Figure 7: Aggregate diagram [68].
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cementitious materials, and NC with fine particles is
easily produced in the mixture. The optimum content of
NC is 2.2%when FA content is 29.0%. The tensile strength
of GPC was 27.3% higher than that of the control group
with this addition [74]. But the strength decreases when
this optimum content is exceeded.

At present, it is generally believed that nanomaterial
modification can obviously improve the tensile properties
of polymer concrete, and some experimental results
have been accumulated. Considering the influence of
multiple factors such as cost, method, principle, tech-
nology, and so on, the current work is still in its infancy,
and a large number of scholars are conducting extensive
exploration from the aspects of material selection, micro-
scopic mechanism, application conditions, and so on and
will make further progress in the future.

5.3 Study on flexural strength

Just like the tensile strength, the flexural strength of con-
crete is relatively low. However, unlike the compressive
strength, the main reason for the improvement of the
flexural strength of GPC modified by nanomaterials is
the bridging effect of nanomaterials [75].

Zhang et al. [76] considered the serious concrete dis-
ease of tunnel structure, took FA as basic material, and
combined pre-suspended NS with superfine admixture to
improve the flexural strength of GPC. The test found that
when the NS content is 5%, this method can steadily
increase the flexural strength of GPC by more than 17%,
andmore importantly, it can improve the crack resistance
of GPC very well. Zhang et al. [77] used fly ash and

metakaolin to make reinforcing bar GPC, modified with
NS, and added PVA fiber to enhance flexural strength of
GPC. It was found that the bonding properties of GPC
were optimized when the PVA fiber content was between
0.6 and 0.8% and NS content was between 1.5 and 2%.
And the relationship between steel slip and stress is
obtained, as shown in Figure 9 [77].

Nanomaterials have a great influence on the improve-
ment of GPC by the amount of doping, and there is often
an optimum amount of doping. If this limit is exceeded,
the strength will decrease instead. Studies by Lucas et al.
[78] have shown that the high content of nanomaterials
(i.e., more than 2.5%) in concrete leads to a decrease in
flexural strength, which is observed to be about 30%when

Figure 8: Tensile strength [72].

Figure 9: Relationship between slip and stress of reinforce-
ment [77].
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NA is used as a substitute for Geopolymer in the range of
2.5–5%. At the same time, Wang et al. [79] analyzed that
the reason for the decrease in strength might be the short
curing age. He added 0.75% NS and 3% nano-clay into the
concrete. After 90 days of curing, the bending strength
could be increased by 9%. No reduction in bending strength
was found. Adding 3% nanoparticles (containing 25%
NS and 75% nano-clay) had a great effect on improving
mechanical properties.

Many scholars are very interested in the optimal
mixing amount of nanomaterials. Studies by Morsy
et al. [25] and Li et al. [80] have shown that aggregation
of nanomaterials in cemented composites will lead to
micropore and corresponding weak areas in the compo-
sites. Li et al. [80] also concluded that NS and NA could
only increase the flexural strength of concrete at a max-
imum dosage of 1%, and that it was observed that the
flexural strength would decrease at higher nano-content.
Konsta et al. [81] also showed that the flexural strength of
high-strength concrete can be improved by adding 4.8%
NC, while the flexural strength of common GPC can be
improved by adding low NS content (i.e., 0.5%). Changes
in the optimum quantities of different types of nano-
materials indicate that the optimum quantities of these
types of nanomaterials should be evaluated preliminarily
before they can be used on a large scale.

The flexural strength is greatly affected by the crack
of concrete, and the inhibition of crack is the research
focus of nanometer-modified materials to improve the
performance of concrete. The internal structure will be
rapidly polluted by water and pollutants, when cracks
occur on the surface of concrete. Some studies have
shown that porous and honeycomb structures of alkali-
activated blast furnace slag particles can be used as ideal
carriers for photocatalytic removal of atmospheric and
water pollutants [82]. Based on this, Zhu et al. [83] and
others added NT through impregnation method to join
photocatalytic-activated slag particles. The physicoche-
mical properties and NO removal properties of activated slag

particles/NT photocatalyst were studied by X-ray diffrac-
tion, SEM, and photocatalytic performance test. Research
shows that the GPC has 31% more ability to absorb pollu-
tants and 40% higher flexural strength when NT is added.

Nanomaterial-modified geopolymer self-compacting
concrete also has high engineering application value
[84,85]. Langaroudi and Mohammadi [86] found that
the flexural strength of geopolymer self-compacting con-
crete was significantly improved when the NC content
was 3% compared with 1 and 2% NC, and 3% is the
optimum NC content for geopolymer self-compacting
concrete. Hamed et al. [87] studied the influence of dif-
ferent NC contents (5, 7.5, and 10%) on the performance
of concrete and found that the performance of concrete
treated with NC particles by ultrasonic treatment was
significantly improved compared with that of NC concrete
directly added, and that the optimum content of NC sub-
stitute geopolymer was 7.5%.

In addition to the above discussion studies, other
studies are listed in Table 3 [88–90]. In a word, the influ-
ence factors of nanomaterials on the mechanical proper-
ties of GPC are complex, involving material properties,
curing age, material combination, and so on [91–93].
Therefore, a lot of research is needed to support break-
through progress.

6 Summary and prospect

Nanomaterials have a good effect on improving the per-
formance of GPC and expand the engineering application
field of GPC. Modification of GPC with nanomaterials is
still in the primary stage, and some valuable research
results have been achieved. At the same time, it proves
that there is great research value potential in this field. In
order to further improve the application value of nano-
material-modified GPC andmake the research in this field
more mature, some key bottlenecks need to be solved and

Table 3: Optimum doping amount of nanomaterials (%)

Nanomaterials Compressive strength content Tensile strength content Flexural strength content References

NS 4.8 4.8 3.0 [88]
NS 1 0.5 0.5 [21]
NS 2 2 2 [1]
NC 2 — 1 [1]
NA 3 — — [89]
NMK 9 — — [90]
NS 2.5 2.5 3 [88]
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some key technologies need to be explored. The main
conclusions and prospects of this paper are summarized
as follows:
(1) Due to its excellent physical and chemical mechanism,

nanomaterials can improve the properties of GPC,
which is a hot research topic in recent years. There
are many kinds of nanomaterials; NS is the most
common choice to modify Geopolymer Materials.
Although the modification effect of NS is remark-
able, the high cost of NS greatly limits the develop-
ment of this field. Therefore, it is very important to
optimize the production process of NS or develop
other feasible nanomaterials.

(2) There is a lack of systematic research and unified
understanding of the dispersion methods and char-
acterization methods of nanomaterials. Different dis-
persion methods have a significant impact on the
performance of concrete. There is a certain conflict
between the convenience of operation mode and the
uniformity of dispersion, and the two cannot be per-
fectly coordinated, which is worthy of further explora-
tion. On the other hand, the way of characterizing the
dispersion of nanomaterial in concrete is not uniform
and clear enough. At present, it can only be inferred
from the macroscopic physical and mechanical prop-
erties of concrete. These two aspects are the primary
influencing factors of the performance of GPC modi-
fied by nanomaterials, and scholars need to increase
research efforts in this aspect.

(3) Nanomaterials have a significant effect on the perfor-
mance of GPC. Some studies have found that nano-
materials will significantly reduce the fluidity of GPC,
which is detrimental to the pouring and transporta-
tion of GPC. Although superplasticizer can be added
to improve the flow performance of concrete, it will
increase the difficulty of preparing GPC. Therefore,
efforts need to be made to develop more admixtures
in material selection to improve the working perfor-
mance of GPC.

(4) The mechanical properties of GPC modified by nano-
material are significant, but the results are different with
the kinds and contents of nanomaterials. Nanomaterials
have no uniform effect on the compressive strength,
tensile strength, flexural strength, and other strength
indexes of GPC; it often has different dosage and mod-
ification mechanisms for different strength indexes of
concrete. For example, the improvement of compressive
strength is mainly due to the hydration reaction, pozzo-
lanic effect, and other chemical properties of nanoma-
terial, but the tensile and flexural strength index are
due to its bridging effect at the micro level. Complex

mechanism and many influencing factors hinder the
development of this field. How to systematically study
the modified mechanical properties of nanomaterials
and establish a unified theory has become the focus of
current exploration.

(5) Most of the researches on GPC modified by nanoma-
terial are in the initial stage of exploration, and few
studies pay attention to the application value in this
field, mainly because the price of nanomaterial and
the research results in this field are not unified.
Therefore, more basic research is needed to make
up for the research gap in nanomaterial, dispersion
effect, and performance, to promote the field of nano-
material-modified GPC, and to develop its applica-
tion value rapidly.
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