N

N

A systematic review on the engineering properties of
concrete with carbon nanotubes

Elvys Dias Reis, Leonardo Araujo Borges, Juliana Sofia Fonseca Camargos,

Fabrice Gatuingt, Flavia Spitale Jacques Poggiali, Augusto Cesar da Silva

Bezerra

» To cite this version:

Elvys Dias Reis, Leonardo Araujo Borges, Juliana Sofia Fonseca Camargos, Fabrice Gatuingt, Flavia
Spitale Jacques Poggiali, et al.. A systematic review on the engineering properties of concrete with
carbon nanotubes. Journal of the Brazilian Society of Mechanical Sciences and Engineering, 2023, 45
(4), pp-205. 10.1007/340430-023-04117-w . hal-04048090

HAL Id: hal-04048090
https://hal.science/hal-04048090
Submitted on 27 Mar 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04048090
https://hal.archives-ouvertes.fr

A systematic review on the engineering properties of concrete with carbon
nanotubes

ED Reis®”, LA Borges®, JSF Camargos®, F Gatuingt®, FSJ Poggiali®, ACS Bezerra”

2 Federal Center for Technological Education of Minas Gerais, Dept. of Civil
Engineering, Belo Horizonte, Brazil. Orcid: 0000-0001-9848-125X
® Federal Center for Technological Education of Minas Gerais, Dept. of Civil
Engineering, Belo Horizonte, Brazil. Orcid: 0000-0002-2193-8706
¢ Federal Center for Technological Education of Minas Gerais, Dept. of Civil
Engineering, Belo Horizonte, Brazil. Orcid: 0000-0002-5196-3304
d Université Paris-Saclay, CentraleSuplec, ENS Paris-Saclay, CNRS, LMPS - Laboratoire
de Mécanique Paris-Saclay, Gif-sur-Yvette, France. Orcid: 0000-000-9185-4719
¢ Federal Center for Technological Education of Minas Gerais, Dept. of Civil
Engineering, Belo Horizonte, Brazil. Orcid: 0000-0002-5882-7049
fFederal Center for Technological Education of Minas Gerais, Dept. of Transport
Engineering, Belo Horizonte, Brazil. Orcid: 0003-1670-2376

Corresponding author: Elvys Dias Reis
elvysreis@yahoo.com.br

Abstract

The incorporation of carbon nanotubes (CNT) into cementitious matrices, and more
specifically to concrete, has enhanced their strength and durability. With this perspective,
this manuscript aims to review the main engineering properties of concrete with carbon
nanotubes (CNT-concrete). To this end, ProKnow-C methodology was used to find the
most relevant papers published in the last five years, and 19 articles were selected for a
complete analysis. The data collected was the CNT type, content, and dispersion technique,
as well CNT-concrete type and properties, namely the compressive, tensile, and flexural
strength, elastic modulus, water absorption, porosity and permeability, electrical
conductivity and resistivity, carbonation and chloride penetration resistance, and fracture
energy and toughness. This systematic review of the literature revealed that CNT addition
generally enhances concrete strength, but its influence on other engineering properties,
such as carbonation and chloride penetration resistance, creep and shrinkage, still requires
further investigation.

Keywords: Cement-based materials; Carbon nanotubes; Mechanical properties;
Durability.

1. Introduction

Concrete is the most consumed construction material in the world and also the most
polluting, whose production is responsible for about 7% of global CO2 emissions [1]. Due
to its several ways of use, millions of reinforced concrete (RC) structures face daily adverse
weather conditions, pollution, and other chemical attacks that penetrate it and damage their
reinforcement steel bars. Repairing these damages, however, may have high costs, as those
presented by the American Society of Civil Engineers (ASCE) yearbooks [2].

In this sense, several RC structures constantly present a series of durability problems
associated mainly with corrosion, moisture, chloride ions' attack, sulfates, and alkali-



aggregate reaction, among others [3]. Besides, one of the characteristics of concrete is its
brittle fracture and low tensile strength [4].

According to Khitab et al. [5] conventional concrete may no longer bear the different loads
and service demands to which it is subjected. Khalid et al. [6] complement that concrete
production with exceptional mechanical properties and with less cement is highly desired
to achieve structures that are not only economical but also more environmentally
appropriate, from the reduction of carbon dioxide (CO:) emissions in the atmosphere.
With this perspective, Khitab et al. [7] state that using nanotechnology to modify properties
at the nanoscale is not new in construction materials. Several studies in the literature have
proven that cementitious composites properties can be extensively modified by working
not only the nano but also the micro-scale of these materials' matrices [8—10].

In this context, a product that has attracted the scientific community is carbon nanotubes
(CNT). These allotropes of the chemical element carbon have been studied for multiple
applications in various areas of knowledge and different materials. It also happens with the
cement-based matrices and a composite that can benefit from this is concrete, becoming
more resistant, less porous, and more durable [2]. According to Sanchez and Sobolev [11],
advances in the characterization of the nanometric structure of cement-based materials and
computing have provided scientists and engineers with new and promising tools to better
understand the concrete structure and improve its mechanical performance and durability.
This is evidenced by the increasing number of research related to concrete with carbon
nanotube additions (CNT-concrete), as shown in Fig. 1.
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Fig. 1. Evolution of research on concrete with carbon nanotubes.

However, there are many issues to be solved, such as the CNT dispersion in the cement
matrix and its large-scale manufacture and distribution to the market. These are relevant
aspects that should when implementing CNTs at the industrial scale. Hence, this
manuscript discusses the effects of adding carbon nanotubes to concrete, covering topics
such as CNT types, dispersion techniques, and CNT content in the matrix. More
specifically, this work presents a systemic analysis of the CNT-concrete's engineering
properties and answers the following questions: (i) What is the CNT-concrete type whose
properties are most studied by the literature? (i1)) What type of CNT is most recommended
for addition in cementitious matrices? (iii) What are the most employed dispersion
technique for CNTs in powder and aqueous suspension form? (iv) What is the maximum
CNT content to be used in concrete recommended for future research? (v) How does CNT



incorporation influence the mechanical properties of concrete? (vi) How does CNT
addition influence the durability and mechanical properties of concrete? For this, it was
performed a systematic review of the literature aimed to discuss future directions and
consolidated findings concerning the CNT-concrete.

2. Materials and Methods

A systematic review of the literature was performed using the bibliography selected
through the ProKnow-C (Knowledge Development Process - Constructivist) methodology
[12], whose main steps are described in Fig. 2.
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Fig. 2. Stages of a systematic review of the literature using ProKnow-C.

Fig. 2 shows that the keywords specified in the first step ("concrete" and "carbon
nanotube") were used in the search for recent papers, published in the last five years in four
bases consolidated in the scientific community. It is noteworthy that this work focused only
on CNT-concrete, not including, therefore, studies related to pastes and mortars.
Considering the 728 articles initially selected, 19 were completely aligned with the topic
of CNT-concrete's engineering and durability properties in the last step.

Once the bibliography was selected, a bibliometric analysis was performed considering: (i)
the journals' relevance within the selected portfolio, i.e., how many articles were published
in each one of them, and also their scientific relevance, through the Journal Citation Reports
(JCR) impact factor, according to the Web of Science basis; (ii) the papers' scientific
recognition, through the number of citations in Scholar Google [n.d.] on October 31, 2022;
and (iii) the most frequent keywords, through cluster analysis.

Finally, after the selected articles were fully read, a so-called "lensing" approach was used.
In this work, the research lenses were the regarding the type of CNT-concrete, whether
there was a modification in the concrete (other additions and/or substitutions), the CNT
type, content, and dispersion technique used. The engineering properties studied were also
noted for further discussion, and the main conclusions about them as well. In the selected
portfolio the following properties were studied: compressive strength, elastic modulus,
tensile strength, flexural strength, bond strength, fracture energy, fracture toughness,
microstructure, pore distribution, water absorption, electrical resistivity and conductivity,
and carbonation and chloride penetration resistance.



3. Results and Discussions
3.1. Selected bibliography

Table 1 lists the articles that make up the bibliographic portfolio selected through the
ProKnow-C methodology and their main information: authorship, title, journal, JCR
impact factor, publication year, and the number of citations. References are listed in
descending order of total citations.



Table 1. Bibliography selected by the ProKnow-C methodology.

Ref. Authorship Title Journal JCR Year Citations
[14] Jung, M.; Lee, Y. S.; Hong, S. G.; Carbon nanotubes (CNTs) in ultra-high performance Cement and 11.968 2020 128
Moon, J. concrete (UHPC): Dispersion, mechanical properties, and Concrete Research
electromagnetic interference (EMI) shielding effectiveness
(SE)
[15] Carrigo, A.; Bogas, J. A.; Durability of multi-walled carbon nanotube reinforced Construction and 7.693 2018 126
Hawreen, A.; Guedes, M. concrete Building Materials
[16] Hawreen, A.; Bogas, J. A. Creep, shrinkage and mechanical properties of concrete Construction and 7.693 2019 83
reinforced with different types of carbon nanotubes Building Materials
[17] Lee, S.H.; Kim, S.; Yoo, D. Y. Hybrid effects of steel fiber and carbon nanotube on self- Construction and 7.693 2018 54
sensing capability of ultra-high-performance concrete Building Materials
[18] Ruan, Y.; Han, B.; Yu, X.; Zhang, Carbon nanotubes reinforced reactive powder concrete Composites Part A:  9.463 2018 51
W.; Wang, D. Applied Science and
Manufacturing
[19] Mohammadyan-Yasouj, S. E.; Experimental investigation of waste glass powder, basalt Construction and 7.693 2020 38
Ghaderi, A. fibre, and carbon nanotube on the mechanical properties of Building Materials
concrete
[20] Hawreen, A.; Bogas, J. A.; Kurda, Mechanical Characterization of Concrete Reinforced with Arabian Journal for  2.807 2019 31
R. Different Types of Carbon Nanotubes Science and
Engineering
[21] Konsta-Gdoutos, M. S.; High modulus concrete: Effects of low carbon nanotube Theoretical and 4.374 2019 30
Danoglidis, P. A.; Shah, S. P. and nanofiber additions Applied Fracture
Mechanics
[22] Adhikary, S. K.; RudZionis, Z.; Effects of carbon nanotubes on expanded glass and silica Scientific Reports 4.996 2021 28
Tuckuté, S.; Ashish, D. K. aerogel based lightweight concrete
[23] Mohsen, M. O.; Al Ansari, M. S.;  Carbon nanotube effect on the ductility, flexural strength, Journal of 3.791 2019 28
Taha, R.; Al Nuaimi, N.; Taqa, A. and permeability of concrete Nanomaterials
A.
[24] Parvaneh, V.; Khiabani, S. H. Mechanical and piezoresistive properties of self-sensing Mechanics of 3.338 2019 28

smart concretes reinforced by carbon nanotubes

Advanced Materials
and Structures



Ref. Authorship Title Journal JCR Year Citations
[25] Hawreen, A.; Bogas, J. A. Influence of carbon nanotubes on steel-concrete bond Materials and 4.285 2018 24
strength Structures
[26] Qasem, A.; Sallam, Y. S.; Eldien, Bond-slip behavior between ultra-high-performance Construction and 7.693 2020 19
H. H.; Ahangarn, B. H. concrete and carbon fiber reinforced polymer bars using a Building Materials
pull-out test and numerical modelling
[27] Kotop, M. A.; El-Feky, M. S.; Engineering properties of geopolymer concrete Ain Shams 4.790 2021 16
Alharbi, Y. R.; Abadel, A. A_; incorporating hybrid nano-materials Engineering Journal
Binyahya, A. S.
[28] Vesmawala, G. R.; Vaghela, A. R.; Effectiveness of polycarboxylate as a dispersant of carbon Materials Today: - 2020 14
Yadav, K. D.; Patil, Y. nanotubes in concrete Proceedings
[29] Shao, J.; Zhu, H.; Zhao, B.; Combined effect of recycled tire rubber and carbon Construction and 7.693 2022 7
Haruna, S. I.; Xue, G.; Jiang, W.;  nanotubes on the mechanical properties and microstructure Building Materials
Wu, K. & Yang, J. of concrete
[30] Mosallam, S. J.; Behbahani, H. P.; The effect of carbon nanotubes on mechanical properties of Structures 4.010 2022 3
Shahpari, M.; Abaeian, R. structural lightweight concrete using LECA aggregates
[31] Jung, M.; Park, J.; Hong, S. G.; The critical incorporation concentration (CIC) of dispersed Journal of Materials 6.267 2022 1
Moon, J. carbon nanotubes for tailoring multifunctional properties of Research and
ultra-high performance concrete (UHPC) Technology
[32] Lim, K.; Lee, N.; Ryu, G.; Koh, Electrical Characteristics of Ultra-High-Performance Applied Sciences 2.838 2022 1

K.; Kim, K.

Concrete Containing Carbon-Based Materials




3.1.1. Bibliometric analysis

The first analysis aimed to determine how many manuscripts of the selected bibliography
were published by each journal. As reported in Table 1, the 19 articles were published in
14 different journals, among which the Construction and Building Materials journal
stands out, with six papers. This same journal has the third-highest JCR impact factor in
the portfolio (7.693). All other journals had one publication each, highlighting Cement
and Concrete Research and Composites Part A: Applied Science and Manufacturing,
which have the highest impact factors among the journals in the portfolio, 11.968 and
9.463, in that order. In general, a higher impact factor represents greater scientific
relevance of the journal. It is noteworthy that many journals do not even have an impact
factor indexed by the Web of Science, which happened with only one manuscript in the
portfolio. Thus, it is understood that the filter applied in Step 5 of the ProKnow-C
methodology was sufficient to select not only the most cited articles but relevant journals.
Next, the scientific recognition of all manuscripts was analyzed according to their
citations from the publication date until October 31, 2022, according to Scholar Google
[s.d.]. Table 1 shows that papers published longer ago tend to have more citations, which
is expected, but such recognition is also influenced by the relevance of the journal. This
is evidenced by verifying, for example, that the paper by Jung et al. [ 14] was not the oldest
(published in 2020) and yet is the most cited (128 citations) or that the paper by Shao et
al. [29] is one of the most recent (published in 2022) and has already been cited seven
times.

Finally, it was checked the keywords with the highest frequency in the selected portfolio,
because they are essential search parameters in scientific paper databases and systematic
literature reviews. 93 different keywords were identified in the 19 manuscripts, among
which it should be highlighted: carbon nanotube and carbon nanotubes, with 6 and 4
occurrences, respectively; compressive strength, with four; concrete and mechanical
properties, with three each; and durability, with two. Fig. 3 shows the cloud of the most
relevant keywords in the portfolio, in which one can identify other terms commonly used
in studies about the mechanical and durability properties of CNT-concrete.
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Fig. 3. Cluster of the main keywords from the selected bibliography.



3.2. Systematic Analysis

Table 2 presents the CNT-concrete types of the selected bibliography, which differ by
type of modification, which can occur by addition to the matrix, partial or total
replacement of natural aggregates (NA), partial replacement of cement, or even addition
and substitution at the same time. Table 3 lists the engineering properties—mechanical
properties, durability and other mechanisms or factors—studied in the selected
bibliography, indicating the main findings of each reference.

3.2.1. Concrete types and CNT aspects

In this portfolio, conventional concrete (CC) was employed in ten studies (52%), one of
them modified by CNF addition, one by the BF addition and partial replacement of NA
by WGP, and one by partial replacement of NA by RTR. The second most frequent was
ultra-high performance concrete (UHPC), used five times (26%), all of them modified by
some addition (e.g., silica fume) to the cement matrix and one also incorporating SF.
Studies with lightweight concrete (LWC) (10%), with NA replacement, geopolymer
concrete (GC), with NC addition and partial cement replacement, reactive powder
concrete (RPC), with partial cement substitution, and high-strength concrete (HSC),
modified by CNF addition, were also less frequent. Considering the main cement-based
materials, it is important to mention that the difficulty of dispersing CNTs in the matrix
makes them mostly employed in pastes and mortars, because the presence of coarse
aggregates in concrete occupies large space in the mixture and favors the agglomeration
[20] and also because these nanomaterials are not yet produced on an industrial scale and
therefore are expensive compared to other addition types [33]. However, as concrete is
the most consumed material in the world after water [4] and whose production emits large
amounts of CO; into the atmosphere, studies on CNT-concrete must be carried out in
further research, especially modifying it by replacing NA with recycled aggregates (RA),
such as civil construction demolition waste (CDW) or even rubber waste. As reported by
Reis et al. [34], the use of CDW in CNT-concrete contributes to the buildings'
sustainability, and CNTs addition, in this case, can contribute to the RC structure reaching
the required mechanical strength.

Considering the two types of CNTs, single-walled (SWCNTs) and multi-walled
(MWCNTs), in the selected bibliography the latter was employed in 16 references (84%),
only one used SWCNTs (5%), and two manuscripts did not provide this information.
According to Rashad [35], this predominance of MWCNTs occurs because they are easier
to process through advanced chemical vapor deposition (CVD) methods, allowing them
to be produced on a larger scale than SWCNTSs and, consequently, have a lower price.
Other authors add that MWCNTSs' use leads to a more homogeneous mixture because they
have less tendency to agglomerate compared to SWCNTs [36]. Six references (32%)
experimented with functionalized CNTs in dispersion, but the results were controversial.
Regarding the CNT form, powder or aqueous, they were used in powder form in nine
studies (47%), in aqueous suspension in six (32%), and six did not explicit this
information. The CNT form is relevant because it directly influences dispersion
techniques. Theoretically, for aqueous suspensions, the process is simpler because the
CNTs are already pre-dispersed. In the selected literature, considering the five studies that
used this supply type, two (10%) only sonicated the CNTs, two (10%) did magnetic
stirring with surfactant followed by sonication, and one (5%) did only dispersion in
distilled water. Regarding the ten that used the powder form, one (5%) employed only
sonication, while the others associated sonication with some other additive (surfactant or



superplasticizer) or process (manual mixing, mechanical agitation, or magnetic stirring).
It is noteworthy that some papers did not specify either the CNT form or the dispersion
technique. In summary, 13 papers (68%) used superplasticizer to reduce the water/cement
(w/c) ratio and increase the fluidity of the mixture, 17 employed at least sonication (19%)
and 9 used surfactant as well (47%). Liew et al. [37] point out that using some dispersants
during the sonication process helps in the dispersion effectiveness because they prevent
agglomeration and ensure the stability of the mixture, while sonication promotes a
temporary dispersion.

Finally, considering the tendency of CNTs to agglomerate due to Van der Waals forces,
their adequate dispersion is also conditioned to their content in the mixture. In the selected
articles, contents between 0.01% and 2.00% by weight of cement were employed, being
the dosage of 0.10% used in 10 manuscripts (52%), while 0.05% and 0.50% were used in
seven manuscripts each (37%). Also considering this bibliography, 16 papers (84%)
investigated at least two different CNT contents, and generally, very high concentrations
were more difficult to disperse and in some cases generated pores in the cement matrix,
worsening the mechanical properties. This fact and also considering the still expensive
price of CNTs suggests that further investigations concerning CNT-concrete focus on
contents up to 0.10% by weight of cement, which is consistent with the literature [34].



Table 2. Concrete characteristics and aspects of CNTs in the selected literature.

Reference Concrete type Modification CNT type CNT content Disperson technique
[14] UHPC 1) CNT incorporation MWCNT** 0%, 0.2%, Sonication in distilled water (duration not specified) +
i) SP use 0.5%, 0.8%, mixing for 5 min with the SP
ii1) Silica fume and silica powder 1.0%, 2.0%
addition to the cement
[15] CC 1) CNT incorporation MWCNT 1,i1) 0.05% i,ii) Sonication for 30 min + surfactant addition
i) SP use 1) CNTPL iii) 0.10% iii) Sonication for 45 min in 3 cycles of 15 min
ii)) CNTCOOH
iii)) CNTSS**
[16] CC 1) CNT incorporation MWCNT 1,i1) 0.05% i,ii) Sonication for 30 min + surfactant addition
ii) SP use 1) CNTPL iii) 0.10% iii) Sonication for 45 min in 3 cycles of 15 min
ii) CNTCOOH
iii)) CNTSS**
[17] UHPC 1) CNT and SF incorporation MWCNT* 0.5% CNT Direct incorporation into the mixture, without sonication
ii) SP use with/without
ii1) Silica fume and silica flour 2% SF
addition to the cement
[18] RPC 1) CNT incorporation MWCNT* 0%, 0.25%,  Water dispersion with SP + sonication for 5 min + silica
ii) SP use 1) CNTCOOH  0.50% fume addition and mixing for 1 min in low speed +
iii) Replacement of 20% cement ii) CNTOH cement and fly ash addition and mixing for 1 min in low
with silica fume and fly ash iii) HCC-CNT speed then for 2 min in high speed
iv) NC-CNT
[19] CC 1) CNT and BF addition MWCNT 0.1% CNT Magnetic stirring in water for 30 min + sonication for 60
ii) Replacement of 20% cement with with 0.2% BF min
WGP
[20] CC 1) CNT incorporation MWCNT 0% i,ii) Magnetic stirring in water with surfactant +
ii) SP use 1) CNTSS** 1) 0.05% sonication for (i) 45 min or (i) 30 min
ii) CNTSL** i1) 0.05% iii,v) Magnetic stirring with 40% of the water, CNT and
iii) CNTPL iii) 0.10% surfactant in the ratio (iii) 1:1 or (iv) 1:0.5 or (v) 1:0.25
iv) CNTCOOH iv) 0.05% + addition of the remaining 60% of water + magnetic
v) CNTOH v) 0.05% stirring for 240 min + sonication for 30 min



Reference Concrete type Modification CNT type CNT content Disperson technique
[21] CCand HSC  CNT and CNF addition MWCNT* 0.1% CNT CNT and CNF addition to aqueous solution with
with/withou  surfactant + sonication (duration not specified)
0.1% CNF
[22] LWC 1) CNT addition MWCNT 0%, 0.04%,  Sonication with SP for 3 min + manual mixing with the
ii) SP and stabilizer use 0.10%, concrete produced with 60% total water for 5 min
iii) Replacement of 10% cement 0.15%,
with zeolite powder (pozzolanic 0.30%,
additive) 0.45%,
iv) Expanded glass aggregates 0.60%
(55%) and hydrophobic silica
aerogel (45%) use as lightweight
aggregates
[23] CcC 1) CNT addition MWCNT 0%, 0.03%,  Sonication for 30 min + mixing for 60 min
i1) SP use 0.08%,
0.15%,
0.25%
[24] CC CNT addition MWCNT 0%, 0.5%, Sonication with surfactant for 120 min + mechanical
1.0%, 1.5%, agitation
2.0%
[25] CC 1) CNT addition MWCNT 0% i,ii) Magnetic stirring in water with surfactant +
i) SP use 1) CNTSS** 1) 0.05% sonication for (i) 45 min or (i) 30 min
i1) CNTSL** i1) 0.05% iii,v) Magnetic stirring with 40% of the water, CNT and
iii) CNTPL iii) 0.10% surfactant in the ratio (iii) 1:1 or (iv) 1:0.5 or (v) 1:0.25
iv) CNTCOOH iv) 0.05% + addition of the remaining 60% of water + magnetic
v) CNTOH v) 0.05% stirring for 240 min + sonication for 30 min
[26] UHPC 1) CNT and SF incorporation Not specified 0.03%, Dispersion in water with SP
i1) Silica fume, silica flour, and 0.05%,
quartz powder addition to the 0.10%,
cement 0.20% 0.50%
[27] GC 1) CNT and NC (off-white powder MWCNT* 0.01% or Division of the total CNT into 4 equal amounts +
form) addition 0.02% CNT  homogenization of each part with one liter of the sodium
with/without silicate for 3 min by using a basic homogenizer



Reference Concrete type Modification CNT type CNT content Disperson technique
ii) Partial replacement of cement 2.5%, 5.0%
with hybrid fly ash/slag or 7.0% NC

[28] CC 1) CNT addition MWCNT 0%, 0.1%, Not specified
i) SP use CNTCOOH 0.2%, 0.3%,

0.4%, 0.5%

[29] CcC 1) CNT addition MWCNT* 0%, 0.05%,  Distilled water and surfactant stirring + CNT addition
ii) RTR (0%, 5%, 10%, and 15%) 0.10%, and magnetic stirring for 15 min + sonication for 45 min
use as fine aggregates 0.20% in 3 cycles of 15 min

[30] LWC 1) CNT addition SWCNT 0.02%, Dispersion with distilled water + sonication for 60 min
ii) SP use 0.10%,

iii) Expanded clay use as aggregates 0.30%

[31] UHPC 1) CNT addition MWCNT** 0%, 0.2%, Dispersion with distilled water
i) SP use 0.3%, 0.8%
ii1) Silica fume and silica powder
addition to the cement

[32] UHPC 1) CNT addition Not specified  0.5%, 1.0%, Not specified

ii) Sulica fume, blast furnace slag,
and filler addition to the cement

1.5%, 2.0%

Notes: *Form not specified; **Aqueous suspension; BF — basalt fiber; CC — conventional concrete; CNF — carbon nanofiber; GC — geopolymer concrete;
HSC — high-strength concrete; LWC — lightweight concrete; NC — nano clay; RPC — reactive powder concrete; RTR — recycled tire ruber; SF — steel fiber;
SP — superplasticizer; UHPC — ultra-high performance concrete; WGP — waste glass poder.



Table 3. Properties studied and main findings of the selected bibliography.

Ref. Property Main findings

[14] Compressive strength, <+ CNT addition improved the mechanical properties of UHPC by the pore-filling, bridging effect, and formation of a
elastic modulus, denser C—S—H structure with higher stiffness.
electrical conductivity, ¢ CNT addition enhanced the electrical conductivity of UHPC up to the percolation threshold.
porosity

[15] Compressive strength, * CNT addition enhanced the concrete's mechanical and durability properties regardless of the CNT type and w/c ratio.
carbonation resistance, * 0.1% of CNTSS led to the best improvement in the mechanical properties, followed by 0.05% of CNTPL.
chloride resistance, * The reduction of water absorption by immersion in concretes with CNT was up to 12%.
water absorption * The carbonation resistance of concrete with CNT improved by up to 16% compared to non-structural concrete and

was little affected by the CNT type.
* CNT addition little influenced the penetration of chlorides into the concrete, regardless of the CNT type.

[16] Compressive strength, <+ CNT addition improved the compressive strength by up to 21%.
elastic modulus, tensile * The best mechanical performance was found in concrete with 0.1% CNT.
strength, creep and * Concrete with functionalized CNT showed similar behavior to pure CNT with equal proportions.
shrinkage * Improvements up to 8% were found for the elastic modulus of concrete with CNT.

* CNT addition reduced the short-term and long-term shrinkage by 54% and 15%, respectively, CNTOH and CNTSL
being the only ones ineffective in reducing this property. It also reduced the long-term creep, being 17-18% lower than
the reference, regardless of the CNT type.

» Smaller CNT contents tended to be more effective in reducing shrinkage.

[17] Compressive strength, * The compressive strength and elastic modulus of UHPC were significantly improved by incorporating 2% SF.
elastic modulus, tensile ¢ The initial cracking and ultimate tensile strengths of UHPC were both improved by adding SF.
strength * The highest gauge factor under tensile load was obtained for the plain UHPC with CNT.

[18] Compressive strength, * The four CNT types showed an enhanced effect on the flexural strength of RPC with water curing, the corresponding
flexural strength, increase rates are 25.8%, 27.2%, 16.5%, and 20.2%, respectively.
fracture energy * The fracture energy of RPC with water curing can be improved by 41.7% when 0.25% CNT functionalized with

carboxyl groups is added.
* The compressive strength showed the best results using 0.25% or 0.50% CNT functionalized with hydroxyl groups.

[19] Compressive strength, * The mix designs containing BF or CNT alone showed higher flexural strength compared to the one with only WGP.

tensile strength,
flexural strength, water
absorption

* The incorporation of BF together with CNT in mix design led to the highest flexural strength.

* CNT and BF addition to concrete provided the highest splitting tensile strength.

* 20% cement replacement with WGP associated with CNT or BF addition led to a splitting tensile strength greater
than the reference's one, being a useful option in eco-friendly buildings.



Ref.

Property

Main findings

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Compressive strength,
elastic modulus, tensile
strength, flexural
strength, fracture
toughness

Elastic modulus

Flexural strength,
ductility, permeability

Compressive strength,
electrical resistivity

Compressive strength,
water absorption
Compressive strength,
bond strength

Compressive strength,
elastic modulus, tensile
strength, bond strength

Compressive strength,
flexural strength,
chloride resistance,
water penetration

» Compressive strength was 20% increased, flexural strength 18%, tensile strength 27%, and elastic modulus 15%.

* The efficiency of concretes with CNT generally was higher at early ages and decreased with increasing w/c ratio and
with the CNT content from 0.05 to 0.5%.

* Increases of up to 42% in fracture energy were obtained in concretes with CNT, confirming the great capacity of
CNT to improve the micro-cracking resistance of concrete.

* The elastic modulus of CC and HSC can be improved by adding low contents of CNT and CNF and without
employing supplementary cementitious materials and/or The increase in Young’s modulus is not associated with
increased compressive strength.

* The higher CNT contents increased the flexural strength of concrete by more than 100%.
* CNT addition increased the concrete's ductility by about 150%, and the concrete permeability, being the permeability
coefficient reduced by at least 45%.

» CNT addition resulted in a denser composite and delivered higher flexural strengths and deformation capacity and
lower permeability when compared to the reference concrete.

* CNT addition to concrete reduced its electrical resistivity and enhanced its compressive strength as the CNT content
increased, being 0.1% CNT as the optimum value.

* By increasing the w/c ratio from 0.45 to 0.60, the concrete's compressive strength and electrical resistance increased.
* CNT addition improved by up to 41% the compressive strength of the aerogel-added LWC for CNT content of 0.6%.
* CNT-concrete decreased its water absorption rate by an increase in the CNT content.

* The compressive strength was increased up to 21% with CNT addition, being the results affected by CNT type,
content, and dispersion technique.

* The best results of compressive strength were found in concrete with higher amounts of CNT of a lower aspect ratio.
* The best improvement in the bond strength was up to 14% in CNT-concrete.

* 0.01% CNT increased the compressive strength, tensile strength, and elastic modulus by 22.8%, 19.2%, and 15.4%,
respectively.

* CNT addition increased the maximum bond strength between rebars and UHPC because of their high reactivity.
* CNT contents greater than 0.02% decreased the bond strength of CFRP rebars due to the agglomeration, which
increased the porosity.

* The best improvements in the compressive strength of GC were obtained with the addition of 0.01% CNT blended
with 2.5% NC.

* The addition of hybrid nanoparticles (CNT and NC) significantly enhanced the engineering properties of the
geopolymer concrete.

* CNT addition led to betterments by up to 150% in water penetration resistance comparted to the control mix.



Ref.

Property

Main findings

[28]

[29]

[30]

[31]

[32]

Compressive strength,
flexural strength,
tensile strength
Compressive strength,
elastic modulus, tensile
strength, flexural
strength

Compressive strength,
tensile strength,
flexural strength, water
absorption
Compressive strength,
elastic modulus,
electrical resistivity,
porosity, shrinkage
Compressive strength,
tensile strength,
electrical conductivity

* Improvements up to 25% in the compressive, tensile, and flexural strength were obtained with the lower CNT content.
» Well-dispersed CNTs improved the microstructure and mechanical properties of concrete.

* The compressive strength increased by 19.73%, 5.91%, and 6.45%, respectively, using CNT contents of 0.2%, 0.1%,
and 0.05%, corresponding to RTR content of 5%, 10%, and 15%.

* 0.1% CNT enhanced the flexural strength by 7.89%, 8.32%, and 10.14%, respectively, in concrete with 5%, 10%,
and 15% RTR.

* The minimum CNT content corresponded to the best improvements in splitting tensile strength.
* The elastic modulus increased by 29.4%, 34.89%, and 35.75%, respectively, using CNT contents of 0.2%, 0.1%, and
0.05%, corresponding to RTR content of 5%, 10%, and 15%.

* CNT content of 0.02% enhanced the compressive, tensile, and flexural strength of LWC up to 29%, 44%, and 26%,
respectively.

* CNT addition reduced the water absorption of LWC by 28.3%.

* Greater CNT contents did not significantly improve the mechanical properties.

* The electrical resistivity was decreased as a consequence of the stable dispersion of CNT.
0.5% CNT addition reduced the shrinkage up to 30%.

* All of the engineering properties were improved with the addition of CNT in contents up to 0.5%.

« UHPC showed enhanced compressive strength as the mixing container of the CNT increased.
* The comparison between the tensile strengths of the CNT and milled fibers specimens revealed similar behavior,
which confirmed that millimeter-sized carbon fibers also can significantly influence the tensile strength of UHPC.

Notes: BF — basalt fiber; CC — conventional concrete; CNF — carbon nanofiber; GC — geopolymer concrete; HSC — high-strength concrete; LWC —
lightweight concrete; NC — nano clay; RPC — reactive powder concrete; RTR — recycled tire ruber; SF — steel fiber; SP — superplasticizer; UHPC —
ultra-high performance concrete; WGP — waste glass poder.



3.2.2. Mechanical strength

Compressive strength was studied in 17 references (89%) of the total selected, the CNT-
concrete property best known. Tensile strength was the next one, measured in nine (47%),
followed by flexural strength and elastic modulus, investigated in eight each (42%). The
adherence of steel bars in CNT-concrete, although not a mechanical property, is an
essential mechanism for the performance of RC structures, and was studied in two papers
in the portfolio (10%).

From Table 3 it is safe to conclude that, regardless of the concrete type, strength is
generally enhanced with the CNT addition to the cement matrix. This enhancement may
be related to pore-filling, bridging effect, and formation of a denser C-S-H structure with
higher stiffness, as reported by Jung et al. [14], However, it will certainly depend on the
CNT characteristics, such as type, treatment, aspect ratio (length/diameter), and
especially the content and dispersion techniques, because such nanomaterials may
agglomerate due to the presence of Van der Waals forces if they are poorly or
insufficiently dispersed [38].

Regarding steel-concrete bonding, Hawreen and Bogas [25] indicated that for 12 mm
steel bars, CNT addition to concrete in contents between 0.05% and 0.10% by weight of
cement can increase bond strength by up to 14% compared to concrete without CNTs.
Qasem [26], in turn, reported that the maximum bond strength between steel bars and
UHPC was about 35% and 48% higher than between carbon fiber-reinforced polymer
(CFRP) bars and UHPC, for 12 mm and 16 mm bars, respectively, and CNT contents
between 0.01% and 0.10% by weight of cement. These references suggested the role of
CNTs as crack propagation controllers, which contributed to the mechanical portion of
the adhesion, but further research is necessary to better understand the influence of CNT
addition in the bonding of reinforcement bars in concrete. This is because adherence
depends on factors such as bar diameter, bar surface, and anchorage length, among others
[34]. This topic can be considered for future studies.

3.2.3. Water absorption, porosity and permeability

Water absorption was studied in five manuscripts (26%), porosity in two (10%), and
permeability in only one (5%). Carrigo et al. [15] reported a reduction of water absorption
by immersion in concretes with dispersed MWCNTs of up to 12%, considering contents
0f 0.05% and 0.10% by weight of cement. Adhikary et al. [22] indicated that all the LWC
nanocomposite specimens decreased their water absorption rate by an increase in the CNT
content, from 0.04% to 0.60% by weight of cement, while Mosallam et al. [30] indicated
that CNT addition in content up 0.30% by weight of cement reduced the water absorption
of LWC by 28.3%. Mohsen et al. [23], in turn, indicated that the addition of MWCNTs
to the cementitious matrix of concrete resulted in a denser composite compared to
concrete without the nanomaterials, reporting that the permeability coefficient was
reduced by at least 45%. Considering the aforementioned references and the data in Table
3, it can be concluded that CNT incorporation into cement-based materials leads to a
reduction of their water absorption, porosity, and permeability, which is a positive factor
in terms of durability. Still, research on these properties needs to be developed,
considering the increasingly frequent use of different types of concrete by the
construction industry. This topic can be used for further research.



3.2.4. Electrical conductivity and resistivity

Only four articles (21%) studied the electrical properties of CNT-concrete. Jung et al.
[14] reported an enhancement in the electrical conductivity of UHPC up to the percolation
threshold due to CNT incorporation, which is consistent with the literature [39,40]. Lim
et al. [32] indicated that although the electrical conductivity of UHPC increased as the
content of CNTs increased, its conductivity was not as high. Jung et al. [31], in turn,
registered a consistent reduction in the electrical resistivity of UHPC at contents up to
0.8% by weight of cement, which they attributed to the stable dispersion of CNTs in
aqueous suspension in the cement matrix. Parvaneh and Khiabani [24] pointed out that
the electrical resistivity of CNT-concrete was also reduced, with the best results being
achieved with a CNT content equal to 0.1% by weight of cement.

Considering the aforementioned references, it can be concluded that CNT addition to
concrete leads to increased electrical conductivity and/or reduced electrical resistivity. It
happens due to the low density and the high aspect ratio of CNTs, which favors the
formation of conductive networks in the cement matrix [35].

3.2.5. Carbonation and chloride penetration resistance

Only two articles in the portfolio (10%) studied the carbonation and chloride penetration
resistance of CNT-concrete. Carrico et al. [15] added three types of CNT (CNTPL,
CNTCOOH, and CNTSS) to conventional concrete at contents of 0.05% or 0.10% by
weight of cement. These authors reported that, due to an improved concrete
microstructure, the carbonation resistance of CNT-concrete increased up to 16%
compared to concrete without addition, and the chloride penetration resistance was little
influenced by CNT incorporation. In both properties, the CNT type was found to have no
influence. In the study developed by Kotop et al. [27], the influence of CNT and NC
addition on GC was investigated. The results revealed that the hybrid use of CNT and NC
improved by up to 29% the chloride penetration resistance of GC compared to the
reference sample. These authors indicated that the GC became highly compacted and
denser with the addition of the nanomaterials, which prevented crack formation and
propagation and, as a consequence, increased the chloride penetration resistance.
Considering the low frequency of manuscripts on these properties in the selected
bibliography and given their great importance in the durability of concrete against the
diffusion of corrosive agents inside [41], experimental studies must be conducted with
different types of CNT-concrete to investigate whether the addition of CNTs is beneficial
to carbonation and chloride penetration resistance. This topic can be used for future
research.

3.2.6. Fracture energy and toughness

Two references (10%) studied fracture energy and toughness of CNT-concrete. Ruan et
al. [18] added four different types of MWCTN (see Table 2) to RPC in contents equal to
0.25% or 0.50% by weight of cement and investigated the fracture energy. These authors
concluded that the fracture energy of RPC with water curing can be improved by
approximately 42% using the optimum dosage of 0.25% by weight of cement of CNT
functionalized with carboxyl groups. Hawreen et al. [20], on the other hand, tried five
types of MWCNTs (see Table 2) in conventional concrete at contents equal to 0.05% or
0.10% by weight of cement and studied fracture toughness. They observed that in the



concrete's pre-peak behavior the CNTs were able to contain crack propagation and, as a
consequence, reported gains of up to 42% in the fracture energy of the CNT-concrete.

It is understood that further studies are necessary to reach assertive conclusions regarding
the fracture energy and toughness in CNT-concrete, especially in concretes modified by
the replacement of NA by RA, which changes the aggregate phase of the mixture. This
topic can be considered for further research.

4. Conclusions

A systematic review of the literature on the engineering properties of CNT-concrete was
hereby developed. The following conclusions were reached:

1.

ii.

iil.

1v.

V.

Vii.

The bibliometric analysis confirmed that the articles selected through the ProKnow-
C methodology are relevant, both for the quality of the journals in which they were
published and for the number of citations obtained to date.

The most frequent CNT-concretes in the selected literature were CC (52%) and
UHPC (26%), to the detriment of LWC, GC, RPC, and HSC. Considering the high
consumption of concrete in the world and its high rates of CO2 emission to the
atmosphere, studies on CNT-concrete must be carried out in further research, for
example modifying it by replacing NA with RA, a more sustainable trend in the
construction industry.

MWCNTs were used in 84% of the references. Compared to SWCNTs, they are
easier to process through advanced CVD methods, so they are produced on a larger
scale and therefore have a lower price. In addition, MWCNTSs' use leads to a more
homogeneous mixture because they have less tendency to agglomerate compared to
SWCNTs.

CNTs in powder form were used in 47% of the selected literature. All of these papers
associated sonication with some other additive (surfactant or superplasticizer) or
process (manual mixing, mechanical agitation, or magnetic stirring) to disperse the
nanomaterials, except one, which only sonicated them. CNTs in aqueous suspension,
on the other hand, were employed in 32% of the manuscripts. In these cases, two
only sonicated the CNTs, two did magnetic stirring with surfactant followed by
sonication, and one did only dispersion in distilled water. From the works studied, it
can be concluded that sonication is the best dispersion technique, and can be further
improved when associated with the use of dispersants because they prevent
agglomeration and ensure the stability of the mixture.

CNT contents equal to 0.10% and 0.05% by weight of cement were applied in 52%
and 37% of the portfolio, respectively, being the most frequent ones. Considering the
difficulty to disperse CNTs, their tendency to agglomerate due to Van der Waals
forces, their expensive price, and the results presented by the literature so far, future
investigations on CNT-concrete should avoid contents higher than 0.10% by weight
of cement.

The mechanical strength of concrete is generally increased when CNTs are added to
it, as they fill pores, act as a bridge for stress transfer, and form a denser C-S-H
structure with higher stiffness in the cement matrix. These improvements, however,
depend on CNT characteristics and mainly the content and dispersion techniques,
because they may agglomerate due to the presence of Van der Waals forces if they
are poorly or insufficiently dispersed.

Only two papers in the portfolio (10%) studied the bonding of reinforcing bars in
CNT-concrete. Although they presented promising results, evidencing the role of
CNTs as crack propagation controllers, the adherence depends on several factors,



Viil.

1X.

Xi.

such as bar diameter, bar surface, and anchorage length. Therefore, this topic needs
to be further investigated in future research.

Water absorption, porosity, and permeability were studied in 26%, 10%, and 5% of
the selected literature, in that order. The incorporation of CNT in concrete reduced
these properties, which is a positive factor in terms of durability. However,
considering the increasingly frequent use of different concrete types by the
construction industry, it is still necessary to develop research on these properties.
The electrical properties of CNT-concrete were investigated in 21% of the selected
bibliography. From these papers, it is concluded that the addition of CNT to concrete
leads to increased electrical conductivity and/or reduced electrical resistivity, which
occurs as a consequence of the low density and high aspect ratio of CNTs, which
favors the formation of conductive networks in the cement matrix.

Carbonation and chloride penetration resistance of CNT-concrete were studied in
only 10% of the selected articles. The results indicated improvement of concrete
microstructure when CNTs were incorporated into the matrix and, consequently,
improvement of these properties. However, experimental studies on this topic should
still be carried out considering different types of CNT-concrete.

The fracture energy and toughness of CNT-concrete were studied in only two
references (10%). Although gains of up to 42% were reported in these works,
additional studies are needed to reach assertive conclusions regarding the fracture
energy and toughness of CNT-concrete, especially in concretes modified by
replacing NA by RA.

These findings reveal that a majority of the studies on CNT-concrete focused on their
mechanical properties, while those on durability had less interest from researchers (Fig.
4). It is emphasized that these conclusions are limited to the study of the selected articles.
In addition, other properties were not considered in the review, such as mass loss,
ductility, ultrasonic pulse velocity, creep, and shrinkage, among others. These can be used
as topics for further investigation.

Carbonation and chloride penetration resistance

Compressive strength

Tensile strength

Water absorption, porosity and permeability
Flexural strength

Elastic modulus

Electrical resistivity and conductivity

Creep and shrinkage

Bond strength

Fracture energy and toughness
Ultrasonic pulse velocity

Ductility

0123456 7 8 9101112131415161718
Relative research number

Fig. 4. Number of times each property was studied in the selected literature.
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