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A rising demand for efficient functional materials brings forth research challenges regarding improvements in existing
materials. Carbon infused cementitious composites, regardless of being an important research topic worldwide, still
present many questions concerning their functionality and properties.
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| 1. Introduction

The term ‘nanotechnology’ was first defined by professor Norio Toguchi in 1974. Defining the process of modifying
material on an atomic level. It had continued an idea put forward by American physicist Richard Feynman, who said in
1959: “There’s plenty of room at the bottom”. With time, a basic definition of nanotechnology has evolved to be finally
determined as: “the application of scientific knowledge to manipulate, control, and restructure matter at the atomic and
molecular level in the range of 1-100 nm to exploit size-dependent and structure-dependent properties and phenomena
distinct from those at different scales” (1,

Main opportunities for the use of nanotechnology were at first seen in the fields of electrical engineering and
biotechnology. Since the beginning of the XXI century, nanotechnology also attracts researchers associated with civil
engineering, and the founding of the research in this area is still rising [&. The main scope of research in the case of
cementitious nanocomposites is creating materials with enhanced mechanical properties as well as added functionality.
Resistance to ageing and environmental aggression; capability of auto-monitoring or auto-repair; and energy saving
through energy harvesting are important factors to consider regarding more resilient structures and concepts of smart
cities. Moreover, resilient materials can effectively reduce the amount of maintenance needed while sensors inbuilt in
building structures will allow for safer exploitation and early detection of problems. These materials are often called ‘smart
materials’, as they possess properties that are not observed in a usual form of such material. Most often, the smartness of
the material is connected with abovementioned functionality. For example, the ability to self-sense damage and strains is
compared to a living organism’s neural system. Such form of biomimetic behavior is one of the most popular and most
researched properties for a variety of smart materials.

Materials based on Portland cement are still the most popular type of materials used in civil engineering structures.
Possessing high compressive and dynamic resistance, they are still prone to cracking and are generally brittle materials.
Cracks caused by either mechanical or non-mechanical factors might often lead to degradation of materials, reduce their
tightness, and allow for infiltration of aggressive substances. Fiber-reinforced concretes seem to counteract the problem
of cracking; however, they are not able to bridge cracks at the nanoscale where they originate from. The addition of
nanomaterials to concrete allows for strengthening at the molecular scale, bridging those small-scale cracks and
densifying the material’s nanostructure. Moreover, nanoparticles allow for accelerated growth of stronger C-S-H phase
crystals, increasing the material’s strength also in the matrix.

First known applications of nanoparticles in concrete used mostly titanium, silica, and aluminium oxides. Those additions
have been proven to increase concrete’s extreme temperature resistance and intensify the hydration process BIZIBIEIZ],
Further usage of various types of carbon nanomaterials came mainly from the desire to add functionality to the
composites. The idea of smart material sensors and heat transferring materials emerged, with the former being already
used in aircraft engineering and epoxy composites.

With regard to their form and shape, nanomaterials can be classified as follows [&!:

« Zero-dimensional materials (OD)—singular nanoparticles that mainly influence properties of the cementitious matrix
itself,



« One-dimensional materials (1D)—elongated structures (nanotubes, nanofibers), with one dimension much bigger than
the other two that can bridge cracks,

« Two-dimensional materials (2D)—platelets, for example, graphene, which two dimensions are much bigger than the
third one, with a large surface area and ability to bridge cracks.

| 2. carbon Nanomaterials

Carbon-based nanomaterials are atomic structures built from amorphous types of carbon, mainly fullerenes and graphite.
They are composed of crystalline structures with strong bonds between carbon atoms. Depending on the arrangement
and combination of those structures, they can form one- or two-dimensional formations. In general, carbon nanomaterials
can come in each of the dimensional forms mentioned in the previous section.

2.1. Graphene

Graphene, a two-dimensional material, is mainly used in the form of sheets or graphene oxide (GO). First records
describing graphene came from 1917, when it was described in oxide form [&. Not until 2004, did Novoselov and Geim
manage to obtain graphene in its raw form of platelets, using mechanical exfoliation of graphite 19. Since then, more
methods of producing graphene have been designed, allowing for more efficient production with consistent properties of
the final product. One of the novel methods is Flash Joule Heating (FJL) method developed by Luong et al. 111, Graphene
obtained through this method is called ‘flash graphene’ and is made by converting amorphous carbon using high voltage
electric discharge to heat carbon powder up to 3000 K. The whole process takes place in a quartz tube, under
atmospheric pressure or mild vacuum. Another method, with a possibility for industrial usage, is electrochemical
exfoliation used by Krystek et al. 2. Their method of electrochemical exfoliation of graphene allows for a higher
production rate of ~200 mg of electrochemically exfoliated graphene per 180 min of the electrolysis process, compared to
~10 mg per 10 min for the classical electrochemical exfoliation process. Exfoliation of graphene, both mechanical with the
usage of ultrasonication or electrochemical, is a process of peeling singular flakes out of a graphite block in a liquid
solution. Addition of solvent prevents peeled flakes from accumulating.

In its pure version, graphene appears as a 2D plane of carbon atoms arranged in a honeycomb shape. However, more
functionalized versions have been developed. Graphene oxide (GO) is a more reactive derivative with multiple oxygen-
containing functional groups. In terms of cementitious composites, those groups allow for easier dispersion in water
however increase in conductivity of the composite is lower than for pure graphene 31, Reduced graphene oxide (rGO)
consists of fewer functional groups and is considered to be a middle ground between graphene and GO in terms of its
properties [14. The final group of graphene materials is graphene nano platelets (GNP), consisting of few stacked layers of
graphene. The schematic representation of mentioned types of graphene is shown in Figure 1.
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Figure 1. Representation of different forms of graphene materials: (a) pure graphene; (b) graphene oxide GO; (c)
reduced graphene oxide rGO; (d) graphene nanoplatelets 141,

The excellent properties of graphene determine its position as one of the most promising and widely researched carbon
nanomaterials. Its high thermal conductivity of ~5000 W/mK 12! and electron mobility of up to 200,000 cm? V1 s71 [18]
allow for its usage in self-sensing and energy-saving materials. At the same time, extraordinary mechanical properties:



tensile strength of 130 GPa and Young modulus of 1 TPa 4, make graphene a viable material to be used as a reinforcing
phase in composite materials.

2.2. Carbon Nanotubes (CNT)

Carbon nanotubes, first described by Sumio lijima in 1991 28], are classified as one-dimensional nanomaterial. Nanotubes
consist of seamless, rolled graphene platelets, closed at the tip with half of the fullerene and are usually classified into one
of the two groups: single-walled carbon nanotubes (SWCNT) or multi-walled carbon nanotubes (MWCNT) (Figure 2). The
diameter of SWCNTs is between 1-2 nm, while for MWCNTSs, which are stacked SWCNTs, 2—100 nm 12!,
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Figure 2. Schematic of carbon nanotubes structure: (a) single-walled nanotube; (b) multiwall nanotube 29,

One of the main techniques used in the production of CNTs is chemical vapor deposition (CVD) which employs catalytical
conversion of carbon materials. The carbon material is dissolved into individual atoms during the process and then
rearranged to regrow in an elongated form. CNTs grow atom by atom into a tubular shape with the help of a metallic
catalyst. CVD method is considered to be the most effective method of producing CNTs on an industrial scale and with
sufficient stability of their properties 21,

Similar to graphene, CNTs possess excellent mechanical properties. Young modulus, measured directly by Wong et al. 22
reached values of 1.28 TPa, while most often it is assumed to be 1.0 TPa [23124] Tensile strength of SWCNTSs is assumed
to be in range up to 500 GPa 22, and for MWCNTs experimental results show values in the range of 11-63 GPa [28].

The electrical properties of CNTs are defined mainly by their elongated shape, which promotes the propagation of
electrons along the tube’s axis. At the same time, their movement in other directions is restrained by layers of CNT itself.
Therefore, CNTs exhibit high electrical conductivity of 106 S/m for SWCNTs and >10° S/m for MWCNTs £ and have the
highest current density of all known materials of 10° A/lcm? [28],

The thermal conductivity of CNTs is tied to the phonon movement mechanism and highly depends on multiple factors,
including its size and morphology 2223 precise measurement of thermal conductivity in CNTs proves complicated and
has been reported to be in the range of 2000-6000 W/mK B2

2.3. Carbon Nanofibers (CNF)

Carbon nanofibers are one-dimensional material consisting of stacked platelets or conical-shaped graphene. The overall
shape of individual fibers depends on the type of catalyst used for growing the fibers. Typical shapes can be assigned to
one of three groups (Figure 3): platelet, tubular, and fishbone B3I24l The structure of CNFs allows for a wide range of
modifications by combining them with other materials such as metallic nanoparticles, oxide alloys, or silica. This kind of
modification allows for creating sensors capable of detecting various types of substances, including gases and organic
matter such as bacteria or viruses. Typical dimensions of CNFs are 10 to 500 nm in diameter and ~10 um in length 23!,
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Figure 3. Typical shapes of carbon nano fibers: (a) platelet type; (b) tubular type; (c) fishbone type [,

The most common technique used for manufacturing CNFs is chemical vapor deposition coupled with thermal of plasma-
assisted vapor deposition. Unlike CNTs, chemical vapor deposition of CNFs uses gaseous sources of carbon atoms.

Decomposed by a high temperature, carbon atoms are grown into designated shapes by the use of a metallic catalyst 23
[35]

Mechanical properties of carbon nanofibers, while presenting lower values than those of CNTs are still high with Young
modulus in the range of 0.4-0.6 TPa and tensile strength of up to 7 GPa 22,

Similar to CNTs, CNFs possess excellent conductive properties due to their elongated shape, which promotes electron
movement along the normal axis and the tunneling effect (241,

2.4. Summary of Carbon Nanomaterials

Presented carbon nanomaterials are most commonly used in nano-carbon cementitious composites. While all of them
possess excellent mechanical, electrical, and thermal properties, each of them is excels in different applications.
Individual features of each of the material provide them with certain advantages over the others. The flattened shape of
graphene and its derivatives seem to perform best in promoting hydration, therefore vastly improving the microstructure
and tightness of the composite. The elongated, closed shape of CNTs—along with their excellent conductivity—makes
them the best choice in terms of conductive smart materials and strain sensors.

Due to variations in methodologies and difficulties in direct measuring of properties of materials in hanoscale, some of the
presented properties tend to have significant range of values. It is clear that more precise and unified methods need to be
developed in order to assure better ways to compare the performance of individual types of materials and their final
quality. The selection of test results for material properties is presented in Table 1.

Table 1. Comparison of selected results for mechanical properties of carbon nanomaterials.

Property Graphene SWCNT MWCNT CNF
Tensile strength 130 GPa 171 500 GPa [25] 11-63 GPa [28] 7 GPa (23]
Young modulus 1 TPa 1 1.0 TPa 24 1.28 TPa [221 0.4-0.6 TPa [23]

| 3. Properties of Carbon Cementitious Composites

As discussed in the previous paragraph, carbon nanomaterials possess a number of unique properties, both mechanical
and physical. Most of those properties can be exploited in order to enhance otherwise brittle and non-conductive
cementitious materials to create stronger, functional composites. The following sections will provide insight into the most
important properties of cementitious composites granted by the addition of carbon nanomaterials.

3.1. Hydration and Workability

Due to strong van der Waals forces between individual particles, carbon nanomaterials tend to accumulate into flocs. This
phenomenon, along with a large surface area, causes water molecules to be trapped or absorbed by the nanomaterial,
resulting in a reduction in workability. Workability is referred as an ease of flow and pouring of cementitious material.
According to standards for cementitious mortars and concrete, workability is measured through comparing the diameter of
pool created by a slump test. In this test, a specified amount of mortar of concrete is poured into a cone, then the cone is



removed allowing for free flow of the material. Results by Jing et al., obtained from the mini-slump test, are showing that
the addition of 0.4% of the binder weight (wt.%) of graphene can reduce workability by 39%. Additional SEM tests have
been performed to exclude the influence of poor dispersion on the results 8. Shuang et al. B4 observed a 40.6%
increase in viscosity of cement paste with 0.09 wt.% of graphene by using the viscometer method. They have also
ensured low influence of dispersion using UV—absorbance spectroscopy. A study by Konsta-Gdoutos et al. 28l showed an
increment in viscosity for cement pastes with the addition of 0.08 wt.% of CNTs. They have also investigated the influence
of surfactants and their concentration on the viscosity of the paste. It has been shown best results for a ratio of 5
surfactants to CNT, however, the most optimal ratio, regarding other properties, has been found at 4. Zou et al. 2
estimated the workability of cement paste with 0.038 wt.% and 0.075 wt.% of CNT using the mini-slump test. The
decrease of workability was closely related to ultrasonication energy applied at the stage of CNT dispersion.

The workability problem can be mitigated by ensuring the proper dispersion of nanomaterials. If the material is more
dispersed, the effects of water adsorption are distributed more evenly among the volume of material. The addition of
superplasticizers and ultra-sonication can also efficiently reduce the effect of carbon nanomaterials on the workability of

cementitious materials. It is assumed that it can be increased back to levels close to plain cementitious materials 7381139
[40][41]

With large specific surface area and water absorption abilities, carbon nanomaterials might accelerate the hydration
process through the nucleation effect. Baomin and Shuang 2 reported that the addition of graphene nanoplatelets by
0.06 wt.% exhibit a positive effect on the early stages of the hydration process. Such conclusions are supported by
increased hydration heat recorded with isothermal calorimetry curves. Sun et al. 43l compared the degree of hydration of
oil well cement doped with cellulose nanofibers and a mix of cellulose nanofibers and GNPs. They have found the best
degree of hydration with a mix containing GNPs. The beneficial nucleation effect has also been reported with CNTs [241143],
However, other studies suggest that higher amounts of CNTs might actually inhibit the hydration process by separating
cement molecules 48, Therefore, it can be concluded that a certain dosage of carbon nanomaterials promotes the
hydration process, densifying material structure.

3.2. Microstructure

The small size of nanomaterials can contribute to improving the microstructure of cementitious materials. Nanomaterials
can fill in gaps between C-S-H phase formations, and while enhancing the hydration process, they promote the growth of
high stiffness C-S-H phase [121221[38[471148] This s achieved through the nucleation effect, which causes cement molecules
to be attracted to carbon nanomaterials. It is especially well observed with graphene oxide, thanks to the presence of
multiple functional groups. As seen in Figure 4, they might promote growth of hydration products into crystal-like
formations. 44,

Graphene oxide

Initial stage of hydration Initial forming of hydration crystals

Figure 4. Schematic representation of the growth of hydration crystals on graphene oxide 42,



An increase in hydration crystals and their concentration around nanomaterials leads to denser structure and lower pore

size on a micro-scale. The results of structure densification can be observed via a scanning electron microscope (SEM)
[47][48]

This kind of refined structure reduces penetration depth for water and aggressive substances, increasing the material's
durability and reducing permeability. Du et al. 29 investigated this mechanism through a rapid chloride penetration test.
They have observed a reduction in water permeability, chloride diffusion and chloride migration coefficients by 80%, 80%,
and 40%, respectively, for concrete with the addition of 1.5 wt.% of graphene and after 14, 56, and 90 days of immersion
in a salt solution. In the cited research, chloride migration coefficient, is a coefficient derived directly from rapid chloride
penetration test and is calculated using test parameters including voltage, test time, size of samples, and mean depth of
chloride penetration assessed through splitting the sample and spraying it with AQNO3z solution. Chloride diffusion
coefficient is a coefficient that is empirically derived, based on chloride diffusion curves. These curves are derived using
measured concentration of chlorides on the surface of the sample and consecutive depths of the sample. The diffusion
coefficient is then computed by fitting the curve to acquired measurement results.

3.3. Mechanical Properties

Carbon nanomaterials are considered reinforcing phases in cementitious composite materials. Their influence on material
strength can be attributed to the aforementioned densifying of microstructure, strong bonding between nanomaterials and
cementitious matrix, bridging of nano-sized cracks. Most of the test methodology for assessing cementitious composite’s
mechanical properties is derived from both mortar and concrete standard tests as they are a viable way to compare
results. For tensile strength, a direct uniaxial tension test on cylindrical or dog bone type of specimen is used. Most of the
time, the mechanism of failure for composites is the same pure cement materials. For the same reasons, shapes and
dimensions of samples match with corresponding samples advised in mortar and concrete standards respectively. To
avoid deviations in results caused by cement additives, ordinary Portland cement is used in tests. Examples of selected
experimental results for improvement of compressive, tensile, and flexural strength are summarized in Table 2.

Table 2. Selected results of mechanical properties improvement of cementitious composites for different types of
nanomaterials.

Mechanical Property Type of Composite wib Increase Material/Concentration Reference
Cement paste 0.45 28% GO: 0.04 wt.% Qureshi et al. 59
Compressive strength Cement paste 0.3 54% Graphene: 2 vol % Sun et al. Bl
Cement paste 0.26 38% GO: 0.05 wt.% Madbouly et al. 52
Mortar 0.5 79% Graphene 0.05 wt.% Krystek et al. (2]
Tensile strength
UHPC 0.2 55% CNF: 0.3 wt.% Meng et al. 5%
Cement paste 0.45 83% GO: 0.04 wt.% Qureshi et al. 5%
Cement paste 0.5 45% CNF: 0.048 wt.% Konsta et al. 24
Flexural strength
Cement paste 0.3 40% MWCNT: 0.048 wt.% Konsta et al. 23]
Cement paste 0.4 269% MWCNT: 0.2 wt.% Al-Rub et al. 551
Cement paste 0.3 35% MWCNT: 0.048 wt.% Konsta et al. 28]
Young modulus Cement paste 0.5 50% CNF: 0.048 wt.% Konsta et al. (24
Mortar 0.57 100% GO: 3 wt.% Horszczaruk et al. 58!

The Young modulus of carbon nano-infused cementitious composites is improved through the increase in the amount of
high stiffness C-S-H phase. Studies show an increase in the value of Young’s modulus by 35% [23] and up to 227% &4,
For CNF reinforced materials, Young modulus increase has been found to be around 50% 54 as for GNP, Horszczaruk et
al. B8] reported an increase in Young’s Modulus value of around 100%.

3.4. Electrical Properties

The extraordinary electrical conductivity of carbon nanomaterials can contribute to increasing the conductivity of
cementitious composites. Plain cement has a very low electrical conductivity and is considered close to insulators B8],



Including nanomaterials create conducting paths inside the structure of the material. Introduction of electrical conductivity
in cementitious materials allows for creation of smart materials, mainly as strain sensors using piezoresistive effect and
energy harvesting materials.

There are three main mechanisms for conduction in cementitious nanocomposites. Two of them are related to nanofiller
itself. Contact conduction appears simply when individual conductive elements physically contact each other. The other
mechanism is tunneling conduction which appears between materials that are close to each other but not in direct contact.
It is induced by a strong electrical field appearing around strongly conductive materials, especially those with elongated,
fine morphology, e.g., CNTs. The last of the conduction mechanisms is ionic conduction which also appears in plain
cementitious materials as it is related to ions dissolved in pores of the material. Generally, this mechanism is relatively
weak, especially in dry conditions, therefore, having a small contribution to the overall material’s conductivity 269,

A different approach has been taken by Soliman et al. 81 who attempted to describe conductivity in cementitious
materials through mechanisms analogues with diffusivity, linking the conductive mechanisms with tortuosity of conductive
paths inside the composite. They have combined their findings into a theoretical dissipation—tortuosity model and stated,
that efficiency of smart composites can depend on conductor concentration and electrical tortuosity of the composite.

An increase in conductivity is closely connected with the amount of nhanomaterial added and its dispersion. It has been
proven that increasing the dosage of carbon nanomaterials effectively increases the material’s conductivity. The
conductivity of nanocomposite is often described by percolation theory. The amount at which conductivity is no longer
increasing is known as the percolation threshold. Reaching or exceeding this threshold means that the concentration and

uniformity of distribution of conductive carbon nanoparticles are enough to create a continuous network of conductive
paths [221(62],

The exact value of the percolation threshold is highly dependent on material type as well as the dispersion method. Du et
al. [ jnvestigated the percolation threshold for GNP infused mortars and found it to be between 2.4 vol % and 3.6 vol %.
D'Alessandro et al. 84! investigated a similar problem for MWCNT composites and found the percolation threshold to be 1
wt.% for either cement paste, mortar, and concrete.

Yoo et al. [ investigated differences in electrical conductivity between CNTs, graphene, and graphite nanofibers at a
constant value of 1 vol % for cement paste. The best results in terms of stable, undisturbed response have been achieved
with MWCNTSs.

The conclusion can be drawn that the previously mentioned elongated shape of CNTs works in their favor not only when
considering the conductivity of plain nanomaterial but also in combination with cementitious materials. At the same time,
graphene, while having excellent electrical properties in pure form, performs worse in creating conductive paths in
cementitious matrix.

References

1. Dahman, Y. Nanotechnology and Functional Materials for Engineers; Elsevier: Amsterdam, The Netherlands, 2017; ISB
N 978-0-323-52466-7.

2. Zhu, W.; Bartos, P.J.M.; Porro, A. Application of Nanotechnology in Construction: Summary of a State-of-the-Art Report.
Mater. Struct. 2004, 37, 649-658.

3. Farzadnia, N.; Abang Ali, A.A.; Demirboga, R.; Anwar, M.P. Characterization of High Strength Mortars with Nano Titania
at Elevated Temperatures. Constr. Build. Mater. 2013, 43, 469-479.

4. Farzadnia, N.; Abang Ali, A.A.; Demirboga, R. Characterization of High Strength Mortars with Nano Alumina at Elevated
Temperatures. Cem. Concr. Res. 2013, 54, 43-54.

5. Liu, M.; Zhou, Z.; Zhang, X.; Yang, X.; Cheng, X. The Synergistic Effect of Nano-Silica with Blast Furnace Slag in Ceme
nt Based Materials. Constr. Build. Mater. 2016, 126, 624—631.

6. Ma, B.; Li, H.; Li, X.; Mei, J.; Lv, Y. Influence of Nano-TiO2 on Physical and Hydration Characteristics of Fly Ash—-Ceme
nt Systems. Constr. Build. Mater. 2016, 122, 242-253.

7. Nazari, A.; Riahi, S. Improvement Compressive Strength of Concrete in Different Curing Media by Al203 Nanoparticles.
Mater. Sci. Eng. A 2011, 528, 1183-1191.

8. Chuah, S.; Pan, Z.; Sanjayan, J.G.; Wang, C.M.; Duan, W.H. Nano Reinforced Cement and Concrete Composites and
New Perspective from Graphene Oxide. Constr. Build. Mater. 2014, 73, 113-124.



10.

11.

12.

13.
14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Kohlschiitter, V. Uber Den Graphitischen Kohlenstoff. Z. Anorg. Allg. Chem. 1919, 105, 35-68.

Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric Fi
eld Effect in Atomically Thin Carbon Films. Science 2004, 306, 666—669.

Luong, D.X.; Bets, K.V.; Algozeeb, W.A.; Stanford, M.G; Kittrell, C.; Chen, W.; Salvatierra, R.V.; Ren, M.; McHugh, E.
A.; Advincula, P.A.; et al. Gram-Scale Bottom-up Flash Graphene Synthesis. Nature 2020, 577, 647—651.

Krystek, M.; Pakulski, D.; Patroniak, V.; Gorski, M.; Szojda, L.; Ciesielski, A.; Samori, P. High-Performance Graphene-B
ased Cementitious Composites. Adv. Sci. 2019, 6, 1801195.

Lin, Y.; Du, H. Graphene Reinforced Cement Composites: A Review. Constr. Build. Mater. 2020, 265, 120312.

Shamsaei, E.; de Souza, F.B.; Yao, X.; Benhelal, E.; Akbari, A.; Duan, W. Graphene-Based Nanosheets for Stronger an
d More Durable Concrete: A Review. Constr. Build. Mater. 2018, 183, 642—660.

Balandin, A.A.; Ghosh, S.; Bao, W.; Calizo, |.; Teweldebrhan, D.; Miao, F.; Lau, C.N. Superior Thermal Conductivity of S
ingle-Layer Graphene. Nano Lett. 2008, 8, 902-907.

Bolotin, K.1.; Sikes, K.J.; Jiang, Z.; Klima, M.; Fudenberg, G.; Hone, J.; Kim, P.; Stormer, H.L. Ultrahigh Electron Mobilit
y in Suspended Graphene. Solid State Commun. 2008, 146, 351-355.

Lee, C.; Wei, X.; Kysar, J.W.; Hone, J. Measurement of the Elastic Properties and Intrinsic Strength of Monolayer Grap
hene. Science 2008, 321, 385—-388.

lijima, S. Helical Microtubules of Graphitic Carbon. Nature 1991, 354, 56-58.

Kim, G.M.; Nam, L.W.; Yang, B.; Yoon, H.N.; Lee, H.K.; Park, S. Carbon Nanotube (CNT) Incorporated Cementitious Co
mposites for Functional Construction Materials: The State of the Art. Compos. Struct. 2019, 227, 111244.

Liew, K.M.; Kai, M.F.; Zhang, L.W. Carbon Nanotube Reinforced Cementitious Composites: An Overview. Compos. Part
Appl. Sci. Manuf. 2016, 91, 301-323.

Zhang, Q.; Huang, J.-Q.; Qian, W.-Z.; Zhang, Y.-Y.; Wei, F. The Road for Nanomaterials Industry: A Review of Carbon
Nanotube Production, Post-Treatment, and Bulk Applications for Composites and Energy Storage. Small 2013, 9, 1237
—-1265.

Wong, E.W.; Sheehan, P.E.; Lieber, C.M. Nanobeam Mechanics: Elasticity, Strength, and Toughness of Nanorods and
Nanotubes. Science 1997, 277, 1971-1975.

Konsta-Gdoutos, M.S.; Metaxa, Z.S.; Shah, S.P. Multi-Scale Mechanical and Fracture Characteristics and Early-Age St
rain Capacity of High Performance Carbon Nanotube/Cement Nanocomposites. Cem. Concr. Compos. 2010, 32, 110-
115.

Chan, L.Y.; Andrawes, B. Finite Element Analysis of Carbon Nanotube/Cement Composite with Degraded Bond Strengt
h. Comput. Mater. Sci. 2010, 47, 994-1004.

Han, B.; Sun, S.; Ding, S.; Zhang, L.; Yu, X.; Ou, J. Review of Nanocarbon-Engineered Multifunctional Cementitious Co
mposites. Compos. Part Appl. Sci. Manuf. 2015, 70, 69-81.

Yu, M.-F; Lourie, O.; Dyer, M.J.; Moloni, K.; Kelly, T.F.; Ruoff, R.S. Strength and Breaking Mechanism of Multiwalled Ca
rbon Nanotubes Under Tensile Load. Science 2000, 287, 637-640.

Kumari, L.; Zhang, T.; Du, G.H.; Li, W.Z.; Wang, Q.W.; Datye, A.; Wu, K.H. Synthesis, Microstructure and Electrical Con
ductivity of Carbon Nanotube—Alumina Nanocomposites. Ceram. Int. 2009, 35, 1775-1781.

Wei, B.Q.; Vajtai, R.; Ajayan, P.M. Reliability and Current Carrying Capacity of Carbon Nanotubes. Appl. Phys. Lett. 200
1,79,1172-1174.

Maeda, T.; Horie, C. Phonon Modes in Single-Wall Nanotubes with a Small Diameter. Phys. B Condens. Matter. 1999,
263-264, 479-481.

Hepplestone, S.P.; Ciavarella, A.M.; Janke, C.; Srivastava, G.P. Size and Temperature Dependence of the Specific Hea
t Capacity of Carbon Nanotubes. Surf. Sci. 2006, 600, 3633—-3636.

Grujicic, M.; Cao, G.; Gersten, B. Atomic-Scale Computations of the Lattice Contribution to Thermal Conductivity of Sin
gle-Walled Carbon Nanotubes. Mater. Sci. Eng. B 2004, 107, 204-216.

Stroscio, M.A.; Dutta, M.; Kahn, D.; Kim, K.W. Continuum Model of Optical Phonons in a Nanotube. Superlattices Micro
struct. 2001, 29, 405-409.

Yadav, D.; Amini, F.; Ehrmann, A. Recent Advances in Carbon Nanofibers and Their Applications—A Review. Eur. Poly
m. J. 2020, 138, 109963.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Feng, L.; Xie, N.; Zhong, J. Carbon Nanofibers and Their Composites: A Review of Synthesizing, Properties and Applic
ations. Materials 2014, 7, 3919-3945.

Wang, Z.; Wu, S.; Wang, J.; Yu, A.; Wei, G. Carbon Nanofiber-Based Functional Nanomaterials for Sensor Application
s. Nanomaterials 2019, 9, 1045.

Jing, G.; Ye, Z.; Lu, X.; Hou, P. Effect of Graphene Nanoplatelets on Hydration Behaviour of Portland Cement by Therm
al Analysis. Adv. Cem. Res. 2017, 29, 63-70.

Shuang, D.; Baomin, W. Study on Dispersion of Graphene Nanoplates and Rheological Properties, Early Hydration of
Cement Composites. Mater. Res. Express 2019, 6, 095086.

Konsta-Gdoutos, M.S.; Metaxa, Z.S.; Shah, S.P. Highly Dispersed Carbon Nanotube Reinforced Cement Based Materi
als. Cem. Concr. Res. 2010, 40, 1052-1059.

Zou, B.; Chen, S.J.; Korayem, A.H.; Collins, F.; Wang, C.M.; Duan, W.H. Effect of Ultrasonication Energy on Engineerin
g Properties of Carbon Nanotube Reinforced Cement Pastes. Carbon 2015, 85, 212-220.

Du, H.; Pang, S.D. Dispersion and Stability of Graphene Nanoplatelet in Water and Its Influence on Cement Composite
s. Constr. Build. Mater. 2018, 167, 403-413.

Collins, F.; Lambert, J.; Duan, W.H. The Influences of Admixtures on the Dispersion, Workability, and Strength of Carbo
n Nanotube—OPC Paste Mixtures. Cem. Concr. Compos. 2012, 34, 201-207.

Baomin, W.; Shuang, D. Effect and Mechanism of Graphene Nanoplatelets on Hydration Reaction, Mechanical Properti
es and Microstructure of Cement Composites. Constr. Build. Mater. 2019, 228, 116720.

Sun, X.; Wu, Q.; Zhang, J.; Qing, Y.; Wu, Y.; Lee, S. Rheology, Curing Temperature and Mechanical Performance of Oll
Well Cement: Combined Effect of Cellulose Nanofibers and Graphene Nano-Platelets. Mater. Des. 2017, 114, 92-101.

Makar, J.M.; Chan, G.W. Growth of Cement Hydration Products on Single-Walled Carbon Nanotubes. J. Am. Ceram. S
oc. 2009, 92, 1303-1310.

Parveen, S.; Rana, S.; Fangueiro, R.; Paiva, M.C. Microstructure and Mechanical Properties of Carbon Nanotube Reinf
orced Cementitious Composites Developed Using a Novel Dispersion Technique. Cem. Concr. Res. 2015, 73, 215-22
7.

Morsy, M.S.; Alsayed, S.H.; Agel, M. Hybrid Effect of Carbon Nanotube and Nano-Clay on Physico-Mechanical Properti
es of Cement Mortar. Constr. Build. Mater. 2011, 25, 145-149.

Lv, S.; Ma, Y.; Qiu, C.; Sun, T.; Liu, J.; Zhou, Q. Effect of Graphene Oxide Nanosheets of Microstructure and Mechanica
| Properties of Cement Composites. Constr. Build. Mater. 2013, 49, 121-127.

Wang, B.; Jiang, R.; Wu, Z. Investigation of the Mechanical Properties and Microstructure of Graphene Nanoplatelet-C
ement Composite. Nanomaterials 2016, 6, 200.

Du, H.; Gao, H.J.; Pang, S.D. Improvement in Concrete Resistance against Water and Chloride Ingress by Adding Gra
phene Nanoplatelet. Cem. Concr. Res. 2016, 83, 114-123.

Qureshi, T.S.; Panesar, D.K. Nano Reinforced Cement Paste Composite with Functionalized Graphene and Pristine Gr
aphene Nanoplatelets. Compos. Part B Eng. 2020, 197, 108063.

Sun, S.; Ding, S.; Han, B.; Dong, S.; Yu, X.; Zhou, D.; Ou, J. Multi-Layer Graphene-Engineered Cementitious Composit
es with Multifunctionality/Intelligence. Compos. Part B Eng. 2017, 129, 221-232.

Madbouly, A.l.; Mokhtar, M.M.; Morsy, M.S. Evaluating the Performance of RGO/Cement Composites for SHM Applicati
ons. Constr. Build. Mater. 2020, 250, 118841.

Meng, W.; Khayat, K.H. Effect of Graphite Nanoplatelets and Carbon Nanofibers on Rheology, Hydration, Shrinkage, M
echanical Properties, and Microstructure of UHPC. Cem. Concr. Res. 2018, 105, 64-71.

Konsta-Gdoutos, M.S.; Metaxa, Z.S.; Shah, S.P. Exploration of Fracture Characteristics, Nanoscale Properties and Nan
ostructure of Cementitious Matrices with Carbon Nanotubes and Carbon Nanofibers. In Proceedings of the 7th Internati
onal Conference on Fracture Mechanics of Concrete and Concrete Structures, Jeju, Korea, 23-28 May 2010; pp. 110-
115.

Abu Al-Rub, R.K.; Ashour, A.l.; Tyson, B.M. On the Aspect Ratio Effect of Multi-Walled Carbon Nanotube Reinforcemen
ts on the Mechanical Properties of Cementitious Nanocomposites. Constr. Build. Mater. 2012, 35, 647—-655.

Horszczaruk, E.; Mijowska, E.; Kalenczuk, R.J.; Aleksandrzak, M.; Mijowska, S. Nanocomposite of Cement/Graphene
Oxide—Impact on Hydration Kinetics and Young’s Modulus. Constr. Build. Mater. 2015, 78, 234-242.

De Ibarra, Y.S.; Gaitero, J.J.; Erkizia, E.; Campillo, I. Atomic Force Microscopy and Nanoindentation of Cement Pastes
with Nanotube Dispersions. Phys. Status Solidi A 2006, 203, 1076—-1081.



58.

59.

60.
61.

62.

63.

64.

65.

You, |.; Yoo, D.-Y.; Kim, S.; Kim, M.-J.; Zi, G. Electrical and Self-Sensing Properties of Ultra-High-Performance Fiber-Re
inforced Concrete with Carbon Nanotubes. Sensors 2017, 17, 2481.

Dong, W.; Li, W.; Tao, Z.; Wang, K. Piezoresistive Properties of Cement-Based Sensors: Review and Perspective. Con
str. Build. Mater. 2019, 203, 146-163.

Han, B.; Ding, S.; Yu, X. Intrinsic Self-Sensing Concrete and Structures: A Review. Measurement 2015, 59, 110-128.

Soliman, N.A.; Chanut, N.; Deman, V.; Lallas, Z.; Ulm, F.-J. Electric Energy Dissipation and Electric Tortuosity in Electro
n Conductive Cement-Based Materials. Phys. Rev. Mater. 2020, 4, 125401.

Han, B.; Yu, X.; Ou, J. Multifunctional and Smart Carbon Nanotube Reinforced Cement-Based Materials. In Nanotechn
ology in Civil Infrastructure: A Paradigm Shift; Gopalakrishnan, K., Birgisson, B., Taylor, P., Attoh-Okine, N.O., Eds.; Spr
inger: Berlin/Heidelberg, Germany, 2011; pp. 1-47. ISBN 978-3-642-16657-0.

Du, H.; Quek, S.T.; Pang, S.D. Smart Multifunctional Cement Mortar Containing Graphite Nanoplatelet; Lynch, J.P., Yu
n, C.-B., Wang, K.-W., Eds.; Sensors and Smart Technologies for Civil, Mechanical and Aerospace Systems: San Dieg
0, CA, USA, 19 April 2013; Volume 8692, p. 869238.

D’Alessandro, A.; Rallini, M.; Ubertini, F.; Materazzi, A.L.; Kenny, J.M. Investigations on Scalable Fabrication Procedure
s for Self-Sensing Carbon Nanotube Cement-Matrix Composites for SHM Applications. Cem. Concr. Compos. 2016, 6
5, 200-213.

Yoo, D.-Y.; You, |.; Lee, S.-J. Electrical Properties of Cement-Based Composites with Carbon Nanotubes, Graphene, an
d Graphite Nanofibers. Sensors 2017, 17, 1064.

Retrieved from https://encyclopedia.pub/entry/history/show/34707



