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Abstract:

performance of cement-based materials.

Though concrete is one of the most widely used construction materials, there are some concerns and shortcomings associated with it. Cementitious
materials' quasi-brittle behavior, which leads to cracking and a loss of durability, is a major concern in structural applications. In this review, the
latest research on reinforcing cementitious concrete with carbon nanotubes (CNTs) is reviewed, with an emphasis on the material's structural
performance in building and a comparison of CNTs to other reinforcing fibers. The improvement of the macro mechanical properties of carbon
nanotube-reinforced composite structures has been discussed in the form of functionally graded carbon nanotubes reinforced composites (FG-
CNTRC). Several researches have, in the past, used other forms of reinforcements to enhance the properties of concrete till the implementation of
nanotechnology in concrete production by incorporating CNTs into the concrete mixes. Concrete's crucial mechanical properties as a structural
material and the durability of conventional cement-based building materials can both be improved by CNTs. They have drawn a lot of interest
because they are an engineering material with a wide range of uses. The creation and characterization of cement-based materials reinforced with
CNTs have been studied by researchers. Comparisons between the effects of CNT and other fibers on concrete have also been made. This concrete
reinforcement type's environmental impact and sustainability have also been discussed. According to studies, CNT can greatly enhance the
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1. INTRODUCTION fracture toughness, resulting in cracking (i.e., quasi-brittle

There are not many new raw materials available today that
cementitious materials (like concrete) may integrate to increase
their durability and strength while lowering their
environmental impact [l - 4]. Investigations into the
characteristics of building materials have historically only been
feasible on a large scale. Innovative resources have been
initiated though, and understanding their behavior at the
nanoscale is crucial. An effective strategy for creating
concretes with superior qualities and more controlled
deterioration is illustrated in this study, and an evaluation has
been made of the cement matrix and the way it reacts alongside
different concrete design components.

Cement-based materials have poor torsional strength and
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behavior). To make up for the poor tensile strength, fibers of
all sizes have been used throughout the past few decades [5 -
7]. The form and size of the fibers, their surface textures, the
interfacial connection strength between the fibers and the
matrix, crack bridging capabilities, and energy dissipation
during crack propagation are all factors that influence fiber
contributions depending on the fiber type [8, 9]. Smaller fibers
are more effective at stopping comparable-sized cracks at an
carlier stage of cracking. Meanwhile, because fracture
nucleation begins at the nanoscale [10], even microfibers are
unable to avoid crack formation [11, 12]. They can, however,
nevertheless prevent crack growth until the crack width
approaches the microscopic scale [13, 14]. The discovery of
carbon nanotubes (CNTs) has opened up new possibilities for
improving the microstructure of cement-based products. CNTs
outperform regular fibers in terms of strength, toughness, and
specific surface area.
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Unlike microfibers, nanofibers and nanotubes, particularly
CNTs, have been shown not to trigger or delay crack
nucleation at the nanoscale [15, 16]. According to the number
of internal layers, CNT is divided into two main types (Fig. 1):

i. Single-walled carbon nanotubes (SWCNTs)
ii. Multi-walled carbon nanotubes (MWCNTs)

Both of these types have been used in cement-based
materials. SWCNTs typically possess diameters up to 2 nm,
whereas MWCNTs can have diameters ranging from 5 to about
100 nm [17].

SWCNT

0.5-2.5nm 7-100 nm

Fig. (1). Schematic representation of a single-walled carbon nanotube
(SWCNT) and a multi-walled carbon nanotube (MWCNT) [18].

CNTs can be characterized as graphene sheets rolled into a
cylindrical tube with a length of 1 to 100 um. These structures
were initially identified in 1991 by Japanese scientist lijima
[19]. CNTs can be produced using several methods, for
example, electric arc discharge, laser ablation, and chemical
vapor deposition. The last one is currently the most used
method. CNTs have very good physicomechanical properties
[20, 21].

Graphene nanoplatelets (GPL) are a different substance
that is quickly gaining popularity as a nanofiller. Graphene and
other graphene derivatives are not preferred reinforcing
elements, so they are becoming an emerging nanofiller in the
field of nanocomposites due to their simplicity and low cost of
production. A growing body of research on GPL-reinforced
materials and structures has been published in recent years,
with GPL-reinforced beam, plate, and shell structures receiving
a lot of attention [22].

Numerous industrial fields, including metallurgy [23, 24],
the polymer industry [25, 26], and of course the concrete
industry [27, 28], may get an advantage from the usage of CNT
as a reinforcement matrix. Other nanomaterials, such as nano-
silica, may have intriguing effects on cementitious composites.
There have been various nano-silica experiments conducted.
Their findings back up the theory that incorporating nano-silica
into the cement matrix improves the mechanical properties of
cement composites [29]. However, the primary focus of this
research is on the incorporation of CNT as a dispersed form of
cement matrix reinforcement in cementitious composites.

The length of CNTs ranges from less than several hundred
nanometres up to several centimeters [30, 31]. Because of the
high aspect ratio (length-to-diameter ratio) of CNTs along with
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their nanoscale size, the distance between adjacent nanotubes
can be reduced [32]. As a result, there are many CNTs at the
crack plane, delaying crack propagation. CNT possesses
extraordinary features that have the potential to be as crucial
for industry development as the discovery of the steam engine.
CNTs exhibit excellent mechanical, thermal, and electrical
properties, including an elastic modulus of around 1 TPa,
tensile strength ranging from 11 to 63 GPa, a volumetric
weight of about 1300 kgm’, and a surface area ranging from 70
to 400m’gl [33, 34]. Carbon nanotube characteristics are
depicted in Table 1.

Table 1. Properties of carbon nanotubes [35].

Internal Diameter Approximately 5-12 nm

Outer diameter Approximately 30-50 nm

Length 10-20 pm
Bulk density 022 g.cm”
True density 2.1gem”

The authors of a study [36] highlighted the work done to
create CNT-strengthened deformable structures, fabrication
techniques, and modeling and analysis of the mechanical
behavior by concentrating primarily on engineered CNT
distributions throughout the matrix. As a result, the discussion
on grading, aligning, and positioning the CNT fibers to achieve
the highest efficiency has also been reviewed. They realized
that combining large amounts of CNTs with a matrix might be
expensive. The impact of various CNT gradings on the static
and dynamic behavior and stability of various types of
structures has also been discussed within the context of both
linear and non-linear analyses.

Concrete is the most used building material. Researchers
consistently seek techniques to boost the strength of concrete to
overcome the brittleness problem because this material has a
well-known weakness that causes excessive crack propagation
and it eventually collapses. This research has paved the way for
the use of micro and microfibers, reinforcement bars, and other
additives in concrete because of the improved benefits of
nanoparticles. The primary purpose of this work was to
examine and provide an assessment of previous research on
cementitious materials-reinforced CNTs. The incorporation of
carbon nanotubes (CNTs) into concrete has improved the
properties of cementitious materials, which has led to the major
goal of this paper. Fig. (2) depicts the steps taken to achieve the
goal of this work. As the properties of CNTs in concrete stand
some limitations, they could affect the full purpose of the
CNTs.

2. LIMITATION OF CNTs

CNTs involve some limitations, as listed below.

i. Lack of solubility in most solvents compatible with the
biological milieu (aqueous-based).

ii. The production of structurally and chemically
reproducible batches of CNTs with identical characteristics.

iii. Difficulty in maintaining high quality and minimal
impurities.
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Fig. (2). Flowchart of the assessment of the CNTs’ cementitious concrete.

Table 2. Comparison of CNTs’ properties.

— Recommendation

Modeling for the mix of
cementitious concrete containing

Sustainability and ecological
impact of CNTs concrete

Material Material Young’s Modulus (GPa) Tensile Strength (GPa) Density (g/cm3)
Single wall nanotube 1054 150 N/A
Multi-wall nanotube 1200 150 2.6 150 2.6

Steel 208 0.4 7.8
Epoxy 3.5 0.005 1.25
Wood 16 0.008 0.6

Table 2 compares some properties of CNTs to other
structural materials.

Once the limitations of a material have been identified, the
methods and implementation of the material can be identified
to overcome or reduce the limitation of CNTs, and hence their
dispersion.

3. DISPERSING CNTs

Precision dispersion and uniform distribution are essential
for the successful application of the cement matrix because
CNT has the propensity to form bundles [20]. The two primary
ways for dispersing nanotubes nowadays are mechanical
processes and chemical processes that change the surface
energy of materials. Mechanical methods include high shear
mixing and cavitation, specifically hydrodynamic cavitation
(cavitation brought on by rapid liquid flow) or
acoustic/ultrasonic cavitation (cavitation brought on by high-

energy acoustic waves traversing a liquid medium). The
combination of methods for dispersing CNT, such as the
ultrasonic method and a suitable surfactant, is discussed in the
literature. After being subjected to ultrasonication, carbon
nanotubes may tend to clump together. Surface-active
compounds may help them detangle more easily [37 - 39]. It is
essential to make sure that the additional surfactant has no
negative effects on how concrete or cement mortar sets and
hardens. One of the most important elements in the creation of
improved cement-based composite materials is CNTs' excellent
dispersion. CNTs are attracted to one another by van der Waals
forces because they have a large surface energy and a very high
aspect ratio. These characteristics cause a significant
propensity for them to group or form bundles. Bundles weaken
the matrix, which is where the earliest cracks are formed
following loading, thereby reducing the material's total strength
[40].
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Fig. (3). Schematic diagram showing the dispersion of CNTs. (a) Two-step dispersion method: step I, CNT master [2 wt.%
CNT/polydimethylsiloxane (PDMS)] is prepared by a mechanical stirrer (y" = 1,500 s, 3 h); step II, the CNT master is diluted under an extensional
flow (0.9 5™, 3 h). (b) In step II, a small amount of CNT master is added during the blending of PDMS and polybutene (PB) [42].

CNTs with surfactants inserted into their structure are a
recent development. The structure of graphene sheets could be
harmed or even destroyed if the supplied acoustic energy is
surpassed when CNT is dispersed in an aqueous medium via
ultrasonication, depending on the concentration of CNT. The
projected  improvement in  the  physicomechanical
characteristics of specimens increased with CNT is lessened by
CNTs' deformation [13, 41]. Fig. (3) shows the schematic
diagram of the dispersion of CNTs.

When the methods and processes of dispersing CNTs in
concrete have been identified, incorporation becomes
necessary.

4. INCORPORATION OF CNTs IN CEMENTITIOUS
MATERIAL

At the micro level, the impact of including CNTs in the
concrete mix has been observed and researched [43]. The
microstructure of a concrete mix without CNT reinforcement
was examined, and it was found that the area where the
surfaces of the aggregates and cement particles met crystallized
calcium hydro-silicate was structurally weak. On the other
hand, the dispersion of CNTs in a concrete mix resulted in
creating a strong covering (with a thickness of 1 to 5 um) for
the solid particles, including cement and fillers, which caused
these particles to be more interlocked with the aggregates’
surfaces.

Since the interlock between the aggregates and the binder
is strengthened after adding CNTs to the mix, it is easy to
assume that dispersing CNTs in a cement concrete mix will
raise the overall strength of the concrete. CNTs, as opposed to
macro or microfibers, stop cracks from forming at the
nanoscale and prevent them from spreading to the microscale
[11, 44].

4.1. Mechanical Properties of Cementitious Material
Consisting of CNTs

Because CNTs tend to form bundles, their optimal
dispersion and uniform distribution are crucial for the cement
matrix to function properly [20]. Currently, chemical
techniques that alter the surface energy of materials and
mechanical techniques are the two main means of dispersing
nanotubes. Cavitation and high-shear mixing are two examples
of mechanical methods. Cavitation can be caused by either
high-energy acoustic waves passing through a liquid medium
(acoustic/ultrasonic cavitation) or by high-speed liquid flow
(hydrodynamic cavitation). According to the literature, CNT
dispersion techniques can be coupled, for example, by applying
a suitable surfactant and utilizing an ultrasonic method.

Nanomaterial research has already led to the creation of
low-cost, high-performance cement compositions that are
widely employed in civil engineering [45, 46]. The distribution
and size of the aggregate particles determine the fluidity and
workability of concrete in its unhardened state, while the
strength and durability of concrete in its hardened state are
influenced by both the size of the aggregate particles and the
arrangement or grouping of the aggregate [47].

The ability of nanoparticles employed in the construction
sector to provide mechanical reinforcement to concrete
structures is one of their most attractive qualities. This can be
accomplished by adding CNTs to cement compounds because
of their exceptional qualities, creating a new class of cement
products that are beneficial to the building sector [48, 49].

The cementitious materials' molecular structure is altered
by the nanotubes, improving their mechanical and physical
properties. These nanotubes have a direct impact on the
concrete structure's mechanical performance, volumetric
stability, durability, and sustainability [50, 51].
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Nowadays, CNTs are also being used to reinforce many
types of materials, including metals [52]. Studies have
demonstrated that the contact between a polymer and CNT
may transfer pressure above 500 MPa; this strength is ten times
more than the interface between a polymer and carbon fibers
[53]. The addition of a low concentration of MWCNTSs to the
cement composites led to a boost in early-age compressive
strengths, according to the authors of a study [54].

A research conducted earlier [55] found that cement
samples incorporating CNTs had higher tensile strength and a
better stress-strain relationship in direct tension. MWCNTSs can
reduce the water absorption and permeability coefficient of
reinforced cement-based materials, as demonstrated by Han et
al. [56]. According to the research conducted [57], MWCNTSs
with an outer diameter (OD) of 20 nm or less had compressive
strengths that were higher than those of MWCNTs with larger
ODs when employed in mortar, with the smallest size
MWCNTs having the highest compressive strengths.

The compressive strength of cement composites decreased
with the increase in the CNT dosage. This research used
different dosage rates of MWCNTs, ranging from 0.00% to
0.12% by weight of cement [58]. In a study to create surface-
treated, MWCNT-reinforced cement composites based on their
flexural and compressive strengths, an appropriate mix fraction
has been suggested [59]. It was reported that CNT
reinforcement could provide durable and superior cementitious
composites.

A group of researchers [60] experimented on a
cementitious compound containing CNTs under compression
and found that SWCNTs and MWCNTs increased the
compression resistance compared to that of pure cement at 6%
and 30%, respectively. Also, L. Y. Chan and B. Andrawes [61]
conducted experiments to investigate the effectiveness of the
CNTs, uniformly dispersed and randomly oriented, for the
reinforcement of cementitious composites.

Results of the works carried out previously [48, 62, 63]
have shown that cementitious material's mechanical
characteristics, compactness, and durability may all be
significantly enhanced by nanomodification. There has not yet
been agreement among the numerous researchers who have
studied the effects of various CNT concentrations on the
durability of cement-based products [63].

The impact of incorporating CNTs into cement composites
has been the subject of numerous tests and investigations. In an
experiment, CNTs that were the same size but variable in
length and concentration were added [15]. The results at 28
days of age revealed an improvement in flexural strength
compared to the plain cement composite. Flexural strength was
enhanced and improved by CNTs of various lengths and
concentrations. This suggests that an increase in CNT content
causes an increase in flexural strength without any change in
the CNTs' length [63].

Maximum load and deflection are improved by the
inclusion of CNTs, but CNTs cement composites exhibit an
increase in maximum load before failure when compared to
composites without CNTs. As a result, despite the increased
maximum load, there is no increase in deformation. This is due
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to CNTSs’ role in cement composite as a reinforcing material,
which increases flexural strength [63 - 65].

The inclusion of CNTs to cement composites also affects
the tensile or elastic modulus. The slope of the stress-strain
curve is used during the tensile test to calculate elastic
modulus. No matter how many CNTs are present in the sample,
the results always indicate the samples with CNTs to have a
larger elastic modulus than plain samples [66].

Regarding the structural effectiveness of CNT-reinforced
concretes, Hunashyal et al. [55] reported an experimental
investigation that showed that adding 0.25% weight of
MWCNTs to cement-based beams only significantly increased
their toughness and flexural capacity. CNT-reinforced cement
beams (with 0.25% weight of cement MWCNTSs) have been
shown to have a 47% greater flexural capacity, on average, and
a toughness increase of 25% when compared to beams cast
from cement alone. Additional comparable tests against a
reference beam made of plain cement have demonstrated the
overall flexural performance of reinforced beams to be
significantly improved by adding CNT at percentages as low as
0.025% weight of cement to the concrete mix [55].

4.2. Microstructure Cementitious Material Consisting of
CNTs

Microstructure is regarded as a surface produced by
substances, like cement composite. The characteristics of
materials that reflect and regulate the broad scale of material to
be employed in industrial practice can be determined by this
microstructure [65].

It is widely accepted that when cement components are
combined with water, they get hydrated and form hydration
products, such as C-S-H and Ca(OH),. The hydration products
and CNTs are attracted to one another, which improves the
microstructure of cement composites. Scanning electron
microscopy (SEM) study is used to examine micrographs of
cement composite, including CNTs, to better understand the
improvement that results due to the incorporation of CNTs.

CNTs have a huge surface area, which increases their
attraction to hydration products that coat the surface of the
CNTs. As a result, CNTs are simple to identify by SEM at an
early stage [67].

A study conducted by Li et al. [68] compared cement
composites made with and without CNTs. The hydration
products of C-S-H gel and Ca(OH), were visible in the
micrograph of the planar cement composite, which did not
include CNTs. Pores and fissures were also visible. Contrarily,
the microstructure of the composites containing CNTs
displayed fewer cracks, fewer holes, and a homogeneous
hydration product.

Both the mechanical and durability characteristics of
cement composites are influenced by porosity, with large pores
harming both [69]. Porosity and pore size decrease with the
addition of CNTs into cement composites [70]. The porosity of
cement composites can be reduced by filling the pores with
CNTs because of their small size, which is measured in
nanometers. Porosity lowering is likewise influenced by
different CNT addition percentages, with a larger CNT content
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being associated with reduced porosity [71].

By incorporating 1% CNTs into cement composite, SEM
examination was used to look into the microstructure's
characteristics. The micrograph revealed that CNTs interact
favorably with the cement's hydration product, indicating that
they serve as a filler to create thick microstructure [10]. Using
SEM examination, Chaipanich et al. investigated a composite
made of fly ash, cement, and CNTs. They discovered that
adding 0.5% and 1% of CNTs helped fill in the pores, greatly
enhancing the mechanical properties of the composite. It is also
obvious from the micrograph that CNTs and the fly ash-cement
composite interact well [72].

Furthermore, the addition of CNTs has been studied [64]
with different content of CNTs from low to high. The high
energy of CNTs surfaces enhances the hydration process of the
cement. The microstructure showed the CNTs surrounding the
cracks where these cracks only appeared on the areas that were
not reinforced with CNTs. This occurred in the sample that
contained low content of CNTs, that is 0.025%. The second
sample, which had 0.1% CNT content, demonstrated CNTs to
be evenly distributed throughout the cement composite. The
samples with low and medium CNT concentrations showed no
signs of aggregation. The final sample, which had a 0.2%
concentration of CNTs, exhibited a strong correlation with
hydration products. However, only the central portion of the
microstructure exhibited CNT aggregation. Agglomerated
CNTs may produce a weak zone that appears as pores.
Therefore, adding too many CNTs does not improve the
qualities of cement composite, but occasionally, it can cause
them to degrade. Hence, the production of better CNT-
reinforced structures is required.

5. FUNCTIONALLY GRADED CNT-REINFORCED
STRUCTURES

Evidence suggests that the amount and placement of CNTs
in a composite material may have a significant impact on a
structure's mechanical properties [73]. The researchers
pondered on how to enhance the macro-mechanical
characteristics of carbon nanotube-reinforced composite
structures in the case of low content. Functionally graded
carbon nanotube-reinforced composite structures were first put
forth by Shen [74, 75], who described how the volume content
of CNTs is distributed in the material in a gradient. Since the
composite now has a satisfying reinforcing agent and a
designable characteristic, functionally graded carbon nanotube
reinforced composites (FG-CNTRC) research has gained
popularity in recent years. Since FG-CNTRC is a composite
material with a precise composition or structure, it is likely to
be used to create components with particular local properties
that are desired. For the material properties of this composite
material to be graded in the thickness direction, it follows the
FG pattern of CNT reinforcement being uniaxially aligned in
the axial direction [75]. Additional research has been done to
explore the many characteristics of FG-CNTRC structures [75].

Since each component works in harmony with the others,
composite materials are well known for their exceptional
material properties. A sharp transition in the properties of the
composite materials at the interface can result in component
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failure by delamination [76, 77] when the composite structures
are subjected to extreme working conditions. Niino [78] was
the first to suggest the idea of functionally graded materials
(FGM) as a solution to this issue. Only uniform or random
CNT dispersion was permitted by the conventional fabrication
process for nanocomposites, which naturally gave CNRTCs
uniform elastic properties in space. The concept of FGM [79]
can, however, be used to overcome this limitation in producing
the spatial material-property distribution. These materials could
eliminate interface issues, like stress concentrations and poor
adhesion, because they swap the sharp interface for a gradient
interface that results in a smooth transition of properties from
one material to the next [80].

In FGMs, the volume fractions of the base constituents
through the thickness can be artificially designed to maximize
the target performance. The structural and conductive
characteristics of these new composite materials were reported
by Smaranda and others [81] after they prepared composites in
the free membrane form. Having been inspired by the idea of
FGMs, Shen [74] and Ke et al. [82], to suppress bending
deformation and control vibration, presented a deliberate CNT
distribution with CNTRCs throughout the thickness. The three
most representative functionally graded CNT distributions are
FG-V, FG-0, and FG-X. These CNTRCs are referred to as FG-
CNTRCs, and they have quickly risen to the top of researchers'
lists [83 - 85] due to their functional CNT distributions.

6. COMPARING CNTs AND FIBERS USED AS
CONCRETE REINFORCEMENT

The researchers [16] provided proof by measuring the
hardness that CNTs can influence cement hydration in their
initial state, as well as evidence that a solid link between
cement paste and CNTs is conceivable. According to their
findings, nanotubes play a specific function in preventing
cracking in composite materials because they are more evenly
spread than the reinforcement fibers in terms of size and
proportion when inserted into the matrix.

According to Balaguru and Chong [86], the development
of nanoscience for concrete is necessary because it can be used
to create new products with significantly better performance
thanks to properties, like low shrinkage, resistance to high and
low temperatures, compatibility with various types of fibers,
and responsiveness to nanomaterials, like CNTs. Due to their
resistance to fracture propagation and other irregularities,
CNTs and carbon nanofibers seem to be some of the most
promising nanomaterials for enhancing the mechanical
properties of cementitious materials [87]. Every reinforcement
material has its uniqueness. Therefore, it is ideal to know the
way each behaves and the design procedures. The next section
discusses the modeling and designing of cementitious materials
bearing CNTs.

7. MODELING FOR THE MIX OF CEMENTITIOUS
MATERIALS CONTAINING CNTs

Numerous factors, including CNT type [48], CNT
concentration [88], dispersion surfactants, CNT treatment [68,
69], dispersion technique, interaction with cementitious
materials and bond strength, the water-cement ratio [40, 69],
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and CNT geometry [57, 89, 90], can affect how well carbon
CNTs reinforce structures. Despite ongoing research, a
significant barrier prevents CNT from finding widespread use
in the building sector [66, 91]. The difficulty in predicting the
mechanical properties may be related to the interplay between
several parameters.

It has been noted by a few researchers that prediction
models have this problem. To determine the mechanical
properties utilizing several parameters, such as the dispersion
procedure, testing age, and CNT concentration, strong
interactions between various parameters have been found in the
results [92].

Different methods have been used to disperse CNT or
carbon nanofibers (CNF) [28], such as the combined use of
surfactants and sonication, the modification of the nanotube
surface, or functionalizing (incorporating molecular groups to
the fiber’s surface to improve the affinity with the matrix) [67,
93] and even the direct growth of CNF on unhydrated cement
particles [94]. Sanchez [95] studied a dry mixture of cement,
CNF, and silica fume, and its latter mix in water, concluding
that the silica fume, due to its small particle size, helps in fiber
dispersion and improves interfacial interaction between the
CNF and the cement hydrated phases. In another study,
Yazdanbakhsh [96] reported significant challenges, including
the detrimental effect of using a lot of surfactants (sufficient for
CNF and CNT dispersion) during cement hydration, the CNT
breaking and shortening due to excessive ultrasonic energy, or
even the deterioration of cement-composite properties while
using cement with small particle size.

CNTs' uneven dispersion and weak bonding to cement
paste are the main issues in using them as an addition in
cementitious composites. Since CNTs tend to agglomerate due
to their enormous surface area, adding them to paste alone has
no effect. To achieve a high CNT dispersion, CNTs are often
utilized as an aqueous suspension in the presence of a
surfactant that has previously undergone sonication.
Supercritical-fluid chromatography (SFC) methods were
applied for this purpose [10, 15]. As a surfactant among others,
H,SO,, HNO, [68, 97], and isopropanol [98] were used. A
stable dispersion of CNTs was also obtained using sodium
dodecyl sulfate (SDS) [99, 100], sodium dodecyl benzene
sulfonate (NaDDBS), and di-methyl acetamide (DMAc) [21].
UV spectroscopy and transmission electron microscopy (TEM)
were used to examine the effects of SDS on the formation of an
extremely high degree of CNT dispersion and a stable aqueous
solution (stable for a few months) [101]. Although there have
been some studies on the utilization of CNT dispersion with
SDS [102], NaDDBS [103], and DMAc for cementitious
composites, further study is still needed in this area.

8. SUSTAINABILITY AND ECOLOGICAL IMPACT OF
CARBON NANOTUBES CONCRETE

CNTs have been lauded as a new “wonder material” ever
since they were discovered in the early 1990s. They are tiny
building blocks that have the enormous potential to be used to
create fibers, films, filaments, wires, and circuits for a wide
range of industrial applications, including reinforced concrete,
clothing that is resistant to tearing, stronger and lighter tennis
rackets, and bicycle parts. They can also be used to create
revolutionary electronics that are at the center of many billion-
dollar industries in the twenty-first century.
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Another challenge facing the mass production and the
usage of CNTs in the construction industry comes from an
environmental perspective. Jackson et al. [104] investigated
any potential environmental effects that could arise from the
mass manufacture of CNTs. The effects of direct exposure to
CNTs are still not well understood, according to scientists.
Additionally, they assert that a variety of factors affect how
hazardous CNTs are, including the total surface area of the
particles, the chemistry of those surfaces, functional groups,
coatings, polarity, solubility, particle shape, photochemistry,
and the process used to make the CNTs. The key conclusions
reached by Jackson ef al. [104] are as follows:

i. CNTs do not pass through organic matter easily
(negligible percentage only).

ii. Aquatic creatures are more sensitive to the toxicity of
CNTs than terrestrial ones.

iii. Invertebrates (bone-less creatures) are more sensitive to
the toxicity of CNTs than vertebrates.

iv. SWCNTs are more toxic than MWCNTs.

v. It is possible to find certain concentrations of CNTs that
do not have any environmental effects, but more experimental
works/data are needed.

The growing usage of nanoscale particles has sparked
debate over the environmental and toxicological consequences
of direct or indirect exposure to such materials. The use of
CNTs is preferred because they resemble asbestos. Asbestos
fiber inhalation is recognized as a cause of asbestosis (a long
illness), carcinoma, and mesothelioma. Because this mineral
silicate has a fibrous structure, like nanofibers, size, ratio, and
surface can all affect its toxicity. Because asbestos has
dimensions measured in micrometers rather than nanometers,
comparing nanotubes to asbestos should be done with caution.
The harmful effects of nanotubes may arise from the mixture of
high area and surface intrinsic toxicity. Unlike conventional
materials, nanoparticles are also more toxic to the lung and
even modify the structure of proteins [105, 106].

Nanoparticles can therefore cause inflammatory and
immune reactions, which can affect how well tissues and the
body as a whole operate. Extreme exposure to SWCNT
inhalation may constitute a serious threat to occupational
health, according to studies examining the toxicity of SWCNTSs
in mouse lungs. Poland et al. have shown that exposing mice's
mesothelium to long MWCNTSs caused pathogenic behavior
concerned with the length, similar to asbestos. This resulted in
granulomas, which are lesions, as well as inflammation. The
results indicate the need for additional research and safety
measures to prevent problems in circumstances involving
prolonged exposure to nanoparticles [106].

9. DISCUSSION

One can understand that the endeavor to use
nanotechnology in the field of construction materials was a
very successful one by looking at what has been done in recent
years regarding the reinforcement of cementitious materials
with CNTs in the literature. This is because CNTs have
improved several of the most crucial qualities in concrete,
despite the lack of extensive research on them. CNTs have
drawn the attention of numerous scientists and companies
because of their exceptional mechanical properties and
optimistic future. There have been numerous attempts to
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produce CNTs in large quantities while maintaining their
quality [17].

The use of CNTs in concrete reinforcement is a
development in concrete design, but standards, norms, and
legislation should be established to make this kind of
reinforcement teachable at all levels of education and
businesses.

The use of CNTs as a reinforcing material for important
structures has to be investigated in sub-Saharan African
countries and coastline nations due to the excellent qualities
associated with CNTs. By employing the proper percentage of
CNTs in the concrete mix, the harmful effects of CNTs can be
prevented.

It is crucial to take into account this form of reinforcement
material in the effort to meet the Sustainable Development
Goals of the United Nations because the production processes
do not call for the rudimentary way of extracting natural
minerals from the soil, which could pose environmental risks.

CONCLUSION

In conclusion, this paper has investigated the use of CNTs
as concrete reinforcement, concentrating especially on the
structural improvement of concrete as a result of this
reinforcement. The features of CNTs, their cost, and
sustainability, the prospective uses of CNT-reinforced
concrete, the key difficulties this new technology faces, and the
experimental techniques that could be used to reinforce
concrete with CNTs in the lab have also been covered.

The properties of the cementitious matrix have been
significantly improved by the addition of modest amounts of
carbon nanotubes. From the review, it has been learned that
adding CNTs to concrete has an impact on how easily it can
work.

Without a doubt, CNTs are a material with immense
promise that may lead to advancements in future technologies,
such as electric machinery and biofields. As a result, CNTs can
be used in future studies in the building sector.

To obtain positive benefits of CNTs in cement composite,
an appropriate dispersion of CNTs is required. In this review
paper, different dispersion methods have also been
investigated, such as surfactant, where enhancement of the
mechanical properties has been achieved. However, no
significant improvement has been observed when poor
dispersion of CNTs has occurred.

With regards to the compressive strength of cement
composite, the addition of CNTs with various effects has been
noted. While other CNTs additions have indicated a decrease in
compressive strength, certain CNTs additions have revealed an
improvement in compressive strength. Overall, adding a
percentage of CNTs and using the right dispersion technique
could provide production materials with excellent compressive
strength.

The addition of CNTs enhances and increases the flexural
strength of cement composites depending on the concentration
of CNTs. Regardless of the length of the CNTs, optimum
concentration can result in higher flexural strength, whereas
some excessive concentration may lead to a reduction in the
strength. Moreover, the elastic modulus shows an increment
when CNTs are added.

Chiadighikaobi et al.

In cement composites, CNTs serve as a filler that can seal
pores, lessen porosity, and manage microcracks. The simple
cement composite without CNTs is less thick and poorly
packed, according to micrographs, than the microstructure
involving CNTs.

Since reinforcing cementitious materials with CNTs is a
new technology, many challenges must be considered before it
becomes commonly practiced. As explored in this paper, the
applications of CNTS are a lot, and thus, CNTs-reinforced
cementitious materials are worth more extensive research.

RECOMMENDATIONS

More research should be done on the combined
reinforcement of concrete with CNTs and different fiber types.
To produce lightweight concrete, the use of CNTs for
reinforcing expanded clay concrete should be researched.
Chopped basalt fiber should be used as a form of hybrid fiber
reinforcement with CNTs because of the excellent properties
basalt fiber possesses. It has become a challenge to model
some of the new reinforcement materials in finite element
software as this software does not incorporate these new
materials.

LIST OF ABBREVIATIONS
CNTs = Carbon Nanotubes
FGCNTRC = Functionally Graded Carbon Nanotubes Reinforced
Composites
GPL = Graphene Nanoplatelets
oD = Outer Diameter
FGM = Functionally Graded Materials
CNF = Carbon Nanofibers
CONSENT FOR PUBLICATION
Not applicable.
FUNDING
None.
CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENT

The authors are grateful to Afe Babalola University, Ado-
Ekiti (ABUAD), Ekiti State, Nigeria, for financial support.

REFERENCES

[1] R. Hela, J. Marsalova, and L. Bodnarova, "Fly ashes thermal
modification and their utilization in concrete", In: F. Bontempi, Ed.,
System-Based Vision for Strategic and Creative Design., vol. 1-3.
2003, pp. 1649-1653.

[2] L. Bodnarova, T. Jarolim, and R. Hela, "Study of effect of various
types of cement on properties of cement pastes", Adv. Mat. Res., vol.
897, pp. 224-229, 2014.
[http://dx.doi.org/10.4028/www.scientific.net/ AMR.897.224]

[3] A. Karagin, and M. Dogruyol, "An experimental study on strength and
durability for utilization of fly ash in concrete mix", Adv. Mater. Sci.
Eng., vol. 2014, pp. 1-6, 2014.
[http://dx.doi.org/10.1155/2014/417514]

[4] D. Zhang, S. Shi, C. Wang, X. Yang, L. Guo, and S. Xue, "Preparation
of cementitious material using smelting slag and tailings and the
solidification and leaching of Pb2+", Adv. Mat. Sci. Eng., vol. 2015,
pp. 1-7, 2015.

[5] N. Banthia, and N. Nandakumar, "Crack growth resistance of hybrid
fiber reinforced cement composites", Cement Concr. Compos., vol. 25,


http://dx.doi.org/10.4028/www.scientific.net/AMR.897.224
http://dx.doi.org/10.1155/2014/417514

Physicomechanical Properties of Carbon Nanotubes

[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

no. 1, pp. 3-9, 2003.
[http://dx.doi.org/10.1016/S0958-9465(01)00043-9]

C.X. Qian, and P. Stroeven, "Development of hybrid polypropylene-
steel fibre-reinforced concrete", Cement Concr. Res., vol. 30, no. 1, pp.
63-69, 2000.

[http://dx.doi.org/10.1016/S0008-8846(99)00202-1]

P.S. Song, S. Hwang, and B.C. Sheu, "Strength properties of nylon-
and polypropylene-fiber-reinforced concretes", Cement Concr. Res.,
vol. 35, no. 8, pp. 1546-1550, 2005.
[http://dx.doi.org/10.1016/j.cemconres.2004.06.033]

P.N. Balaguru, and S.P. Shah, Fiber-reinforced Cement Composites.,
McGraw-Hill Companies, 1992.

A. Bentur, and S. Mindess, Fibre reinforced cementitious composites.,
Taylor & Francis: London, New York, 2007.

M.S. Konsta-Gdoutos, Z.S. Metaxa, and S.P. Shah, "Multi-scale
mechanical and fracture characteristics and early-age strain capacity of
high performance carbon nanotube/cement nanocomposites", Cement
Concr. Compos., vol. 32, no. 2, pp. 110-115, 2010.
[http://dx.doi.org/10.1016/j.cemconcomp.2009.10.007]

B.M. Tyson, R.K. Abu Al-Rub, A. Yazdanbakhsh, and Z. Grasley,
"Carbon nanotubes and carbon nanofibers for enhancing the
mechanical properties of nanocomposite cementitious materials", J.
Mater. Civ. Eng., vol. 23, no. 7, pp. 1028-1035, 2011.
[http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000266]

B. Zou, S.J. Chen, A.H. Korayem, F. Collins, C.M. Wang, and W.H.
Duan, "Effect of ultrasonication energy on engineering properties of
carbon nanotube reinforced cement pastes”, Carbon, vol. 85, pp.
212-220,2015.

[http://dx.doi.org/10.1016/j.carbon.2014.12.094]

S. Chuah, Z. Pan, J.G. Sanjayan, C.M. Wang, and W.H. Duan, "Nano
reinforced cement and concrete composites and new perspective from
graphene oxide", Constr. Build. Mater., vol. 73, pp. 113-124, 2014.
[http://dx.doi.org/10.1016/j.conbuildmat.2014.09.040]

J.S. Lawler, T. Wilhelm, D. Zampini, and S.P. Shah, "Fracture
processes of hybrid fiber-reinforced mortar", Mater. Struct., vol. 36,
no. 3, pp. 197-208, 2003.

[http://dx.doi.org/10.1007/BF02479558]

M.S. Konsta-Gdoutos, Z.S. Metaxa, and S.P. Shah, "Highly dispersed
carbon nanotube reinforced cement based materials", Cement Concr.
Res., vol. 40, no. 7, pp. 1052-1059, 2010.
[http://dx.doi.org/10.1016/j.cemconres.2010.02.015]

L. Raki, J. Beaudoin, R. Alizadeh, J. Makar, and T. Sato, "Cement and
concrete nanoscience and nanotechnology", Materials, vol. 3, no. 2,
pp. 918-942, 2010.

[http://dx.doi.org/10.3390/ma3020918]

M.F.L. De Volder, S.H. Tawfick, R.H. Baughman, and A.J. Hart,
"Carbon nanotubes: Present and future commercial applications",
Science, vol. 339, no. 6119, pp. 535-539, 2013.
[http://dx.doi.org/10.1126/science.1222453] [PMID: 23372006]

M. Filchakova, "What are multi walled carbon nanotubes? MWCNT
production, properties, and applications",
https://tuball.com/articles/multi-walled-carbon-nanotubes

S. lijima, "Helical microtubules of graphitic carbon", Nature, vol. 354,
no. 6348, pp. 56-58, 1991.

[http://dx.doi.org/10.1038/3540562a0]

N.M. Mubarak, E.C. Abdullah, N.S. Jayakumar, and J.N. Sahu, "An
overview on methods for the production of carbon nanotubes", J. Ind.
Eng. Chem., vol. 20, no. 4, pp. 1186-1197, 2014.
[http://dx.doi.org/10.1016/j.jiec.2013.09.001]

J. Yu, N. Grossiord, C.E. Koning, and J. Loos, "Controlling the
dispersion of multi-wall carbon nanotubes in aqueous surfactant
solution", Carbon, vol. 45, no. 3, pp. 618-623, 2007.
[http://dx.doi.org/10.1016/j.carbon.2006.10.010]

K. Yee, and M.H. Ghayesh, "A review on the mechanics of graphene
nanoplatelets reinforced structures", Int. J. Eng. Sci., vol. 186, p.
103831, 2023.

[http://dx.doi.org/10.1016/j.ijengsci.2023.103831]

K.S. Munir, P. Kingshott, and C. Wen, "Carbon nanotube reinforced
titanium metal matrix composites prepared by powder metallurgy—a
review", Crit. Rev. Solid State Mater. Sci., vol. 40, no. 1, pp. 38-55,
2015.

[http://dx.doi.org/10.1080/10408436.2014.929521]

L. Jiang, Z. Li, G. Fan, L. Cao, and D. Zhang, "Strong and ductile
carbon nanotube/aluminum bulk nanolaminated composites with two-
dimensional alignment of carbon nanotubes", Scr. Mater., vol. 66, no.
6, pp. 331-334, 2012.
[http://dx.doi.org/10.1016/j.scriptamat.2011.11.023]

The Open Construction & Building Technology Journal, 2023, Volume 17 9

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[39]

[40]

B. Arash, Q. Wang, and V.K. Varadan, "Mechanical properties of
carbon nanotube/polymer composites", Sci. Rep., vol. 4, no. 1, p. 6479,
2014.

[http://dx.doi.org/10.1038/srep06479] [PMID: 25270167]

M. Yoonessi, M. Lebron-Colén, D. Scheiman, and M.A. Meador,
"Carbon nanotube epoxy nanocomposites: The effects of interfacial
modifications on the dynamic mechanical properties of the
nanocomposites", ACS Appl. Mater. Interfaces, vol. 6, no. 19, pp.
16621-16630, 2014.

[http://dx.doi.org/10.1021/am5056849] [PMID: 25215892]

P.A. Danoglidis, M.S. Konsta-Gdoutos, E.E. Gdoutos, and S.P. Shah,
"Strength, energy absorption capability and self-sensing properties of
multifunctional carbon nanotube reinforced mortars", Constr. Build.
Mater., vol. 120, pp. 265-274, 2016.
[http://dx.doi.org/10.1016/j.conbuildmat.2016.05.049]

S. Parveen, S. Rana, and R. Fangueiro, "A review on nanomaterial
dispersion, microstructure, and mechanical properties of carbon
nanotube and nanofiber reinforced cementitious composites", J.
Nanomater, vol. 2013, p. 80, 2013.
[http://dx.doi.org/10.1155/2013/710175]

A.G. P’erez-Luna, A.L. Mart’inez-Hern’andez, G. Mart’inez-Barrera,
and C. Velasco-Santos, "Nanoreinforced concrete: Effect of gamma-
irradiated SiO2 nanoparticles", Adv. Mater. Lett., vol. 7, no. 2, pp.
156-162,2016.

[http://dx.doi.org/10.5185/amlett.2016.6145]

L.X. Zheng, M.J. O’Connell, S.K. Doorn, X.Z. Liao, Y.H. Zhao, E.A.
Akhadov, M.A. Hoffbauer, B.J. Roop, Q.X. Jia, R.C. Dye, D.E.
Peterson, S.M. Huang, J. Liu, and Y.T. Zhu, "Ultralong single-wall
carbon nanotubes", Nat. Mater., vol. 3, no. 10, pp. 673-676, 2004.
[http://dx.doi.org/10.1038/nmat1216] [PMID: 15359345]

H.W. Zhu, C.L. Xu, D.H. Wu, B.Q. Wei, R. Vajtai, and P.M. Ajayan,
"Direct synthesis of long single-walled carbon nanotube strands",
Science, vol. 296, no. 5569, pp. 884-886, 2002.
[http://dx.doi.org/10.1126/science.1066996] [PMID: 11988567]

R.K. Abu Al-Rub, A.L. Ashour, and B.M. Tyson, "On the aspect ratio
effect of multi-walled carbon nanotube reinforcements on the
mechanical properties of cementitious nanocomposites", Constr. Build.
Mater., vol. 35, pp. 647-655, 2012.
[http://dx.doi.org/10.1016/j.conbuildmat.2012.04.086]

N. Ganesh, "Single walled andmulti walled carbon nanotube structure,
synthesis and applications", Int. J. Innov. Technol. Explor. Eng., vol.
2, no. 4, pp. 311-320, 2013.

M. Labaj, Suppervisor: R. Hela [Ph.D. thesis]., Brno University of
Technology, Faculty of Civil Engineering, 2014.

T. Jarolim, M. Labaj, R. Hela, and K. Michnova, "Carbon nanotubes in
cementitious composites: Dispersion, implementation, and influence
on mechanical characteristics", Adv. Mater. Sci. Eng., vol. 2016, pp.
1-6, 2016.

[http://dx.doi.org/10.1155/2016/7508904]

H. Bakhshi Khaniki, and M.H. Ghayesh, "A review on the mechanics
of carbon nanotube strengthened deformable structures", Eng. Struct,
vol. 220, pp. 110711-110711, 2020.
[http://dx.doi.org/10.1016/j.engstruct.2020.110711]

J. Hilding, E.A. Grulke, Z. George Zhang, and F. Lockwood,
"Dispersion of carbon nanotubes in liquids", J. Dispers. Sci. Technol.,
vol. 24, no. 1, pp. 1-41, 2003.
[http://dx.doi.org/10.1081/DIS-120017941]

J.B. Bai, and A. Allaoui, "Effect of the length and the aggregate size of
MWNTs on the improvement efficiency of the mechanical and
electrical properties of nanocomposites—experimental investigation",
Compos., Part A Appl. Sci. Manuf., vol. 34, no. 8, pp. 689-694, 2003.
[http://dx.doi.org/10.1016/S1359-835X(03)00140-4]

S. Azoubel, and S. Magdassi, "The formation of carbon nanotube
dispersions by high pressure homogenization and their rapid
characterization by analytical centrifuge", Carbon, vol. 48, no. 12, pp.
3346-3352, 2010.

[http://dx.doi.org/10.1016/j.carbon.2010.05.024]

F. Collins, J. Lambert, and W.H. Duan, "The influences of admixtures
on the dispersion, workability, and strength of carbon nanotube-OPC
paste mixtures", Cement Concr. Compos., vol. 34, no. 2, pp. 201-207,
2012.

[http://dx.doi.org/10.1016/j.cemconcomp.2011.09.013]

0. Mendoza, G. Sierra, and J.I. Tobon, "Influence of super plasticizer
and Ca(OH)2 on the stability of functionalized multi-walled carbon
nanotubes dispersions for cement composites applications", Constr.
Build. Mater., vol. 47, pp. 771-778, 2013.
[http://dx.doi.org/10.1016/j.conbuildmat.2013.05.100]


http://dx.doi.org/10.1016/S0958-9465(01)00043-9
http://dx.doi.org/10.1016/S0008-8846(99)00202-1
http://dx.doi.org/10.1016/j.cemconres.2004.06.033
http://dx.doi.org/10.1016/j.cemconcomp.2009.10.007
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000266
http://dx.doi.org/10.1016/j.carbon.2014.12.094
http://dx.doi.org/10.1016/j.conbuildmat.2014.09.040
http://dx.doi.org/10.1007/BF02479558
http://dx.doi.org/10.1016/j.cemconres.2010.02.015
http://dx.doi.org/10.3390/ma3020918
http://dx.doi.org/10.1126/science.1222453
http://www.ncbi.nlm.nih.gov/pubmed/23372006
http://dx.doi.org/10.1038/354056a0
http://dx.doi.org/10.1016/j.jiec.2013.09.001
http://dx.doi.org/10.1016/j.carbon.2006.10.010
http://dx.doi.org/10.1016/j.ijengsci.2023.103831
http://dx.doi.org/10.1080/10408436.2014.929521
http://dx.doi.org/10.1016/j.scriptamat.2011.11.023
http://dx.doi.org/10.1038/srep06479
http://www.ncbi.nlm.nih.gov/pubmed/25270167
http://dx.doi.org/10.1021/am5056849
http://www.ncbi.nlm.nih.gov/pubmed/25215892
http://dx.doi.org/10.1016/j.conbuildmat.2016.05.049
http://dx.doi.org/10.1155/2013/710175
http://dx.doi.org/10.5185/amlett.2016.6145
http://dx.doi.org/10.1038/nmat1216
http://www.ncbi.nlm.nih.gov/pubmed/15359345
http://dx.doi.org/10.1126/science.1066996
http://www.ncbi.nlm.nih.gov/pubmed/11988567
http://dx.doi.org/10.1016/j.conbuildmat.2012.04.086
http://dx.doi.org/10.1155/2016/7508904
http://dx.doi.org/10.1016/j.engstruct.2020.110711
http://dx.doi.org/10.1081/DIS-120017941
http://dx.doi.org/10.1016/S1359-835X(03)00140-4
http://dx.doi.org/10.1016/j.carbon.2010.05.024
http://dx.doi.org/10.1016/j.cemconcomp.2011.09.013
http://dx.doi.org/10.1016/j.conbuildmat.2013.05.100

10 The Open Construction & Building Technology Journal, 2023, Volume 17

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

(53]

[56]

[57]

[58]

[59]

[60]

J.S. Hong, and C. Kim, "Dispersion of multi-walled carbon nanotubes
in PDMS/PB blend", Rheol. Acta, vol. 50, no. 11-12, pp. 955-964,
2011.

[http://dx.doi.org/10.1007/s00397-011-0581-y]

G. Yakovlev, G. Pervushin, I. Maeva, J. Keriene, 1. Pudov, A.
Shaybadullina, A. Buryanov, A. Korzhenko, and S. Senkov,
"Modification of construction materials with multi-walled carbon
nanotubes", Procedia Eng., vol. 57, pp. 407-413, 2013.
[http://dx.doi.org/10.1016/j.proeng.2013.04.053]

E. Giineyisi, M. Gesoglu, Z. Algin, and K. Mermerdas, "Optimization
of concrete mixture with hybrid blends of metakaolin and fly ash using
response surface method", Compos., Part B Eng., vol. 60, pp. 707-715,
2014.

[http://dx.doi.org/10.1016/j.compositesb.2014.01.017]

A. Carrigo, J.A. Bogas, A. Hawreen, and M. Guedes, "Durability of
multi-walled carbon nanotube reinforced concrete", Constr. Build.
Mater., vol. 164, pp. 121-133,2018.
[http://dx.doi.org/10.1016/j.conbuildmat.2017.12.221]

M. Eftekhari, and S. Mohammadi, "Multiscale dynamic fracture
behavior of the carbon nanotube reinforced concrete under impact
loading", Int. J. Impact Eng., vol. 87, pp. 55-64, 2016.
[http://dx.doi.org/10.1016/j.ijimpeng.2015.06.023]

G. Hiisken, and H.J.H. Brouwers, "A new mix design concept for
earth-moist concrete: A theoretical and experimental study", Cement
Concr. Res., vol. 38, no. 10, pp. 1246-1259, 2008.
[http://dx.doi.org/10.1016/j.cemconres.2008.04.002]

F. Sanchez, and K. Sobolev, "Nanotechnology in concrete — A
review", Constr. Build. Mater., vol. 24, no. 11, pp. 2060-2071, 2010.
[http://dx.doi.org/10.1016/j.conbuildmat.2010.03.014]

Y. Ruan, B. Han, X. Yu, W. Zhang, and D. Wang, "Carbon nanotubes
reinforced reactive powder concrete", Compos., Part A Appl. Sci.
Manuf., vol. 112, pp. 371-382, 2018.
[http://dx.doi.org/10.1016/j.compositesa.2018.06.025]

A.C.J. Evangelista, J.F. de Morais, V. Tam, M. Soomro, L.T. Di
Gregorio, and A.N. Haddad, "Evaluation of carbon nanotube
incorporation in cementitious composite materials", Materials, vol. 12,
no. 9, p. 1504, 2019.

[http://dx.doi.org/10.3390/ma12091504] [PMID: 31072039]

E. Horszczaruk, "Properties of cement-based composites modified
with magnetite nanoparticles: A review", Materials, vol. 12, no. 2, p.
326, 2019.

[http://dx.doi.org/10.3390/ma12020326] [PMID: 30669637]

S.R. Dong, I.P. Tu, and X.B. Zhang, "An investigation of the sliding
wear behavior of Cu-matrix composite reinforced by carbon
nanotubes", Mater. Sci. Eng. A4, vol. 313, no. 1-2, pp. 83-87, 2001.
[http://dx.doi.org/10.1016/S0921-5093(01)00963-7]

H.D. Wagner, O. Lourie, Y. Feldman, and R. Tenne, "Stress-induced
fragmentation of multiwall carbon nanotubes in a polymer matrix",
Appl. Phys. Lett., vol. 72, no. 2, pp. 188-190, 1998.
[http://dx.doi.org/10.1063/1.120680]

J. Vera-Agullo, V. Chozas-Ligero, D. Portillo-Rico, M.J. Garcia-
Casas, A. Gutiérrez-Martinez, J.M. Mieres-Royo, and J. Gravalos-
Moreno, "Mortar and concrete reinforced with nanomaterials",
Nanotechnol Constr, vol. 3, pp. 383-388, 2009.
[http://dx.doi.org/10.1007/978-3-642-00980-8 52]

A.M. Hunashyal, S.V. Tippa, S.S. Quadri, and N.R. Banapurmath,
"Experimental investigation on effect of carbon nanotubes and carbon
fibres on the behavior of plain cement mortar composite round bars
under direct tension", ISRN Nanotechnology, vol. 2011, pp. 1-6,2011.
[http://dx.doi.org/10.5402/2011/856849]

B. Han, Z. Yang, X. Shi, and X. Yu, "Transport properties of carbon-
nanotube/cement composites", J. Mater. Eng. Perform., vol. 22, no. 1,
pp. 184-189, 2013.

[http://dx.doi.org/10.1007/s11665-012-0228-x]

T. Manzur, N. Yazdani, and M.A.B. Emon, "Effect of carbon nanotube
size on compressive strengths of nanotube reinforced cementitious
composites", J. Mater., vol. 2014, pp. 1-8, 2014.
[http://dx.doi.org/10.1155/2014/960984]

M. Lelusz, "Carbon nanotubes influence on the compressive strength
of cement composites", Tech. Trans., vol. 2014, pp. 5-11, 2014.

T. Manzur, and N. Yazdani, "Optimum mix ratio for carbon nanotubes
in cement mortar", KSCE J. Civ. Eng., vol. 19, no. 5, pp. 1405-1412,
2015.

[http://dx.doi.org/10.1007/s12205-014-0721-x]

I. Campillo, A. Guerrero, J.S. Dolado, A. Porro, J.A. Ibafiez, and S.
Goili, "Improvement of initial mechanical strength by nanoalumina in
belite cements", Mater. Lett., vol. 61, no. 8-9, pp. 1889-1892, 2007.

fe1]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[74]

[75]

[76]

[77]

Chiadighikaobi et al.

[http://dx.doi.org/10.1016/j.matlet.2006.07.150]

L.Y. Chan, and B. Andrawes, "Finite element analysis of carbon
nanotube/cement composite with degraded bond strength", Comput.
Mater. Sci., vol. 47, no. 4, pp. 994-1004, 2010.
[http://dx.doi.org/10.1016/j.commatsci.2009.11.035]

S.P. Shah, P. Hou, and M.S. Konsta-Gdoutos, "Nano-modification of
cementitious material: Toward a stronger and durable concrete", J.
Sustain. Cem.-Based Mater-., vol. 5, no. 1-2, pp. 1-22, 2016.
[http://dx.doi.org/10.1080/21650373.2015.1086286]

S. Xu, J. Liu, and Q. Li, "Mechanical properties and microstructure of
multi-walled carbon nanotube-reinforced cement paste", Constr. Build.
Mater., vol. 76, pp. 16-23, 2015.
[http://dx.doi.org/10.1016/j.conbuildmat.2014.11.049]

M.S. Konsta-Gdoutos, G. Batis, P.A. Danoglidis, A.K. Zacharopoulou,
E.K. Zacharopoulou, M.G. Falara, and S.P. Shah, "Effect of CNT and
CNF loading and count on the corrosion resistance, conductivity and
mechanical properties of nanomodified OPC mortars", Constr. Build.
Mater., vol. 147, pp. 48-57, 2017.
[http://dx.doi.org/10.1016/j.conbuildmat.2017.04.112]

O.A. Mendoza Reales, and R. Dias Toledo Filho, "A review on the
chemical, mechanical and microstructural characterization of carbon
nanotubes-cement based composites", Constr. Build. Mater., vol. 154,
pp. 697-710, 2017.
[http://dx.doi.org/10.1016/j.conbuildmat.2017.07.232]

Z.S. Metaxa, J.W.T. Seo, M.S. Konsta-Gdoutos, M.C. Hersam, and
S.P. Shah, "Highly concentrated carbon nanotube admixture for nano-
fiber reinforced cementitious materials", Cement Concr. Compos., vol.
34, no. 5, pp. 612-617, 2012.
[http://dx.doi.org/10.1016/j.cemconcomp.2012.01.006]

S. Musso, J.M. Tulliani, G. Ferro, and A. Tagliaferro, "Influence of
carbon nanotubes structure on the mechanical behavior of cement
composites", Compos. Sci. Technol., vol. 69, no. 11-12, pp.
1985-1990, 2009.
[http://dx.doi.org/10.1016/j.compscitech.2009.05.002]

G.Y. Li, P.M. Wang, and X. Zhao, "Mechanical behavior and
microstructure of cement composites incorporating surface-treated
multi-walled carbon nanotubes", Carbon, vol. 43, no. 6, pp.
1239-1245, 2005.

[http://dx.doi.org/10.1016/j.carbon.2004.12.017]

S.T. Kang, J.Y. Seo, and S.H. Park, "The characteristics of
CNT/cement composites with acid-treated MWCNTS", Adv. Mater.
Sci. Eng., vol. 2015, pp. 1-9, 2015.
[http://dx.doi.org/10.1155/2015/308725]

M.C. Paiva, B. Zhou, K.A.S. Fernando, Y. Lin, J.M. Kennedy, and
Y.P. Sun, "Mechanical and morphological characterization of
polymer—carbon nanocomposites from functionalized carbon
nanotubes", Carbon, vol. 42, no. 14, pp. 2849-2854, 2004.
[http://dx.doi.org/10.1016/j.carbon.2004.06.031]

T. Nochaiya, and A. Chaipanich, "Behavior of multi-walled carbon
nanotubes on the porosity and microstructure of cement-based
materials", Appl. Surf. Sci., vol. 257, no. 6, pp. 1941-1945, 2011.
[http://dx.doi.org/10.1016/j.apsusc.2010.09.030]

A. Chaipanich, T. Nochaiya, W. Wongkeo, and P. Torkittikul,
"Compressive strength and microstructure of carbon nanotubes—fly ash
cement composites", Mater. Sci. Eng. A, vol. 527, no. 4-5, pp.
1063-1067, 2010.

[http://dx.doi.org/10.1016/j.msea.2009.09.039]

K.T. Lau, M. Lu, and D. Hui, "Coiled carbon nanotubes: Synthesis and
their potential applications in advanced composite structures",
Compos., Part B Eng., vol. 37, no. 6, pp. 437-448, 2006.
[http://dx.doi.org/10.1016/j.compositesb.2006.02.008]

H.S. Shen, "Nonlinear bending of functionally graded carbon
nanotube-reinforced composite plates in thermal environments",
Compos. Struct., vol. 91, no. 1, pp. 9-19, 2009.
[http://dx.doi.org/10.1016/j.compstruct.2009.04.026]

H.S. Shen, and C.L. Zhang, "Thermal buckling and postbuckling
behavior of functionally graded carbon nanotube-reinforced composite
plates", Mater. Des., vol. 31, no. 7, pp. 3403-3411, 2010.
[http://dx.doi.org/10.1016/j.matdes.2010.01.048]

H. Li, F. Pang, X. Miao, and Y. Li, "Jacobi—Ritz method for free
vibration analysis of uniform and stepped circular cylindrical shells
with arbitrary boundary conditions: A unified formulation", Comput.
Math. Appl., vol. 77, no. 2, pp. 427-440, 2019.
[http://dx.doi.org/10.1016/j.camwa.2018.09.046]

F. Pang, H. Li, J. Cui, Y. Du, and C. Gao, "Application of fliigge thin
shell theory to the solution of free vibration behaviors for spherical-
cylindrical-spherical shell: A unified formulation", Eur. J. Mech. A,


http://dx.doi.org/10.1007/s00397-011-0581-y
http://dx.doi.org/10.1016/j.proeng.2013.04.053
http://dx.doi.org/10.1016/j.compositesb.2014.01.017
http://dx.doi.org/10.1016/j.conbuildmat.2017.12.221
http://dx.doi.org/10.1016/j.ijimpeng.2015.06.023
http://dx.doi.org/10.1016/j.cemconres.2008.04.002
http://dx.doi.org/10.1016/j.conbuildmat.2010.03.014
http://dx.doi.org/10.1016/j.compositesa.2018.06.025
http://dx.doi.org/10.3390/ma12091504
http://www.ncbi.nlm.nih.gov/pubmed/31072039
http://dx.doi.org/10.3390/ma12020326
http://www.ncbi.nlm.nih.gov/pubmed/30669637
http://dx.doi.org/10.1016/S0921-5093(01)00963-7
http://dx.doi.org/10.1063/1.120680
http://dx.doi.org/10.1007/978-3-642-00980-8_52
http://dx.doi.org/10.5402/2011/856849
http://dx.doi.org/10.1007/s11665-012-0228-x
http://dx.doi.org/10.1155/2014/960984
http://dx.doi.org/10.1007/s12205-014-0721-x
http://dx.doi.org/10.1016/j.matlet.2006.07.150
http://dx.doi.org/10.1016/j.commatsci.2009.11.035
http://dx.doi.org/10.1080/21650373.2015.1086286
http://dx.doi.org/10.1016/j.conbuildmat.2014.11.049
http://dx.doi.org/10.1016/j.conbuildmat.2017.04.112
http://dx.doi.org/10.1016/j.conbuildmat.2017.07.232
http://dx.doi.org/10.1016/j.cemconcomp.2012.01.006
http://dx.doi.org/10.1016/j.compscitech.2009.05.002
http://dx.doi.org/10.1016/j.carbon.2004.12.017
http://dx.doi.org/10.1155/2015/308725
http://dx.doi.org/10.1016/j.carbon.2004.06.031
http://dx.doi.org/10.1016/j.apsusc.2010.09.030
http://dx.doi.org/10.1016/j.msea.2009.09.039
http://dx.doi.org/10.1016/j.compositesb.2006.02.008
http://dx.doi.org/10.1016/j.compstruct.2009.04.026
http://dx.doi.org/10.1016/j.matdes.2010.01.048
http://dx.doi.org/10.1016/j.camwa.2018.09.046

Physicomechanical Properties of Carbon Nanotubes

(78]

(791

[80]

(81]

[82]

(83]

(84]

[85]

[86]

[87]

(88]

(89]

[90]

[o1]

[92]

Solids, vol. 74, pp. 381-393, 2019.
[http://dx.doi.org/10.1016/j.euromechsol.2018.12.003]

M. Niino, and S. Maeda, "Recent development status of functionally
gradient materials", ISLJ Int., vol. 30, no. 9, pp. 699-703, 1990.
[http://dx.doi.org/10.2355/isijinternational.30.699]

J.R. Cho, and J.T. Oden, "Functionally graded material: A parametric
study on thermal-stress characteristics using the
Crank—Nicolson—Galerkin scheme", Comput. Methods Appl. Mech.
Eng., vol. 188, no. 1-3, pp. 17-38, 2000.
[http://dx.doi.org/10.1016/S0045-7825(99)00289-3]

I. Bharti, N. Gupta, and K. M. Gupta, "Novel applications of
functionally graded nano, optoelectronic and thermoelectric materials",
Int. J. Manuf. Mater, vol. 1, pp. 221-224, 2013.
[http://dx.doi.org/10.7763/IIMMM.2013.V1.47]

1. Smaranda, A. Nila, P. Ganea, M. Daescu, 1. Zgura, R.C. Ciobanu, A.
Trandabat, and M. Baibarac, "The influence of the ceramic
nanoparticles on the thermoplastic polymers matrix: Their structural,
optical, and conductive properties", Polymers, vol. 13, no. 16, pp.
2773-2773,2021.

[http://dx.doi.org/10.3390/polym13162773] [PMID: 34451312]

L.L. Ke, J. Yang, and S. Kitipornchai, "Nonlinear free vibration of
functionally graded carbon nanotube-reinforced composite beams",
Compos. Struct., vol. 92, no. 3, pp. 676-683, 2010.
[http://dx.doi.org/10.1016/j.compstruct.2009.09.024]

M.C. Ray, and R.C. Batra, "A single-walled carbon nanotube
reinforced 1-3 piezoelectric composite for active control of smart
structures", Smart Mater. Struct., vol. 16, no. 5, pp. 1936-1947, 2007.
[http://dx.doi.org/10.1088/0964-1726/16/5/051]

V.N.V. Do, and C.H. Lee, "Bending analyses of FG-CNTRC plates
using the modified mesh-free radial point interpolation method based
on the higher-order shear deformation theory", Compos. Struct., vol.
168, pp. 485-497, 2017.
[http://dx.doi.org/10.1016/j.compstruct.2017.02.055]

M.M. Keleshteri, H. Asadi, and M.M. Aghdam, "Nonlinear bending
analysis of FG-CNTRC annular plates with variable thickness on
elastic foundation", Thin-walled Struct., vol. 135, pp. 453-462, 2019.
[http://dx.doi.org/10.1016/j.tws.2018.11.020]

K. Balaguru, "Nanotechnology and concrete: Research opportunities",
Proceedings of the ACI Session on Nanotechnology of Concrete:
Recent Developments and Future Perspectives, 2006pp. 15-28 Denver,
CO, USA

H. Li, M. Zhang, and J. Ou, "Flexural fatigue performance of concrete
containing nano-particles for pavement", Int. J. Fatigue, vol. 29, no. 7,
pp. 1292-1301, 2007.
[http://dx.doi.org/10.1016/j.ijfatigue.2006.10.004]

M. Zhan, G. Pan, F. Zhou, R. Mi, and S.P. Shah, "In situ-grown
carbon nanotubes enhanced cement-based materials with
multifunctionality", Cement Concr. Compos., vol. 108, p. 103518,
2020.

[http://dx.doi.org/10.1016/j.cemconcomp.2020.103518]

N. Yazdani, and V. Mohanam, "Carbon nano-tube and nano-fiber in
cement mortar: Effect of dosage rate and water-cement ratio", Int. J.
Mater. Sci., vol. 4, no. 2, p. 45, 2014.
[http://dx.doi.org/10.14355/ijmsci.2014.0402.01]

M.O. Mohsen, R. Taha, A. Abu Taga, N. Al-Nuaimi, R.A. Al-Rub,
and K.A. Bani-Hani, "Effect of nanotube geometry on the strength and
dispersion of CNT-cement composites", J. Nanomater., vol. 2017, pp.
1-15,2017.

[http://dx.doi.org/10.1155/2017/6927416]

A.G. Nasibulin, T. Koltsova, L.I. Nasibulina, I.V. Anoshkin, A.
Semencha, O.V. Tolochko, and E.I. Kauppinen, "A novel approach to
composite preparation by direct synthesis of carbon nanomaterial on
matrix or filler particles", Acta Mater., vol. 61, no. 6, pp. 1862-1871,
2013.

[http://dx.doi.org/10.1016/j.actamat.2012.12.007]

N.M. Hassan, K.P. Fattah, and A.K. Tamimi, "Modelling mechanical

The Open Construction & Building Technology Journal, 2023, Volume 17 11

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[1o1]

[102]

[103]

[104]

[105]

[106]

behavior of cementitious material incorporating CNTs using design of
experiments", Constr. Build. Mater., vol. 154, pp. 763-770, 2017.
[http://dx.doi.org/10.1016/j.conbuildmat.2017.07.218]

J. Li, M.J. Vergne, E.D. Mowles, W.H. Zhong, D.M. Hercules, and
C.M. Lukehart, "Surface functionalization and characterization of
graphitic carbon nanofibers (GCNFs)", Carbon, vol. 43, no. 14, pp.
2883-2893, 2005.

[http://dx.doi.org/10.1016/j.carbon.2005.06.003]

L.I. Nasibulina, I.V. Anoshkin, S.D. Shandakov, A.G. Nasibulin, A.
Cwirzen, P.R. Mudimela, K. Habermehl-Cwirzen, J.E.M. Malm, T.S.
Koltsova, Y. Tian, E.S. Vasilieva, V. Penttala, O.V. Tolochko, M.J.
Karppinen, and E.I. Kauppinen, "Direct synthesis of carbon nanofibers
on cement particles", Transp. Res. Rec., vol. 2142, no. 1, pp. 96-101,
2010.

[http://dx.doi.org/10.3141/2142-14]

F. Sanchez, and C. Ince, "Microstructure and macroscopic properties
of hybrid carbon nanofiber/silica fume cement composites", Compos.
Sci. Technol., vol. 69, no. 7-8, pp. 1310-1318, 2009.
[http://dx.doi.org/10.1016/j.compscitech.2009.03.006]

A. Yazdanbakhsh, Z. Grasley, B. Tyson, and R.K.A. Al-Rub,
"Distribution of carbon nanofibers and nanotubes in cementitious
composites", Transp. Res. Rec., vol. 2142, no. 1, pp. 89-95, 2010.
[http://dx.doi.org/10.3141/2142-13]

G.Y. Li, P.M. Wang, and X. Zhao, "Pressure-sensitive properties and
microstructure of carbon nanotube reinforced cement composites",
Cement Concr. Compos., vol. 29, no. 5, pp. 377-382, 2007.
[http://dx.doi.org/10.1016/j.cemconcomp.2006.12.011]

J. Makar, J. Margeson, and J. Luh, "In carbon nanotube/ cement
composites-early results and potential applications", Proceedings of
the 3rd International Conference on Construction Materials:
Performance, Innovations and Structural Implications, vol. 22,
2005pp. 1-10 Vancouver

L. Vaisman, H.D. Wagner, and G. Marom, "The role of surfactants in
dispersion of carbon nanotubes", Adv. Colloid Interface Sci., vol.
128-130, pp. 37-46, 2006.

[http://dx.doi.org/10.1016/j.¢is.2006.11.007] [PMID: 17222381]

J. Rausch, R.C. Zhuang, and E. Mider, "Surfactant assisted dispersion
of functionalized multi-walled carbon nanotubes in aqueous media",
Compos., Part A Appl. Sci. Manuf., vol. 41, no. 9, pp. 1038-1046,
2010.

[http://dx.doi.org/10.1016/j.compositesa.2010.03.007]

Q. Liu, W. Sun, and X. Sun, "Preparation of carbon nanotubes solution
and its effectson mechanical properties of cement mortar", J. Southeast
Univ., vol. 44, pp. 662-667, 2014.

M. Adresi, A. Hassani, S. Javadian, and J.M. Tulliani, "Determining
the surfactant consistent with concrete in order to achieve the
maximum possible dispersion of multiwalled carbon nanotubes in
keeping the plain concrete properties", J. Nanotechnol., vol. 2016, pp.
1-9, 2016.

[http://dx.doi.org/10.1155/2016/2864028]

B. Han, K. Zhang, X. Yu, E. Kwon, and J. Ou, "Fabrication of
piezoresistive ~ CNT/CNF  cementitious  composites  with
superplasticizer as dispersant", J. Mater. Civ. Eng., vol. 24, no. 6, pp.
658-665, 2012.
[http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000435]

P. Jackson, N.R. Jacobsen, A. Baun, R. Birkedal, D. Kiihnel, K.A.
Jensen, U. Vogel, and H. Wallin, "Bioaccumulation and ecotoxicity of
carbon nanotubes", Chem. Cent. J., vol. 7,no. 1, p. 154, 2013.
[http://dx.doi.org/10.1186/1752-153X-7-154] [PMID: 24034413]

A. Loiseau, and P. Pascale Launois-Bernede, Understanding Carbon
Nanotubes., Springer, 2006.

[http://dx.doi.org/10.1007/b10971390]

K. Donaldson, V. Stone, C.L. Tran, W. Kreyling, and P.J.A. Borm,
"Nanotoxicology", Occup. Environ. Med., vol. 61, no. 9, pp. 727-728,
2004.

[http://dx.doi.org/10.1136/0em.2004.013243] [PMID: 15317911]

© 2023 The Author(s). Published by Bentham Science Publisher.

(OFIOH

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.


http://dx.doi.org/10.1016/j.euromechsol.2018.12.003
http://dx.doi.org/10.2355/isijinternational.30.699
http://dx.doi.org/10.1016/S0045-7825(99)00289-3
http://dx.doi.org/10.7763/IJMMM.2013.V1.47
http://dx.doi.org/10.3390/polym13162773
http://www.ncbi.nlm.nih.gov/pubmed/34451312
http://dx.doi.org/10.1016/j.compstruct.2009.09.024
http://dx.doi.org/10.1088/0964-1726/16/5/051
http://dx.doi.org/10.1016/j.compstruct.2017.02.055
http://dx.doi.org/10.1016/j.tws.2018.11.020
http://dx.doi.org/10.1016/j.ijfatigue.2006.10.004
http://dx.doi.org/10.1016/j.cemconcomp.2020.103518
http://dx.doi.org/10.14355/ijmsci.2014.0402.01
http://dx.doi.org/10.1155/2017/6927416
http://dx.doi.org/10.1016/j.actamat.2012.12.007
http://dx.doi.org/10.1016/j.conbuildmat.2017.07.218
http://dx.doi.org/10.1016/j.carbon.2005.06.003
http://dx.doi.org/10.3141/2142-14
http://dx.doi.org/10.1016/j.compscitech.2009.03.006
http://dx.doi.org/10.3141/2142-13
http://dx.doi.org/10.1016/j.cemconcomp.2006.12.011
http://dx.doi.org/10.1016/j.cis.2006.11.007
http://www.ncbi.nlm.nih.gov/pubmed/17222381
http://dx.doi.org/10.1016/j.compositesa.2010.03.007
http://dx.doi.org/10.1155/2016/2864028
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000435
http://dx.doi.org/10.1186/1752-153X-7-154
http://www.ncbi.nlm.nih.gov/pubmed/24034413
http://dx.doi.org/10.1007/b10971390
http://dx.doi.org/10.1136/oem.2004.013243
http://www.ncbi.nlm.nih.gov/pubmed/15317911
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/

	Physicomechanical Properties of Carbon Nanotubes Reinforced Cementitious Concrete – A Review 
	1. INTRODUCTION
	2. LIMITATION OF CNTs
	3. DISPERSING CNTs
	4. INCORPORATION OF CNTs IN CEMENTITIOUS MATERIAL
	4.1. Mechanical Properties of Cementitious Material Consisting of CNTs
	4.2. Microstructure Cementitious Material Consisting of CNTs

	5. FUNCTIONALLY GRADED CNT-REINFORCED STRUCTURES
	6. COMPARING CNTs AND FIBERS USED AS CONCRETE REINFORCEMENT
	7. MODELING FOR THE MIX OF CEMENTITIOUS MATERIALS CONTAINING CNTs
	8. SUSTAINABILITY AND ECOLOGICAL IMPACT OF CARBON NANOTUBES CONCRETE
	9. DISCUSSION
	CONCLUSION
	RECOMMENDATIONS
	LIST OF ABBREVIATIONS
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENT
	REFERENCES




