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ABSTRACT 

This thesis explores how carbon nanotubes (CNTs) can influence the properties of concrete 

properties and its bonding with steel bars, aiming to enhance mechanical behavior, reduce 

cement use, and promote sustainability. The research is divided into five chapters: the first three 
consist of literature reviews, which guide the two experimental ones. The first review focused 

on the parameters influencing steel-concrete (SC) bonding, highlighting fibers and CNTs’ role 

in improving adhesion and identifying research gaps. The second one analyzed concrete with 
CNTs (CNT–concrete) bonding, addressing dispersion techniques, CNT types, and effects on 

bond strength, calling for more standardized studies. The third review examined CNT’s impact 

on concrete’s mechanical and durability properties, noting improvements in strength and 

porosity while emphasizing further research on durability aspects like carbonation resistance 

and electrical resistivity. Based on these studies, experimental approaches were conducted to 

assess CNT–concrete’s physical and mechanical properties, with the CNTs being pre-dispersed 
in cement particles in an isopropanol medium to produce the concrete. Cylindrical samples were 

made with CNT contents up to 0.10% by weight of cement (wc) to evaluate ten different 

properties. Briefly, the findings demonstrated that CNT contents up to 0.05% wc improved 
compressive strength (+16%) and tensile strength (+29%) while reducing porosity (–12%). 

Finally, a detailed experimental investigation analyzed the effects of CNT incorporation (in 

aqueous suspension) on the SC bond strength using pull-out tests in cubic specimens, examining 
variables such as CNT content (up to 0.10% wc), bar diameter (d, 8 mm and 10 mm), roughness 

(plain and ribbed), and embedded length (4d, 5d, and 5.6d). The results showed that 

incorporating 0.05% CNT significantly improved bond behavior, especially for larger diameter 
bars and longer embedded lengths, reducing the recommended embedment length from 5d to 

4d without compromising adherence. The study also explored applying CNTs only around the 

steel bars, though this approach yielded less effective results. Overall, this research concluded 

that CNT incorporation enhances concrete performance and offers a sustainable solution by 

reducing cement and steel consumption, contributing to improved structural efficiency and 

supporting decarbonization efforts in the construction industry. 

Keywords: Bond-slip behavior; Carbon Nanotubes; Dispersion techniques; Low-carbon 

materials; Portland cement; Reinforced concrete.
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RESUMO 

Esta tese explora como os nanotubos de carbono (NTCs) podem influenciar as propriedades do 

concreto e sua aderência com as barras de aço, visando melhorar o comportamento mecânico, 

reduzir o uso de cimento e promover a sustentabilidade. A pesquisa está dividida em cinco 
capítulos, referentes a três revisões de literatura e duas etapas experimentais. A primeira revisão 

focou nos parâmetros que influenciam a aderência entre o aço e o concreto, destacando o papel 

das fibras e dos NTCs na melhoria da adesão e identificando lacunas na pesquisa. A segunda 
analisou a aderência em concreto com NTCs (CNTC), abordando técnicas de dispersão, tipos e 

teores de NTCs e seus efeitos na aderência, indicando a necessidade de mais estudos 

padronizados. A terceira revisão examinou o impacto dos NTCs nas propriedades mecânicas e 

de durabilidade do concreto, observando melhorias na resistência e na porosidade, além de 

enfatizar a necessidade de mais pesquisas sobre aspectos de durabilidade, como resistência à 

carbonatação e resistividade elétrica. Com base nesses estudos, foram conduzidos experimentos 
para avaliar as propriedades físicas e mecânicas do CNTC, utilizando NTCs pré-dispersos em 

partículas de cimento em meio isopropílico para produzir o concreto. Amostras cilíndricas 

foram preparadas com teores de NTCs de até 0,10% em massa de cimento (mc) para avaliar 
dez propriedades diferentes. Os resultados mostraram que teores de NTCs de até 0,05% mc 

melhoraram a resistência à compressão (+16%) e à tração (+29%), enquanto reduziram a 

porosidade (–12%). Por fim, uma investigação experimental analisou os efeitos da incorporação 
de NTCs (em suspensão aquosa) na aderência, usando ensaios de arrancamento em amostras 

cúbicas, examinando variáveis como teor de NTCs (até 0,10% mc), diâmetro da barra (d, 8 mm 

e 10 mm), rugosidade (lisa e nervurada) e comprimento embebido (4d, 5d e 5,6d). Os resultados 
mostraram que a incorporação de 0,05% de NTCs melhorou significativamente o 

comportamento de aderência, especialmente para barras com diâmetro e comprimento 

embebido maiores, diminuindo o comprimento embebido recomendado de 5d para 4d sem 

comprometer a aderência. O estudo também explorou a aplicação de NTCs apenas ao redor das 

barras de aço, mas essa abordagem gerou resultados menos eficazes. De modo geral, concluiu-

se que a incorporação de NTCs melhora o desempenho do concreto e oferece uma solução 
sustentável, reduzindo o consumo de cimento e aço, contribuindo para maior eficiência 

estrutural e apoiando os esforços de descarbonização na indústria da construção. 

Palavras-chave: Comportamento de aderência-deslizamento; Nanotubos de carbono; Técnicas 

de dispersão; Materiais de baixo carbono; Cimento Portland; Concreto armado. 
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RESUMÉ 

Cette thèse explore comment les nanotubes de carbone (NTCs) peuvent influencer les propriétés 

du béton et son adhésion aux barres d’acier, dans le but d’améliorer le comportement 

mécanique, de réduire l’utilisation de ciment et de promouvoir la durabilité. La recherche est 
divisée en cinq chapitres, comprenant trois revues de littérature et deux étapes expérimentales. 

La première revue s’est concentrée sur les paramètres influençant l’adhésion entre l’acier et le 

béton, mettant en évidence le rôle des fibres et des NTCs dans l’amélioration de l’adhérence et 
identifiant les lacunes de la recherche. La deuxième analyse l’adhésion dans le béton aux NTCs, 

abordant les techniques de dispersion, les types et teneurs en NTCs et leurs effets sur l’adhésion, 

en soulignant la nécessité de mener davantage d’études standardisées. La troisième revue a 

examiné l’impact des NTCs sur les propriétés mécaniques et de durabilité du béton, en 

observant des améliorations de la résistance et de la porosité, tout en mettant l’accent sur la 

nécessité de nouvelles recherches sur des aspects de durabilité tels que la résistance à la 
carbonatation et la résistivité électrique. Sur la base de ces études, des expérimentations ont été 

réalisées pour évaluer les propriétés physiques et mécaniques du béton aux NTCs, en utilisant 

des NTCs pré-dispersés dans des particules de ciment dans un milieu isopropanol pour produire 
le béton. Des échantillons cylindriques ont été préparés avec des teneurs en NTCs allant jusqu’à 

0,10 % en masse de ciment (mc) pour évaluer dix propriétés différentes. Les résultats ont montré 

que des teneurs en NTCs allant jusqu’à 0,05 % mc amélioraient la résistance à la compression 
(+16 %) et à la traction (+29 %), tout en réduisant la porosité (–12 %). Enfin, une étude 

expérimentale a analysé les effets de l’incorporation de NTCs (en suspension aqueuse) sur 

l’adhésion, en utilisant des essais de traction sur des échantillons cubiques, en examinant des 
variables telles que la teneur en NTCs (jusqu’à 0,10 % mc), le diamètre des barres (d, 8 mm et 

10 mm), la rugosité (lisse et nervurée) et la longueur d’ancrage (4d, 5d et 5,6d). Les résultats 

ont montré que l’incorporation de 0,05 % de NTCs améliorait considérablement le 

comportement d’adhérence, notamment pour les barres de plus grand diamètre et celles avec 

des longueurs d’ancrage plus importantes, réduisant la longueur d’ancrage recommandée de 5d 

à 4d sans compromettre l’adhésion. L’étude a également exploré l’application de NTCs 
uniquement autour des barres d’acier, mais cette approche a donné des résultats moins efficaces. 

En conclusion, l’incorporation de NTCs améliore les performances du béton, réduit la 

consommation de ciment et d'acier, et soutient la décarbonisation de l'industrie de la 

construction. 

Mots-clés : Comportement adhérence-glissement ; Nanotubes de carbone ; Techniques de 

dispersion ; Matériaux à faible carbone ; Ciment Portland ; Béton armé. 
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1 INTRODUCTION 

Reinforced concrete (RC) structures have significantly shaped human expansion by enabling 

the construction of bridges, buildings, and infrastructure. However, they also contribute to 

environmental challenges, as concrete production is associated with high CO2 emissions since 

it is one of the most widely consumed materials worldwide (IEA, 2020; Wasim et al., 2022). 

Additionally, the generation of construction and demolition waste (CDW) poses a considerable 

environmental issue, exacerbating the need for sustainable practices in civil engineering 

(Gomes et al., 2023). With climate change and increasingly frequent extreme events, ensuring 

the safety and durability of RC structures is essential, as failures can lead to devastating 

consequences (Sulaiman et al., 2022). 

From a structural perspective, the bonding mechanism between steel bars and concrete is critical 

for the safety of RC structures. Factors such as rebar diameter, surface roughness, embedded 

length, and the type of concrete directly influence the bonding behavior and the overall integrity 

of the structure (Khaksefidi et al., 2021). Although structural design often assumes an ideal 

steel-concrete (SC) bond or a uniform stress distribution, the literature and practical 

applications reveal that reinforcing steel bars can experience displacement relative to the 

concrete, leading to the need for a deeper understanding of the relationship between bond stress 

and displacement. Consequently, various research efforts focus on improving these bonding 

mechanisms, with existing models being constantly tested and revised in line with evolving 

technical standards (Monteiro et al., 2024; Yang et al., 2024a; Zhan et al., 2024). 

In addition to structural considerations, environmental sustainability is gaining increasing 

attention in the construction industry. The adoption of low-carbon materials, such as alternative 

cement (e.g., Portland limestone cement and polymeric cement), is rising (Mizan & Matsumoto, 

2023; Jungclaus et al., 2024). Moreover, incorporating recycled CDW aggregates has gained 

regulatory support, allowing for the partial replacement of natural aggregates. Innovations 

involving reinforcements such as natural fibers (e.g., ramie and bamboo), synthetic fibers (e.g., 

polypropylene), and nanomaterials (e.g., graphene oxide and nano-silica) aim to enhance the 

strength and durability of cementitious composites, thereby reducing the need for frequent 

repairs and demolition (Chin et al., 2024; Kim et al., 2024; Nia & Shafei, 2024). Decarbonizing 

the cement industry and developing eco-friendly materials with lower greenhouse gas (GHG) 

emissions also remain focal points of ongoing research (Hafez et al., 2024; Silva et al., 2024). 



2 
 

Technologically, implementing innovations on an industrial scale faces significant challenges. 

Technologies such as 3D printing of concrete and Building Information Modeling (BIM), for 

instance, have transformative potential but require overcoming technical barriers (e.g., finding 

the ideal consistency, workability, and strength properties of the cementitious material for 

different applications) and economic barriers (e.g., integrating the software with existing 

systems in companies) to be widely adopted (Olsson et al., 2021; Ter Haar et al., 2023). 

Incorporating these technologies could revolutionize the sector, but it requires continuous effort 

to overcome current limitations and make their practical application feasible. 

Given the increasing emphasis on safety, sustainability, and innovation, this research highlights 

the role of nanotechnology, particularly carbon nanotubes (CNTs), in enhancing the 

performance of concrete. Because of their excellent mechanical properties and high aspect ratio 

(length/diameter), CNTs have been considered ideal candidates for application in composites, 

as they can improve the microstructure of cementitious materials and control microcrack 

propagation (Han et al., 2013). However, a comprehensive understanding of their contribution 

to SC bonding mechanisms, primarily governed by mechanical interlocking, frictional 

resistance, and, to a lesser extent, chemical adhesion, is still needed. 

As the bond strength between steel and concrete is influenced by the type and properties of the 

concrete, it is expected that if CNTs enhance concrete resistance, the SC bond strength will 

similarly improve. Recent research has pointed in this direction, highlighting the potential of 

concrete with CNTs (CNT–concrete) in addressing structural, environmental, and technological 

challenges in the construction industry. 

1.1 Research Question 

This research aims to answer the following question: How can CNT addition influence the 

properties of concrete and its bonding with steel bars? 

1.2 Objectives 

This section describes the general and specific objectives of this research. 

1.2.1 General objective 

This research aims to study the main properties of CNT–concrete and its bond with steel bars. 

1.2.2 Specific objectives 

The following specific objectives were defined to achieve the general objective: 
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i. To present the parameters that influence the SC bonding, such as the concrete type, 

content of substitutions or additions, tests performed, bar diameter, bar surface type, and 

embedded length; 

ii. To identify the factors that influence the bonding of steel bars in CNT–concrete, such 

as the characteristics of the cement-based material, dispersion techniques and CNT 

dosage, bond tests and specimen geometry, and rebar characteristics; 

iii. To present the main findings on the mechanical and durability properties of CNT–

concrete; 

iv. To determine the influence of CNT incorporation on compressive strength, elastic 

modulus, tensile strength, ultrasonic pulse velocity, electrical resistivity, porosity, pore 

size distribution, water absorption, and weight loss of concrete; 

v. To measure the influence of the CNT content, bar diameter, embedded length, bar 

surface type, and cement reduction on CNT–concrete’s maximum bond strength. 

1.3 Justification 

Concrete is one of the most used building materials in the world due to its good mechanical 

properties and durability, mainly when employed in steel-reinforced structures (Iacovidou & 

Purnell, 2016). The SC bond is one of the most important properties that govern the 

performance of RC structures (Sulaiman et al., 2017). Adequate bond strength is essential for 

ensuring safety, controlling structural behavior, and providing sufficient ductility between steel 

and concrete (Rossi et al., 2020). A weak or insufficient SC bond can lead to the slipping of 

reinforcement steel, consequently reducing the flexural strength and deformation capacity of 

the RC structure (Choi et al., 2014), which may result in excessive deflection, cracking, or even 

structural collapse (Sulaiman et al., 2022). 

The SC bond depends on several parameters, such as concrete properties (e.g., compressive 

strength, reinforcement cover, and confinement ratio) and steel bar characteristics (e.g., tensile 

strength, diameter, and rib type) (Khaksefidi et al., 2021). Furthermore, external factors, such 

as environmental conditions, corrosion, load types, and application speeds, can impact bond 

characteristics (Sulaiman et al., 2017). Despite being a well-established area of study, more 

knowledge regarding the precise influence of these variables is still needed. As shown in Figure 

1, significant research has been conducted recently due to the development of concretes with 

diverse characteristics, including the addition of various components to the cementitious matrix, 

such as recycled aggregates (Y. Huang et al., 2021), synthetic fibers (Salam et al., 2020), fly 
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ash (Arezoumandi et al., 2015), blast furnace slag (Qi et al., 2020), CNTs (Irshidat, 2021), 

among others. 

 

Figure 1. Evolution of research on SC bonding. 

Besides, the construction sector, specifically cement production, is responsible for a significant 

share of global CO2 emissions, estimated at around 8–10% (Cao et al., 2021), 1.4 Gt of CO2 

emissions per year (Carbone et al., 2022), with an estimated growth of 50% by 2050 (Miller & 

Moore, 2020). In light of international commitments such as the Paris Agreement, which aims 

to limit global warming and reduce GHG emissions significantly by 2030 (UN, 2015), it is 

imperative to develop sustainable technologies that responsibly utilize available natural 

resources and protect the environment. Various authors have examined the bond of steel bars 

in different concrete types within this framework, aiming to discover and develop more durable 

and resistant structural components. Nevertheless, it has been observed that results regarding 

bond strength can be inconsistent, revealing existing gaps in knowledge. 

Notably, research on the bond between steel bars and CNT–concrete remains limited. Hawreen 

and Bogas (2018) were the first to investigate the subject, reporting that adding CNTs can 

enhance maximum bond strength by up to 14%, depending on dispersion techniques and 

dosages (ranging from 0.05% to 0.10% by weight of cement). According to these authors, the 

effective load transfer capability of dispersed CNTs can contribute positively to the mechanical 

properties of concrete. 

Researchers have also explored the influence of adding CNTs to conventional concrete (CC), 

employing various dispersion techniques. For instance, Carriço et al. (2018) used sonication 

and surfactant addition, while Mohsen et al. (2019) applied a combination of sonication and 
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mechanical mixing. The impact of CNT form (powdered or aqueous) is crucial, as it dictates 

the dispersion method, and this lack of standardization in approaches underscores a field ripe 

for innovation. Although extensive research on CNT–concrete has been conducted, 

standardized characterization methods for assessing CNT’s influence on concrete properties 

still need to mature, suggesting that research in this area is still in its early stages. 

In this context, the correlation between concrete’s physical, mechanical, and durability 

properties and statistical regression models is essential to address scientific and technological 

issues (Sadrinejad et al., 2018). This correlation allows for a deeper understanding of the 

complex relationships between these properties, such as compressive strength, tensile strength, 

modulus of elasticity, and durability (Ince et al., 2022). By establishing mathematical 

relationships, engineers can better predict the structural behavior of concrete under various 

loads, thereby optimizing concrete mixes to achieve desired properties (Ahmad & Alghamdi, 

2014; Freedman, 2009). 

Simultaneously, the need for more understanding of the simultaneous effects of reducing the 

amount of cement and incorporating CNTs into the concrete on the SC adherence mechanisms 

draws attention from an environmental standpoint. Habert et al. (2020) stated that the 

construction sector is slow and risk-averse and, therefore, focused on minor improvements that 

could be achieved across the value chain, such as using supplementary cementitious materials 

and optimizing clinker content in cement. According to the authors, these marginal gains could 

reduce CO2 emissions by up to 50% if all stakeholders were engaged. Li et al. (2023), in turn, 

investigated CNTs cement-based grouting materials and found that adding CNTs and fly ash 

enhanced dynamic compressive properties by 10%–32% compared to plain cement, not only 

improving these materials’ dynamic behavior but also reducing the amount of cement used to 

their production. These studies show promising results for decarbonization in the construction 

industry. However, the field still needs a clearer understanding of CNT influence in 

conventional concrete without fillers, other additions, or a low packing factor, reflecting the 

microporous paste phase typical of practical applications. 

From this perspective, this research is justified because it addresses the growing use of 

nanotechnology to investigate concrete, one of the most widely used materials in civil 

construction, particularly in steel-reinforced structures. Despite the importance of SC bonding 

in safety and structural behavior, there needs to be more understanding concerning the influence 

of CNTs on these bonding mechanisms. In addition, the construction sector is one of the largest 

emitters of CO2 in the world, and exploring how using CNTs in concrete changes its mechanical 
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performance can contribute to reducing CO2 emissions, which is in line with international 

sustainability commitments. 

1.4 Research Limitations 

This research is restricted to studying the properties of CNT–concrete and its bonding with steel 

bars. Two experimental campaigns were conducted: one in Brazil, performed first, focusing on 

the concrete properties, and another in France, conducted later, focusing on the SC bond. A 

critical limitation was the impossibility of producing identical concrete in both countries due to 

natural differences in the constituents of the concrete mixtures, particularly in sand and 

aggregates, which varied based on local availability and sourcing. An attempt was made to use 

a mix that resulted in concrete that was as similar as possible to that used in Brazil regarding 

physical and mechanical properties. Still, some differences could affect the overall behavior 

and properties of the concrete. 

Furthermore, another significant limitation stems from the variation in how the CNTs were 

incorporated into the mixtures. In Brazil, CNTs were used in powder form and pre-dispersed in 

cement particles using an isopropanol medium. In France, CNTs were introduced as an aqueous 

suspension and mixed directly with water during concrete production. This variation in the 

dispersion technique may have influenced the distribution and effectiveness of CNTs in the 

matrix, making direct comparisons between the two campaigns challenging. Even so, extensive 

discussions on this matter were carried out to evaluate the effectiveness of the two techniques. 

The research is further constrained to material behavior and the bond between steel bars and 

concrete in an RC structural element rather than addressing a complete structural system. As a 

result, the bond tests were limited to pull-out tests conducted on a laboratory scale. Moreover, 

only one specimen size, consisting of 150 mm cubes, was used. The molds allowed for a 

maximum embedded length of 80 mm for the steel bars, limiting the investigation into bond 

behavior for longer embedded lengths. 

Additionally, the diameter of the steel bars was restricted to a maximum of 10 mm and the CNT 

content to 0.10% by weight of cement, for reasons discussed throughout the manuscript. 

1.5 Scope and Outline 

This thesis is organized into five main chapters, each with a specific introduction, methodology, 

discussions, and conclusions. Chapters 2, 3, and 4 provide a broad introduction to the 

fundamental concepts studied in this work, identifying gaps in the field and guiding the 
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planning of the experiments. Chapters 5 and 6 compile the main contributions of this 

dissertation, focusing on material mix design, experimentation, regression models, and results. 

These chapters consist of published peer-reviewed journal articles, with some additional 

developments, illustrations, and modifications to fit the style and overall structure of the thesis. 

These articles have been listed correctly in the references of this thesis. However, the reader 

can access them directly by clicking on the digital object identifier (DOI) link for each one, 

namely: 10.1016/j.istruc.2023.01.141 (Chapter 2), 10.3390/buildings12101626 (Chapter 3), 

10.1007/s40430-023-04117-w (Chapter 4), 10.1016/j.jobe.2024.109255 (Chapter 5), and 

10.1016/j.conbuildmat.2025.139940 (Chapter 6). Figure 2 presents an overview of the research 

structure, showing how the information from one chapter leads to the others. 

 

Figure 2. Overview of the manuscript. 

Chapter 2 explains the SC bond mechanism and presents an extensive systematic review of the 

literature on the phenomena as a function of concrete type, replacement or addition content, 

tests, bar diameter, surface type, and embedded length, among other parameters. All these 

factors are discussed in this chapter, meeting specific objective “i” and revealing that the bond 
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between steel bars with CNT–concrete is among the main topics to be further investigated. This 

gap motivated the development of the next chapter. 

Chapter 3 elucidates the SC bond in a more specific way, as it deals with the mechanism 

exclusively in CNT–concrete, which is the main focus of this research. Firstly, CNTs and their 

main characteristics are presented. Then, the SC bond in CNT–concrete is systematically 

reviewed according to the characteristics of the cementitious composite, CNT dispersion and 

dosage techniques, bonding tests, specimen geometry, and rebar characteristics. In other words, 

this survey aims to determine which well-known parameters influencing SC bonding have yet 

to be studied in the case of CNT–concrete, to guide the experimental program. This chapter 

explores all these factors, meeting specific objective “ii”. 

Chapter 4 complements the previous one because if adding CNTs influences the concrete, the 

SC bond will too. This fact means it is essential to know more about the characteristics of CNT–

concrete, what is considered in its dosage, and determine the properties most in need of 

investigation. The chapter, therefore, presents another systematic review of the literature, 

specifically addressing the compressive, tensile, and flexural strength, modulus of elasticity, 

water absorption, porosity and permeability, electrical conductivity and resistivity, resistance 

to carbonation and chloride penetration, fracture energy and toughness of CNT–concrete. All 

of these properties are covered, meeting specific objective “iii” and revealing that most of the 

studies on CNT–concrete focus on their mechanical properties, while those on durability still 

need to be better understood, an important conclusion to determine the laboratory tests 

presented in the next chapter. 

Chapter 5 was developed based on the direction the previous two chapters provided regarding 

dispersion techniques and CNT contents, as well as the CNT–concrete properties that needed 

further investigation. For this, an extensive experimental campaign was carried out in Brazil to 

meet the specific objective “iv”. As a novelty, CNTs were pre-dispersed in cement particles in 

isopropanol to produce the concrete, a proven effective process but only previously used in 

pastes and mortars. Thus, this chapter presents an experimental evaluation of the physical and 

mechanical properties of CNT–concrete, including compressive strength, tensile strength, static 

and dynamic modulus of elasticity, water absorption, porosity, bulk density, weight loss, 

ultrasonic pulse velocity, and electrical resistivity. Besides, correlations between these 

properties are investigated, and quadratic regression models are proposed based on different 

CNT contents to estimate them. The conclusions from this chapter were crucial for guiding the 
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methodology of the experimental study on the SC bond in CNT–concrete, which was conducted 

later in France and is presented in the following chapter. 

Chapter 6 comprises the study of the bond of steel bars in CNT–concrete, based on the findings 

from all previous chapters. The chapter focuses on using CNTs to enhance concrete 

performance and reduce cement usage, thus addressing the high CO2 emissions associated with 

producing Portland cement. An extensive experimental campaign examines different CNT 

contents dispersed simply by mixing in water concerning the concrete’s mechanical and 

physical properties. The chapter describes how bar diameter, roughness, and embedded length 

affect the SC bond and whether CNTs impact bond strength. The chapter also introduces a 

methodology to investigate the use of CNTs around the rebar and evaluate the SC bond strength 

in reduced-cement concrete with and without CNTs. Lastly, based on the general equation, the 

chapter assesses whether incorporating CNTs can reduce the anchorage length, thoroughly 

addressing each item of the specific objective “v”. Among the main conclusions, incorporating 

0.05% CNTs into concrete significantly improved strength, reduced porosity, and enhanced SC 

bond behavior, particularly for larger diameter bars and longer embedded lengths. This optimal 

CNT content balanced performance improvements with reduced cement use, enhancing 

structural durability and environmental benefits. 

Chapter 7, finally, presents a holistic summary of the entire thesis and considers topics for 

further related research in the future. 
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2 BONDING OF STEEL BARS IN CONCRETE 

2.1 Introduction 

RC structures play an essential role in the construction industry since they offer several 

structural solutions for constructing buildings, bridges, tunnels, and others. It is a well-known 

solution for its efficiency, versatility, and low cost compared to other construction materials 

(Rabi et al., 2020). The SC bonding mechanism between steel and concrete ensures the 

excellent behavior of RC structures, which guarantees that both materials work together 

(Alkaysi & El-Tawil, 2017). 

When designing RC structures, it is essential to know the bond strength to determine the 

required anchorage length since both factors are interdependent (Seara-Paz et al., 2014). Bond 

resistance comprises three key components: chemical adhesion, friction, and mechanical 

interlock. Chemical adhesion plays a minor role and quickly disappears once the rebar slips. 

So, the main contributors to bond strength for both plain and deformed bars are friction and the 

mechanical interlock between the bar and the surrounding concrete (Lin et al., 2019). 

During the process of pulling out the rebar from the concrete, the compressive stress applied to 

the rebar from the surrounding concrete is perpendicular to the rib’s lateral surface, typically 

sloping at an angle of 30°–45° relative to the longitudinal axis of the specimen (Figure 3b). The 

rib’s reacting force then induces compressive stress in the surrounding concrete, where the axial 

component subjects the concrete to shear stresses. At the same time, the radial component leads 

to hoop tension stress in the surrounding concrete (Figure 3c). As the pull-out load increases, 

the concrete behind the ribs undergoes crushing, and the strain in the concrete along both the 

principal tensile stress direction and the radial tensile stress surpasses its ultimate tensile strain, 

resulting in the formation of diagonal and radial cracks (Figure 3a). In other words, the bond 

stress arises from the change in axial tensile stress acting on the embedded length, divided by 

the surface area of the bar. When attempting to pull the steel bar out of the concrete, this axial 

load causes both shear and radial stresses (Liu et al., 2020). As a result, two failure modes are 

possible: bar pull-out or concrete rupture, with the failure mode depending on which reaches 

its maximum stress first – the tensile strength of the concrete or the bond strength at the SC 

interface (Bogas et al., 2014). 
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Figure 3. Analysis of stress during the pull-out process: (a) concrete crushing and crack 
formation around the rebar; (b) longitudinal section; (c) transverse section. 

Different tests are commonly used to investigate SC bonding: the pull-out test (POT), 

standardized by RILEM/CEB/FIP RC6 (CEB, 1983), the beam flexural test, standardized by 

RILEM/CEB/FIP RC51 (CEB, 1982), the confined bars test, standardized by the Brazilian 

standard NBR 7477 (ABNT, 1982), among others. The POT is widely used in reduced-scale 

research (Carvalho et al., 2017). 

In this context, research has focused on studying steel bar adherence in different concrete types 

to discover and develop more strength and durable structural components. De Melo et al. (2021) 

analyzed the bond of rebars in hybrid fiber-reinforced concrete (FRC), specifically the bar 

diameter influence (10, 12.5, and 16 mm) and the fiber type (steel-polypropylene, steel-glass, 

and polypropylene-glass). Adding hybrid fibers decreased FRC’s maximum bond strength 

compared to plain concrete. Steel-polypropylene fiber concrete decreased with increasing 

diameter; in the other cases, there were varied gains and decreases. Still, there was no fiber 

influence on the surface cracking process of the specimens for the diameters 10 mm and 12.5 

mm. The change in the cracking pattern of concrete with polypropylene and glass fibers 

occurred only for 16 mm bars.  

Romanazzi et al. (2021) studied the bond of 12 mm and 16 mm steel bars in concrete with 

aggregate replacement by waste tire rubber, with increasing substitution percentages (i.e., 6%, 

12%, 18%, and 24%). The bond strength increased up to a 20% reduction when the replacement 

content of rubber aggregates was greater than 12%, which was associated with a significant 

reduction in compressive strength. Moreover, the bond strength did not change by varying the 

bar diameter from 12 to 16 mm.  

 
1 The standards RC5 (CEB, 1982) and RC6 (CEB, 1983) were superseded by EN 10080 – Annexes C and D 

(EN, 2005) but they continue to be used as a reference in experimental investigations. 
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In another approach, the effect of CNT addition on the SC bonding was investigated through 

POT, considering different CNT contents, bar diameters, and embedded lengths (Irshidat, 

2021). This study revealed that CNT incorporation improved concrete’s initial bond strength 

and stiffness and that this strength was greater with decreasing bar diameter and increasing 

embedded length. 

In this regard, the findings concerning SC adherence may be divergent and follow different 

trends according to the concrete type, revealing that this topic still has gaps to study. The CC 

design standards must often be revised for modified concrete. As a result, several authors have 

proposed models based on experimental studies for specific concretes not contemplated in the 

primary design standards (Al-Shannag & Charif, 2017; Smarzewski, 2020). For instance, 

Monteiro et al. (2024) modified a model previously developed in the literature for single fiber 

pull-out to study the bond response through analytical equations. The proposed model for rebar 

pull-out in steel fiber-reinforced concrete (SFRC) accurately matched the bond-slip behavior 

seen in their experiments. The authors identified three distinct phases in the bond-slip response: 

elastic, nonlinear, and dynamic. By inputting the correct geometrical and material properties of 

both the rebar and concrete, along with the expected shear strength, the model produced reliable 

results across various rebar sizes, concrete strengths, fiber amounts, and embedment lengths. 

With this perspective, this chapter reviews the bonding of steel bars in concrete. It should be 

highlighted that few review papers on this topic are found in the literature (Gong et al., 2022; 

Lin et al., 2019; Pokorný et al., 2017), which take a different approach than the one proposed. 

Specifically, in this chapter, it was identified the concrete type, replacement or addition content, 

tests, bar diameter and surface type, and embedded length, aiming to meet the following 

objectives: (i) To identify if there is a tendency for less use of CC in recent years; (ii) To detect 

how the steel bar adherence occurs in concrete with partial or total replacement of natural 

aggregates by artificial ones; (iii) To determine how the steel bar adheres to concrete with 

different additions; (iv) To state the most appropriate test to study SC bonding; (v) To identify 

the most appropriate specimen’s geometry for POT and beam test; (vi) To detect how often 

ribbed and smooth bars are used to study SC adherence; (vii) To determine the diameters less 

studied so far; (viii) To state the embedded lengths to be further investigated. 

2.2 Materials and Methods 

A systematic review of the literature (SRL) was conducted using established protocols to 

analyze a large document corpus, focusing on identifying what is effective in a specific context 

(Galvão & Ricarte, 2019). 
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The ProKnow-C method (Knowledge Development Process - Constructivist) was used to select 

relevant articles and construct the database for this study (Ensslin et al., 2010). Figure 4 presents 

the ProKnow-C main stages. 

 

Figure 4. Stages of the SRL according to the ProKnow-C method. 

For the topic “bonding of steel bars in concrete”, the search parameters for the first stage of the 

SRL were: keywords – “bond”, “steel”, and “concrete”; databases – Science Direct, Scopus, 

and Scielo; where to search – title, abstract, and keywords; publication years – 2012–20212. 

This search yielded 5334 articles. Then, this number was reduced to 3742 (stage 2), 3528 (stage 

3), 213 (stage 4), and 90 (stage 5). In stage 6, 78 articles published in the last two years of the 

selected timeframe were added, bringing the total to 168. Next, stage 7 narrowed it down to 102 

papers, stage 8 to 95, and finally, 85 articles were fully aligned with the research topic in the 

last step. The primary data collected were the concrete type, the replacement or addition 

content, the tests, the bar diameter and surface type, and the embedded length.  

The following references compose the portfolio of this SRL: Abdulazeeza et al., 2021; Adnan 

et al., 2020; Alharbi et al., 2021; Alkaysi & El-Tawil, 2017; Al-Shannag & Charif, 2017; 

Arezoumandi et al., 2013, 2015; F. Assaad et al., 2021; J. J. Assaad et al., 2020; Bae et al., 

2016; Bagherzadeh et al., 2020; Bilek et al., 2017; Bogas et al., 2014; Bravo et al., 2021; 

Breccolotti & Materazzi, 2013; Cai et al., 2020; Carvalho et al., 2017, 2018; Chu & Kwan, 

2019; Dahou et al., 2016; de Melo et al., 2021; de Villiers et al., 2017; Dong et al., 2016; 

Ertzibengoa et al., 2012; Faleschini et al., 2017; Fathifazl et al., 2012; Faye et al., 2017; Freitas 

et al., 2020; Gao et al., 2020; García-Taengua et al., 2016; Gaurav & Singh, 2020; Gesoglu et 

al., 2015; Ghazaly et al., 2018; Golafshani et al., 2014; Güneyisi et al., 2013; Hameed et al., 

 
2 Articles from 2022 onwards were not included in this survey to not alter the published results but were used 

in the discussions of the most recent chapters on experimentation. 
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2013; Hawreen & Bogas, 2018; Hu et al., 2020; Huang et al., 2016; Y. Huang et al., 2021; 

Huang et al., 2020; Irshidat, 2021; Islam et al., 2020; Ismael et al., 2016; Jansson et al., 2012; 

Jing et al., 2021; Prince & Singh, 2013; Khaksefidi et al., 2021; Kim et al., 2013; Kim et al., 

2015; Kim & Yun, 2014; Leone et al., 2016; Li et al., 2020; Li et al., 2019; Liu et al., 2020, 

2021; Looney et al., 2012; Miranda et al., 2021; Moallemi Pour & Alam, 2016; Mousavi et al., 

2017, 2019; Pauletta et al., 2020; Pop et al., 2013; Prince & Singh, 2014, 2015; Qi et al., 2020; 

Rabi et al., 2020; Romanazzi et al., 2021; Rossi et al., 2020; Salam et al., 2020; Seara-Paz et 

al., 2014; Shang et al., 2021; Shen et al., 2016; Smarzewski, 2020; Song et al., 2015; Song et 

al., 2020; Sturm & Visintin, 2019; Su et al., 2021; Torre-Casanova et al., 2013; Wang, 2016; 

Wang et al., 2021; Wardeh et al., 2017; Yazici & Arel, 2013; Yoo & Shin, 2018; Zhao et al., 

2021. 

2.3 Results and Discussions 

2.3.1 Concrete type 

As the selected articles presented several concrete types, it was convenient to divide them 

according to their main changes. Thus, it was considered as modification: (i) the replacement 

of any of its components (e.g., aggregates); (ii) the reinforcement addition (e.g., fibers, CNTs); 

or (iii) using cement modified by additions (e.g., blast furnace slag, silica fume). It was also 

noted that some concrete presented more than one of these three modifications, which was 

assumed as CC those without any changes. Table 1 shows the concrete types according to this 

classification. 
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Table 1. Concrete types in the SRL. 

Type Number of articles 

Concrete with substitutions 25 

Recycled aggregates 19 

Rubber waste 3 

Lightweight aggregates 1 

Seawater 1 

Sea sand 1 

Concrete with additions 23 

Steel fibers 14 

Carbon nanotubes 3 

Hybrid fibers 2 

Silica fume 2 

Basalt fibers 1 

Calcined clay 1 

Concrete with cement modified by additions 13 

Concrete with more than one modification 9 

Addition and alteration of cement 4 

Replacement and alteration of cement 4 

Addition and substitution 1 

Concrete without modifications (conventional concrete) 15 

2.3.1.1 Concrete with substitutions 

Recycled aggregate concrete (RAC) was most frequently modified by substitution. This trend 

is due to the high generation of CDW by the construction industries, which consumes vast 

amounts of natural resources and energy. Even with recent attempts by these industries to 

enable the recycling and reuse of CDW in the production flow, its use as recycled aggregate 

(RA) is still rare in concrete production because of its worse properties compared to natural 

aggregates (NA) (Moallemi Pour & Alam, 2016), and therefore it is not reused for new 

construction but sent directly to landfill (Silva et al., 2014). Because of the urgent need to 

properly recycle CDW, several studies have been conducted on its use in concrete, particularly 

the bond between steel and concrete with RA. Bravo et al. (2021) numerically and 

experimentally analyzed the SC bonding with RA of CDW from several recycling plants in 

Portugal. The authors focused on the replacement contents and concluded that for every 10% 

of NA replaced by RA, the bond stress decreases by approximately 5%. Abdulazeeza et al. 

(2021) investigated the bonding in RAC through numerical and experimental analyses, and the 

bond strength in concrete was reduced by 13% when using a specimen constructed from RA. 
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In another approach, Assaad et al. (2020) evaluated the effect of the original concrete (OC) 

quality on RAC properties, including concrete durability and bond with steel reinforcement. 

The maximum bond stress depended on the quality of the original concrete, as low-strength OC 

decreased the stress, and high-strength OC increased it. They related this to weaker bonds with 

the adhered old mortar, potentially reducing the interfacial shear stresses between the steel ribs. 

Wang (2016), in turn, used self-compacting concrete (SCC) produced with RA. Among other 

parameters, the author considered two sources of RA (concrete tested in the laboratory and 

concrete from demolished old structures) and two types of RA (pre-treated and untreated). The 

outcomes showed decreased adherence when the pre-treated RA was replaced by poor-quality 

RAC obtained from demolished structures. 

Concrete with partial aggregate replacement by waste tire rubber (RuC) was the second most 

frequent and, like RAC, is a promising material because of its lightweight, elasticity, and energy 

absorption. It is also an effective solution to increase environmental sustainability and material 

reuse (Strukar et al., 2019). However, research has shown that waste tires worsen concrete 

mechanical properties specifically for concrete production. Additionally, while discussions on 

waste tire rubber should ideally be grounded in life cycle analyses (LCA), this aspect was not 

considered in the context of SC bond to maintain the focus of the present research. Besides the 

need for more experimental study on the behavior of RuC in structural elements, there is a need 

for the adherence of this material with steel bars to be well understood (Gesoglu et al., 2015). 

Romanazzi et al. (2021) studied SC adherence in RuC to evaluate the impact of the content of 

volumetric substitution of aggregates by rubber waste. The authors noticed a drop in bond 

strength of up to 20% when replacement levels of NA greater than 12% are employed, which 

is justified by a decline of up to 37% in compressive strength compared to CC. In another 

experimental study on SC bonding in RuC, Li et al. (2020) reported that RuC presented slightly 

lower bond strength than CC, considering sand replacement content equal to 18%. Gesoglu et 

al. (2015), in turn, performed bond tests in concrete with partial replacement of aggregates by 

rubber waste or tire chips at levels up to 30% of the total volume of aggregate. As in previous 

studies, the authors found that the bond strength of concrete produced with rubber waste was 

lower than that of CC. They justify that the rubber particles, which are much more elastic than 

NA, cause a loss of bond strength as the friction between steel and concrete decreases with 

rubber aggregates’ use (Gesoglu et al., 2015). 

Also, due to the need to consider the environmental effect of engineering materials, substituting 

NA for artificial ones has become an object of study in recent research. Kim et al. (2013) studied 
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SC adherence in artificial lightweight aggregate concrete manufactured from bottom ash and 

compared the results with CC. The authors evaluated the influence of bar diameter and 

embedded length. They concluded that in both concretes, pull-out tended to reduce when one 

of these parameters decreased. Still, the bond strength decreased as the embedded length 

increased but enhanced with increasing concrete strength. 

Other types of modification by substituting components in the concrete mix were verified less 

frequently. Dong et al. (2016) investigated the bond of steel bars and steel-fiber reinforced 

polymer (FRP) composite bars (SFCBs) in concrete produced with sea sand instead of river 

sand. The bond strength between SFCBs and sea sand concrete in a wet-dry cycling 

environment at all ages (30–90 days) was improved. For steel bars under the same conditions, 

however, the maximum bond strength showed a decreasing trend, with a 2.6% reduction after 

90 days. They concluded that chloride ions contained in sea sand improved the bonding of 

SFCBs within the test duration. Meanwhile, Adnan et al. (2020) used seawater and river stones 

to produce high-performance concrete (HPC) to mitigate the significant problems of clean water 

scarcity on remote islands. The bond strength of steel bars embedded in seawater concrete was 

lower by 4.34% compared to the traditional concrete at a water-cement (w/c) ratio of 0.55. 

2.3.1.2 Concrete with additions 

While the environmental concern of concrete replacements is related to the recycling and reuse 

of materials and resources, additions are linked to the goal of building more resistant and 

durable structural elements because there is a tendency for more durable structures to become 

CDW in the short term. With this perspective, several studies have been directed to the additions 

in cement-based materials. In this SRL, the survey of additions to concrete corresponded to 

27% of the total, among which the frequent use of fibers stands out. 

The fibers added to the cement matrix are less efficient in resisting tensile stresses than 

conventional steel bars. However, they generally work well in controlling cracks in concrete by 

bridge effect in transferring tension. This is a positive factor for their use, especially when 

considering the durability and safety of the structure because to ensure a good bond, the 

concrete quality in the anchorage zone is essential (de Melo et al., 2021). Fibers improve 

concrete bond capacity by confining the bars, and their role is similar to that of stirrups, as well 

as by widening the crack widths’ range within which this confinement remains active. In terms 

of bond capacity, this improvement can be regarded as a consequence of improving matrix 

properties due to the fibers (García-Taengua et al., 2014). By flexural testing, Rossi et al. (2020) 

investigated SC bonding in SFRC. For a fiber content of 1.5% by weight of cement, the bond 
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strength was more significant than that found in other concretes, corroborating the premise that 

steel fibers improve the bond between the concrete and the reinforcement. They further suggest 

that the proposed flexural test is less complex than the POT, typically used in bond strength 

studies. Chu and Kwan (2019) performed POTs with SFRC specimens and observed that the 

initial bond stress increases little with increasing fiber aspect ratio. The fiber addition, on the 

other hand, improved the ductility and energy dissipation of the SC bonding. García-Taenga et 

al. (2016) conducted an extensive experimental program with SFRC and steel bars, considering 

various parameters in POT, like the fiber content and aspect ratio. The effect of fiber content 

on bonding was minimal, but shorter fibers were more effective than longer ones in improving 

bonding for the same content. They also concluded that larger diameters and compressive 

strengths led to more significant bonds. In another research, Yazici and Arel (2013) studied the 

steel fiber content and the concrete cover on the SC adherence in SFRC. Compared to concrete 

without these fibers, they found that pull-out loads increase up to 16% when the fiber dosage 

increases and 18% on average when the cover of fiber concretes also increases. Yoo and Shin 

(2018), in turn, studied the bond performance between steel bars in high-strength concrete 

(HSC), very high-strength concrete (VHSC), and ultra-high strength concrete (UHSC), all 

reinforced with steel fibers and with compressive strengths ranging from 80–180 MPa. They 

noted that the average bond strength increased from 80 to 180 MPa, but this increase was slight 

compared to the strength gain. Besides, it decreased somewhat for HSC and VHSC with 0.5% 

fibers, but with 1% dosage, the bond strength increased by 5%–14%, slightly less than the gains 

for UHSC. 

In addition to steel fibers, other additions have been employed to study SC bonding. 

Smarzewski (2020), for example, used HPC and basalt fiber-reinforced HPC (BFRHPC), 

considering five different fiber contents. Fiber contents between 1%–2% resulted in differences 

between 7%–74% in the achieved bond stress. In addition, he recorded a bond improvement 

from 3% to 40% when the double concrete cover was employed, considering the same fiber 

content and bar diameter. Thus, the bond strength depends on the orientation of the fiber in the 

area of the BFRHPC cover (Smarzewski, 2020). Song et al. (2020) studied the SC adherence in 

concrete with different contents of CNT through a beam flexural test, and they found increases 

of 37.2% and 49.7% in the maximum bond strength when using CNT contents equal to 0.1% 

and 0.15% by weight of cement, respectively. This improvement could be due to the ability of 

CNTs to act as bridges across cracks and voids in transferring tension (Rashad, 2017). 
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2.3.1.3 Concrete with cement modified by additions 

There are also works whose modifications in concrete were made directly in the Portland 

cement that originated it, with additions of fly ash, blast furnace slag, silica fume, and/or 

limestone filler. Qi et al. (2020) studied the SC bonding in concrete containing up to 50% 

ferronickel slag and blast furnace slag powder replacing cement. Unexpectedly, the bond 

quality of steel reinforcement in concrete with these additions was lower than in ordinary 

Portland cement concrete (OPC), even with equivalent concrete strength. The greater the slag 

content, the lower the bond, and the authors believe that this negative effect is due to exudation. 

On the other hand, Bilek et al. (2017) studied the bonding between reinforcing steel and OPC, 

alkali-activated concrete (AAC) containing slag, and concrete using hybrid cement containing 

slag and Portland cement. No significant difference in the bond strength of AAC and OPC was 

found, while the bond strength of hybrid concrete was deficient because the compressive and 

tensile strengths did so. Therefore, the authors could not confirm any improvement between 

steel bars, AAC, and hybrid concrete. Pop et al. (2013) studied SC adherence in SCC by adding 

limestone filler. The bond strength was greater in SCC than in generally vibrated concrete, 

especially for those with compressive strength up to 50 MPa. They understood that the cement-

to-lime filler ratio significantly influences compressive and tensile strength, influencing bond 

strength for all load levels. 

From the above bibliography, several types of research have been carried out to develop more 

resistant, durable, and mainly sustainable RC structures, which depend on a good bonding 

between the rebars and the concrete. In some cases, such as RAC and RuC, the steel bar 

adherence needed to be improved compared to OPC. In others, such as SFRC and concrete with 

CNT, such bonding was slightly improved. Although many papers have shown promising 

modifications in the concrete’s cementitious matrix, the results are divergent in many cases, 

which leads to the need to survey the main parameters studied in each manuscript, as the bond 

test and standard followed, specimen geometry, bar type, bar diameter, and embedded length. 

2.3.2 Bonding tests 

The study of SC bonding is usually performed through POT, beam tests, and confined bar tests 

under tension. In this SRL, each of them will be detailed below. 

2.3.2.1 Laboratory test type 

The POT was performed in 89% of the bibliography, and in 80%, it was the only test performed, 

and in 9%, it was complemented by other tests, like the confined bars test, the beam test, the 
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beam-end test, and/or the beam-splice test. In the remaining 11%, other tests were used, such 

as the push-out test or any of the ones above. 

The POT involves extracting a steel bar placed in a concrete specimen, usually cubic or 

cylindrical. The bar is generally positioned in the center of the specimen and has an adherent 

and a non-adherent section. The load is applied at one end, and the displacements are measured 

at the other. In this test, the load on the steel bar placed into tension results in compressive 

forces in the surrounding concrete as it reacts against the rigid support surface holding the 

specimen (Alkaysi & El-Tawil, 2017). The POT has been widely employed on account of 

simplicity and ease of instrumentation in the laboratory because it provides comparably 

accurate results (de Almeida Filho et al., 2008; Prince & Singh, 2014). Moreover, it clearly 

shows the test variable’s influence on bond behavior and gives a straightforward approach to 

comparing normalized bond behavior (Liu et al., 2021). In contrast, some authors consider this 

test less realistic because the stress fields in the specimens need to simulate the bond conditions 

in the actual construction accurately and may overestimate the bond capacity (ACI, 2003). For 

example, Alkaysi and El-Tawil (2017) state that in most RC structures under flexural loading, 

the steel bar reinforcement and the concrete are under tension during loading, unlike in the POT. 

However, some drawbacks of pull-out testing can be overcome by suitable modifications to the 

specimens that mitigate the compressive struts’ effect, which places the bar surface in the pull-

out specimens in compression (Prince & Singh, 2014). 

The beam-end test was used in only 6% of the bibliography but was still the second most 

frequent. It is an alternative to the POT, which differs mainly by positioning the bar near one 

of the ends of a prismatic specimen with a rectangular section, similar to what occurs in a beam 

of a real structure. The ACI 408R-03 (ACI, 2003) states that beam-end specimens best 

reproduce the stress state in concrete when testing the bonding ability of flexural members, but, 

like in the POT, it is hard to grip the rebars. The beam-splice test, employed in almost 5% of 

the portfolio, also comes very close to the actual application (ACI, 2003). Nevertheless, its 

execution involves locating the splices, which is challenging, or the splices may need to be 

appropriately positioned (Lundgren et al., 2019). The beam test is also relevant and represents 

reality well, but it can be challenging, as anchor failure is often combined with other failure 

modes, like the shear crushing of concrete or yielding of bars (Lundgren et al., 2019). Employed 

in almost 4% of the bibliography, it can better quantify accurate SC adherence (Song et al., 

2020), although it is very laborious (Carvalho et al., 2017, 2018; Lundgren et al., 2019). 
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In addition, when the goal is measuring the SC bonding in the compression zone, the push-out 

test may be an alternative, as the standard pull-out does not serve this purpose (Moallemi Pour 

& Alam, 2016). In this test, a steel bar is embedded in a prismatic specimen along a defined 

length and stressed at one end by a compressive force, and the remaining end is not stressed (de 

Melo et al., 2021). The push-out test is relatively simple and mainly applicable for smooth rebar, 

as they are prone to slipping during pull-out (Feldman & Bartlett, 2005; Islam et al., 2020). In 

the selected bibliography, it was employed in almost 5% of the articles. Finally, there is the 

confined bar test, specified in the Brazilian standard NBR 7477 (ABNT, 1982). Aiming to 

estimate the surface conformation coefficient of the rebar, it is pulled in tension, gradually 

transferring normal tensile stress to the surrounding concrete cover, and the specimen must 

present at least six cracks at the end of the test. A detailed description of all the stages of the 

confined bar test is described in the work developed by Ismael et al. (2016). This test was 

employed in only 2% of the selected papers because it represents an indirect measure of SC 

adherence, and some authors found that the POT produced better results, especially for thin 

bars (Carvalho et al., 2018).  

From this survey, the POT and various beam tests are the most commonly used tests to study 

SC bonding, regardless of the concrete type. The methods produce different results, which 

hinders an objective evaluation of the SC bond strength (Carvalho et al., 2017). Considering 

that beam tests are much more laborious, the most convenient is to use the POT in further 

research because it is already entirely accepted, leads to precise results, and adequately 

distinguishes the variables’ influence on the results. Moreover, considering that the confined 

bar test was rarely used, it is suggested to be employed in future studies. 

2.3.2.2 Specimen geometry 

Since bond strength depends on the stress in the rebar and the surrounding concrete, many 

variables can influence a bond test. The specimen geometry is an example, as it influences the 

cover-to-bar diameter ratio (C/d) and, consequently, the stress distribution in the component. 

Considering that the rebar forces the concrete to dilate radially, a crack in the cover can be 

delayed or even avoided if the cover is very thick (Tastani and Pantazopoulou, 2002, 2013). 

Therefore, the present work investigated all the geometries used in the selected bibliography. 

Table 2 presents the geometry of the POT specimens (cubic, cylindrical, and prismatic), their 

main dimensions, the diameters’ range (minimum and maximum), and the number of references 

in which they were employed. Their data show that there are several dimensions in each type 

of geometry. Specifically for the POT, the most commonly used geometry was cubic (58%), 
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followed by prismatic (24%) and cylindrical (18%). Among the cubic specimens, the 

150×150×150 (mm) dimensions were employed in 29% of the entire portfolio, and for these 

dimensions, the smallest and largest bar diameter studied was 10 mm and 25 mm, respectively; 

the 200×200×200 (mm) dimensions were used in 17% of the bibliography, with diameters 

ranging between 6.3 and 25 mm; and the 100×100×100 (mm) dimensions were used in almost 

7% of the papers, with diameters ranging between 10 and 16 mm. The most frequent standard 

for these cases was RILEM/CEB/FIP RC6 (CEB, 1983). Considering the cylindrical ones, 

specimens with dimensions 100×200 (mm) were used in slightly more than 5% of the 

bibliography, covering diameters between 8 and 25 mm, and the same frequency was observed 

for the dimensions 150×300 (mm), but with diameters ranging between 8 and 18 mm. 

In this context, Miranda et al. (2021) indicated that the bond strength obtained from POT with 

steel bars from 6.3 to 25 mm is almost independent of the bar diameter in cylindrical specimens 

and, in the case of cubic specimens, there was a large dispersion and no clear relationship was 

observed between bond strength and bar diameter. Thus, it is inferred that the geometry of the 

POT (cylindrical or cubic) can directly impact the bond strength, even if equivalent concrete 

coverings are used. For instance, this covering is more significant at the ends than the middle 

of the cubic specimen edges. In other words, it can influence the bar’s confinement and lead to 

a less uniform distribution of stresses around it than in cylindrical specimens. Still, it is also 

deduced that smaller specimens facilitate test performance because they are lighter and easier 

to manipulate (Carvalho et al., 2018). 

Table 2. Geometry and dimensions of pull-out test specimens in the SRL. (to be continued) 

Geometry Dimensions (mm) Number of References 

Cubic W×H×L φmin – φmax  

 

150×150×150 10 – 25 22 

200×200×200 6.3 – 25 13 

100×100×100 10 –16 5 

120×120×120 10 –16 4 

160×160×160 12 – 16 3 

140×140×140 10 – 14 2 

250×250×250 12 – 25 2 

180×180×180 12 – 16 1 
70.7×70.7×70.7 6.5 1 
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Table 2. Geometry and dimensions of pull-out test specimens in the SRL. (table completed) 

Geometry Dimensions (mm) Number of References 

Cylindrical W×H×L φmin – φmax 
 

 

100×200 8 – 25 4 

150×300 8 – 18 4 

150×150 6.5 – 10 2 

300×90 13 – 19 2 

110×120 10 – 12 1 

110×150 10 – 12 1 

150×120 12 1 

153×305 13 – 19 1 

75×120 8 1 

Prismatic W×H×L φmin – φmax References 

 

94×94×150 14 – 18 1 

100×100×150 10 – 18 1 

100×100×160 16 1 

100×100×160 16 1 

112×110×112 16 1 

148×144,8×165 12.7 1 

148×50.8×165 12.7 1 

148×88.9×165 12.7 1 

150×150×100 13 – 19 1 

150×150×240 16 1 

150×150×300 16 1 

182×182×170 14 – 28 1 

200×200×1400 16 1 

200×200×150 14 1 

200×200×300 12 – 16 1 

200×200×400 12 – 16 1 

260×260×200 14 – 28 1 

300×891×150 16 1 

325×325×100 25 1 

325×325×125 25 1 

325×325×150 25 1 

325×325×200 25 1 

325×325×75 25 1 

364×364×240 14 – 28 1 
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Table 3 presents the geometry of the beam specimens (beam-end, beam-splice, and beam test) 

and confined bars, their main dimensions, the diameters’ range (minimum and maximum), and 

the number of references in which they were used. 

Table 3. Specimen dimensions of each test type in the SRL. 

Test Dimensions (mm) Number of References 

Beam-end (prismatic) W×H×L φmin – φmax  

 

150×200×350a 8 – 12 1 (a T-section) 

150×250×600a 8 – 12 1 (a T-section) 

200×300×600 12 1 

200×300×1400 12 – 16 1 

220×270×600 10 – 20 1 

600×500×230 16 – 29.9 1 

Beam-splice (prismatic) W×H×L φmin – φmax Reference 

 

240×300×1700 12 – 20 1 

300×460×3000 13 – 19 2 

305×457×4270 13 – 19 1 

Beam-test (prismatic) W×H×L φmin – φmax Reference 

 

180×180×750 5 – 10 2 

240×hb×1260 18 – 25 1 (b h was not informed)  
 

 

Push-out (cubic) L×L×L φmin – φmax Reference 

 

150×150×150 12 – 25 1 

200×200×200 10 – 16 1  
 

 

Push-out (cylindrical) D×H φmin – φmax Reference 

 

100×200 10 – 20 2 

150×300 11 – 19 2  
 

 

 
 

 

Confined bars (prismatic) W×H×L φmin – φmax Reference 

 

75×75×1200 5 – 10 1 

d×d×15dc 10 – 20 1 (c d was not informed) 

There was a significant variation in the specimen dimensions used in all beam and confined bar 

tests. As mentioned, all these tests were studied in only 20% of the bibliography, making it hard 
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to compare their results. Furthermore, no work was found in the literature verifying the 

influence of the dimensions of the beam specimens employed in the tests presented in Table 3. 

It is worth noting that in more than 35% of the selected papers, no standard was followed to set 

up the bond tests, while in the remaining works, several normative procedures were employed 

(ACI, 2003; ASTM, 1991; GB/T, 2012). Regarding the POT, some researchers (Arezoumandi 

et al., 2013, 2015; García-Taengua et al., 2016; Looney et al., 2012; Song et al., 2015) modified 

the specimens compared to RILEM/CEB/FIP RC6 (CEB, 1983) recommendations, either in 

shape and size, embedded length, or positioning of the bar in the specimen. Modifications to 

the test specimens can influence POT outcomes (Carvalho et al., 2018). 

This large discrepancy in the frequencies at which each geometry and dimension was employed, 

evidenced by the high variability of cubic, cylindrical, and prismatic specimens, highlights the 

non-uniformity of the methods used in SC bond tests, which is in accordance with other 

previous studies (Carvalho et al., 2017). The many papers that did not follow any standard 

procedure also highlight the importance of investigating the issues surrounding the best test and 

specimen model for studying SC adherence. 

2.3.3 Rebar characteristics 

The steel bars employed to study SC bonding generally have three variables: surface type 

(roughness), diameter, and embedded length (also referred to as “bond length” in the literature). 

In this SRL, each of them will be detailed below. 

2.3.3.1 Surface 

The carbon steel bar with a ribbed surface was employed in 95% of the bibliography. Although 

not widely used as reinforcement (Li et al., 2020), smooth carbon steel rebar was studied in 8% 

since the adhesion component plays a prominent role in these cases (Islam et al., 2020). Other 

bar types were also investigated, as shown in Table 4. 

. 
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Table 4. Surface type of the bars in the SRL.  

Type Number of References 

Ribbed bar 
 

Carbon steel ribbed bar 81 

Stainless steel ribbed bar 2 

Epoxy-coated carbon steel ribbed bar 3 

High-strength steel ribbed bar 2 

Smooth bar 
 

Carbon steel smooth bar 7 

Stainless steel smooth bar 2 

Stainless steel smooth bar coated with sand 1 

Notched bar 1 

Table 4 highlights that two bar types were most used to perform bond tests: smooth (or plain) 

and ribbed (or deformed) steel bars. According to Faleschini et al. (2017), the choice of using 

smooth bars in the studies occurs because of the need to analyze the type of aggregate on the 

chemical adhesion mechanism separately, while specimens with ribbed bars aim to analyze in 

detail the mechanism of the ribs that support the bond force development (mechanical 

interlocking). It is worth mentioning that the number of ribs should be the same in all specimens 

(Alkaysi & El-Tawil, 2017; Jansson et al., 2012; Yoo & Shin, 2018). The third type, the notched 

bar, was employed only once (Carvalho et al., 2017). The study reported that the bond stress of 

ribbed bars with 10 mm and 8 mm diameters is greater than that of notched bars with 9.5 mm 

and 8 mm diameters, respectively, which suggests that thin ribbed bars may have better bond 

performance than that of the notched ones. Furthermore, the influence of the reinforcement 

material (carbon steel or stainless steel) on the bond capacity developed is more relevant for 

smooth specimens than for ribbed ones, which is explained by the chemical adhesion 

mechanism that governs the bond behavior of smooth specimens (Ertzibengoa et al., 2012). 

Only 4% of the bibliography addressed bonding epoxy-coated carbon steel bars to concrete. 

Shang et al. (2021) applied graphene-modified epoxy resin (graphene content was 0%, 0.05%, 

and 0.1%) on ribbed carbon steel bars with 14 and 25-mm diameters embedded in concrete 

specimens for POT. The bond performance between graphene/epoxy-coated steel bars and 

concrete was worse than that of ordinary specimens without coated steel bars, and the different 

graphene contents in the epoxy resin had little effect on the bond performance of the bars with 

concrete. In turn, Huang et al. (2021), studied the adhesion of epoxy-coated steel bars (ECSB) 

in concretes with recycled sea sand aggregates. The maximum bond strength recorded in the 

POT specimen with ECSB was 14.2% lower than the specimen with ordinary steel bar (OSB) 
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and understood that this occurs because the epoxy coating decreases the bond and friction 

between steel and concrete. They also concluded that the negative effect of the epoxy coating 

on the bond increased as the compressive strength of the concrete increased.  

Another type of bar was employed by Islam et al. (2020). They conducted an exploratory study 

of the bonding of smooth stainless-steel bars and sand-treated steel bars. The results showed 

that the surface treatment of stainless-steel bars has a minor impact on the bond strength than 

other factors such as concrete strength, diameter, or embedded length. 

The bibliography above reveals that the smooth steel bars need to be better investigated 

concerning their adherence to concrete. However, the ribbed ones tend to be continuously 

employed in RC structures. That is a fact considering that new concrete types have been 

increasingly developed and that in ribbed rebar, the mechanical interlock highly influences the 

SC bonding, which hinders the analysis of the chemical and micro-chemical connections’ 

effect. Thus, the CNT addition to the concrete’s cementitious matrix, for instance, could be 

better understood regarding the SC bonding (Ismael et al., 2016). 

2.3.3.2 Steel bar diameter 

The diameter influences the surface area of the reinforcement and, consequently, the frictional 

bond stress. Several diameters are employed in civil construction, usually between 4.2 and 40.0 

mm, which reflects the wide range used in the experimental studies of the selected bibliography. 

As the steel bars present minor variations in nominal diameter, Figure 5 shows a histogram with 

the frequency in which each diameter range was adopted. It should be noted that more than one 

diameter is generally considered in the same study. 

 

Figure 5. Steel bar diameters used in the SRL. 

0%

5%

10%

15%

20%

25%

[4;6) [6;8) [8;10) [10;12) [12;14) [14;16) [16;18) [18;20) [20;22) [22;24) [24;26) [26;28) [28;30) [30;32)

F
re

qu
en

cy

Diameter (mm)



28 
 

Figure 5 shows that the diameters most employed to study SC bonding are 12 and 16 mm. The 

diameters of 12 mm and 16 mm, specifically, were studied in almost 50% of the bibliography, 

while thin bars (mainly 6.3, 8, and 10 mm diameter) were rare in the studies. The small number 

of studies on SC adherence regarding thin bars raises doubts about the parameters used to 

estimate their anchorage length in RC structures. Therefore, although numerous studies have 

explored SC bonding, a specific standard for thin bars is still lacking (Carvalho et al., 2018). 

Different findings regarding the bar diameter effect on SC adherence were reported in the 

selected bibliography. The maximum bond stress between RAC and steel increased with an 

increasing diameter (Su et al., 2021), which also occurred in concrete with steel fiber addition 

(García-Taengua et al., 2016). For the latter concrete type, the opposite trend was also found 

(Rossi et al., 2020). In the case of CNT–concrete (Irshidat, 2021), CC (Alharbi et al., 2021), 

and steel-polypropylene fiber concrete (de Melo et al., 2021), it decreased with increasing 

diameter, while in other cases, there were both increases and decreases. The rebar diameter 

showed an inverse relationship with bond strength, meaning that a decrease in diameter led to 

increased bond strength.  

These lack of patterns and different trends show that assessing the influence of diameter in 

isolation does not allow an accurate conclusion to be drawn. Therefore, the diameter must be 

associated with other test parameters, like the reinforcement cover, the confinement rate, or the 

concrete type. In addition, several authors have reported that concrete strength is the most 

important determinant of adherence (García-Taengua et al., 2016; Jing et al., 2021) and should 

also be considered. 

2.3.3.3 Embedded length 

The embedded length (or bond length) should promote a relatively uniform distribution of 

adherence stresses at the SC interface and is generally estimated through a diameter multiplier 

factor (d). According to Ertzibengoa et al. (2012), it is limited so that the bar pull-out occurs in 

the test before yielding the steel. However, its value depends on the test type and the specimen 

dimensions. Smaller specimens will naturally bear shorter embedded lengths. Thus, this part of 

the systemic analysis was divided into two parts: the first related to POT, the most frequent in 

the selected bibliography, and the second associated with all other tests, especially beam tests. 

As several authors did not follow the recommendations of any standard in their articles, 

numerous embedded lengths were checked, making it easier to organize them by range. Figure 

6 presents the frequency in which each range was employed. It should be highlighted that more 

than one embedded length is usually considered in the same study. 
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Figure 6. Steel bar embedded lengths used in the POT of the SRL. 

Figure 6 shows that the embedded lengths between 5d and 6.5d are the most frequent in the 

sample, being studied in almost half of the articles. As mentioned earlier, it occurs because the 

most used standard was RILEM/CEB/FIP RC6 (CEB, 1983), which specifies that for POT, the 

effective embedment length of the rebar corresponds to 5 times the rebar diameter (5d). These 

articles’ findings, however, do not present a well-defined pattern, as was the case when 

evaluating the diameter. Several authors identified that the steel bond decreased with some 

increase in embedded length embedded in ultra-high performance concrete (UHPC) 

(Khaksefidi et al., 2021) and UHPC with steel fibers (Alkaysi & El-Tawil, 2017) in concrete 

with RA (Y. Huang et al., 2021) and concrete with artificial lightweight aggregates (D.-J. Kim 

et al., 2013), while others reported bond gains with increasing embedded length in normal 

strength concrete (Khaksefidi et al., 2021) and UHPC with glass fibers (Yoo & Shin, 2018). 

For the other tests, the most frequently employed embedded length was 10d, followed by 5d, 

as shown in Figure 7. As some authors performed beam tests (beam-end, beam-splice, and beam 

test) and confined bar tests, embedded lengths up to 25d were used, even if less frequently. 
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Figure 7. Steel bar embedded lengths used in the beam, push-out, and confined bar tests of 
the SRL. 

Within this context and considering the previous finding that the adherence of thin steel bars 

(diameters less than 10 mm) in concrete requires further investigations, Carvalho et al. (2017) 

stated that, for bars with diameters up to 10 mm, the embedded length of 5d suggested by 

RILEM/CEB/FIP RC6 (CEB, 1983) can be considered minor and that any interference at the 

SC interface can influence the bond behavior during the test. Therefore, the authors suggest that 

an embedded length equal to 10 times the bar diameter (10d) should be used for POT. In another 

study, Carvalho et al. (2018) suggest that this length should be adopted to be comparable to the 

one recommended by RILEM/CEB/FIP RC5 (CEB, 1982) for beam tests. To sum up, further 

extensive investigations on the real influence of the embedded length on the SC bonding are 

needed, as the POT is therefore recommended. 

2.3.4 Future research directions 

The discussions presented demonstrated that there have been efforts to develop more resistant 

and sustainable RC structures, and SC adherence is an essential mechanism in this aspect. As 

the SC bond depends on many factors, this study revealed that several still require further 

investigation. Therefore, considering the selected literature’s findings and discussions, 

statistical analyses are suggested to verify the effects of main factors and their interactions on 

experimental outcomes, aiming to study: 

• the SC bonding in concrete produced with partial replacement of NA by RA from CDW or 

from rubber waste plus the addition of fibers or nanomaterials to evaluate if the worsening 
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• the bond behavior of steel bars in concrete with steel fibers, CNTs, or hybrid addition of 

both materials; 

• the SC bonding in concrete produced with reduced cement content and the incorporation 

of nanomaterials, such as nano-silica and CNTs, to check if they can compensate for the 

worsening in the concrete properties caused by binder reduction; 

• the isolated influence of the confinement ratio on SC bond strength, which is suggested to 

vary only the specimen dimensions but not their shape; 

• the diameter and embedded length and their influence on the maximum bond strength and 

failure mode of specimens, especially for bars with a diameter less than or equal to 10 mm; 

• the possible influence of nanomaterials’ addition to the mixture in the chemical portion of 

the SC adherence, for which the use of smooth bars or steel ropes in prestressed concrete 

is suggested; 

• the adherence of the aforementioned concretes with FRP bars, although not the object of 

study in this research, has been increasingly investigated. 

2.4 Conclusions 

An SRL on the SC bonding covering 85 manuscripts was performed, and the main findings are 

described as follows: 

i. Concretes modified by material substitution, by addition of reinforcement, and/or by 

use of cement-containing additions were used in 82% of the bibliography, and CC was 

employed in the remaining 18% to study the SC bonding. These quantitative data reveal 

a more significant concern for researchers to develop more resistant, durable, and 

mainly sustainable RC structures, with adequate bond being an essential requirement 

and concrete modification being a possible alternative. 

ii. RAC and RuC were studied in 22% and 4% of the bibliography. However, they showed 

lower compressive strength than CC and poor adherence to steel bars. Considering that 

these concretes are effective in improving sustainability and the reuse of materials, they 

should be used in civil construction but in applications independent of their adherence 

to steel bars. 

iii. In that order, SFRC and CNT–concrete were used in 17% and 4% of the portfolio, 

showing promising results in improving the adherence with steel bars. When 

incorporated into the cement matrix, these additions work well in controlling cracks in 

concrete by bridge effect in transferring tension. They improve concrete bond capacity 
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by confining the bars, widening the crack widths’ range within which this confinement 

remains active, and enhancing matrix properties. Therefore, these two should be further 

studied, especially the concrete with CNT addition, which presents few manuscripts in 

the literature. 

iv. The POT was employed in 89% of the bibliography and presented good acceptance by 

the scientific community. Compared to the beam test, the POT is more straightforward 

to configure in the laboratory and, like the first one, also leads to precise outcomes and 

shows clearly the variables’ influence on the results. It is the best option to investigate 

SC adherence; the confined bars test can easily complement it. 

v. In POT, cubic specimens were used in 58% of the portfolio, with the most used 

dimensions being 150×150×150 mm (29%), 200×200×200 mm (17%), and 

100×100×100 mm (7%), most of them following the recommendations of 

RILEM/CEB/FIP RC6 (CEB, 1983). In the beam tests, used in 20% of the papers, there 

was significant variation in the specimens’ dimensions, making it difficult to compare 

their results or identify any pattern or trend. Since bond strength depends on stress in 

the rebar and the surrounding concrete, the influence of geometry and dimensions 

should be further investigated in the POT specimen. 

vi. Ribbed and smooth steel bars were employed in 95% and 8% of the bibliography. 

Although the ribbed ones are continuously used in RC structures, developing new 

concrete types suggests that smooth bars are a better alternative to studying the effect of 

chemical and micro-chemical connections on bond behavior. 

vii. Diameters of 12 mm and 16 mm were studied in almost 50% of the bibliography, and 

thin bars, especially with diameters of 6.3 mm, 8 mm, and 10 mm, in just over 22%. 

Considering that the diameter influences the surface area of the reinforcement and, 

consequently, the frictional bond stress, the low frequency of SC adherence regarding 

thin bars makes defining other diameter-dependent parameters, like embedded length, 

dubious. Thus, in-depth studies on bonding thin bars in concrete need further 

development. 

viii. Embedded lengths between 5d and 6.5d were studied in almost half of the POT in the 

selected bibliography, mainly because of the recommendation of the RILEM/CEB/FIP 

RC6 (CEB, 1983), which was the most frequent. The embedded length equal to 10d was 

the most common in the remaining tests. In general, however, the results needed to show 

a well-defined pattern. As a parameter dependent on the concrete’s strength, the bar 
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characteristics, and the test type, the real influence of embedded length on the SC bond 

should be studied in future research. 

These findings confirm that developing new concretes requires a complete understanding of 

their influence on SC bonding. One of the knowledge gaps in this aspect is the SC bond in 

CNT–concrete, which justifies the subsequent SRL presented in the next chapter. Besides, it 

should be highlighted that these conclusions are limited to the selected bibliography. Another 

limitation is that the bar’s yield stress and the concrete age should have been considered in the 

review, factors that need to be better understood in future research. 

 

 

 

  



34 
 

3 BONDING OF STEEL BARS IN CONCRETE WITH CARBON NANOTUBES 

3.1 Introduction 

Innovations in science and engineering continue to advance across multiple fields, with 

nanotechnology emerging as a prominent area of progress. In this context, CNTs have gained 

increasing attention for their potential to enhance the performance of Portland cement-based 

materials significantly (Yoo et al., 2018).  

CNTs are nanomaterials with a unique structure formed by graphene sheets rolled into a 

cylindrical shape (Figure 8). They can be classified as single-walled carbon nanotubes 

(SWCNTs), double-walled carbon nanotubes (DWCNTs)3, and multi-walled carbon nanotubes 

(MWCNTs), depending on the number of graphene layers (Liew et al., 2016). SWCNTs consist 

of just one graphene sheet, DWCNTs by two, while MWCNTs have several sheets rolled up 

concentrically, as illustrated in. The spacing between the layers of MWCNTs is on the order of 

0.33 nm. In terms of dimensions, the outer diameter of MWCNTs starts from 2.5 nm, while 

SWCNTs have a diameter between 0.6 and 2.4 nm (Kharissova & Kharisov, 2017). 

 

Figure 8. Graphene sheet rolled into a cylindrical shape to produce a carbon nanotube. 

The main difference between these types of CNTs is their properties: SWCNTs can be 

semiconducting or metallic, depending on their chirality and diameter, while MWCNTs are 

predominantly semiconducting (Klumpp et al., 2006). In addition, MWCNTs interact between 

their layers through Van der Waals forces, provided there are no structural defects. At the same 

time, SWCNTs can form bundles with intermolecular interactions between the tubes through 

Van der Waals forces as long as there are no structural defects. At the same time, SWCNTs can 

form bundles with Van der Waals interactions between the tubes (Kharissova & Kharisov, 

2017). While SWCNTs have better-defined walls, MWCNTs are more susceptible to structural 

 
3 DWCNTs are rarely used in research and practical applications, so their properties are not addressed in this 

manuscript. 
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defects but have greater stiffness and compressive strength due to their multilayer structure 

(Rashad, 2017). 

The synthesis of CNTs has evolved and is now most commonly carried out through chemical 

vapor deposition (CVD), which allows properties such as alignment and diameter to be 

controlled at temperatures below 800°C (He et al., 2010). Despite their advanced properties, 

CNTs generally contain impurities after synthesis, which can affect their desired characteristics 

(Prasek et al., 2011). In addition to impurities, the handling of CNTs raises concerns about 

occupational and environmental safety. Inhaling CNTs can cause adverse pulmonary effects 

like fine particles such as silica and asbestos (Lam et al., 2008). Thus, personal protective 

equipment and strict control over dispersal and handling are recommended to mitigate these 

risks (Manke et al., 2014). 

The elastic modulus of CNTs can reach up to 1.8 TPa, significantly higher than steel, which is 

around 200 GPa, making it about nine times greater in some cases (Siddique & Mehta, 2014). 

CNTs also possess exceptional tensile strength, reaching up to 150 GPa, compared to steel’s 1–

2 GPa (Peng et al., 2008). Additionally, their high aspect ratio, which can exceed 1000:1 and 

reach up to 2,500,000:1, allows for much finer distribution in composites than traditional 

reinforcement fibers (Makar et al., 2005), making CNTs ideal candidates for reinforcing 

materials and controlling micro-crack propagation (Ahmed et al., 2019). 

In the context of civil construction, much research has been developed in Brazil and worldwide 

since the discovery of CNTs in 1991 to investigate the best methods and contents for its use in 

cementitious materials, as well as the benefits in the performance of mechanical properties and 

durability of mortars and concrete with the addition of this material. However, this area has 

gained more prominence with some works developed in the last decade (Batiston et al., 2021; 

Konsta-Gdoutos et al., 2010; Konsta-Gdoutos et al., 2019; Rosa et al., 2023). Although CNT 

themselves have excellent properties when incorporated into cementitious composites, they do 

not always guarantee good performance due to two main limitations: (i) their difficulty of 

dispersion, mainly due to their hydrophobic nature and strong Van der Waals forces between 

them (Konsta-Gdoutos et al., 2017a) and (ii) a weak interfacial interaction between them and 

the matrix (Sun et al., 2016). Consequently, the results concerning the mechanical properties 

and durability of cementitious composites with CNT incorporation are commonly divergent in 

the literature (Hawreen et al., 2018; Konsta-Gdoutos et al., 2017b; Mohsen et al., 2016). 

To obtain a better dispersion in cementitious matrices, Ladeira et al. (2009) patented a process 

for synthesizing CNTs directly on Portland cement clinker using the CVD method, enabling 
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the industrial-scale production of nanostructured cement. This material showed significant 

enhancement in the mechanical behavior of cement mortars (Ludvig et al., 2010). Subsequently, 

Rocha and Ludvig (2020) tested cement pastes incorporating CNTs at levels of 0.10% and 

0.05% by weight of cement, following a CNT dispersion process on the surface of cement 

grains. They found improvements in compressive and flexural strength, fracture energy, and 

toughness, indicating CNT’s role in controlling crack propagation. The authors also noted that 

CNTs reduce pore volume, increase density, and act as nucleation sites for cement hydration 

products.  

The discussions above demonstrate that adding CNTs could lead to more resistant and durable 

cementitious materials. Still, gaps regarding their use in Portland cement composites still need 

to be filled, such as the bonding between steel bars and CNT–concrete. Since SC bonding is 

influenced by the concrete’s strength, among other characteristics, CNT addition has an 

inherent effect on the adherence behavior due to the enhancement of mechanical properties. As 

discussed in the previous chapter, SC bond can be studied through different tests, among which 

the POT stands out (Carvalho et al., 2017). 

In this sense, Arel et al. (2012) experimentally investigated the effect of cover thickness and 

curing time on SC bond strength using the POT (CEB, 1983) in concretes with eight 

compressive strength levels. The authors noted the improvement in bond strength with 

increasing compressive strength, cover thickness, and curing time. The following year, Pop et 

al. (2013) compared the adherence to self-compacting concrete (SCC) with concrete compacted 

with a vibrator. Through the POT, they observed higher bond strength and less slippage at the 

same load level in SCC specimens. They found similar behavior in both concrete, considering 

the influence of the bar diameter. Some years later, García-Taengua et al. (2016) also performed 

POT to study the bond behavior of SFRC. The authors used normal-strength concrete (between 

20 and 50 MPa), steel bars with diameters between 8 and 20 mm, cover between 30 mm and 

five times the diameter of the rebar, fiber content up to 70 kg/m3, and fibers with different 

lengths. The results revealed a minimal effect of fiber content on adherence. The larger the bar 

diameter and the compressive strength of concrete, the higher the bonding, which is consistent 

with the literature.  

As discussed before, the bond behavior of rebars in concrete is influenced by mechanical 

interlock, frictional resistance, and chemical adhesion. Incorporating CNTs into concrete 

primarily affects the latter two interactions. So, given the established relationship between 
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concrete strength and SC bond strength, including CNTs is also expected to impact bond 

strength positively. 

In this scenario, few papers in the literature address the influence of CNT addition on the 

adherence of steel bars with cementitious materials. Therefore, this chapter elucidates the state-

of-the-art aspects of this subject, considering the cement-based material, CNT characteristics, 

dispersion techniques and CNT dosage, bond tests, specimen geometry, and rebar 

characteristics. The aim is to conduct a more quantitative rather than a qualitative assessment 

to identify the gaps mentioned above and address the following questions specific to SC bond 

in CNT–concrete: (i) Which cementitious composite is most studied in terms of SC bond? (ii) 

Which CNT type is more feasible to incorporate into concrete, MWCNT or SWCNT? (iii) Are 

powdered CNT employed more often than CNT in aqueous suspension? (iv) What is the ideal 

CNT dispersion technique? (v) What is the ideal dosage? (vi) What is the most appropriate test 

to study SC bond? (vii) What is the most appropriate standard to follow for testing? (viii) How 

often are ribbed and smooth steel bars used to study SC adherence? (ix) What range of steel bar 

diameters should be further investigated? And (x) What is the range of embedded length that 

should be further investigated? Therefore, this chapter reviews the results that have already 

been consolidated and the scientific gaps that need to be filled in future research. 

3.2 Materials and Methods 

The ProKnow-C method (Figure 4) was used again to carry out a more specific SRL than the 

one in Chapter 2, including only CNT–concrete and any type of bar other than steel. So, for the 

topic “bonding of steel bars in concrete with carbon nanotubes”, the search parameters were: 

keywords – “bond”, “concrete”, and “carbon nanotube”; databases – Science Direct, Scopus, 

and Scielo; where to search – title, abstract, and keywords; publication years – 2012–2021. This 

search yielded 713 articles, seven fully aligned with the research topic in the last step4. These 

articles correspond to the following references: Hawreen and Bogas (2018), (Hassan et al., 

2019), (Lee et al., 2020), Qasem et al. (2020), Irshidat (2020, 2021), and Song et al. (2020). 

The primary data collected were the concrete type, dispersion technique, CNT content, test and 

standard used, bar type, bar diameter, and bar embedded length. 

 
4 Two other articles were found between 2022 and 2024. Still, they were disregarded because they did not 

involve steel bars, and their content would not alter the conclusions of this already published SRL.  
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3.3 Results and Discussions 

3.3.1 Bibliography summary 

Hawreen and Bogas (2018) performed POT of 12 mm diameter steel bars in CNT–concrete, 

employing different dispersion techniques and CNT contents between 0.05% and 0.10% by 

weight of cement. The results obtained by the authors were promising, indicating that the CNT 

addition to concrete can improve the compressive strength and the SC bond up to 21% and 

14%, respectively, compared with the reference concrete without CNT addition. 

Hassan et al. (2019) studied the adherence of steel bars in CNT–concrete through POT 

considering 12 mm and 16 mm bar diameters and 75 mm embedded length for all specimens, 

while the CNT contents were 0.01%, 0.02%, and 0.03% by weight of cement. The results 

revealed that the SC bonding performed better in the CNT–concrete than in the reference one. 

The addition improved the adherence of specimens with 12 mm and 16 mm steel bars up to 

36% and 21%, respectively. 

Lee et al. (2020) investigated the bonding behavior between steel bars and mortar with CNT 

addition through POT. The authors tested CNT contents equal to 0.125%, 0.5%, and 1.0% by 

weight of cement, 10 mm diameter, and 50 mm embedded length. The results showed that the 

0.5% CNT content increased the compressive strength by almost 16% and improved the mortar-

steel bonding by approximately 13%. 

Qasem et al. (2020) studied the influence of CNT addition to ultra-high performance concrete 

(UHPC) through POT of steel bars and carbon fiber-reinforced polymer (CFRP) bars. They 

considered bar diameters equal to 12 and 16 mm and CNT contents between 0.01% and 0.10% 

by weight of cement. The results showed that compared to the reference concrete (without 

added CNT), the maximum bond strength in the samples with 12 mm and 16 mm diameter steel 

bars is about 35% and 48% higher than for similar specimens with CRFP bars. 

Irshidat (2020) performed POT on CNT–concrete considering 14 mm diameter steel bars with 

different embedded lengths, 100, 150, and 200 mm. The CNT contents tested were 0.05%, 

0.10%, and 0.20% by weight of cement. According to the author, three main failure modes were 

observed in the tests: concrete splitting, bar pull-out, and bar breakage. The bar diameter 

affected the failure mode, but the CNT content or the embedded length did not. In addition, the 

experimental results revealed that CNT improved the bond strength. Specifically, the 0.10% 

and 0.20% contents increased the bond strength between steel and concrete to 9% and 15%, 

respectively. 
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Song et al. (2020) studied the effect of different CNT contents, concrete cover (c), and bar 

diameter (d) in the SC bond, performing beam tests. As seen in the previous SRL, the results 

indicated increases of 37.2% and 49.7% in the maximum bond strength when using CNT 

contents equal to 0.10% and 0.15% by weight of cement, respectively. In addition, the 

maximum bond strength increased linearly with the c/d ratio and varied with the CNT dosage 

for a fixed c/d value. 

Irshidat (2021) investigated the effect of incorporating CNTs into concrete on its mechanical 

properties, as well as on the SC bond behavior, considering CNT contents equal to 0.05%, 

0.10%, and 0.20% by weight of cement, bar diameters equal to 12, 14, 16 and 18 mm, and 

embedded lengths equal to 100, 150, and 200 mm. Through POTs, the author found that the 

CNT incorporation affected the SC bond behavior, improving the initial bond strength and 

stiffness and changing the specimens’ failure mode from concrete splitting to bar pull-out. 

Moreover, the bond between steel and CNT–concrete improved with increasing embedded 

length and decreasing bar diameter. 

3.3.2 Systemic analysis 

3.3.2.1 Cement-based material  

Considering the seven selected articles, six (86%) performed bond tests of steel bars in some 

concrete type, with three (43%) using a CC with a compressive strength of 50 MPa (Hawreen 

& Bogas, 2018; Irshidat, 2020, 2021), two (29%) also using a CC but with a compressive 

strength of 30 MPa (Hassan et al., 2019; Song et al., 2020), and one (14%) using a UHPC with 

a compressive strength higher than 150 MPa (Qasem et al., 2020). All these strengths were 

measured at 28 days. In this context, Hawreen et al. (2018) state that the CNT addition to 

cementitious matrices is generally used in mortars or cement paste because of the difficulty of 

dispersing CNTs in a mixture with coarse aggregates and mainly in large quantities. Moreover, 

this lower tendency to add CNT to a concrete matrix may be related to its high cost concerning 

the other constituents of the mixture (Gillani et al., 2017). Still, only one work (14%) 

investigated the adherence of steel bars in a mortar (Lee et al., 2020). 

As can be seen, the analysis of the cement-based materials studied in the selected articles shows 

that there is still no research on the adherence of steel bars in concrete with the CNT addition 

plus some other reinforcement, such as synthetic or steel fibers, as well as in concrete with the 

CNT addition and partial or total replacement of natural by artificial or recycled aggregates, 

such as CDW or even rubber waste. Therefore, this topic can be used in future research since 
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using CDW increases the sustainability of buildings. At the same time, incorporating CNTs into 

concrete helps ensure they provide the necessary resistance for an RC structural component. 

3.3.2.2 Characteristics, dispersion techniques, and dosage of carbon nanotubes 

Table 5 summarizes the primary information about the CNT employed in the selected 

bibliography: CNT type, aspect ratio, supply type, dispersion technique, and contents used in 

the mixture with the cement-based material. It is worth recalling that these data refer only to 

the portfolio database selected for studying SC bonding in CNT–concrete. 
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Regarding the CNT characteristics, in five studies (71%), MWCNTs were used, and in two 

(29%), this information was not specified, although it is believed that they also chose 

MWCNTs. The large-scale synthesis of MWCNTs can be easily achieved by performing 

various advanced CVD methods, making them easier to process and contributing to a more 

commercial final value than SWCNTs (Rashad, 2017). Besides, SWCNTs are more likely to 

agglomerate and are dispersed using a long dispersion route involving physical and chemical 

treatments, which can damage the nanotube or make the process unsuitable for industrial 

application (Parveen et al., 2015). In summary, the predominant use of MWCNTs in the 

portfolio articles occurs because they have lower cost, making them more available, and less 

tendency to agglomerate, guaranteeing a more homogeneous mixture (Parveen et al., 2015). 

Furthermore, only one (14%) of the papers experimented with CNT supplied in powder form 

in addition to suspension (Hawreen & Bogas, 2018).  

In comparison, while four (57%) employed CNT only in aqueous suspension, and in two papers 

(29%), this information was not made explicit. In only one paper (14%), the CNT employed 

was functionalized before dispersion (Hawreen & Bogas, 2018). Manzur and Yazdani (2015a) 

report that greater hydrophilicity of functionalized CNT promotes more significant absorption 

of water available in the system, which hinders the cement hydration reactions. Consequently, 

smaller increases in the mechanical properties of cementitious composites with functionalized 

CNT were observed compared to non-functionalized CNT (Ahmed et al., 2019). Other authors 

reported the benefits of functionalization in dispersion (Manzur & Yazdani, 2015; Wang et al., 

2017), but the effectiveness of this technique is still controversial since some authors noted no 

difference (Isfahani et al., 2016). Also, only one manuscript evaluated the influence of CNT 

aspect ratio on bond strength (Hawreen & Bogas, 2018), concluding that the greatest bond 

strength gain occurred in concrete with CNT of higher aspect ratio because of the better 

effectiveness of their bridging effect. 

The most used dispersion technique was mixing the nanomaterials with water, followed by 

sonication. This method generally involves dispersing agents (surfactants), which prevent 

agglomeration and ensure the solution stability and possibly covalent functionalization. Other 

methods try to disperse the CNT on the cement particles using a non-aqueous medium (Makar 

& Beaudoin, 2003) or growing the nanotubes directly on the cement grains (Nasibulin et al., 

2009). As the production of cement-based materials inevitably depends on the mixing water, 

an aqueous medium, this dispersion technique may be the most appropriate for CNT–concrete. 

Considering the studies that employed CNT in aqueous suspension, one (14%) did not perform 
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sonication, only dispersing the CNT in water with a superplasticizer or surfactant. Regarding 

the studies with powdered CNT, only one manuscript (14%) employed surfactants in mixing 

with water (Hawreen & Bogas, 2018) precisely because the CNT used in this case was powdery. 

In this aspect, it is worth noting that the combination of sonication with some dispersant can be 

effective because, while the first promotes a temporary dispersion of CNTs due to the 

permanent existence of Van der Waals forces, the second prevents agglomeration and ensures 

the solution stability (Liew et al., 2016). 

Furthermore, the CNT content in the cement matrix influences SC bonding, mechanical 

properties, and durability and is directly related to good dispersion of the material. Thus, it is 

essential to investigate to what levels it is adequate to increase this content since it is a high-

cost material in the construction market. With this perspective, Figure 9 shows the frequency 

that contents between 0.01% and 1.00% by weight of cement were employed in the selected 

bibliography. 

 

Figure 9. Frequency of each CNT dosage in the SRL. 

As shown in Figure 9, the 0.05% and 0.10% contents were the most frequent, being employed 

in five papers (71%), followed by 0.20%, tested in four studies (57%), and 0.50%, used in three 

articles (43%). Contents of 0.01%, 0.02%, and 0.03% were employed in two manuscripts (29%) 

each, while 0.125%, 0.15%, and 1.00% were used only once (14%) each. In this context, several 

researchers have studied the effects of adding CNTs to different concrete types on mechanical 

and durability properties (Bogas et al., 2021; Carriço et al., 2018; Hawreen & Bogas, 2019; 

Konsta-Gdoutos et al., 2019; Malikov, 2020; Mohammadyan-Yasouj & Ghaderi, 2020; 

Parvaneh & Khiabani, 2019; Tarbozagh et al., 2020; Viana et al., 2020). As previously 

discussed, in high concentrations, CNTs are more difficult to disperse and may agglomerate 

due to Van der Walls forces and generate large pores in the cementitious composite, which 
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worsens their mechanical properties and, consequently, their adhesion to steel bars (Lee et al., 

2019). With this in view and further considering that CNT is not yet produced on a large scale 

(Parveen et al., 2015), scientific investigations should focus on contents lower than 0.10% by 

weight of cement. 

3.3.2.3 Bond tests and specimen geometry 

Table 6 presents the tests performed on each article of the portfolio and their main 

characteristics: specimen geometry, specimen dimensions, machine and its loading capacity, 

and load or displacement applied to the specimen. 

Table 6. Characteristics of bond tests and specimens in the SRL. 

Reference Bond 
test 

Specimen  
geometry 

Specimen 
dimensions (mm) 

Machine Displacement 
or load rate 

Hawreen and 
Bogas (2018) 

POT Cubic 
(L×W×H) 

200×200×200 Hydraulic 
Cylinder 
(112 kN) 

0.1 kN/s 

Hassan et al. 
(2019) 

POT Cubic 
(L×W×H) 

150×150×150 UTM 
(1000 kN) 

Not specified 

Lee et al. (2020) POT Cubic 
(L×W×H) 

100×100×100 UTM 
(1000 kN) 

1.27 mm/min 

Qasem et al. (2020) POT Prismatic 
(L×W×H) 

200×200×(10d) UTM 
(100 kN) 

0.8 mm/min 

Irshidat (2020) POT Cylindrical 
(D×H) 

150×300 UTM* 0.3 mm/min 

Song et al. (2020) Beam 
test 

Prismatic 
(L×W×H) 

600×W×240 
(W not specified) 

Hydraulic 
Actuator 
(500 kN) 

0.01 mm/min 

Irshidat (2021) POT Cylindrical 
(D×H) 

150×300 UTM* 0.3 mm/min 

Notes: L – length; W – width; H – height; d – bar diameter; D – specimen diameter; UTM – Universal Testing 
Machine; min – minute; * Capacity not specified. 

Regarding the bond test, six articles (86%) performed the POT, and only one (14%) opted for 

the beam test. This data is because although the beam test reliably represents the SC bond 

behavior under tension (Song et al., 2020), it is very laborious (Lundgren et al., 2019), while 

the POT is simpler and easier to execute (Zhao et al., 2021), provides accurate results (Prince 

& Singh, 2014) and shows clearly the influence of each variable on the test results (Liu et al., 

2021). Moreover, different setups and standards were used in the tests, considering the load or 

displacement applied to the specimen, the machine used, the geometry, the dimensions, and the 

specimen number, which reflect the lack of standards in the study of SC bonding. Song et al. 

(2020) were the only authors who performed the beam flexural test, following the 

RILEM/CEB/FIP RC5 (CEB, 1982) and the Chinese GB/T 50152 (GB/T, 2012) standards. To 
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the author’s knowledge, the influence of specimen dimensions on this specific test has yet to be 

investigated. In POT, Hawreen and Bogas (2018) used three cubic specimens per sample, with 

the RILEM/CEB/FIP RC6 as a reference (CEB, 1983). Hassan et al. (2019) also tested three 

cubic specimens for each sample but did not follow any reference standard. Lee et al. (2020) 

used five cubic specimens per sample, following the Japanese standard (JSCE, 1997). Qasem 

et al. (2020), in turn, tested four prismatic specimens per sample without following any 

reference standard. Irshidat (2020, 2021) used three cylindrical specimens per sample but did 

not follow any reference standard. The author used specimens with the exact dimensions usually 

employed in compressive strength tests. At this point, it is noteworthy that there are studies in 

the literature evaluating the specimen characteristics’ influence on the POT and pointing to 

different experimental results when using varied geometries (cubic, prismatic, or cylindrical) 

(Miranda, 2018; Zhang et al., 2020).  

Considering that no standard was used more than once in the articles in the portfolio and that 

in four manuscripts (57%), no standard was even followed, extensive experimental studies 

according to some standard should be developed. Among the standards, the RILEM/CEB/FIP 

RC6 (CEB, 1983) stands out, which is commonly applied in POT of various cement-based 

materials. 

3.3.2.4 Rebar characteristics 

The reinforcement most employed in RC structural elements, carbon steel ribbed bars with a 

ribbed surface, was in all the selected scientific works. Regarding the material, some authors 

have also investigated the bonding of fiber-reinforced polymer bars in concrete, as shown in 

detail in Table 7. 

. 
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Table 7. Rebar type, diameter, and embedded length in the SRL. 

Reference Type Diameter Embedded length 

Hawreen and Bogas 
(2018) 

Carbon steel ribbed bar 12 mm 8d 

Hassan et al. (2019) Carbon steel ribbed bar (i) 12 mm 
(ii) 16 mm 

i) 6.25d 
ii) 4.70d 

Lee et al. (2020) Carbon steel ribbed bar 10 mm 5d 

Qasem et al. (2020) Carbon steel ribbed bar 
Carbon fiber reinforced 
polymer bar 

12 mm 
16 mm 

5d 

Irshidat (2020) (i) Carbon steel ribbed bar 
(ii) Glass fiber reinforced 
polymer bar 
(iii) Carbon fiber 
reinforced polymer bar 

(i) 14 mm 
(ii) 10 and 12 mm 
(iii) 10 and 12 mm 

(i) 10.7d 
(ii) 8.3d, 12.5d, 
15.0d, and 16.7d 
(iii) 8.3d, 12.5d, 
15.0d, and 16.7d 

Song et al. (2020) Carbon steel ribbed bar (i) 18 mm 
(ii) 22 mm 
(iii) 25 mm 

(i) 4.4d 
(ii) 5.0d 
(iii) 6.1d 

Irshidat (2021) Carbon steel ribbed bar (i) 12 mm 
(ii) 14 mm 
(iii) 16 mm 
(iv) 18 mm 

(i) 12.5d 
(ii) 7.1d, 10.7d, and 
14.2d 
(iii) 9.4d 
(iv) 8.3d 

Table 7 indicates that ribbed carbon steel bars will continue to be widely employed in RC 

structures. However, new cement-based materials are constantly being developed, especially 

those with some additions or substitutions, which calls for better investigation of the adherence 

of smooth steel bars in concrete. This is a fact considering that in ribbed rebar, the mechanical 

interlock significantly influences its bonding to the concrete, making it much more challenging 

to analyze the effect of chemical and micro-mechanical connections. In other words, it makes 

it challenging to investigate, for example, the contribution of the addition of nanoparticles (e.g., 

CNT) to the cementitious matrix of the concrete for its adherence with the reinforcing bars 

(Ismael et al., 2016). 

The diameter is one of the most evaluated parameters in the study of SC bonding because it 

directly influences the reinforcement surface area and, consequently, the portion of the 

frictional bond stress. Table 7 shows that the 12 mm bar diameter was the most frequent, 

appearing in four papers (57%), followed by 16 mm (43%), 14 and 18 mm (29%), and 10, 22, 

and 25 mm (14%) diameters. Therefore, it is noteworthy that thin bars (diameter less than 10 

mm) were not investigated in the selected literature. According to Carvalho et al. (2017), the 

small amount of research on the connection of thin bars raises doubts about the parameters used 
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to estimate the anchorage length of these bars in RC elements proposed by the primary 

standards. In this sense, despite several studies on SC bonding, there still needs to be a specific 

standard for thin bars (Carvalho et al., 2018), regardless of the use of CNTs or other additions. 

Regarding the bar diameter influence, different findings were obtained in the portfolio (Hassan 

et al., 2019; Irshidat, 2021), which ratified that the SC bond does depend on the diameter, but 

evaluating it alone does not lead to an assertive conclusion. It is then necessary to associate it 

with other test parameters, such as the reinforcement cover, the concrete strength, the 

confinement rate, or even the concrete type studied. 

The required anchorage length, in turn, depends on the concrete’s tensile strength, the bar yield 

strength, the rebar’s surface type, the rebars’ position during concrete casting, and the bars’ 

diameter. When calculating the anchorage length, the Brazilian standard NBR 7480 (ABNT, 

2024), for instance, establishes a surface conformation coefficient with a minimum value of 1.0 

for bars with a diameter smaller than 10 mm, regardless of the rebar’s surface type. However, 

for diameters more significant than this, the standard recommends a value of 1.5 for ribbed bars. 

Some studies have identified that thin bars may not meet the requirements of Brazilian 

standards, with conformation coefficients lower than the minimum specified (Barbosa et al., 

2004; Carvalho et al., 2017). In bonding studies, the embedded length is expected to ensure a 

uniform distribution of stresses at the SC interface and is usually estimated using a diameter 

multiplier factor (d). In the selected bibliography, embedded lengths between 4.0d and 7.5d 

were adopted eight times, 7.5d and 11.0d five times, and 11.0d and 14.5d twice. In this sense, 

Ertzibengoa et al. (2012) point out that the anchorage length is limited so that the bar pull-out 

occurs before the yielding of the steel. Nevertheless, its value depends on the test type and, 

consequently, on the dimensions of the specimens. Logically, larger specimens will bear longer 

embedded lengths. Within this context, Carvalho et al. (2017) stated that the 5d embedded 

length suggested by RILEM/CEB/FIP RC6 (CEB, 1983) can be considered short for thin bars 

and, therefore, suggested the 10d embedded length for these cases so that it can be comparable 

to that adopted in the beam test recommended by RILEM/CEB/FIP RC5 (CEB, 1982). In 

summary, further extensive studies should be developed on the real influence of embedded 

length on the bond between steel bars and concrete with or without CTN addition. For this, the 

POT is suggested, using the exact specimen dimensions, concrete, and diameter, varying only 

in the embedded length. 
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3.4 Conclusions 

An SRL on the bonding of steel bars in CNT–concrete covering seven articles was conducted 

in this study. From the analyses carried out, the following conclusions can be drawn: 

i. The bonding of steel bars in CNT–concrete was studied in 86% of the selected articles, 

and in CNT–mortar, it was investigated in the remaining 14%. However, concrete was 

employed most frequently. No papers considered associating CNTs with other types of 

reinforcement, such as synthetic or steel fibers, or employing CNTs in concrete 

modified by replacement of natural with artificial or recycled aggregates, such as CDW 

or rubber waste. Therefore, considering the portfolio of this work, there is a gap for 

future research on such adherence in the mentioned composites and a need to investigate 

it further in CNT–mortar. 

ii. At least 71% of the studies employed MWCNTs to produce cement-based materials to 

investigate their adherence to rebars. SWCNTs are often dispersed using a long route 

involving physical and chemical treatments, which can damage the nanotube or make 

its industrial application unfeasible. On the other hand, large-scale synthesis of 

MWCNTs can be easily achieved by performing various advanced CVD methods, 

which makes them easier to process and consequently cheaper. Thus, the choice for 

MWCNTs has already been consolidated and will continue in future research. 

iii. Only 14% of the papers added CNT in powder form to concrete or used functionalized 

CNT before dispersion. The higher hydrophilicity of functionalized CNT may hinder 

the cement hydration reactions and lead to lower gains in the mechanical properties of 

cementitious materials with non-functionalized CNT. However, this technique is still 

controversial, as both benefits and indifference regarding its use have been reported in 

the literature. Therefore, the effects of functionalized CNT application on cementitious 

composites need to be better investigated. 

iv. In the portfolio of articles in this literature review, mixing the nanomaterials with water 

followed by sonication was the most widely used dispersion technique, regardless of the 

CNT type delivery. This method generally involves dispersing agents (surfactants), 

which prevent agglomeration and ensure the solution stability and possibly covalent 

functionalization. Other methods try to disperse the CNT on the cement particles using 

a non-aqueous medium or growing the nanotubes directly on the cement grains. As the 

production of cementitious composites inevitably depends on mixing water, an aqueous 
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medium, pre-dispersion in water followed by sonication, seems to be the best option for 

future CNT–concrete research. 

v. CNT contents of 0.05% and 0.10% by weight of cement were adopted in 71% of the 

selected manuscripts, and values above these did not lead to significant bond strength 

gains. Not yet industrial scaled and therefore with high cost, in high concentrations, 

CNTs are more difficult to disperse and may agglomerate due to van der Walls forces 

and generate large pores in the cementitious composite, which worsens its mechanical 

properties and consequently its adhesion to steel bars. With this in view, scientific 

investigations should focus on contents lower than 0.10%, which agrees with the 

literature. 

vi. The POT was used in 86% of the papers, and in the remaining 14%, the authors adopted 

the beam test. The comparison of the two tests indicates that the difficulty of 

instrumentation is a disadvantage of the beam test. Like the beam test, the POT also 

leads to accurate results, clearly shows each variable’s influence on the outcomes, and, 

most importantly, is simple and well-accepted by the scientific community. Therefore, 

the POT is the best option for investigating SC bond behavior. 

vii. Considering the wide dispersion of the setups used in POT, especially regarding the 

specimen geometry and dimensions and the applied displacement or load rate, and that 

in 57% of the selected articles, no standard was used, extensive experimental research 

according to at least one standard is required. The RILEM/CEB/FIP RC6 (CEB, 1983) 

standard is one of the most widely used in the study of bond behavior of steel bars in 

various types of cement-based materials and is therefore recommended in the present 

manuscript. 

viii. Ribbed steel bars were employed in 95% of the articles. It is understood that they will 

continue to be used in studies, but the development of new concrete types requires that 

the adherence of plain bars be better investigated. Besides, no studies in the portfolio 

have employed smooth steel bars in the CNT–concrete specimens. This choice may be 

a better alternative to investigate the chemical effect of adding these nanomaterials for 

improving SC adhesion since it disregards the influence of the mechanical interlock on 

the SC bond. 

ix. The selected bibliography did not investigate bars smaller than 10 mm in diameter. 

Considering that it influences the rebar surface area and, therefore, the portion of the 

frictional bond stress, it should be emphasized that in-depth investigations on the 
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adherence of thin bars in concrete need to be developed, regardless of using CNTs or 

even other additions. 

x. Various embedded lengths were tried in the papers, but no clear pattern was identified 

in the results. As a parameter dependent on the concrete’s strength, the bar 

characteristics, such as the diameter, on the test type and, consequently, on the 

dimensions of the specimens, further extensive studies on the real influence of 

embedded length on the SC bond, regardless of adding CNTs, should be developed. 

These conclusions reveal that applying CNTs requires a complete understanding of their 

contribution to improving SC bonding. It is emphasized that these manuscript findings are 

limited to analyzing the presented portfolio of articles. Another limitation is that the influence 

of the type and degree of confinement, yield stress of the bar, and the concrete age should have 

been considered, which also needs to be better understood in future research. 
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4 MECHANICAL AND DURABILITY PROPERTIES OF CONCRETE WITH 
CARBON NANOTUBES 

4.1 Introduction 

Due to the high concrete consumption and several ways of use, millions of RC structures 

face daily adverse weather conditions, pollution, and other chemical attacks that penetrate 

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 (Borges, 2019). 

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 reactions (Fávero, 2016). Besides, one of the characteristics of concrete is its 

brittle fracture and low tensile strength (Tyson, 2010). 

According to Khitab et al. (2017), CC may no longer bear the different loads and service 

demands it is subjected to. Khalid et al. (2016) complement that concrete production with 

exceptional mechanical properties, and less cement is highly desired to achieve 

economical and more environmentally appropriate structures for reducing CO2 emissions 

in the atmosphere. 

With this perspective, Khitab et al. (2015) state that using nanotechnology to modify 

properties at the nanoscale is not new in construction materials. Several studies have 

proven that cementitious composite properties can be extensively modified by working 

the nano and micro-scale of these materials’ matrices (Ferro et al., 2015; Lopez et al., 

2013; Raki et al., 2010). 

In this context, CNT has attracted the community’s attention. 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 cement-based matrices; concrete 

can benefit from it, becoming more resistant, less porous, and more durable (Borges, 

2019). However, despite their outstanding properties, CNT production involves high 

energy consumption, which can significantly impact the environment (Kushnir & Sandén, 

2008). LCA studies indicate that large-scale production and optimized synthesis methods 

can significantly reduce environmental impacts, highlighting the importance of balancing 

innovation and sustainability in their application (Temizel-Sekeryan et al., 2021). 
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Recycling strategies and material reuse are crucial factors in mitigating CNT-related 

environmental concerns (Oliveira et al., 2024).  

According to Sanchez and Sobolev (2010), 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 understand the concrete structure better 

and improve its mechanical performance and durability.  

However, many issues must be solved, such as the CNT dispersion in the cement matrix 

and its large-scale manufacture and distribution to the market. These relevant aspects 

should be considered when implementing CNTs at the industrial scale. Hence, this 

chapter presents the state-of-the-art on the effect of adding CNTs 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 mechanical 

and durability properties and answers the following questions: (i) What is the CNT–

concrete type whose properties are most studied by the literature? (ii) What CNT type is 

most recommended for addition in cementitious matrices? (iii) What is the most 

employed dispersion technique for CNT in powder and aqueous suspension form? (iv) 

What is the maximum CNT content recommended for future research to be used in 

concrete? (v) How does CNT incorporation influence the mechanical properties of 

concrete? (vi) How does CNT addition influence concrete’s durability properties? For 

this, an SRL was performed to discuss future directions and consolidate findings 

concerning the CNT–concrete. It is worth noting that this chapter differs from the 

previous one in that the answers to similar questions were based only on studies on SC 

bonding in CNT–composites. More in-depth discussions will occur in the following 

chapters, including the experimental results. 

4.2 Materials and Methods 

Another SRL was performed through the ProKnow-C method, focusing on concretes’ 

mechanical and durability properties incorporating CNTs. The search parameters for the 

first stage of the SRL (Figure 4) were: keywords – “concrete” and “carbon nanotube”; 

databases – Science Direct, Scopus, Springer, and Scielo; where to search – title, abstract, 

and keywords; publication years – 2018–20225. This search yielded 728 articles. 

 
5 Other articles were published after this period, but their results remained the same conclusions of this 

SRL. 
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Subsequently, the number of articles was filtered down to 542 in stage 2, 396 in stage 3, 

162 in stage 4, and 49 in stage 5. In stage 6, 19 articles published within the last two years 

of the selected timeframe were incorporated, increasing the total to 68. Then, stage 7 

refined the selection to 34 papers, stage 8 to 33, and ultimately, 19 articles were found to 

be fully aligned with the research topic in the final step. The primary information 

collected was the CNT type–concrete, whether there was a modification in the concrete 

(other additions and/or substitutions), CNT type, CNT content, and dispersion technique. 

Besides, the mechanical and durability properties studied and the main conclusions about 

them were noted for further discussion. Precisely, 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. It is important to note that the impact of these properties on the SC bonding in 

CNT–concrete, the central focus of this research, is not addressed in this chapter but will 

be discussed in the following chapters, which cover the experimental campaign. 

The portfolio for this SRL comprises the following references: Jung et al. (2020), Carriço 

et al. (2018), Hawreen and Bogas (2019), Lee et al. (2018), Ruan et al. (2018), 

Mohammadyan-Yasouj and Ghaderi (2020), Hawreen et al. (2019), Konsta-Gdoutos et 

al. (2019), Adhikary et al. (2021), Mohsen et al. (2019), Parvaneh and Khiabani (2019), 

Hawreen and Bogas (2018), Qasem et al. (2020), Kotop et al. (2021), Vesmawala et al. 

(2020), Shao et al. (2022), Mosallam et al. (2022), Jung et al. (2022), and Lim et al. 

(2022). These articles will likely be used to support the discussions of the experimental 

study later on. 

4.3 Results and Discussions 

4.3.1 Systematic analysis 

Table 8 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 NA, partial replacement of cement, or even addition and substitution 

simultaneously. Table 9, in turn, lists the mechanical properties, durability, and other 

mechanisms or factors studied in the bibliography, gathering the main findings of each 

reference. The discussions of these tables were then compiled to fit the format of this 

manuscript and were deliberately more quantitative than qualitative. More in-depth 

discussions were made in the following chapters to support the experimental results. 
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4.3.1.1 Strength 

Compressive strength was studied in 17 references (89%) of the total selected, the best–known 

CNT–concrete property. Tensile strength was the next, 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 (10%).  

From Table 9, it is safe to state 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 and forming a denser C–S–H structure with higher stiffness, as (Jung et al., 2020) 

reported. In the case of SC bonding, it is inferred that the CNTs acting as crack propagation 

controllers and the bridging effect contributed to increasing the bond strength. Still, the concrete 

strength will undoubtedly depend on the CNT characteristics, such as type, treatment, aspect 

ratio, 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, as discussed in the previous chapters (de Ibarra et al., 2006). 

4.3.1.2 Water absorption, porosity and permeability 

Water absorption was studied in five manuscripts (26%), porosity in two (10%), and 

permeability in only one (5%). Carriço et al. (2018b) reported a reduction of water absorption 

by immersion in concretes with dispersed MWCNT of up to 12%, considering contents of 

0.05% and 0.10% by weight of cement. Adhikary et al. (2021) 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. (2022) 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. (2019), in turn, indicated that adding MWCNT to the concrete’s 

cementitious matrix resulted in a denser composite than concrete without the nanomaterials, 

reporting that the permeability coefficient was reduced by at least 45%. Considering the 

references mentioned above and the data in Table 9, it can be concluded that CNT incorporation 

into cement-based materials reduces 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 construction industry’s increasingly frequent use of different 

concrete types. This topic can be used for further research. 
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4.3.1.3 Electrical conductivity and resistivity 

Only four articles (21%) studied the electrical properties of CNT–concrete. Jung et al. (2020) 

reported an enhancement in the electrical conductivity of UHPC up to the percolation threshold 

due to CNT incorporation, which is consistent with the literature (Bautista-Gutierrez et al., 

2019; Camacho-Ballesta et al., 2016). Lim et al. (2022) indicated that although the electrical 

conductivity of UHPC increased as the CNT content increased, its conductivity was not as high. 

Jung et al. (2022), 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 (2019) 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 references mentioned above, CNT addition to concrete leads to increased 

electrical conductivity and/or reduced electrical resistivity. These variations occur due to the 

low density and high aspect ratio of CNTs, which favors the formation of conductive networks 

in the cement matrix (Rashad, 2017). 

4.3.1.4 Carbonation and chloride penetration resistance 

Only two articles in the portfolio (10%) studied CNT–concrete’s carbonation and chloride 

penetration resistance. Carriço et al. (2018b) added three types of CNT (CNTPL, CNTCOOH, 

and CNTSS) to CC 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. (2021), the impact of CNT 

and NC addition on geopolymer concrete (GC) was investigated. The results revealed that the 

hybrid use of CNTs 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 (El-sayed et al., 2021), experimental studies must be conducted with different 
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types of CNT–concrete to investigate whether the CNT addition is beneficial to carbonation 

and chloride penetration resistance. This topic holds potential for future research efforts. 

4.3.1.5 Fracture energy and toughness 

Two references (10%) studied fracture energy and toughness of CNT–concrete. Ruan et al. 

(2018) added four different types of MWCTN (Table 8) 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. 

On the other hand, Hawreen et al. (2019) tried five types of MWCNT (Table 8) in CC 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 CNT could contain crack propagation 

and, consequently, 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. 

4.3.1.6 Rheological properties and workability 

Although this topic was not a research focus of the present SRL, and the references used here 

are not part of the selected portfolio, it seems essential to discuss the influence of CNTs on 

cementitious matrices in their fresh state. 

Incorporating CNTs in concrete significantly affects its rheological properties and workability, 

requiring adjustments in the mix design to ensure adequate performance in the fresh state. The 

addition of CNTs generally increases the cementitious matrix’s yield stress and plastic 

viscosity, making the mixture more resistant to flow. This effect becomes more pronounced 

with higher dosages and aspect ratios of nanotubes, potentially compromising the fluidity of 

the concrete if not adequately controlled (Goldmann et al., 2023). Furthermore, CNTs can 

modify the rheological behavior of the mixture, promoting shear-thinning effects, which can be 

beneficial for self-compacting concrete. However, depending on the type of plasticizing 

admixture used, the mixture may exhibit shear-thickening behavior, making its application 

more challenging (Skripkiūnas et al., 2019). 

The increase in viscosity due to CNT addition can reduce the workability of concrete, making 

it less fluid and more difficult to mix, transport, and place (Batiston et al., 2021). To mitigate 
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this effect, using superplasticizers and proper dispersion techniques, such as sonication and 

dispersing agents, is essential to ensure a uniform distribution of CNTs and improve the mix’s 

fresh properties of the mix (Leonavičius et al., 2020). Mixing and resting times also influence 

CNT dispersion, which can affect the concrete’s workability and final strength. Additionally, 

the water-to-binder ratio plays a crucial role, as lower values – often adopted to enhance 

strength – can further reduce workability when CNTs are incorporated, requiring adjustments 

to maintain a balance between workability and mechanical performance (MacLeod et al., 2020). 

While CNTs can significantly improve concrete’s mechanical properties and durability, their 

negative impact on workability necessitates careful mix design control. Proper dispersion 

techniques, superplasticizer adjustments, and an optimized water-to-binder ratio are key factors 

in leveraging the structural benefits of CNTs without compromising the fresh concrete’s fluidity 

and ease of application. 

4.4 Conclusions 

An SRL on CNT–concrete’s mechanical and durability properties was hereby developed. The 

following conclusions were reached: 

i. 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. 

ii. 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, MWCNTs’ use leads to a more homogeneous 

mixture because it has less tendency to agglomerate compared to SWCNTs. 

iii. CNTs in powder form were used in 47% of the selected literature. 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 
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when dispersants are used because they prevent agglomeration and ensure the stability 

of the mixture. 

iv. 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. Considering the difficulty 

of dispersing CNTs, their tendency to agglomerate due to Van der Waals forces, their 

high price, and the results presented by the literature, future investigations on CNT–

concrete should avoid contents higher than 0.10% by weight of cement. 

v. The 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. 

vi. 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, such as bar 

diameter, bar surface, and embedded length. Therefore, this topic needs to be further 

investigated in future research. 

vii. In that order, water absorption, porosity, and permeability were studied in 26%, 10%, 

and 5% of the selected literature. The CNT incorporation into concrete reduced these 

properties, which is a positive factor in terms of durability. However, considering the 

construction industry’s increasingly frequent use of different concrete types, it is still 

necessary to develop research on these properties. 

viii. The electrical properties of CNT–concrete were investigated in 21% of the selected 

bibliography. From these papers, it is concluded that the CNT addition to concrete leads 

to increased electrical conductivity and/or reduced electrical resistivity, which occurs 

due to the low density and high aspect ratio of CNTs, which favors the formation of 

conductive networks in the cement matrix. 

ix. CNT–concrete’s carbonation and chloride penetration resistance were studied in only 

10% of the selected articles. The results indicated improvement of concrete 

microstructure when CNT was 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. 
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x. CNT–concrete’s fracture energy and toughness 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 CNT–concrete’s fracture energy and 

toughness, especially in concretes modified by replacing NA with RA. 

These findings reveal that most of the studies on CNT–concrete focused on their mechanical 

properties, while those on durability were less interesting to researchers (Figure 10). It is 

emphasized that these state-of-the-art conclusions are limited to the study of the selected 

articles. In addition, other properties were not considered in the review, such as weight loss, 

ductility, ultrasonic pulse velocity, creep, and shrinkage. These can be used as topics for further 

investigation, some of which will be covered in the next chapter. 

 

Figure 10. Number of times each property was studied in the SRL. 
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5 ASSESSMENT OF PHYSICAL AND MECHANICAL PROPERTIES OF 
CONCRETE WITH CARBON NANOTUBES PRE-DISPERSED IN CEMENT 

This chapter was developed based on the findings and research gaps identified in Chapters 3 

and 4. It presents an experimental program focused on the main properties of CNT–concrete 

and evaluates the effectiveness of the most widely used CNT dispersion techniques. The 

experiments were conducted at the Federal Center for Technological Education in Minas 

Gerais, Brazil, and provided the basis for planning further experiments carried out in France, 

which primarily involved the study of SC bonding through pull-out tests (POTs). 

5.1 Introduction 

As demands for higher engineering standards continue to rise, the construction industry requires 

concrete with enhanced mechanical properties, durability, and environmental performance. 

Conventional concrete has limitations regarding tensile strain, fracture toughness, and 

brittleness, restricting its application in specific structures (Ebrahim & Kandasamy, 2023; 

Zhang et al., 2022). Researchers have explored using additives and nanomaterials to overcome 

these limitations and enhance their performance, enabling better structure optimization and 

reducing environmental impact (Hong et al., 2023; Hwangbo et al., 2023).  

As discussed before, CNTs have been incorporated into concrete to improve its mechanical and 

physical properties. Still, it depends on achieving a uniform and effective dispersion in the 

cementitious matrix, which can be challenging. 

Several approaches are used to disperse CNTs in cement matrices, the most common being 

mechanical stirring, magnetic stirring, surfactant addition, and sonication. The effectiveness of 

each one depends on the CNTs’ characteristics and the medium in which they are being 

dispersed. Often, these methods are combined to achieve optimal dispersion, such as adding 

surfactant followed by ultrasonication, which can simultaneously deagglomerate and stabilize 

the CNTs. The choice and optimization of these techniques are fundamental to integrating 

CNTs into cementitious matrices successfully. 

Marcondes and Medeiros (2016) used a hierarchical analysis to examine twelve different 

methods of dispersing MWCNTs in aqueous media, adding various chemicals, for use in 

Portland cement concrete. The CNTs used were NC 7000 in powder form and AQ 0301 in 

water-dispersed form, supplied by Nanocyl SA, Belgium. In all the experiments, the proportion 

of 0.3% CNT about the total volume of water was maintained. The solutions were prepared in 

test tubes and mechanically stirred before being sonicated at 40 kHz. It was revealed that 
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sonication for extended periods (40–60 min) minimizes sedimentation, and microscopic 

observation proved essential to discern dispersion nuances not visibly detectable. The authors 

used three criteria to assess the CNT dispersion: turbidity, the diameter of the agglomerates, 

and decantation. The results showed that the sample with AQ 0301 had the best dispersion, 

indicating that the industrial dispersion process is notably superior to the laboratory alternatives 

tested. Although the samples with powdered CNTs showed signs of agglomeration, the study 

provided valuable insights for refining dispersion techniques. 

Rocha and Ludvig (2018), in turn, analyzed the mechanical performance of Portland cement 

pastes with 0%, 0.05%, and 0.10% non-functionalized MWCNTs. The process involved mixing 

CNTs with approximately 30 ml of isopropanol and then sonication at 42 Hz for 30 min. 

Afterward, 300 grams of cement and 200 ml of isopropanol were added. This mixture was 

shaken at 500 rpm and sonicated for another 2 h. After a 24-hour drying period to evaporate the 

isopropanol, the dry cement-CNT mixture was used for cement paste preparation. Tests 

conducted after a 28-day curing period showed that incorporating 0.05% CNT resulted in a 50% 

increase in compressive and splitting tensile strengths. 

Various studies have investigated the impact of incorporating MWCNTs into traditional 

concrete using different dispersion methods in this context (as shown in the previous reviews, 

Table 5 and Table 8), such as Parvaneh and Khiabani (2019) (sonication with surfactant for 120 

min + mechanical stirring), Hawreen et al. (2019) (magnetic stirring with 40% of the water, 

CNT and surfactant + addition of the remaining 60% of water + magnetic stirring for 240 min 

+ sonication for 30 min, for powdered CNT; magnetic stirring in water with surfactant + 

sonication for 30–45 min, for CNT in aqueous form), Hassan et al. (2019) (dispersion in water), 

Mohammadyan-Yasouj and Ghaderi (2020) (magnetic stirring in water for 30 min + sonication 

for 60 min), and Irshidat (2021) (dispersion in water and manual agitation + sonication for 20 

min). Notably, the choice of dispersion methods is directly influenced by the state of CNTs, 

whether in powder or suspension form. Thus, each study employs different combinations of the 

main techniques and CNT concentrations (up to 2% wc), reflecting the diversity of approaches 

and the lack of a standard method in the area. This fact highlights an evolving research area 

focused on optimizing CNT dispersion in Portland cement materials, mainly concrete, with 

space for innovation and improvement in current methods. 

Despite the extensive research conducted on CNT–concrete worldwide, standardized 

characterization methods for evaluating CNT’s influence on the properties of concrete still need 

to mature, and the field remains in the exploratory stage. Moreover, laboratory testing can be 
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costly and time-consuming, and most studies use different concrete types in terms of cement, 

aggregates, and additions, meaning there is no standard concrete for evaluating the CNT effect. 

In response to this lack of standardization, statistical regression models play a crucial role in 

correlating concrete’s physical, mechanical, and durability properties. These models help 

predict structural behavior, optimize concrete mixes, and guide the development of industry 

standards based on empirical data (Ahmad & Alghamdi, 2014; Sadrinejad et al., 2018). 

With this perspective, this chapter aims to assess the CNT–concrete’s physical and mechanical 

properties, namely, compressive strength, tensile strength, static and dynamic modulus of 

elasticity, water absorption, porosity and bulk density, weight loss, ultrasonic pulse velocity, 

and electrical resistivity. Given the importance of finding methods of dispersing nanomaterials 

that can be applied on an industrial scale, this research brings as a novelty the application of 

CNTs pre-dispersed in cement particles in the production of concrete, a proven effective process 

in previous research with pastes and mortars (Makar & Chan, 2009; Rocha & Ludvig, 2018). 

In other words, the CNTs are not dispersed directly with the other constituents of the mixture 

when the concrete is made, as is commonly done by the scientific community. The effectiveness 

of this method is tested by comparing the variations in mechanical and physical properties 

obtained in this study with those in the literature. In addition, the correlation between the 

properties above is presented, and quadratic regression models are proposed to estimate them 

based on CNT content. It is worth mentioning that this chapter provides valuable results and 

perspectives for continuing investigations about the bonding behavior between steel bars and 

CNT–concrete in the next chapter. 

5.2 Materials and Methods 

5.2.1 Materials 

The materials used in the concrete production were: 

(i) Brazilian Type CPV-ARI RS Portland cement (ABNT, 2018c) – cement with low 

additions content in its chemical composition and a high fineness degree – produced by 

Holcim, with physical and mechanical properties shown in Table 10. This cement is 

comparable to CEM I of the EN 197-1 standard (CEN, 2011). 

(ii) natural sand (fine aggregate, FA) with a 2.75 fineness modulus and 2.4 mm maximum 

diameter, characterized according to NBR NM 248 (ABNT, 2003), and 2.632 g/cm3 

specific gravity, characterized according to NBR 9776 (ABNT, 1987);  
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Table 10. CPV-ARI Portland cement’s physical and mechanical properties. 

Test type Characteristic Reference Limit 

Specific area – Blaine (cm2/g) 4620 NBR 16372 (ABNT, 2015c) ≥ 3000 

Setting time (min) Start 135 NBR 16607 (ABNT, 2018b) ≥ 60 

  End 205 NBR 16607 (ABNT, 2018b) ≤ 600 

Compressive strength (MPa) 1 day 19.6 NBR 7215 (ABNT, 2019a) ≥ 14.0   
3 days 31.8 NBR 7215 (ABNT, 2019a) ≥ 24.0   
7 days 41.3 NBR 7215 (ABNT, 2019a) ≥ 34.0 

    28 days 52.4 NBR 7215 (ABNT, 2019a) - 

(iii) gneiss gravel (coarse aggregate, CA) with a 4.92 fineness modulus and 9.5 mm 

maximum diameter (ABNT, 2003), and 2.646 g/cm3 specific gravity (ABNT, 1987); 

(iv) MWCNTs (only for CNT–concrete samples) selected from CTNano, Brazil, synthesized 

by CVD, with estimated lengths between 5 and 30 μm, external diameter between 10 

and 30 nm, and purity greater than 93% – complete specifications described in the 

nanomaterial datasheet (NanoView, 2022). The isopropanol used to disperse the CNTs 

was the EMFAL’s absolute grade – detailed specifications in the alcohol datasheet 

(EMFAL, 2019); 

(v) superplasticizer (SP) and hydration stabilizer (HS) additives in water suspension, whose 

specifications are in Table 11. The choice of a polycarboxylate-type SP is worth 

mentioning because the alkaline medium of cement and calcium ions directly influences 

nanomaterials’ agglomeration. For example, Chuah et al. (2018) used a 

polycarboxylate-type SP to disperse graphene oxide and obtained promising results. 

Table 11. Superplasticizer and hydration stabilizer additives’ properties. 

Property Superplasticizer Hydration stabilizer 

Name Sika® ViscoCrete®–5800 FTN Matchen stabilizer 

Aspect at 25 ºC Brown liquid Blue liquid 

pH 4.5 ± 1.0 3.5 – 5.5 

Density at 25 ºC (g/cm3) 1.07 ± 0.02 1.035 – 1.095 

Suggested content 0.2% – 2.0% – 

5.2.2 CNT dispersion 

CNTs are composed of carbon atoms linked by stable covalent bonds, making it hard for them 

to interact with other materials due to the stability of these bonds. In the isopropanol dispersion 

process, the OH group increases the molecule’s polarity, giving it both polar (OH group) and 

non-polar (carbon chain) parts. This characteristic allows CNTs to dissolve more easily in 



72 
 

isopropanol than water, preventing the cement particles from hydrating (Rocha et al., 2023). 

Therefore, CNTs were pre-dispersed on cement particles in an isopropanol medium. Figure 11 

presents an overview of the process.  

     
(a) (b) (c) (d) (e) 

Figure 11. CNT dispersion steps: (a) cement and CNT weighing; (b) CNT ultrasonication in 
isopropanol; (c) CNTs and cement mechanical stirring in isopropanol; (d) oven drying of the 

mixture; (e) mixing of the dispersed CNTs with the remaining cement. 

The method essentially consisted of three steps: (i) CNTs and approximately 200 ml of 

isopropanol were added to a glass container, which was stirred using a sample dispersor—I-

1018 Model by Contenco – at 10.000 rpm and sonicated on ultrasonic apparatus – Q3.0L Model 

by Eco-Sonics – with 42 kHz frequency for 30 min; (ii) ten percent of the cement mass and 

another 200 ml of isopropanol were incorporated into the mixture, which was transferred to a 

plastic container and mechanically stirred and sonicated for additional 90 min; (iii) in a glass 

container, drying in an oven – Q317M Model by Quimis – at 100±5 ºC for 24 h, properly 

removing the solvent leaving only a visually homogeneous dry power of cement particles mixed 

with CNTs. The resulting dry mixture was then mixed with the remaining cement to prepare 

the CNT–concrete samples before adding water. 

It is worth highlighting that there is currently no universally accepted method to precisely 

measure how well CNTs are dispersed throughout the cement matrix, leading some researchers 

to adopt indirect approaches. In this research, the efficiency of the dispersion technique in 

concrete was therefore compared with that of other methods presented in the literature, taking 

as a reference the variations in the mechanical and physical properties of CNT–concrete at 28 

days, namely compressive strength, tensile strength, porosity, and ultrasonic pulse velocity. 

5.2.3 Mixture compositions and specimen production 

The concrete was produced in the Laboratory of Construction Materials, Structures, and 

Components of the Federal Center for Technological Education of Minas Gerais (CEFET-MG). 

The mixes in Table 12 were produced with a 0.53 water-to-cement (w/c) ratio, aiming for a 

S160 slump class and Group I compressive strength (30 MPa), following NBR 8953 (ABNT, 
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2015b). This dosage is suitable for this strength class, considering the most abundant types of 

aggregates in Minas Gerais, Brazil, and the physical characteristics of those selected for the 

study. The slump of the sample without CNTs was 150 mm, with 0.05% CNTs being 147 mm 

and that with 0.10% CNTs being 139 mm. The SP additive content for the latter was then 

adjusted to guarantee concrete workability. The decision to opt for a more fluid concrete mix 

was driven by achieving better consolidation in areas with higher reinforcement concentrations, 

such as beam-column connections, where bond strength has critical importance. For the CNT–

concrete samples, the CNT contents were limited to 0.05% (CNT0.05) and 0.10% (CNT0.10) by 

weight of cement (wc) – or 0.192 kg/m3 and 0.384 kg/m3, respectively – to prevent 

agglomeration issues, in line with previous reviews. Concrete samples without CNTs (CNT0.00) 

were also produced as a reference for comparative analysis. 

Table 12. Concrete’s mix proportions. 

Mix Cement 
(kg/m3) 

Aggregates (kg/m3) Water 
(kg/m3) 

Additives (kg/m3) CNT 
(%wc) FA CA SP HS 

CNT0.00 384 960 838 204 0.80 0.26 0.00 

CNT0.05 384 960 838 204 0.80 0.26 0.05 

CNT0.10 384 960 838 204 0.96 0.26 0.10 

Figure 12 provides an overview of concrete specimen production. The mixture was produced 

using a concrete mixer – MB-120L Model by Motomil – in three steps: (i) a small amount of 

water was added to moisten the inside surface of the mixer; (ii) the aggregates were mixed with 

60% of the total mixing water for three min; (iii) the cement (with or without CNT), SP and HS 

additives, and the remaining 40% of mixing water were added and mixed for additional five 

min. For each composition, 30 cylindrical specimens measuring 100 × 200 mm (diameter × 

height) – dimensions following the Brazilian standards for mechanical characterization tests 

(ABNT, 2011, 2018a, 2021) – were molded in two steps and compacted manually, strictly 

following the requirements of the NBR 5738 (ABNT, 2015a) for the consistency class obtained. 

After 24 h, all the samples were de-molded and cured in saturated calcium hydroxide solution 

at 23±2 °C for 28 days, as recommended by the latest standard (ABNT, 2015a). Five specimens 

were used to study the following properties: compressive strength, tensile strength, static and 

dynamic modulus of elasticity, water absorption, porosity and bulk density, weight loss, 

ultrasonic pulse velocity, and electrical resistivity. 
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(a) (b) (c) (d) (e) 

Figure 12. Overview of concrete specimen production: (a) aggregates characterization; (b) 
mixing; (c) slump test; (d) casting; (e) curing after de-molding. 

5.2.4 Experimental tests 

5.2.4.1 Compressive strength 

The compressive strength (fc or CS) was determined at 28 days according to NBR 5739 (ABNT, 

2018a). A Universal Testing Machine (UTM) – EMIC PC Series hydraulic press, PC 200 CS 

Model, 2000 kN capacity – was used to compressively load the specimen toward its height 

(Figure 13a) until it reached the maximum force (F) in Newtons. The outcomes were registered 

utilizing the TestScript software, making it possible to calculate the fc through Eq. (1), where d 

is the specimen diameter in mm.  

௖݂ =
4 · ܨ

ߨ · ݀ଶ (1) 

  

  
(a) (b) 

Figure 13. Test setup: (a) compressive strength; (b) splitting tensile strength. 

5.2.4.2 Tensile strength 

The splitting tensile strength by diametral compression (fct,sp or TS) was measured following 

NBR 7222 (ABNT, 2011), also being carried out in the UTM – EMIC DL 30000 Model (Figure 
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13b). The maximum force (F) was recorded in Newtons. Therefore, the fct,sp was calculated 

through Eq. (2), where L is the specimen length in mm. 

௖݂௧,௦௣ =
2 · ܨ

ߨ · ݀ ·  (2) ܮ

5.2.4.3 Static and dynamic modulus of elasticity 

The static modulus of elasticity test was performed according to NBR 8522-1 (ABNT, 2021), 

knowing the specimen’s compressive strength. An electronic strain gauge – EMIC EE Series, 

EEDA Model, 2.5 mm measuring range – was attached to the UTM (Figure 14a) and then the 

following steps were employed: (i) centering the specimen in the lower plate, observing the 

molding direction; (ii) applying the loading at a constant speed of 0.45±0.15 MPa/s to the upper 

limit stress (σb = 0.3fc) and holding for 60 s; (iii) unloading the specimen at the same speed to 

near zero stress; (iv) loading the specimen to the basic stress (σa = 0.5 MPa) and holding for 60 

s; (v) loading the specimen to σb and holding for 60 s; (vi) unloading the specimen to near zero 

stress; (vii) repeating steps iv–vi; (viii) loading the specimen to σa, holding for 60 s, and 

recording the read strains (εa) in no more than 30 s; (ix) loading the specimen to σb, holding for 

60 s, and recording the read strains (εb) in no more than 30 s; (x) calculating the static modulus 

of elasticity (Es) in MPa by Eq. (3). 

௦ܧ =
௕ߪ − ௔ߪ
௕ߝ − ௔ߝ

 (3) 

The Forced Resonant Frequency method assessed the dynamic modulus of elasticity (Ed). The 

experiments were conducted utilizing the Erudite MKII Resonance Frequency Test System by 

C.N.S. Electronics (Figure 14b), adhering to the principles outlined in ASTM C215-08 (ASTM, 

2017) and BS 1881 (BSI, 1990). After obtaining the resonant frequency (fr) in Hz, along with 

the specimen’s diameter (d) and length (L) in meters, as well as its mass (m) in kilograms, the 

Ed in GPa is calculated. This calculation uses Eq. (4), designed explicitly for cylindrical 

specimens. 

ௗܧ = 5.093 ·
ܮ

݀ଶ · ݉ · ௥݂ · 10ିଷ (4) 



76 
 

  
(a) (b) 

Figure 14. Test setup: (a) static modulus of elasticity; (b) dynamic modulus of elasticity. 

5.2.4.4 Water absorption, porosity, and bulk density 

The water absorption, porosity, and bulk density tests were performed according to NBR 9778-

2 (ABNT, 2009). The following steps were adopted: (i) drying the specimen in the same oven 

used in CNT dispersion at 100±5 °C for 72 h; (ii) determining the dry sample mass (md) using 

a weighing balance; (iii) immersing the sample in water at 23±2 °C for 72 h; (iv) measuring the 

saturated mass immersed in water (mi) using a hydrostatic balance; (v) removing the sample 

from the water and drying its surface; (vi) measuring the saturated sample mass (msat); (vi) 

calculating the water absorption (A(%) or WA) and porosity (P(%) or P) in percent, and bulk 

density (ρap) using Eq. (5), Eq. (6), and Eq. (7), in this order. The ρap considers the density of 

water (ρ) as 1 g/cm3. 

(%)ܣܹ =
݉௦௔௧ − ݉ௗ

݉ௗ
· 100 (5) 

(ܲ%) =
݉௦௔௧ − ݉ௗ
݉௦௔௧ − ݉௜

· 100 (6) 

௔௣ߩ =
݉ௗ

݉ௗ − ݉௜
·  (7) ߩ

The pore distribution analysis involved several sequential steps: (i) the same cylindrical 

specimens used in porosity measurements were cut into three equal parts (Figure 15a), then 

sanded and polished to ensure uniformity; (ii) the surfaces were coated with a permanent black 

ink pen, onto which cornstarch was applied, excess starch being carefully removed parallel to 
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the surfaces using a ruler (Figure 15b); (iii) the prepared surfaces were scanned in equipment 

with a resolution of 1200 DPI; (iv) the resulting images were treated using ImageJ software 

version 1.53 to obtain a binary (black and white) square image (Figure 15c); (v) the analysis of 

the images was conducted using a code developed by Rabbani et al. (2014) and adapted for 

Mendes et al. (2017), and implemented in Matlab software version 2023a; (vi) obtaining the 

pore radii, allowing for determining pore volumes – the total pore area was calculated by 

counting black and white pixels in the images, with an average of six images per sample being 

evaluated to ensure accuracy. It is worth mentioning that this method is a simple and practical 

alternative when mercury intrusion porosimetry (MIP), X-ray computed tomography (XCT), or 

even scanning electron microscopy (SEM) equipment is not available and is commonly used in 

research on cementitious materials (França et al., 2023; de Carvalho et al., 2019; Kim et al., 

2020; Mendes et al., 2019). 

   
(a) (b) (c) 

Figure 15. Pore distribution analysis: (a) cross section of the cut cylindrical specimen; (b) 
black painted surface with the application of cornstarch; (c) scanned and treated surface. 

5.2.4.5 Weight loss 

The concrete’s weight loss (WL(%) or WL) was measured by sulfuric acid (H2SO4) attack. It is 

worth mentioning that although several works on concrete resistance to acid attacks have been 

developed (Kumar, 2021), there are no standardized procedures for performing the tests, so 

techniques commonly used in scientific research were adopted. The steps followed were: (i) 

measuring the dry specimens’ initial mass (m1); (ii) immersing these specimens in a 5% solution 

H2SO4 bath, concentration employed by the literature (Boudjehm et al., 2022; Sinkhonde et al., 

2022; Wu et al., 2021) – the acid solution must be dropped into the water, not the water into the 

acid; (iii) removing the specimens at 7 days and brushing them slightly under running water 

until the color of the runoff, usually white, was reverted to clear water; (iv) drying the specimen 
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in an oven at 100±5 °C for 72 h – CIENLAB oven, CE 220/150 Model, 150 L capacity; (v) 

recording the specimen’s final mass (m2); (vi) calculating the WL(%) using Eq. (8). 

(%)ܮܹ =
݉ଵ − ݉ଶ

݉ଵ
· 100 (8) 

5.2.4.6 Ultrasonic pulse velocity 

The internal structure of the concrete was evaluated by the ultrasonic pulse velocity (UPV), 

whose test was performed with a sensor—Pundit Lab(+) Model made by Proceq. The test is 

based on the propagation of high-frequency sound waves through the material, whose velocity 

varies according to the number of voids and pores, which, in the case of cement-based 

composites, helps assess their uniformity or defects (Singh et al., 2019). In Brazil, it is 

standardized by NBR 8802 (ABNT, 2019b). 

Therefore, concrete’s quality can be assessed using UPV. When the UPV exceeds 4,500 m/s, 

the quality is considered “excellent”. For values between 3,500 and 4,500 m/s, the classification 

is “good”. The quality is considered “doubtful” between 3,000 and 3,500 m/s, while values 

between 2,000 and 3,000 m/s indicate “poor” quality. The quality is deemed “very poor” if the 

UPV is less than 2,000 m/s (IAEA, 2002). It is essential to highlight that this test, as it is non-

destructive, plays a crucial role in evaluating the structural integrity of existing buildings. 

5.2.4.7 Electrical resistivity 

The electrical resistivity (ER) was measured using Wenner’s method (Wenner, 1915), which 

consists of applying an electric current to the two probes at the ends and then measuring the 

potential difference between the two inner probes. A 4-point Wenner probe – Resipod sensor, 

38 mm Model, made by Proceq – was operated. Eq. (9) calculates the resistivity, where a is the 

distance between the electrodes, V is the voltage measured between the central electrodes, and 

I is the current. 

ܴܧ =
2 · ߨ · ܽ · ܸ

ܫ  (9) 

This test evaluates the intensity of corrosion risk based on ER, mainly because it is non-

destructive. The risk is considered very high when ER registers values below 50 Ω.m and high 

if the values are between 50 and 100 Ω.m. When the ER is 100 to 200 Ω.m, it is considered 

moderate to low; if the ER exceeds 200 Ω.m, the risk is low (Figueiredo, 2010; Langford & 

Broomfield, 1987). 
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5.2.5 Statistical analysis 

The Tukey means contrast test, conducted at a 5% significance level, assessed responses across 

varying CNT concentrations (0%, 0.05%, and 0.10%). In the context of Tukey’s test, treatment 

groups were labeled alphabetically, with “A” representing the one boasting the highest average 

property value, followed by “B” for the second highest, and so on. Treatments sharing the same 

letter were deemed statistically comparable. 

After examining CNT content influence, the correlation between the properties examined in 

this study (Pearson correlation: –1 ≤ r ≤ 1) was evaluated. Analysis of Variance (ANOVA) at a 

5% significance level was employed to assess these correlations’ significance. A p-value below 

0.05 indicated a significant correlation, while values above 0.05 indicated non-significance. 

After the correlation assessments, the point cloud obtained with the results was used to apply 

different regression models, starting with the simplest, the linear one. Nevertheless, it did not 

adequately represent the variations in concrete properties since the CNT effect may not be 

proportional to the increase in its content. Therefore, a quadratic regression model (Eq. (10)) 

was used to estimate these properties. In addition to having a better fit to the data in this 

research, a quadratic model allowed curvatures in the relationship between CNT content and 

these properties to be captured and optimal CNT dosages to be speculated, as well as having 

the advantage of being more flexible when dealing with non-linear patterns. 

ܻ = ଴ߚ + ଵߚ · ܰܥ + ଶߚ · ଶܰܥ +  (10) ߝ

In Eq. (10), Y represented the property to be estimated (dependent variable), CN (CNT content) 

was the independent variable, βi denoted the model parameters adjusted using the least-squares 

method, and ε accounted for random error. The model’s accuracy was assessed using the 

coefficient of determination (R2 – Eq. (11)). In this context, ௗܻ௔௧௔೔  denoted the property’s 

experimentally determined sample value, തܻௗ௔௧௔೔ signified the average value derived from n 

experimentally determined sample values, and ௣ܻ௥௘ௗ௜௖௧೔ denoted the property value estimated 

by the regression model. Higher R2 values, approaching 100%, signify better accuracy in the 

developed equation. However, it is worth noting that an R2 greater than 70% (0.70) can still be 

considered an acceptable fitting level (Mongomery, 2017). 

ܴଶ = 100 · ቆ1 −
∑ ( ௣ܻ௥௘ௗ௜௖௧೔ − ௗܻ௔௧௔೔)

ଶ௡
௜ୀଵ

∑ ( ௗܻ௔௧௔೔ − തܻௗ௔௧௔೔)ଶ௡
௜ୀଵ

ቇ (11) 
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Furthermore, the Anderson-Darling normality test (at a 5% significance level) was employed 

to validate the Tukey test results, regression models’ ANOVA, and correlation tests. According 

to the test formulation, a p-value greater than or equal to the significance level implied a normal 

distribution assumption. 

Based on the derived expressions, it is possible to estimate the concrete’s physical and 

mechanical properties for CNT contents that fell outside the experimental design but within the 

0% to 0.10% range. Despite specific authors proposed models for concrete behavior with CNT 

(Piro et al., 2021; Yang et al., 2023), there is a lack of literature on models for estimating CNT–

concrete’s mechanical and durability properties, primarily due to the difficulty in extrapolating 

results due to variability, the absence of data in specific ranges, and the need to optimize 

concrete formulations. 

5.3 Results and Discussion 

5.3.1 Concrete properties 

Figure 16 presents the mean values, the coefficient of variation (CV or CoV), the means’ 

confidence intervals (CI – 95% reliability), the Tukey test’s results (5% significance), and the 

Anderson-Darling (AD) test’s outcomes (ANOVA validation – p-value ≥ 0.05) regarding the 

physical properties of the composites manufactured with 0% (reference), 0.05% and 0.10% 

CNT. Figure 17, in turn, presents the results obtained from the mechanical and durability 

properties. 
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(a) (b) 

  
(c) (d) 

Figure 16. Results of the physical properties of concrete with (0.05% and 0.10%) and without 
(reference) CNT: (a) ρap – bulk density; (b) P – porosity; (c) WA – water absorption; (d) WL – 

weight loss. 

The ρap results (Figure 16a) indicated that the differences were insignificant. The increase in 

ρap with the inclusion of CNTs could not be statistically proven, suggesting that the presence of 

CNTs did not impact the ρap relative to the control sample, which may be due to the possible 

non-uniform CNT dispersion or the relatively CNT low amount.  

Figure 16b shows that CNT0.05 showed a reduced P, statistically differing from the other two 

samples. This decrease in P in CNT0.05 can be attributed to the CNT action, which can fill some 

voids between the cement particles, resulting in a more compact structure. On the other hand, 

both CNT0.00 and CNT0.10 demonstrated statistically equal P. Comparing these two samples, P 

slightly increased in CNT0.10, which may be due to CNT agglomeration, creating voids in the 

concrete matrix. 

Regarding WA (Figure 16c), CNT0.05 also presented a reduced value, indicating a significant 

decrease due to CNTs. This reduction is related to decreased P, which means fewer spaces are 

available for water to enter. On the contrary, CNT0.10 showed increased WA, which may be 

related to the increase in P in this sample. 
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Figure 16d presents the results of WL, a property related to the concrete’s ability to resist 

degradation caused by exposure to acidic substances, and the CNT incorporation can influence 

this resistance in several ways. The CNT0.05 had an average WL statistically equal to CNT0.00, 

suggesting that adding 0.05% CNT did not significantly impact the concrete’s resistance to acid 

attack. On the other hand, CNT0.10 showed the highest WL and was statistically different from 

the others. This data indicates that the highest CNT content may make the concrete more 

susceptible to acid attack due to a greater concentration of reactive sites for the acidic action. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 17. Results of the mechanical and durability properties of concrete with (0.05% and 
0.10%) and without (reference) CNTs: (a) CS – compressive strength; (b) TS – tensile 

strength; (c) Ed – dynamic modulus of elasticity; (d) Es – static modulus of elasticity; (e) UPV 
– ultrasonic pulse velocity; (f) ER – electrical resistivity. 
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The results of the CS (Figure 17a) and TS (Figure 17b) are crucial indicators of the concrete’s 

mechanical performance. Statistical tests revealed that the means of CNT0.05 and CNT0.10 were 

higher than the reference sample but equivalent, indicating that 0.05% CNT may be sufficient 

for significant improvements in CS. Regarding TS, the results highlight the positive impact of 

incorporating CNTs into concrete, attributed to their ability to reinforce the cement matrix and 

act as a bridge in the transfer of tensile stresses, with 0.05% CNT being enough to improve 

these properties substantially. It is worth mentioning that the TS measured by the diametral 

compression test is susceptible to variability due to the complex nature of the loading and the 

sample’s geometric characteristics. The heterogeneous distribution of stresses along the rupture 

plane can lead to varying results between samples, even when manufactured under similar 

conditions, hence the high CVs in Figure 17b. 

The outcomes of Ed (Figure 17c) and Es (Figure 17d) help to understand the concrete’s ability 

to absorb and dissipate energy at different loading conditions. Concerning Ed, CNT0.00 and 

CNT0.05 had means statistically equal, indicating that 0.05% CNT did not significantly affect 

the Ed. Regarding the Es, the mean values presented statistical equivalence. These outcomes 

suggest that adding CNTs had a limited influence on the concrete stiffness under static loading, 

which follows the literature (Hawreen & Bogas, 2019a). It is worth noting that although the 

tests to measure Es are destructive and those to measure Ed are non-destructive, the difference 

between the results of the same test, regardless of whether the modulus is dynamic or static, is 

generally minor, considering the adequate sample’s dimensions and the CNT’s effects. 

UPV testing, in turn, is a valuable tool for inspecting and evaluating concrete structures, helping 

to identify areas of concern and guiding decision-making regarding maintenance, repair, or 

replacement of concrete components in various applications, from construction to 

infrastructure. As evidenced in Figure 17e, the CNT–concrete samples had equivalent means 

but were significantly higher than the CNT0.00 samples. This increase in UPV suggests more 

significant densification or cohesion in the concrete’s matrix due to the presence of CNTs. 

Furthermore, the similarity of CNT0.05 and CNT0.10 mean values suggests that 0.05% CNT may 

have already achieved a maximum effect in improving the UPV, indicating that it is not 

necessary to increase the CNT content to obtain substantial improvements in the ultrasonic 

wave propagation in concrete. Besides, CNT–concrete samples presented UPV in the “optimal 

quality” range (3500–4500 m/s), suggesting that, based on available data and the standard 

rating, incorporating CNTs did not lead to the concrete achieving the “excellent” quality rating 

in terms of UPV. However, this does not necessarily mean that adding CNTs does not benefit 
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other concrete properties or application conditions, as several factors, including the concrete’s 

age, the aggregate type, humidity, temperature, and the additives’ presence, can influence UPV 

values. 

The results of ER (Figure 17f) indicate that adding CNTs to concrete did not impact the 

material’s ability to conduct electricity. Still, it is essential to note that the CVs of the CNT–

concrete samples were relatively high, indicating considerable variability in the outcomes. Even 

so, there is an indication that the 0.05% CNT content can improve the ER of concrete, which 

can be verified in future research with a larger data sample. 

5.3.2 Effectiveness of dispersion techniques 

Before discussing the reasons for improving or worsening the properties studied here, 

considering the use of CNTs pre-dispersed in cement particles in an isopropanol medium, it is 

worth comparing these variations with those documented in the existing literature, shown in 

Figure 18 (CS compared to Abinayaa et al. (2014), Asil & Ranjbar (2022), Carriço et al. (2018), 

Hassan et al. (2019), Hawreen et al. (2019), Irshidat (2021), Konsta-Gdoutos et al. (2019), 

Mohammadyan-Yasouj and Ghaderi (2020), and Song et al. (2017)), Figure 19 (TS compared 

to Abinayaa et al. (2014), Hassan et al. (2019), Hawreen et al. (2019), Irshidat (2021), 

Mohammadyan-Yasouj and Ghaderi (2020), Song et al. (2017), and Song et al. (2020)), Figure 

20 (P compared to Jung et al. (2020) and Jung et al. (2022)), and Figure 21 (UPV compared to 

Ali et al. (2021), Asil and Ranjbar (2022), Hawreen et al. (2019)). In these figures, “PF” 

signifies the use of CNTs in powder form, and “AS” denotes their utilization in an aqueous 

suspension. The term “NS” is used when the specific form of the CNTs is not detailed in the 

paper. Additionally, “LWGC” stands for lightweight geopolymer concrete, and “UHPC” 

represents ultra-high-performance concrete. The numbers next to the bars indicate the 

percentage variation in the property of that sample about the concrete without CNTs from each 

study. 
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Figure 18. Compressive strength: relative difference between the CNT–concrete and the 
control sample in each study. 

Figure 18 shows that adding CNTs increased the CS in all samples studied, with improvements 

ranging from +5.9% to +32.0% about the concrete without CNTs. It was observed that the CNT 

form, whether in powder or aqueous suspension, and the CNT content influence the 

performance of concrete. The current experimental study showed an increase of +23.5% with 

0.10% CNT in powder form, aligning with similar results in the literature. 

 

Figure 19. Tensile strength: relative difference between the CNT–concrete and the control 
sample in each study. 

Improvements in TS were also evident with the inclusion of CNTs, with increases from +5.2% 

to +66.3%, as seen in Figure 19. Again, the CNT concentration and form varied. However, there 
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was no direct correlation between the CNT content and the increase in strength. The current 

experimental study recorded a significant increase of +30.0%, presenting evidence that the pre-

dispersion of CNTs in cement may effectively improve the TS of concrete. 

 

Figure 20. Porosity: relative difference between the CNT–concrete and the control sample in 
each study. 

Figure 20, in turn, depicts that using CNTs variedly influenced P. While some mixtures showed 

a significant reduction, such as –23.3% and –28.0%, the current study showed assorted results, 

with a –11.7% reduction in samples with 0.05% CNT and an increase of +5.7% with 0.10% 

CNT, both in powder form. This fact suggests that the efficiency in reducing P depends on the 

CNT dispersion method and that there may be a concentration limit of CNTs so that there are 

no undesirable results. It is important to note that only some studies on concrete with CNTs 

explain porosity measurements, so research with UHPC was selected. 

 

Figure 21. Ultrasonic pulse velocity: relative difference between the CNT–concrete and the 
control sample in each study. 
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Finally, all concrete modified with CNTs in powder form and aqueous suspension, or CNT 

fibers, exhibited an increase in UPV, which suggests an overall improvement in concrete 

quality. The greater increases ranged from +1.6% to +3.2%, with the current study showing a 

UPV one of +2.8% with the addition of 0.05% CNT, as indicated in Figure 21. These results 

confirm the perception that CNTs have the potential to make concrete more homogeneous and 

with better mechanical properties. It should be mentioned that few works used UPV in studies 

involving concrete with CNTs, which is why one that used a different concrete (LWGC) and 

another that used CNT fibers were selected for this comparison. 

The analysis of the results proved the effectiveness of pre-dispersion of CNTs in cement 

particles in an isopropanol medium. In terms of CS, this dispersion technique led to a 

performance equivalent to research using other methods to disperse CNTs in aqueous 

suspensions, such as Carriço et al. (2018) (+21.1% using sonication for 45 min in 3 cycles of 

15 min), Hawreen et al. (2019) (+22.5% employing magnetic stirring in water with surfactant 

and sonication for 30–45 min), and Irshidat (2021) (+23.0% through dispersion in water and 

manual agitation followed by sonication for 20 min). Considering TS, the results of the current 

study were better than those of the references above (+30.0% against +22.0%, maximum) but 

lower than what Song et al. (2020) obtained when dispersing CNTs in aqueous suspension using 

only mixing with water and sonication, a more straightforward method (+30.0% against 

+49.3%). Regarding P and UPV, pre-dispersing CNTs in cement particles (current study) was 

only practical for the 0.05% CNT content. However, studies using CNTs in aqueous suspension 

had equivalent or even better results, even at higher concentrations. 

From this perspective, dispersing CNTs in aqueous suspension is generally simpler, safer, and 

potentially more effective than the powdered form. Although there are effective dispersion 

techniques for powders, such as the pre-dispersion of CNTs in cement particles using 

isopropanol (used in this study), they perform satisfactorily on a laboratory scale. However, 

they may face limitations when applied industrially, as highlighted by Son et al. (2023). 

In addition, Song et al. (2017) observed that using industrial-grade CNTs in aqueous suspension 

resulted in significant increases in concrete strength and deformation, particularly in the first 

seven days, a critical period for the appearance of cracks due to shrinkage and hydration heat. 

This finding suggests that the dispersion of CNTs in an aqueous suspension may be more 

efficient in preventing cracks in young concrete and require fewer tests when compared to the 

use of fine powdered nanotubes. 
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Therefore, choosing CNTs in aqueous suspension with industrial dispersion proves to be a more 

practical and safer approach for applying CNTs in concrete. This fact corroborates the statement 

by Marcondes and Medeiros (2016), who point out that the industrial dispersion process is 

remarkably superior to the alternatives tested in the laboratory. 

5.3.3 Overall analysis and future perspectives 

Adding CNTs to concrete exhibited distinct effects on its properties. On the one hand, 0.05% 

CNT positively reduced P and WA, indicating an improvement in resistance to the penetration 

of aggressive agents, such as water and chloride ions. Nevertheless, 0.10% CNT resulted in less 

favorable results, indicating a possible limit to the amount of CNTs to be incorporated before 

its effect becomes counterproductive. Furthermore, it was observed that the CNTs provided 

notable improvements in concrete’s CS and TS, with 0.05% CNT being considered effective in 

obtaining these improvements without increasing the content to 0.10% CNT, which could result 

in additional costs without substantial additional benefits. 

In this scenario, it is pertinent to explore why the strength increased despite the increase in P 

when incorporating 0.10% CNT into concrete. More than P alone, concrete’s strength is 

influenced by the number of pores and their size and distribution. So, Figure 22 shows the 

average pore radii distribution in each sample’s specimen section. 

 

Figure 22. Average proportion of pore radii in the specimen section per sample. 

As demonstrated in Figure 22, adding 0.05% CNT increased the proportion of pores with a 

radius of less than 250 μm and decreased the number of those with a radius greater than 750 

μm, compared to the sample without CNTs. In the CNT0.10 sample, on the other hand, the 

proportion of pores with a radius smaller than 250 μm was similar to that of the CNT0.00 sample, 

and those with a radius larger than 750 μm were slightly reduced. However, pores with a radius 

in the 500–750 μm range were significantly reduced. It is known that larger pores compromise 
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the matrix’s integrity and are mainly responsible for the drop in mechanical strength (Xiao et 

al., 2023). Therefore, although the CNT0.10 sample has the highest total porosity, CNTs resulted 

in a concrete matrix with smaller and possibly less interconnected pores, improving its strength. 

Furthermore, CNTs may have acted as reinforcement in the cement matrix, preventing the crack 

propagation and microcracks and contributing to a significant increase in CS and TS. 

Pores significantly impact the materials’ macroscopic characteristics, such as deformation, 

strength, and durability (Wang et al., 2016; Xiao et al., 2023). In the case of concrete, a typical 

porous material, the pore distribution varies in shape and size, from microscopic to macroscopic 

(Kumar & Bhattacharjee, 2003), and their characteristics are linked to these pores’ morphology, 

distribution, and other factors in addition to porosity (Vicente et al., 2018). Thus, modifying 

materials to achieve specific physical characteristics mainly involves reducing the total volume 

of physical pores and increasing the microscopic pore distribution (J. Huang et al., 2021).  

In this sense, some authors carried out a microstructural analysis by SEM and XRD and 

revealed the formation of the crystalline structure of calcium silicate hydrates (C–S–H) and 

calcium hydroxide (CH) gels, indicating that a denser microstructure was obtained in the 

concrete after adding nanosilica (NS) and CNT. They reported that the mixture with 0.5% NS 

and 0.04% CNT performed better than the others (Thanmanaselvi & Ramasamy, 2023). 

Another study indicated that the CNT incorporation increased the content of prismatically 

hexagonal CH, the proportions of gel pores, and harmless capillaries, as well as reduced the 

concrete’s P, resulting in improved dynamic CS (Fu et al., 2022). The impact of MWCNT on 

the mechanical properties and microstructure of reactive powder concrete (RPC) in dry-wet 

cycles with a high sulfate concentration was also investigated. SEM and XRD were used to 

analyze the RPC’s microstructure and phase composition, and X-ray computed tomography to 

evaluate its internal pores and P. The test results indicated that the nanomaterials filled pores 

and cracks and created bridges between cracks, reinforcing the RPC’s resistance to sulfate 

attack (Liu et al., 2022). 

As reported in many studies, as the concrete’s P increases, its strength tends to decrease. In this 

sense, adding CNTs can have a positive effect up to certain limits. Jung et al. (2022) studied 

the CNT’s influence on pore distribution in UHPC and the change in the volume of each pore 

type classified based on pore diameter at different CNT contents. The pore structure of UHPC 

changed significantly as the amount of CNTs incorporated varied, with a significant reduction 

in micropores (< 4.5 nm) and mesopores (4.5–25 nm) in almost all samples due to physical 

filling with CNT of similar sizes. However, the mesopores increased slightly when 0.8% CNT 
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was added, suggesting that individual CNTs effectively fill the nanopores in the C–S–H gel at 

lower concentrations, but at higher concentrations, van der Waals forces lead the CNT to form 

agglomerates, increasing the size and volume of the capillary pores (Jung et al., 2022). These 

authors also reported that the trapped air voids formed at 100–25 μm increased at all contents, 

but especially at the higher ones, although the total P was still lower than that of the reference 

sample. Although the present research is not with UHPC, these findings help try to understand 

the relationship between porosity and strength previously mentioned. 

The results regarding Ed and Es, in turn, indicated that the CNT addition can improve the 

concrete’s ability to resist dynamic loads without compromising its stability under static 

loading, which may be relevant in several civil engineering applications. Still, the highest Ed 

occurred in the most porous sample, which draws attention. The relationship between these two 

properties is also complex in concrete, and the increase in Ed in the CNT0.10, despite a slight 

increase in P, can be influenced by other factors. As in the discussions about CS, possible 

reasons are the pore size and distribution and the CNT’s effect, which may act as reinforcements 

at the interfaces between cement particles and aggregates, improving the material’s cohesion 

and stiffness under dynamic loading. 

Regarding WL, adding 0.05% CNT did not significantly impact the concrete’s resistance to acid 

attack, which is good news as other properties, such as CS and P, improved in this regard. The 

0.10% CNT content had an adverse effect, increasing the WL due to acid attack. However, it 

should be noted that there is no consensus on the resistance of different cementitious materials 

incorporating CNTs to acid attack, with different trends being reported. The results obtained in 

this research are consistent with those obtained in the RPC after exposure to a sulfate dry-wet 

cycling environment (10% Na2SO4 solution), with non-important reductions in WL in the 

control sample and a modest increase when 0.10% MWCNT was incorporated into the mixture 

(Liu et al., 2022). Meanwhile, a study investigated WL by H2SO4 attack in a sustainable alkali-

activated mortar containing 0.10% CNT. At seven days, a WL of less than 1% and a significant 

reduction compared to the sample without CNTs were reported (Nazar et al., 2023), 

outperforming the results of this research. In this scenario, it is worth noting that concrete is 

more heterogeneous than mortar, mainly due to its composition and the aggregates’ size used, 

and that the change in the pore size distribution (Figure 22) – greater interconnectivity between 

pores in the 250–500 μm range – may have influenced the WL results.  

Furthermore, all the samples had similar surface degradation, as expected. In addition to surface 

crumbling, the ρap after immersion in an acid bath was evaluated, but the variation was 
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insignificant, with gains between 0.2% and 0.5%. This slight increase in density can be 

attributed to the migration of the solution through the pores of the concrete (Soroka, 1979), 

suggesting that the WL occurred mainly on the surface and that exposure for a longer time 

would be necessary to affect its bulk properties significantly. 

It is worth noting that the degradation process occurs very slowly and can take years before 

corrosion is observed (Hasan et al., 2013). Therefore, accelerated WL tests, with a high acid 

concentration and a short exposure period, simulate concrete exposure to severe environments. 

H2SO4, in particular, is responsible for concrete deterioration, attacking the cement matrix and 

causing corrosion and, consequently, leading to strength and cohesion loss in the calcium 

compounds present in the mix (O’Connell et al., 2010). These additional mechanisms highlight 

the complexity of acid attack on concrete and the importance of carefully evaluating its 

properties under different conditions and with additives such as CNTs. 

Concerning the UPV results, there was an improvement in the CNT–concrete samples, 

indicating that the CNTs may contribute to greater cohesion and densification in the concrete 

matrix. Notably, 0.05% CNT has proven effective in increasing UPV, while there is no evidence 

that 0.10% CNT provides a more significant benefit. According to existing research, a 

significant connection exists between UPV and P and the integrity of concrete components 

(Mehta & Siddique, 2017). In fact, this investigation showed that even a more porous structure 

can result in a higher UPV, which is explained by the lower occurrence of larger pores in the 

cementitious matrix (Figure 22). When the ultrasonic wave encounters higher resistance, this 

generally suggests the presence of more porous structures and an interfacial transition zone 

(ITZ) with lower resistance, as highlighted in previous studies (Mohseni et al., 2017; Rad & 

Modarres, 2017). Moreover, some authors have associated the rise in UPV values with the 

CNT’s influence, contributing to an expansion of the C–S–H gel volume (Ali et al., 2021). 

Therefore, the outcomes of the present study indicate that adding an adequate amount of CNTs 

can improve the concrete’s quality in this aspect, the UPV being a relevant metric for detecting 

defects and evaluating structural integrity. 

Furthermore, the results reveal that adding CNTs had a minimal effect on the concrete’s ER, 

contrary to initial expectations. Given the CNT’s low density and high aspect ratio, their 

inclusion would increase the samples’ electrical conductivity. However, the outcomes indicate 

that, at the amounts tested, CNTs did not adversely affect the concrete’s ability to resist the 

flow of electrical current. Actually, the highest ER was obtained in the CNT0.05 sample, 

precisely the one that showed the greatest increase in pores smaller than 250 μm (Figure 22), 
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indicating that CNTs can perform their expected role in improving ER. In this case, a larger 

sample of specimens could reduce the results’ variability and identify the CNT effect more 

clearly. Some authors reported a slight effect of the CNTs on the UHPC’s ER when contents of 

up to 0.80% CNT were used, and for 0.02% and 0.05% CNT, there was almost no change. 

Above 0.80% CNT, there was an increase in electrical conductivity (Jung et al., 2020; Jung et 

al., 2022). Another study indicated that the UHPC’s ER decreased modestly as the CNT content 

increased (Lim et al., 2022). For these cases, it should be noted that the dosage of UHPC is 

generally different from ordinary concrete, with a lower w/c ratio and using other additions, 

such as fumed silica or silica powder. In addition, the literature has reported that 0.10% CNT 

was the content with the best results in the concrete’s ER (Parvaneh & Khiabani, 2019). 

Nevertheless, it should be emphasized that none of these studies presented statistical analyses 

to affirm whether these improvements in the concrete’s electrical properties were, in fact, 

significant, their results concerning only the relative differences between the average values. 

Finally, it is worth highlighting that all the results discussed above are directly related to the 

w/c ratio used in the mixtures. A lower w/c could eventually allow CNTs to exert a more 

pronounced impact on concrete properties, especially in decreasing porosity and pore size. 

However, this decision must consider the project’s specific requirements and the practical 

feasibility of mixing and curing the concrete, as did this research. 

These complex interactions between w/c ratio, porosity, strength, CNTs, and other concrete 

components, as well as the dispersion techniques, highlight the need for detailed analyses to 

fully understand the effects of several CNT contents and optimize their use in concrete. 

Although the results suggest that CNT incorporation may be a promising strategy for improving 

the concrete’s mechanical performance, especially in applications such as construction, they 

draw attention to the critical importance of accurately adjusting the CNT content to avoid 

undesirable effects on other concrete properties. Therefore, continued research is crucial to 

understanding the impact of different CNT contents, how they affect concrete properties under 

different mixing and curing conditions, and their durability in varying environments. 

5.3.4 Correlation between properties 

The results of the correlation analyses (Pearson correlation: – 1 ≤ r ≤ 1) for the composites 

manufactured without (Table 13) and with 0.05% (Table 14) and 0.10% CNT (Table 15), 

respectively, are presented below, with the underlined correlations being considered significant 

by ANOVA (p-value < 0.05). Such correlations were evaluated to verify the existence of a 
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significant relationship between the response variables considered and whether the CNT 

inclusion preserves the correlations obtained from the reference condition. 

Table 13. Correlations tested for CNT0.00 samples (reference). 

Var. ρap P WA WL CS TS Ed Es UPV 

P -0.331 
        

WA -0.491 0.984 
       

WL -0.692 0.359 0.459 
      

CS 0.559 -0.582 -0.636 -0.257 
     

TS -0.954 0.396 0.543 0.863 -0.451 
    

Ed 0.405 0.050 -0.027 0.331 0.587 -0.129 
   

Es 0.370 0.354 0.255 -0.629 -0.480 -0.508 -0.426 
  

UPV 0.665 -0.532 -0.619 -0.416 0.125 -0.686 0.108 0.287 
 

ER 0.550 0.019 -0.082 0.031 0.728 -0.305 0.880 -0.275 -0.030 

Table 14. Correlations tested for CNT0.05 samples. 

Var. ρap P WA WL CS TS Ed Es UPV 

P -0.412 
        

WA -0.673 0.951 
       

WL -0.259 0.263 0.292 
      

CS 0.073 -0.755 -0.634 -0.617 
     

TS 0.251 -0.090 -0.147 -0.854 0.535 
    

Ed 0.011 0.330 0.267 -0.344 0.209 0.652 
   

Es 0.472 -0.134 -0.279 0.417 -0.447 -0.678 -0.576 
  

UPV -0.676 -0.034 0.207 0.276 0.098 -0.145 -0.311 -0.509 
 

ER -0.118 -0.675 -0.515 0.368 0.312 -0.616 -0.665 0.392 0.296 

Table 15. Correlations tested for CNT0.10 samples. 

Var. ρap P WA WL CS TS Ed Es UPV 

P -0.154 
        

WA -0.370 0.975 
       

WL 0.405 -0.166 -0.245 
      

CS 0.323 0.111 0.032 -0.163 
     

TS -0.188 0.494 0.509 -0.616 0.547 
    

Ed -0.226 -0.312 -0.242 0.094 -0.937 -0.439 
   

Es 0.493 -0.305 -0.398 0.745 0.206 -0.672 -0.321 
  

UPV 0.837 -0.133 -0.314 0.734 0.164 -0.557 -0.224 0.850 
 

ER -0.206 -0.566 -0.490 -0.528 -0.247 -0.297 0.304 -0.128 -0.274 
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A significant correlation occurred between P and WA in all samples, i.e., such properties are 

intrinsically linked, and including CNTs, regardless of the content, did not affect this 

relationship. This outcome is intuitive in physical terms, as P acts as a network of channels for 

water to flow and be stored in the material. Thus, any change in P, whether due to additions 

such as CNTs or other factors, can influence WA, but the fundamental association between these 

properties remains consistent. 

Furthermore, it was noted that higher WL is associated with lower TS, indicating a potential 

weakening of the concrete due to degradation. This effect was consistent in CNT0.00 and 

CNT0.05. However, this correlation was no longer significant in the CNT0.10, suggesting that 

there may be a saturation point where the additional amount of CNTs no longer contributes 

significantly to the relationship between WL and TS. Once this point is reached, increasing the 

CNT content may not have a discernible additional impact. 

Still talking about TS, this property only significantly correlated with the ρap in the reference 

sample. As the ρap of all samples is equivalent (with or without CNTs), it can be inferred that 

the CNT presence or content does not influence the initially observed correlation between ρap 

and TS. In other words, the consistency in ρap indicates that the variation in TS should be 

attributed to factors other than ρap or CNTs. Similar logic can be used to discuss the significant 

correlation between ρap and UPV in the CNT0.10, which may have been influenced by the CNT’s 

intrinsic characteristics or by variations in the microstructural properties of the concrete matrix 

related to the CNTs. Regardless of ρap, these factors may affect how ultrasonic waves propagate 

in concrete samples. 

Finally, the outcomes revealed interesting patterns regarding the other mechanical properties. 

In CNT0.00, a correlation was observed between the Ed and Es, suggesting a relationship between 

them. However, it is essential to consider that these moduli can be affected by frequency tests 

and loading conditions. In CNT0.10, a significant correlation was observed between the CS and 

Ed, indicating that this content positively influenced both in this case, which did not occur with 

CNT0.05 samples, with no significant correlation identified between the Ed and Es, neither 

between CS and Ed nor between Ed and Es. 

The lack of significant correlations between some concrete properties can be due to its 

complexity as a composite material, subject to the influence of several factors. For example, 

the results may partially arise from the intricate interactions between carbon nanotubes and the 

concrete’s matrix, indicating that CNTs can potentially modify the relationships between 
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different concrete properties. Furthermore, the multifaceted behavior of concrete makes 

correlations sensitive to several variables. 

It is crucial to emphasize that samples with similar sizes were chosen deliberately to ensure 

more reliable o results. The limit of five specimens was determined by the properties measured 

in the destructive tests. This consideration is particularly relevant since non-destructive testing 

was conducted on all the samples intended for destructive testing, resulting in a more 

comprehensive database for physical properties (greater than five). In other words, the 

correlation of the results and the durability properties (obtained non-destructively) could have 

been improved if the samples had not been chosen randomly, as done to maintain integrity but 

rather selected based on more notable values. 

It is also worth highlighting that carrying out experiments to find the optimal CNT content 

without considering the correlations between properties can be costly and time-consuming. 

Still, based on correlations, reducing the number of tests required is possible, saving resources. 

Correlations can also guide concrete mix optimization, allowing for a more targeted approach. 

By understanding how different CNT amounts affect concrete properties, it is feasible to 

perform regression analyses, such as quadratic, to determine the optimal CNT content that will 

lead to specific property improvements, making developing new concrete materials more 

efficient. 

5.3.5 Quadratic regression models 

In order to verify the existence of optimal CNT contents (between 0% and 0.10%) in the 

investigated properties, quadratic regression models evaluated by ANOVA (5% significance) 

were considered. Table 16 presents the regression models considered significant by ANOVA 

(p-value < 0.05), the coefficient of determination (R2), and the respective nanotube content 

(CNTopt) that make the response values extreme. These models make it possible to investigate 

whether it is feasible to obtain properties equivalent to those obtained with 0.10% but for a 

lower amount of this material. Figure 23 shows the fitted curves. 

Table 16. Quadratic regression models considered significant by ANOVA. 

Model R2 (%) CNTopt Max or Min 

P (%) = 7.840 – 41.30·CNT + 458·CNT2 64.39 0.045 Minimize 

WA (%) = 3.750 – 21.77·CNT + 231.3·CNT2 56.57 0.047 Minimize 

CS (MPa) = 30.69 + 121.4·CNT – 494·CNT2 79.77 0.123   

TS (MPa) = 2.233 + 19.18·CNT – 125·CNT2 62.74 0.077 Maximize 

UPV (m/s) = 4148 + 4165·CNT – 37502·CNT2 41.06 0.056 Maximize 
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 23. Curves fitted to experimental data. 

The regression models in Table 16 and Figure 23 demonstrate quadratic relationships between 

concrete properties and CNT content. The R2 ranges from 41.06% to 79.77%, indicating that 

the model explains – without an excellent adjustment – variability in properties, such as P, WA, 

CS, TS, and UPV based on CNT concentration. CNTopt values range from 0.045% to 0.123%, 

suggesting specific CNT contents to optimize each property. This is relevant to improving the 

concrete’s quality and durability, reducing P and WA while increasing CS and TS, depending 

on the application needs. 

Finding a single CNTopt that best meets all properties simultaneously can be challenging, as 

different properties can have conflicting requirements. However, an intermediate CNT content 
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can be achieved using a weighted average of the optimal concentrations, i.e., the R2 values can 

be the weights (the higher the R2, the greater the weight) for each property. This method may 

help determine the content that globally optimizes the CNT–concrete’s performance concerning 

these properties. 

It is important to note that although these quadratic regression models provide an initial estimate 

of CNT content that optimizes each property, these are theoretical outcomes based on 

relationships identified in existing data. For a practical application, additional experiments with 

a larger sample are welcome to increase the model’s reliability, reduce variability in the data, 

and improve the fit of the models (increase R2), since only five specimens were randomly 

selected for non-destructive testing to maintain impartiality and avoid biased results. 

Additionally, the limited availability of similar concrete in the literature makes it difficult to 

compare or extrapolate these models directly. Therefore, these models are primarily applicable 

to concrete with characteristics similar to those in this study and should be used cautiously as a 

starting point for related investigations.  

It is true that, based on the results of this study, the benefits of adding CNTs to concrete were 

found to be modest in some properties, such as CS and TS, which follows the literature and is 

an important observation. For example, some authors reported an increase in concrete’s CS, TS, 

and steel-concrete bond strengths. However, the advantages of using CNTs were moderate 

(Hassan et al., 2019). These authors also stated that other additions or mineral/chemical fibers 

could improve the concrete’s mechanical properties without the problems associated with CNT 

dispersion and the health risks from handling a nanomaterial (Hassan et al., 2019). Another 

study considered the improvement of the concrete’s mechanical properties with the CNT 

incorporation to be unattractive, at least considering the CNT dispersion method used and the 

high cost of CNTs on the market to date (Hawreen & Bogas, 2018). Given this, why continue 

investigating the potential of CNTs in cementitious materials, especially concrete? 

Studies on using CNTs in cementitious materials, mainly concrete, involve important concerns. 

Although the benefits may be moderate and the dispersion and cost challenges are real, the 

potential of CNTs in cement-based materials applications remains. Research is evolving, and 

the development of improved dispersion methods and a deeper understanding of CNT–concrete 

interactions could lead to significant advances in the future. Furthermore, the choice between 

CNTs and other materials depends on the project’s specific needs and desired properties, as 

CNTs stand out for their unique electrical conductivity and mechanical properties. Even though 

they are expensive, their nanometric characteristics can justify their use in high-performance 
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applications. Continued research in nanotechnology can make CNTs more accessible and 

practical in construction applications. Therefore, studies on including CNTs in concrete are 

justified, as they are essential in high-performance applications and technological innovation, 

especially when seeking to improve concrete structures’ bonding, strength, electrical 

conductivity, and durability. 

Moreover, it is worth mentioning the fundamental role of statistical studies in predicting the 

physical and mechanical properties of cementitious materials by adding nanomaterials. Besides, 

the usefulness and importance of tests, especially non-destructive ones, such as UPV and ER 

ones, should be highlighted in the continuous search for significant advances and in optimizing 

CNTs and other nanomaterials in civil construction applications. 

5.4 Conclusions 

This chapter evaluated the concrete properties (ρap, P, WA, WL, CS, TS, Ed, Es, UPV, and ER) 

considering three CNT contents (0%, 0.05%, and 0.10%) and proposed regression models to 

estimate them. The following conclusions can be drawn: 

i. The statistical analysis indicated significant reductions in P (up to 12%) and WA (up to 

14%) and increases in CS (up to 16%), TS (up to 29%), and UPV (up to 3%) with 0.05% 

CNT. In addition, an improvement was observed in Ed (up to 10%) with 0.10% CNT, 

while WL significantly increased (up to 28%) with the same CNT content. No significant 

effects were observed on ER and Es. These data suggest optimizing the CNT amount 

requires detailed analysis to avoid undesirable effects. 

ii. Considering the variations in CS, TS, P, and UPV obtained in this research and the 

literature, pre-dispersing powdered CNTs in cement particles using an isopropanol 

medium was effective for applications in concrete. However, the dispersion of CNTs in 

aqueous suspension offers a simpler, safer, and potentially more efficient solution, 

particularly when considering applications on an industrial scale. This comparison 

highlights the need for effective methods in a laboratory setting that are scalable and 

practical for real-world construction scenarios. 

iii. There were significant correlations between P and WA and a negative correlation 

between WL and TS, which became non-significant for 0.10% CNT, suggesting the 

existence of a CNT saturation point. In addition, there was a correlation between ρap and 

UPV in the samples with 0.10% CNT and a positive influence of this content on the 

relationship between CS and Ed. A significant correlation between Ed and Es occurred 
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only in the reference sample. Therefore, it can be seen that a variation in any property 

causes changes in the others, hence the importance of further investigations on the 

correlation between physical and mechanical properties of concrete with additions to 

optimize concrete mixtures. 

iv. From the quadratic regression models found to be significant by ANOVA, it was 

possible to identify optimum CNT contents of between 0.045% and 0.123%, one for 

each property. The R2 ranges from 41.06% to 79.77%, indicating that the models explain 

the properties’ variability (P, WA, CS, TS, and UPV) partially. Further studies must be 

conducted to improve the regression models’ adjustment quality and help assess the 

benefits of incorporating CNTs into concrete. 

These conclusions highlight the possibility of developing regression models similar to those 

proposed in this study in future research covering other concrete types, considering different 

dosages, addition types and contents, and other relevant factors. Furthermore, these findings 

point towards a future direction for the construction industry, where the choice of materials and 

methods is as much about efficacy as it is about scalability and practicality in diverse 

application contexts. It is essential to highlight that the findings of this study are restricted to 

the analysis of concrete samples containing up to 0.10% of CNT pre-dispersed in the cement 

particles. Different dosages and dispersion techniques will require additional investigations for 

a more comprehensive understanding. As presented in the next chapter, knowing CNT–

concrete’s mechanical and physical properties was necessary to study its bond to steel bars. 
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6 INFLUENCE OF CARBON NANOTUBES AND CEMENT REDUCTION ON THE 
BOND STRENGTH OF STEEL BARS IN CONCRETE: AN EXPERIMENTAL 
INVESTIGATION 

This chapter builds on all the previous ones but mainly on the findings of Chapters 2 and 5. It 

investigates the bonding of steel bars in CNT–concrete and reduced-cement concrete samples. 

A concrete different from the one used in Chapter 5 was produced for this experimental 

campaign, conducted at the Laboratoire de Mécanique Paris-Saclay, France. In addition, the 

considerations from the previous chapter regarding the content and form of the CNTs (powder 

or suspension) and the associated dispersion techniques were taken into account. The CNT 

content that performed best (0.05% wc) in mechanical and physical properties was adopted to 

incorporate the reduced-cement concrete samples and study SC bonding through pull-out tests 

(POTs). 

6.1 Introduction 

RC structures have become fundamental to modern infrastructure, supporting buildings, 

bridges, highways, and other critical urban and rural development components. However, these 

structures heavily rely on Portland cement as a key ingredient in concrete, known to be one of 

the most energy-intensive and CO2-emitting industrial materials. Compared to other sectors, 

such as transportation and agriculture, the cement industry is one of the most significant 

contributors to GHGs (Chen et al., 2023). This fact is due to the high energy consumption 

during production and the chemical process of calcination in clinker production, which releases 

a substantial amount of CO2 into the atmosphere (Ferrario et al., 2023). Consequently, the 

environmental impact of RC is a growing concern, particularly in light of the urgent need to 

address climate change. 

Countries such as the United States, China, and members of the European Union have 

committed to aggressive decarbonization targets to reduce emissions in critical industries, 

including construction. For instance, the sectors included in the European Union Emissions 

Trading Scheme (EU ETS) must achieve a 43% reduction in emissions compared to 2005 

levels, which is vital for promoting CO2 reduction, reuse, and carbon capture technologies (EU 

ETS, 2022). These efforts underscore the need for innovation and sustainable practices within 

the cement sector. 

Moreover, RC structures are increasingly exposed to extreme environmental conditions such as 

higher temperatures, increased humidity, and more frequent and intense storms or earthquakes. 

These challenges can accelerate the degradation of concrete, risking the durability and longevity 
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of the structures and the safety of the people who rely on them (Stewart et al., 2012). Structural 

safety is inherently linked to the effectiveness of the SC bonding mechanism, which ensures 

that the reinforcing steel bars and concrete work together to resist loads. The quality of this 

bonding directly influences the overall structural performance, and any compromise in this 

adherence could lead to structural failures (Jiang et al., 2018). 

In this context, nanotechnology has emerged as a transformative tool in the construction 

industry, offering new ways to reduce CO2 emissions while enhancing material performance 

(Goyal et al., 2023). Nanomaterials, such as CNTs, provide promising solutions to both pressing 

issues – environmental sustainability and structural resilience. As the previous chapters 

depicted, CNTs have unique properties, such as high tensile strength and stiffness, making them 

suitable for improving concrete’s mechanical properties and durability. Incorporating nanoscale 

materials and/or additives makes it possible to reduce cement consumption without 

compromising the structural integrity of cement-based composites, aligning with global 

decarbonization efforts (Olsson et al., 2024; Voßbeck & Fastenrath, 2024). 

Producing cementitious composites with reduced clinker content is a promising strategy for 

lowering the environmental impact of construction. However, while this approach is eco-

friendly, it is critical to ensure that the resulting materials maintain adequate strength and 

durability for long-term use (Fu et al., 2024). The challenge lies in balancing sustainability with 

the functional performance of concrete, particularly when subjected to varying loads and 

environmental conditions (Yang et al., 2024b). In this sense, adding CNTs to Portland cement-

based materials is expected to enhance the SC bond to steel bars, leading to more robust and 

durable RC structures.  

However, it should be highlighted that while the literature has explored SC bonding behavior, 

they have primarily focused on the effects of using different CNT contents, bar diameters, and 

embedded lengths. In contrast, it has not addressed the possibility of incorporating 

nanomaterials only near the rebar, the region where the first microcracks that initiate the loss 

of adhesion appear. Common methods, which distribute CNTs uniformly throughout the 

concrete, face scalability challenges for complex structures due to the difficulty of achieving 

consistent dispersion and performance in large volumes. Therefore, focusing on incorporating 

CNTs only around steel bars and in critical regions, such as beam-column joints with high 

reinforcement density, aims to enable more efficient and sustainable use of these high-cost 

materials. In other words, a targeted approach to areas prone to microcracks and stress 
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concentrations would be interesting for evaluating structural performance and possibly 

reducing material waste and environmental impact. 

Furthermore, several studies have shown that it is possible to match or even surpass the 

performance of traditional cementitious composites by reducing cement consumption and 

incorporating nanomaterials such as CNTs (Chen et al., 2023; Ribeiro et al., 2024). Both 

SWCNTs and MWCNTs have been explored as potential reinforcement agents in low-cement 

composites (Peng et al., 2008), with one of the crucial challenges being determining the optimal 

content and dispersion technique to achieve the desired performance. However, these 

challenges have already been addressed in the previous chapters, providing indications of the 

best choices regarding optimal CNT content, the preferred CNT form and type, and the most 

effective dispersion techniques to ensure even distribution within the cement matrix. 

Therefore, this chapter proposes a unique approach to investigate the bonding of steel bars in 

concrete with CNTs (CNT–concrete) and reduced cement, considering structural, 

environmental, and technological aspects. Specifically, this experimental research aims to (i) 

study the effects of adding different levels of CNTs (0.025%, 0.05%, 0.075%, and 0.10% wc) 

to concrete on its compressive strength, tensile strength, static modulus of elasticity, porosity, 

pore size distribution, water absorption, and cement intensity; (ii) investigate the influence of 

bar diameter (d, 8 mm and 10 mm), roughness (plain and ribbed) and embedded length (4݀, 

5݀, and 5.6݀) on SC bonding behavior; and (iii) assess whether incorporating these same CNT 

contents into concrete has an impact on its bond strength. In addition to these specific 

objectives, a new methodology is introduced to (iv) address the possibility of using CNT–

concrete only around the rebar and (v) assess the SC bond strength of reduced-cement concrete 

with and without added CNTs. Finally, this article (vi) uses the general equation of the 

anchorage length to check whether it could be reduced by incorporating CNTs into the concrete 

mix. 

6.2 Materials and Methods 

6.2.1 Materials 

Concrete was produced using (i) Portland cement I 52.5 N (EN 197-1 (CEN, 2011)) – this 

cement is comparable to the Brazilian type CPV-ARI RS (ABNT, 2018c); (ii) fine siliceous 

sand (0/2 mm), (iii) coarse siliceous sand (0/4 mm), and (iv) coarse siliceous gravel (4/8 mm) 

– Figure 24 presents the particle size distribution curves of the aggregates (CEN, 2008; 

AFNOR, 2021); and (v) superplasticizer (SP, Fluid Optima 100 type, CHRYSO® brand).  
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The CNTs used in this research are multi-walled types purchased from Nanocyl SA in Belgium 

(Nanocyl, 2023). They are synthesized through the CVD technique and marketed under the 

commercial name AQUACYLTM AQ0303, a waterborne dispersion of 3 wt % of NC7000TM 

containing an anionic surfactant (Figure 25). Choosing CNTs in aqueous suspension is based 

on the previous chapter, which indicated that they are generally simpler, safer, and potentially 

more effective than the powdered form. Their main characteristics are listed in Table 17. 

Ribbed and plain bars of 400–600 MPa grade (CEN, 2004) were used for the pull-out tests, with 

one stress-strain diagram (until steel yields) illustrated in Figure 26 and the main properties 

summarized in Table 18. The ribbed steel bars were tensile tested in a UTM (Instron brand, 50 

kN capacity) (CEN, 2019c), and the yield strength obtained for 8 mm and 10 mm diameter bars 

was 523 MPa and 547 MPa, respectively. These diameters were chosen because the review in 

Chapter 2 has indicated that any interference at the SC interface can influence the adhesion 

behavior of thin bars (diameters up to 10 mm) during tests. In addition, the low frequency of 

studies on adherence in thin bars makes it doubtful to define other diameter-dependent 

parameters, such as the embedded length. 

 

(a) 

Figure 24. Particle size distribution curves: (a) fine sand; (b) coarse sand; (c) coarse gravel. 
(to be continued) 
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(b) 

 

(c) 

Figure 24. Particle size distribution curves: (a) fine sand; (b) coarse sand; (c) coarse gravel. 
(figure completed) 
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(a) (b) (c) 

Figure 25. MWCNTs: (a) gallon with 5 kg of AQ0303 (3 wt % NC7000 dispersion in water); 
(b) liquid dispersion aspect; (c) bucket with a solution containing CNTs dispersed in water 

after manual stirring. 

Table 17. Characterization of the water dispersion (AQ0303) containing MWCNTs (NC7000) 
by the manufacturer (Nanocyl, 2023). 

Product Property Value 

AQ0303 (aqueous dispersion) pH 7–11 

 Boiling point 100 °C 

 Melting point 0 °C 

 Viscosity after stirring at 25 °C 800–1000 cP 

NC7000 (MWCNTs) Average diameter 9.5 nm 

 Average length 1.5 μm 

 Surface are 250–300 m2/g 

 Carbon purity 90% 

 

Figure 26. Stress-strain curve (8 mm ribbed bar) and steel bar details. 
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Table 18. Steel bar dimensions. 

Property or size Ribbed bars Plain bars 

Nominal diameter (݀, mm) 8 10 8 10 

Inner diameter (݀௜, mm) 7.69 9.72 7.98 9.97 

Rib height (ℎ, mm) 0.90 0.92 – – 

Rib spacing (݁, mm) 4.96 6.25 – – 

Rib inclination (ߚ) ≥ 45° ≤ 45° – – 

6.2.2 CNT dispersion 

The CNTs were dispersed by mixing with water, followed by manual stirring. This method has 

already been tested in the literature and has led to satisfactory results, being reported as the 

simplest to replicate on an industrial scale (Hassan et al., 2019; Ribeiro et al., 2024). As Chapter 

5 indicated, it is valid if the CNTs are supplied as aqueous suspension rather than powder. 

Furthermore, this is the technique stated by the manufacturer of the CNTs used in this study 

(Nanocyl, 2023).  

First, the amount of waterborne dispersion referring to a CNT content was calculated and 

weighed on a scale with milligram precision. For example, for a concrete sample whose 

manufacture requires 30 kg of cement, 7.5 g of CNTs are needed for the 0.05% CNT content, 

which corresponds to 250 g of waterborne dispersion with 3 wt % CNTs (in weight). Therefore, 

this CNT aqueous suspension was mixed with 50% of the water and manually stirred until the 

mixture was visually homogeneous and without clumps (Figure 25c). This process was used on 

all the samples, regardless of the CNT content. 

It is worth suggesting that further quantification methods, such as those used by Marcondes and 

Medeiros (2016), who examined twelve different methods of dispersing MWCNTs in aqueous 

media based on three criteria – turbidity, the diameter of the agglomerates, and decantation – 

could be considered for future studies to assess the uniformity of the dispersion more accurately, 

as this study was limited to a visual inspection. 

6.2.3 Mixture compositions and specimen production 

The concrete was produced in the Laboratoire de Mécanique Paris-Saclay of the Université 

Paris-Saclay. Table 19 outlines the reference mix (C0, concrete without CNTs) prepared with 

425 kg/m3 of cement and a 0.42 water-to-cement ratio (w/c). This mix was obtained after 

performing a mixture rule and targeted an S3 slump class (100–150 mm) and a C60/75 

compressive strength class (60/75 MPa for minimum characteristic cylinder/cube strength), 
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according to EN 206-1 (CEN, 2000). For the CNT–concrete samples, the maximum CNT 

content used was 0.10% wc – 0.384 kg/m3 – following the literature and the findings of the 

previous chapter. Samples with CNT contents of 0.025% (C025), 0.05% (C05), 0.075 (C075), 

and 0.10% wc (C10) were prepared6.  

Besides, specimens containing C0 and C05 were also prepared in three equal layers (the one 

with C05 in the middle) as an initial attempt to optimize the use of the nanomaterial.  

Lastly, reduced-cement concrete samples using 12% less cement without CNTs (LC0) and with 

0.05% CNT (LC05) were also prepared using the same w/c (0.42). This reduction percentage 

was defined based on a previous preliminary study conducted by the authors with mortars, in 

which 0.05% CNTs were added to all samples and dispersed in the same manner described in 

Section 6.2.2. The study aimed to determine a potential cement reduction that could be 

replicated in concrete. Different reduction percentages (0%, 5%, 10%, and 15%) were tested, 

and the main conclusion was that a reduction of up to 10% in cement content did not 

significantly compromise the mechanical properties of the mortar. However, workability was 

notably lost when the 15% cement reduction was applied, which could have been improved if 

some additive was used, leading to better results. Thus, the 12% reduction for the concrete 

samples was chosen as an intermediate value, balancing the potential for cement reduction with 

the preservation of workability and strength. Hence, the SP content was adjusted to a maximum 

of 1.4% wc to ensure the specified consistency (no differences in the consistency with the CNTs 

in solution instead of powdery were observed, justifying the adjustment in SP only for the 

reduced-cement groups). 

Table 19. Concrete mix proportions. 

Concrete Cement Water Fine sand Coarse sand Coarse gravel SP 

 (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (% wc) 

C0 425 180 280 485 990 1.2 

LC0 374 158 280 485 990 1.4 

Concrete production began by adding a small quantity of water to moisten the inside surface of 

the concrete mixer (Eirich brand, 75-liter Model). The aggregates were mixed with 50% of the 

total mixing water for three min. Next, the cement, the remaining 50% of mixing water (with 

or without dispersed CNTs), and the superplasticizer were gradually added in this order. This 

 
6 The terminology of the samples in this chapter differs from the previous one on purpose, as this one deals 

with concretes with different dosages. 
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blend was then mixed for an additional five min. Consistency was then measured by the slump 

test (CEN, 2019b). Each composition was molded in two steps, filling half the volume each. 

The molds were then compacted on a vibration table for 10 s each.  

For the samples containing CNT–concrete only around the bar, molding 150 mm-sided cubic 

specimens followed these steps: (i) batches of C0 and C05 were prepared simultaneously; (ii) 

a first layer of approximately 5 cm (1/3 of the specimen’s height) was filled with C0; (iii) a 

second layer of approximately 2.5 cm (1/6 of the mold’s height) was added using C05; (iv) the 

specimen was compacted on the vibration table for 10 s; (v) a new 2.5 cm layer was filled with 

C05; (vi) a final 5 cm layer was placed with C0; (vii) the specimen was compacted for 10 s. 

After 24 h, all the samples were de-molded, wrapped in plastic, and left to cure at a controlled 

temperature (20 ºC) for 28 days. Figure 27 summarizes the process. 

     
(a) (b) (c) (d) (e) 

Figure 27. Production process of concrete specimens: (a) separating materials from stock; (b) 
weighing and mixing; (c) slump test; (d) casting; (e) curing after de-molding. 

Seventy specimens measuring 110 × 220 mm (diameter × height) were produced using 

cylindrical plastic molds to measure the mechanical and physical properties7. The two ends of 

the specimens were ground in a wet process on a grinding machine on the day of the tests. The 

properties studied were compressive strength, tensile strength, static modulus of elasticity 

(measured before the compression test with the same specimens), porosity, pore size 

distribution, and water absorption at 28 days, following the program listed in Table 20. Small 

pieces of the broken specimens were collected for porosimetric analysis. 

Table 20. Mechanical and physical characterization test program. 

Property Number of specimens  
C0 C025 C05 C075 C10 LC0 LC05 Total 

Compressive strength and 
static modulus of elasticity 

3 3 3 3 3 3 3 21 

Tensile strength 4 4 4 4 4 4 4 28 

Porosity and absorption 3 3 3 3 3 3 3 21 

 
7 These dimensions (110 × 220 mm) follow the European standard, slightly differing from those prescribed 

by the Brazilian standards (100 × 200 mm) for cylindrical specimens. 
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Besides the specimens produced for the previous tests, fifty-two cubic specimens measuring 

150 mm on each side were prepared using metallic molds to investigate SC bond behavior, 

following the setup in Figure 28. This dimension was the most commonly used in the review 

portfolio in Chapter 2. The molds incorporate centralized holes through which the bar passes, 

ensuring its central positioning. The holes can adapt to bars of varying diameters. The maximum 

embedded length the molds can accommodate is 70 mm, as two small metallic tubes fixed inside 

the mold guarantee an isolated length of 80 mm (40 mm each). However, one can adjust the 

isolated length (bond breaker) by attaching PVC tubes to the metallic ones, allowing for shorter 

bond lengths. Typically, the embedded length is positioned at the center of the specimen. Once 

the bar is in place, six screws, three on each side, are tightened to prevent the bar from shifting 

during vibration. Special attention ensures that, in the case of ribbed bars with equal embedded 

lengths, the bar has an equal number of ribs in contact with the concrete. Subsequently, a putty 

seals the tubes of the isolated length to prevent concrete from entering the tube, which could 

complicate demolding. With the setup complete, the molds are internally lubricated with oil, 

except for the steel bars. So, casting occurs transversely to the direction of the bar. Different 

diameters (݀) and embedded lengths (݈௕) of ribbed (R) and plain (P) bars were used, keeping 

the cover-to-bar diameter greater than five (ܥ/݀ >  5) in all specimens to ensure the pull-out 

failure (CEB, 2010). However, specimens of the C0 mix with ribbed bars (݀ = 10 mm, ݈௕ =

56 mm) were tested, the bar rupturing instead of pulling out, so these configurations were not 

considered in the CNT–concrete samples since greater resistance is expected in these cases. 

Instead, ݈ ௕ = 5݀ was used, the value recommended by the primary standards (CEN, 2005; CEB, 

1983).  

Table 21 summarizes the corresponding test program, which included two specimens per group, 

except for C0/C05 (four samples), LC0 and LC05 (three samples each). It is worth mentioning 

that opting for small samples was supported by preliminary pull-out tests conducted with 

specimens cast on different days to account for production variability. On the first day, two 

batches (C1 and C2) were prepared, and four specimens were tested for each. On the second 

day, two additional specimens were produced for each batch. The results showed minimal 

deviation in the CV of the maximum pulling force when reducing the sample size. For C1, the 

CV was 3.95% with four specimens and 4.34% with two specimens, while for C2, it was 4.21% 

with four specimens and 4.43% with two specimens. This consistency in load-slip behavior, 

even with fewer specimens, highlights the reliability of the results due to the high level of 

standardization achieved. Furthermore, many related studies use only two (Li et al., 2020; Wei 



110 
 

et al., 2024; Zhao et al., 2021) or three (Huang et al., 2020; Qi et al., 2020; Shen et al., 2016) 

specimens, indicating that this approach aligns with established practices. 

 

Figure 28. Setup for producing pull-out test specimens. 

Table 21. Details of the pull-out test program. (to be continued) 

Sample Bar type Concrete ࢊ (mm) ࢈࢒ (mm) 

C0-R-8-4 Ribbed C0 8 32 (4݀) 

C0-R-8-5.6 Ribbed C0 8 44.8 (5.6݀) 

C0-R-10-4 Ribbed C0 10 40 (4݀) 

C0-R-10-5.6 Ribbed C0 10 56 (5.6݀) 

C0-P-10-4 Plain C0 10 40 (4݀) 

C0-P-10-5.6 Plain C0 10 56 (5.6݀) 

C025-R-10-4 Ribbed C025 10 40 (4݀) 

C025-R-10-5 Ribbed C025 10 50 (5݀) 

C05-P-10-4 Plain C05 10 40 (4݀) 

C05-P-10-5.6 Plain C05 10 56 (5.6݀) 

C05-R-10-4 Ribbed C05 10 40 (4݀) 

C05-R-10-5 Ribbed C05 10 50 (5݀) 

LC0-R-10-4 Ribbed LC0 10 40 (4݀) 

LC0-R-10-5 Ribbed LC0 10 50 (5݀) 

LC05-R-10-4 Ribbed LC05 10 40 (4݀) 

LC05-R-10-5 Ribbed LC05 10 50 (5݀) 

C0/C05-R-10-4 Ribbed C0/C05 10 40 (4݀) 
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Table 21. Details of the pull-out test program. (table completed) 

Sample Bar type Concrete ࢊ (mm) ࢈࢒ (mm) 

C075-R-10-4 Ribbed C075 10 40 (4݀) 

C075-R-10-5 Ribbed C075 10 50 (5݀) 

C10-P-10-4 Plain C10 10 40 (4݀) 

C10-P-10-5.6 Plain C10 10 56 (5.6݀) 

C10-R-10-4 Ribbed C10 10 40 (4݀) 

C10-R-10-5 Ribbed C10 10 50 (5݀) 

6.2.4 Experimental tests 

6.2.4.1 Mechanical properties 

The static modulus of elasticity test was performed according to EN 12390-13 (CEN, 2021), 

with the specimen’s compressive strength ( ௖݂,௘௦௧) initially estimated from the concrete mix 

design. The cylindrical specimen was positioned within a strain gauge cage and centered on a 

2500 kN MTS hydraulic press plate aligned along the machine’s loading axis (Figure 29a). The 

cage had three transverse strain gauges to measure radial deformations (Figure 29b) and three 

displacement transducers to ascertain the average deformation across the measurement height. 

Through the control panel operated by a computer (Figure 29c), a constant loading rate of 0.6 

MPa/s was applied until the specimen reached a pre-load stress of 0.5 MPa, maintained for 20 

s. Subsequently, the load increased to the upper limit stress (ߪ௔ = 0.3 ௖݂,௘௦௧), sustained for 

another 20 s before unloading to the lower limit stress (ߪ௕ = 0.1 ௖݂,௘௦௧). This cycle was 

performed three times, and the test was finished. Data acquisition software recorded the results, 

and the static modulus of the concrete specimen (ܧ௦) was determined using Eq. (3), where ߝ௔ 

and ߝ௕ are the average strains corresponding to the ߪ௔ and ߪ௕ stresses, respectively. 

   
(a) (b) (c) 

Figure 29. Elastic modulus test setup: (a) specimen in the extensometer cage in the hydraulic 
press; (b) detail of the horizontal strain gauge sensor; (c) computers for data acquisition 

software and hydraulic press control panel. 



112 
 

Unbroken specimens, previously used for modulus of elasticity (ܧ௦) measurements, are 

subsequently tested for compressive strength ( ௖݂ or CS) on a Perrier UTM with a 2500 kN load 

capacity (Figure 30a). This procedure follows the EN 12390-3 (CEN, 2019a) – equivalent to 

the Brazilian standard NBR 5739 (ABNT, 2018a). The concrete specimens were compressed 

at a consistent load rate of 0.6 MPa/s until failure, obtaining the maximum force (ܨ) in Newtons. 

The UTM control panel in Figure 30b displayed the outcomes, enabling the calculation of ௖݂ 

using Eq. (1), where ݀ represents the specimen diameter in mm. 

   
(a) (b) (c) 

Figure 30. Mechanical testing setup: (a) compressive strength; (b) hydraulic press control 
panel; (c) splitting tensile strength. 

The splitting tensile strength by diametral compression ( ௖݂௧,௦௣ or TS) was measured using the 

same UTM in compliance with EN 12390-6 (CEN, 2012) – equivalent to the Brazilian standard 

NBR 7222 (ABNT, 2011). A compression load rate of 1.94 kN/s was applied until the specimen 

failed. The specimen was positioned horizontally over a metallic device, as depicted in Figure 

30c. The maximum force (ܨ) exerted on the specimen was recorded in Newtons on the UTM’s 

control panel (Figure 30b). Consequently, ௖݂௧,௦௣ was calculated using Eq. (2), where ܮ denotes 

the specimen length in mm. 

6.2.4.2 Physical properties 

The water absorption and porosity tests were conducted in line with ASTM C642-21 (ASTM, 

2021) – equivalent to the Brazilian standard NBR 9778-2 (ABNT, 2009). The procedure has 

already been described in the previous chapter (section 5.2.4.4), but it is briefly explained again 

as the images in this chapter complement the description in that one. It began by drying the 

specimen in an oven set to 110±5 °C for 72 h (Figure 31a). Afterward, the dry mass of the 
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specimen (݉ௗ) was determined using a precision weighing balance (Figure 31b). The specimen 

was then submerged in water maintained at 21±2 °C for another 72 h. After immersion, the 

saturated mass while still immersed in water (݉௜) was measured with a hydrostatic balance 

(Figure 31c). The specimen was removed from the water, its surface dried, and its saturated 

mass (݉௦௔௧) was recorded. The final step involved calculating the water absorption (ܣ(%) or 

WA) and the porosity ( (ܲ%) or P) using Eq. (5) and Eq. (6), in that order. 

   
 (a)  (b) (c) 

Figure 31. Concrete physical characterization: (a) oven drying; (b) weighing after drying; (c) 
weighing on a hydrostatic scale. 

The concrete’s pore size distribution on a nanometric scale was measured by Mercury Intrusion 

Porosimetry (MIP) following the ISO 15901-1 (ISO, 2016) using an automatic mercury 

porosimeter (Micromeritics Autopore IV 9500, 414 MPa maximum pressure). The MIP method 

operates on the principle of applying pressure to force mercury into pores. As the pressure on 

the mercury increases, it can penetrate smaller pores. The pore size distribution can be 

determined by measuring the total volume of mercury that has entered the pores. Thus, 

fragments of concrete samples obtained from the mechanical tests, measuring approximately 

1×1 (cm) and thoroughly dried in an oven, were subjected to low pressure (0.1 MPa) to allow 

the mercury to penetrate the larger pores of the sample. Subsequently, high pressures were 

applied (up to 414 MPa). The pore size distribution was then calculated using the Washburn 

equation (Eq. (12)) (Washburn, 1921): 

݀௣ =
4 · ߛ · ݏ݋ܿ ߠ

௖݌
 (12) 

 
Where ݌௖ represents the applied capillary pressure (MPa), ݀௣ is the minimal pore diameter (μm) 

that mercury can enter at the pressure ݌௖, ߠ is the contact angle (º) between mercury and the 
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pore surface (assumed to be 141.3° for cementitious materials), and ߛ is the surface tension of 

mercury (assumed to be 0.474 N/m). 

6.2.4.3 Eco-efficiency evaluation 

Cement intensity (CI) was used in this study to assess the eco-efficiency of the concrete 

samples, without attempting to compare it to the usual benchmarks found in the literature. CI 

represents the cement needed to achieve 1 MPa of compressive strength at 28 days (fc) 

(Damineli et al., 2010). Therefore, a lower CI indicates a higher eco-efficiency of the cement-

based composite. Eq. (13) was used to calculate CI, where C stands for cement consumption 

(kg/m3). 

ܫܥ =
ܥ
௖݂
 

(13) 

It should be noted that this assessment is exclusively related to CO2 emissions from cement, 

which historically account for about 90% of the concrete life cycle. CNTs, although used in 

small quantities, also have a carbon footprint associated with their production due to the energy 

intensity of traditional processes such as CVD. Nevertheless, this simplified approach (using 

the CI index) was adopted, as the goal was to provide an initial estimate of the impact of cement 

production without conducting a full LCA. 

6.2.4.4 Bond strength 

The bond strength was measured through the POT, whose setup is shown in Figure 32. Before 

starting it, a few precautions were taken. It was checked that the adjusting platform and the 

support were level and firmly anchored to avoid unwanted movements. The specimen was then 

positioned on the adjusting platform, ensuring the steel bar was aligned correctly with the 

machine’s traction axis. The end of the steel bar, not embedded in the concrete, was connected 

to the anchoring device, which is connected to the hydraulic jack. The load cell was attached 

between the steel bar and the hydraulic jack to measure the applied force. The displacement 

sensor was positioned to measure the steel bar’s displacement about the concrete specimen 

accurately. 

The test began with the hydraulic jack applying a tensile force to the steel bar. The force was 

applied gradually and controlled at a rate of 0.56݀ଶ (N/s) (CEN, 2005) where d is the bar 

diameter (mm). During the load application, the sensors continuously monitored the force 

applied by the load cell and the displacement of the bar. This information was recorded 

automatically by a data acquisition system attached to the machine. The specimen’s behavior 
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was observed to detect any signs of failure, such as concrete cracks or steel bar slippage. The 

test was completed when the steel bar was effectively pulled out of the concrete or broke 

undesirably before pulling out. With the maximum pulling force (ܲ) recorded in the test, the 

bar diameter (݀), and embedded length (݈௕), the maximum bond strength (߬௕) was calculated 

using Eq. (14). It should be emphasized that this equation assumes a perfect SC bond (which 

happens for zero or practically zero displacements when the mechanism is governed by 

chemical adhesion, which is very weak) and, consequently, that the bond stress is constant. In 

other words, it assumes uniform stress distribution. However, when the bar moves, this 

assumption is no longer valid, and the real value of ߬௕ is obtained, i.e., the use of ܲ in this 

equation leads to the calculation of an equivalent rupture bond strength. In this research, ߬௕ is 

only referred to as maximum bond strength for simplicity. 

 

Figure 32. Pull-out testing setup. 

߬௕ =
ܲ

ߨ · ݀ · ݈௕
 (14) 

6.2.5 Statistical analysis 

This chapter also used descriptive statistics measures to analyze the results and Tukey’s means 

contrast test at a 5% significance level to compare the samples for each property. As stated in 

subsection 5.2.5, different letters (A > B > C, and so on) indicate significant differences between 

means, while identical letters signify similar mean values. 
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6.3 Results and Discussion 

6.3.1 Concrete properties 

Figure 33 presents the CS, Es, TS, A(%) and P(%) results, with the error bars on the graphs 

representing the standard deviation. Distinct letters indicate statistical differences between 

means as determined by the Tukey mean contrast test (5% significance), where A > B > C (and 

so on) and equal letters imply treatments with comparable mean values. The coefficient of 

variation (CV or CoV) was in the range of 1.44–5.79 for CS, 3.22–6.44 for E, 3.02–7.38 for TS, 

0.90–2.72 for P(%), and 1.01–2.94 for A(%), all of them at 28 days. 

  

(a) (b) 

  

(c) (d) 

Figure 33. Concrete properties results: (a) Compressive strength; (b) Modulus of elasticity; 
(c) Tensile strength; (d) Water absorption and porosity. 
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Figure 33a shows that adding CNTs increased the samples’ CS about the control mixture (C0). 

Still, the variation in relation to C0 was statistically significant only for groups C05 (+8.0%), 

C075 (+6.1%) and C10 (+5.3%). Considering the reduced-cement samples, there was a 

reduction in CS about C0 for the LC0 group (–5.3%) and an increase for LC05 (+1.9%), but 

these oscillations were statistically insignificant, according to the Tukey test. Comparing the 

LC05 mixture with LC0, an increase of 8.0% in CS was also noted. These results suggest that 

(i) incorporating CNTs into the mix tends to increase the CS, possibly because of their role as 

nucleation sites for cement hydration and filling nanopores, which makes the cement matrix 

more resistant and dense (Ahmed et al., 2019); (ii) 0.025% CNT is not enough to affect CS, 

while 0.05% CNT is, and CS can be limited to this content as the results with up to 0.10% CNT 

were statistically equivalent; (iii) reducing the cement content tends to reduce the concrete’s CS 

because it leads to fewer cementitious compounds (e.g., C–S–H) that contribute to the 

material’s overall strength (C. Hu et al., 2019), but a 12% lower cement consumption did not 

have too many adverse effects on the performance of the concrete under compressive loading; 

(iv) the addition of 0.05% CNT to the mix was enough to compensate for the reduction in CS 

due to the use of 12% less cement, as LC05 and C0 had comparable performances.  

The results in Figure 33b indicate that incorporating up to 0.10% CNT or reducing the cement 

content of the mix by up to 12% has no significant effect on the concrete’s Es, as the maximum 

variation was +3.87% (LC05). This statistical insignificance was confirmed by Tukey’s test, 

which showed equivalent mean values for the Es across all concrete samples produced in the 

study. It should be noted that the concrete’s Es is primarily influenced by the aggregate 

properties and the overall composite structure rather than minor variations in the binder content 

(Alfonso et al., 2024). Moreover, these outcomes confirm that including CNTs led to a minimal 

impact on the concrete’s stiffness under static loading, aligning with the findings from the 

previous chapter and the existing literature (Hawreen & Bogas, 2019a). 

Figure 33c, in turn, depicts the compelling effects of incorporating different levels of CNT, 

with an increase in TS in all cases. The variations were +5.0% (C025), +22.2% (C05), +21.9% 

(C075), and +27.1% (C10), with the TS of the last three groups being statistically equivalent. 

About the C0 group, the LC0 sample had a reduced TS (–5.2%), and the LC05 had an increased 

TS (+13.1%); about LC0, the TS of LC05 increased by 19.3%. These results (i) confirm that the 

role of CNTs is more effective in the behavior of concrete under tensile than compressive 

loading, which is due to their acting as tensile stress transfer bridges between the pores, delaying 

the propagation of cracks (Carriço et al., 2018; Song et al., 2020); (ii) show that reducing the 
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cement content by 12% also worsens the TS, but incorporating 0.05% CNT has a good effect, 

making it significantly higher than the sample C0; (iii) suggest that using 0.05% CNT content 

can bring benefits by mitigating possible agglomeration problems reported in the literature 

when adding higher contents (Hassan et al., 2019; Xu et al., 2015).  

The results in Figure 33d suggest the positive impacts of adding CNTs to the concrete’s P(%) 

and A(%) and the adverse effects of reducing cement consumption. Sample C025 had its P(%) 

reduced by less than 1.0% compared to C0, so 0.025% CNT was insufficient to produce a 

significant effect. On the other hand, in samples C05 and C075, the reduction was statistically 

considerable (–9.5% and –7.8%), resulting in the lowest P(%) among the groups analyzed. Still, 

group C10 had a P(%) 4.3% lower than the control group (C0). These variations suggest that the 

optimum CNT content to reduce both P(%) and A(%) is 0.05% wc, confirming what was said in 

the previous chapter. For the reduced-cement samples, reducing cement consumption by 12% 

increased P(%) by 6.2% and A(%) by 7.7% compared to the C0. When 0.05% CNTs were 

incorporated, however, there was a pronounced decrease in these properties, with the P(%) of 

the LC05 sample being reduced by 8.8% compared to C0 and 14.1% compared to LC0 and 

reaching a similar value to the C05 one. This variation occurred because CNTs can refine the 

microstructure of the cement matrix, reducing the size and number of pores. Naturally, this 

improvement leads to lower permeability and water absorption (MacLeod et al., 2019; 

Ramezani et al., 2022). 

Figure 34 represents the pore size distribution of the concrete samples as the first derivative of 

the cumulative curve, dV/dLogdp (Log differential intrusion with data normalized per unit mass, 

mL/g) as a function of pore diameter (dp). The labeled values in this figure correspond to each 

sample’s most probable aperture (pore diameter). It depicts that the pore size distribution ranges 

mostly between 6 and 10,000 nm and reveals that CNTs mainly affect pores with a diameter of 

less than 1,000 nm. Group C0 had the most probable aperture equal to 349 nm. When CNT 

contents equal to 0.025%, 0.05%, 0.075%, and 0.10% wc were added, the dp of samples C025, 

C05, C075, and C10 was reduced to 136 nm, 77 nm, 80 nm, and 83 nm, respectively. This 

finding supports the argument that CNTs can make the cementitious matrix denser by filling 

the pores of the C–S–H gel, as reported in the literature (Jung et al., 2022; Liu et al., 2022). A 

similar effect can be seen in the curves of the LC0 and LC05 samples, whose dp was reduced 

from 433 nm to 183 nm. It is worth noting that the comparison of the C0 and LC0 samples 

confirms the adverse effect caused by the reduction in cement, as discussed above. Therefore, 

the results of the MIP tests carried out on small broken pieces of concrete (Figure 34) validate 
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the role of CNTs in improving the integrity of the cementitious matrix on a nanometric scale 

by preventing the displacement of microcracks and are in line with the P(%) and A(%) outcomes 

obtained from measurements using the entire specimen (Figure 33d). 

 
Figure 34. Pore size distribution of the concrete samples. 

  
Furthermore, these findings align with those from Chapter 5: incorporating 0.05% CNT led to 

an increase in the proportion of pores with radii smaller than 250 μm and a decrease in the 

number of pores with radii greater than 750 μm, compared to the CNT–free sample. 

Consequently, CNTs resulted in a concrete matrix with smaller, potentially less interconnected 

pores, which lowered its porosity and enhanced its strength. 

The above results are noteworthy for studying the SC bonding behavior, especially those of TS 

and P(%), as seen from subsection 6.3.2. 

6.3.1.1 Eco-efficiency evaluation 

Table 22 presents the cement intensities (CI) of the concrete samples with CNTs and cement 
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Table 22. Eco-efficiency indicators of the proposed concrete mixes. 
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Among the CNT–concrete samples without cement reduction, the sample C05 exhibited the 

lowest CI (7.0 kg · m–3 · MPa–1) and the highest CI reduction rate (–7.4%) compared to C0. 

This outcome can be explained by its higher fc (60.4 MPa), greater than all other groups. 

Conversely, the sample C025 had the highest CI (7.5 kg · m–3 · MPa–1) and, as a consequence, 

the smallest CI reduction rate (–1.4%). 

When considering the groups with a 12% cement reduction, there was a similar trend, with the 

sample LC05 achieving a CI of 6.6 kg · m–3 · MPa–1 (with a CI reduction rate of 7.4%), 

compared to 7.1 kg · m–3 · MPa–1 for the sample LC0. 

It is noteworthy that when comparing the CIs of all groups with the C0 sample, despite different 

dosages being used, the sample with the most remarkable CI reduction rate is precisely LC05 

(–13.6%). This result is due to the presence of CNTs in the cementitious matrix, which caused 

the CS of this sample (56.9 MPa) to be equivalent to that of the control sample (55.9 MPa), 

even with a 12% reduction in cement. 

These results suggest that adding 0.05% CNT can (i) reduce the CI of concrete with or without 

cement reduction by nearly 7% and (ii) achieve a CI approximately 14% lower than that of the 

reference group (without CNTs and cement reduction) if the cement content is reduced by 12%, 

even when different mixes are used. In other words, this comparison suggests that integrating 

CNTs may serve as an effective approach to enhance the eco-efficiency of reduced-cement 

concretes, pointing to potential technical and environmental advantages of the proposed mixes. 

Reducing the amount of cement in concrete not only reduces the demand for this material but 

also translates into a significant reduction in CO2 emissions associated with the clinker 

calcination process, which is the primary source of emissions in the cement industry. In this 

context, introducing CNTs into concrete can bring additional advantages, mainly when 

produced by low environmental impact methods such as the C2CNT (CO2 to CNT) electrolysis 

process (Ren & Licht, 2016). 

Traditional processes such as CVD produce CNTs with a carbon footprint due to the CO2 

emitted per ton produced. In contrast, the C2CNT method transforms atmospheric CO2 into 

CNTs, avoiding additional emissions and contributing to carbon capture since this process can 

use CO2 as a raw material (Ren & Licht, 2016). According to Licht (2017), the production of 

CNTs through C2CNT not only avoids emitting hundreds of tons of CO2 per ton of CNT but 

also has an estimated electrical cost of just $70 per ton, with a net profit potential of over 

$50,000 per ton of CO2 avoided. This economic model is driven by the CNT’s high valuation, 
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which is around 1000 times higher than the value of cement (Licht, 2017). In this scenario, 

Licht et al. (2019) reported that a cement composite containing 0.048% CNT can eliminate up 

to 840 tons of CO2 per ton of CNT, highlighting the potential for eliminating carbon emissions 

when replacing conventional structural materials. 

Therefore, integrating well-dispersed CNTs into concrete improves the material’s mechanical 

properties and reduces the final products’ carbon footprint. If the GHG emissions associated 

with the production of CNTs are zero or negative, this further enhances the benefits of their use 

in cementitious materials. This approach represents a significant advance toward sustainability 

in the construction industry, aligning with technical efficiency objectives while contributing to 

a broader commitment to mitigating climate change. 

To be more specific, the results showing a reduction in CI with the addition of CNTs (Table 

22) can be explained by the combination of improvements in the physical and mechanical 

properties of the cement matrix, with the optimization of the pore structure (as the discussions 

on Figure 34 indicated), contributing to an increase in the durability of the concrete and a 

reduction in the environmental footprint, especially in mixtures with reduced cement. It is 

important to note that, based on the prices paid for the cement, aggregates, and CNTs used in 

this research (naturally higher due to the small-scale quantities), the cost per 1.0 MPa of fc for 

the C05 and LC05 samples is nearly 1.8 times that of the control sample (C0). In other words, 

if the price of CNTs and cement had a 1:1 ratio, the cost per 1.0 MPa of fc could be up to 7% 

lower (for the both groups); with a 100:1 ratio, it could be up to 5% lower; and with a 400:1 

ratio, the price would be the same as the control sample (C0).  

These results could be further enhanced by incorporating filler materials, such as silica fume, 

or other additives into the mixes. Even without these additions, the findings emphasize the 

significant potential of CNTs in cement-based materials. At the same time, they underscore the 

importance of scaling up the production of CNTs and other nanomaterials to reduce costs. 

Lowering production expenses would make these materials more economically viable for 

broader application in the construction industry. As a result, the benefits of CNTs – such as 

improved mechanical properties, reduced porosity, and enhanced durability – could be fully 

realized, positioning them as a practical solution for high-performance, eco-efficient 

cementitious composites. 
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6.3.2 Bond strength and load-displacement relationship 

Table 23 details the results of the POTs, namely: maximum pull-out load (ܲ), maximum bond 

strength (or equivalent rupture bond strength, ߬௕), displacement at peak force (ܮ߂௉), the ratio 

between the bond strength of the sample and that of the corresponding reference concrete 

(߬௕/߬௕,஼଴), the residual strength at 5 mm displacement (߬௙,ହ௠௠), and the ratio between the 

residual strength and the maximum bond strength (߬௙,ହ௠௠/߬௕). 

Table 23. Pull-out test results. 
Sample ࡼ (kN) ࣎࢈ (MPa) ࡼࡸࢤ (mm) ࣎࡯,࢈࣎/࢈૙ Residual strength  

 ࢈࣎/࢓࢓૞,ࢌ࣎ (MPa) ࢓࢓૞,ࢌ࣎          

C0-R-8-4 31.89 39.65 0.43 1.00 21.48 0.54 

C0-R-8-5.6 32.22 28.62 0.50 1.00 16.44 0.57 

C0-R-10-4 43.73 34.80 1.00 1.00 20.16 0.58 

C0-R-10-5.6* 49.51 28.14 0.68 1.00 – – 

C0-P-10-4 21.48 17.09 0.44 1.00 9.83 0.58 

C0-P-10-5.6 27.46 15.61 0.09 1.00 5.69 0.36 

C025-R-10-4 42.92 34.15 0.33 0.98 13.50 0.40 

C025-R-10-5 46.43 29.56 1.58 1.05 13.71 0.46 

C05-P-10-4 19.67 15.65 0.38 0.92 5.97 0.38 

C05-P-10-5.6 36.51 20.75 0.07 1.33 12.59 0.61 

C05-R-10-4 51.75 41.18 0.32 1.18 23.98 0.58 

C05-R-10-5 57.06 36.32 1.61 1.29 23.28 0.64 

LC0-R-10-4 45.97 36.59 0.97 1.05 19.41 0.53 

LC0-R-10-5 48.03 30.58 1.44 1.09 20.70 0.68 

LC05-R-10-4 51.19 40.73 0.58 1.17 28.48 0.70 

LC05-R-10-5 52.35 33.32 0.58 1.18 19.56 0.59 

C0/C05-R-10-4 36.02 28.66 0.43 0.82 17.15 0.60 

C075-R-10-4 42.57 33.88 0.65 0.97 15.03 0.44 

C075-R-10-5 52.85 33.65 0.52 1.20 20.91 0.62 

C10-P-10-4 28.69 22.83 0.21 1.34 10.92 0.48 

C10-P-10-5.6 30.53 17.35 0.19 1.11 7.77 0.45 

C10-R-10-4 43.96 34.98 1.00 1.01 21.38 0.61 

C10-R-10-5 45.60 29.03 0.92 1.03 14.64 0.50 

Notes: All the data in this table represents the average of the results obtained on the treatment 
specimens (two specimens, except for C0/C05 with four samples and LC0 and LC05 with three 
samples); *The rebar ruptured before being pulled out. 

 
In general, the highest ߬௕ occurred in sample C05-R-10-4 (41.18 MPa), a value 18% higher 

than the corresponding reference sample (C0-R-10-4), and it was also the sample with the 

lowest ܮ߂௉ (0.32 mm). Among the reduced-cement concretes, sample LC05-R-10-4 had the 



123 
 

highest ߬௕ (40.73 MPa), 17% and 11% more than the corresponding control samples, C0-R-10-

4 and LC0-R-10-4. It is worth noting that this was the one with the best residual strength of all 

the groups (28.48 MPa), with 70% ߬௕ after 5 mm of sliding. These results indicate a positive 

effect of adding 0.05% CNT to the concrete, which increased the bond strength and delayed the 

onset of initial damage to the bond, suggesting greater durability of the SC bond. This same 

CNT content led to the greatest increases in ߬௕ in smooth bars (e.g., 33% increase in sample 

C05-P-10-5.6), as well as helping to compensate for the loss of adherence associated with the 

12% reduction in cement consumption in the reduced-cement concrete samples. 

The following subsections discuss the influence of various factors on bonding behavior, with 

the pull-out load versus displacement curves (P × ΔL) representing the average results for each 

group at 28 days. It is worth noting that the POTs were stopped when the displacement reached 

approximately 8 mm to preserve the integrity of the strain gauge sensor. 

6.3.2.1 Influence of rebar diameter, roughness and embedded length 

Figure 35 presents the P × ΔL curves to investigate the influence of the rebar diameter (8 mm 

and 10 mm), roughness (plain and ribbed), and embedded length (4݀ and 5.6݀) on SC bonding 

behavior. For this purpose, using only the reference concrete (C0) was sufficient. 

  

(a) (b) 

Figure 35. P × ΔL curves of concrete with different rebar diameters, roughnesses, and 
embedded lengths: (a) Global curve; (b) ΔL up to 0.25 mm. 

The influence of diameter (d) was analyzed using the curves of the ribbed bar samples with 

similar embedded lengths (Figure 35a). It was observed that a larger d (e.g., C0-R-10-4 × C0-

R-8-4) provides greater pull-out force (P, 43.7 kN × 32.9 kN) and greater displacement at peak 
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force (ΔLP, 1.00 mm × 0.43 mm), i.e., greater capacity to absorb deformations before failure. 

Even so, it is worth mentioning that, keeping the cover-to-bar diameter ratio constant, larger 

diameter bars tend to cause more severe damage to the concrete when the specimen fails (H. 

Zhang et al., 2024). So, the results of this section were expected, as larger bars have a greater 

contact surface area, providing increased P and greater stiffness, i.e., a more effective 

mechanical interaction between steel and concrete. It is worth noting that if the results for 

different diameters were normalized, the variations in terms of bond strength would be minimal. 

Roughness was evaluated by comparing samples of the same d and similar embedded lengths 

(lb), as shown in Figure 35a. Similar to the influence of using a larger d, it was noted that ribbed 

bars (e.g., C0-R-10-4 × C0-P-10-4) provide greater P (43.7 kN × 21.5 kN) and greater ΔLP 

(1.00 mm × 0.44 mm). Research has shown that the bond stress-slip relationship remains stable 

for larger diameters (e.g., 16 mm) of plain steel bars in high-performance self-consolidating 

concrete with CS ranging from 40 to 90 MPa (Dyba, 2024). The present study indicated a 

similar trend for a smaller diameter (10 mm) in ordinary concrete, even for different embedded 

lengths, but not for ribbed bars. These outcomes were also foreseen, as ribbed bars have an 

increased contact surface due to the ribs and additional mechanical interaction. 

Although expected, these findings were significant for evaluating the third parameter, the lb, 

since its effect depends on the bar’s d and roughness. For ribbed bars with a smaller d (8 mm), 

there was minimal variation in P attributed the bond length (e.g., C-R-8-4 × C-R-8-5.6). The 

increased lb, in turn, led to a more non-uniform stress distribution, resulting in lower values of 

߬௕. Still, it did allow for a slight increase in ΔLP (Figure 35b). For ribbed bars with a larger d 

(10 mm), a longer lb resulted in a marked increase in P (e.g., C0-R-10-4 × C0-R-10-5.6), leading 

to the bar breaking when the lb was 5.6݀. For the smooth bars, a longer lb increased the 

maximum force P (e.g., C0-P-10-4 × C0-P-10-5.6), caused a pronounced reduction in ΔLP, and 

failure was observed to occur quickly after the maximum bond strength was reached. These 

results are consistent with the literature (Dyba, 2024). Therefore, it can be stated that, generally, 

greater lb increases the pull-out load and decreases the bond strength. Nevertheless, the risk of 

the bar breaking must be considered when increasing the lb, and P × ΔL curves for 8 mm bars 

indicate that the lb has limited influence on this diameter in terms of pull-out peak force. 

This general analysis of the influence of rebar diameter, roughness, and embedded lengths, 

although not introducing novelties, can be helpful for further research, providing data to feed 

genetic, numerical, and artificial intelligence models that investigate SC bonding behavior. 

Particularly in this work, this analysis helped define the use of only one d (10 mm) and reduce 
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the lb from 5.6݀ to 5݀ in the case of ribbed bars, aiming the failure by pull-out and not by bar 

rupture, as mentioned above. The lb of 4݀ remained in the following analyses to verify the 

possibility of using a lower value than that recommended by the primary standards (݈௕ = 5݀), 

which could be valuable in elements with high reinforcement densification in RC structures. 

6.3.2.2 Influence of CNT addition 

Figure 36 shows the P × ΔL curves to study the effects of adding CNTs to concrete (contents 

up to 0.10% wc) on bonding behavior, with only 10 mm ribbed bars being used and the ݈௕ set 

at 4݀. Figure 37 is similar, differing only in the ݈௕ = 5݀. Figure 38, in turn, contains 4݀ and 

5.6݀ embedded lengths, but with plain bars instead of ribbed ones. 

 

  

(a) (b) 

Figure 36. P × ΔL curves of concrete with 10 mm ribbed bars, 4݀ embedded length, and 
different CNT contents: (a) Global curve; (b) ΔL up to 0.25 mm. 
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(a) (b) 

Figure 37. P × ΔL curves of concrete with 10 mm ribbed bars, 5݀ embedded length, and 
different CNT contents: (a) Global curve; (b) ΔL up to 0.25 mm. 

 

  

(a) (b) 

Figure 38. P × ΔL curves of concrete with 10 mm plain bars, 4݀ and 5.6݀ embedded lengths, 
and different CNT contents: (a) Global curve; (b) ΔL up to 0.25 mm. 
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the results of Table 23. Upon reaching the peak, the pull-out force suddenly decreases without 

maintaining the high levels for even a short distance after the peak. This occurrence may be 

related to the ribs’ interlock, which slid more quickly when exceeded at high stress levels. On 

the other hand, pull-out occurred more slowly in the other samples, with the C10-R-10-4 group 

peaking at a slightly higher value than the control group. Figure 36b shows that the 

incorporation of CNTs reduced the pre-peak displacement in all the samples due to their higher 
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compressive strength and lower porosity, which increased the packing of the material around 

the bars and consequently reinforced the bond strength. 

When considering the curves in Figure 37a, it can be seen that increasing the ݈௕ to 5݀ resulted 

in a higher peak force for sample C05-R-10-5, but, unlike in the previous case (݈௕ = 4݀), the 

post-peak behavior was not sudden. On the contrary, the maximum force was reached after 

more than 1.6 mm of displacement, indicating a greater capacity to deform without breaking. 

The bonding behavior of groups C025-R-10-5 and C10-R-10-5 was very similar, although the 

compressive strength of the latter was higher. The C075-R-10-5 group performed well, 

somewhat like the C05-R-10-5, but with lower peak load, residual strength, and pre-peak 

displacement (Figure 37b). Studying the effect of CNTs on the bonding mechanism of non-

corrosive reinforcements to concrete, Taha et al. (2024) observed that adding MWCNTs had an 

insignificant impact on the overall shape of the P × ΔL curves for the bars tested but resulted 

in an increase in the normalized bond strength (e.g., +6.1% increase for 10 mm stainless steel 

bars). According to these authors, this fact indicates that CNT–concrete has a higher bond 

strength for the same CS class. 

Figure 38a, in turn, shows a pronounced effect of incorporating CNTs on the load-displacement 

relationship. When ݈௕ = 4݀, the highest peak force occurred in the C10-P-10-4 sample, notably 

higher than the C0-P-10-4 and C05-P-10-4 groups. When ݈௕ = 5.6݀, sample C05-P-10-5.6 

showed the highest peak strength and also the highest residual strength. Groups C0-P-10-5.6 

and C10-P-10-5.6 behaved similarly. Notably, all the groups with plain bars had a sharp drop 

after reaching the maximum force P since, without the influence of the bar ribs, the bond is 

controlled mainly by the friction between concrete and steel. From Figure 38b, it can be inferred 

that, when using plain bars, it is more convenient to use the embedded length of 5݀ 

recommended by the primary standards (CEB, 1983; CEN, 2005) – even if they were not tested 

in this research – in concrete without CNTs than to reduce it to 4݀ and incorporate up to 0.10% 

CNTs into the concrete since the curves of the samples C0-P-10-5.6 and C10-P-10-5.6 are very 

similar and also considering the actual prices of CNTs; or, if higher bond strength is required, 

the embedded length can be increased to 5.6݀, along with the incorporation of 0.05% CNT into 

the cementitious matrix. However, as these bars are less commonly used in reinforced concrete 

structures than ribbed ones, more attention should be paid to the latter. 

Therefore, the results indicate that incorporating 0.05% CNT into concrete improves the SC 

bond, primarily in 10 mm diameter ribbed bars. With this addition, reducing the embedded 

length from 5݀ (recommended by the standards) to 4݀ while maintaining a higher bond strength 
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is possible. The samples with CNTs had similar or higher maximum bond strength and lower 

pre-peak displacement due to the concrete’s higher compressive strength and lower porosity, 

especially in the ribbed bars. 

6.3.2.3 Influence of using CNT–concrete only around the bar 

Figure 39 depicts the P × ΔL curves for analyzing the influence of incorporating CNTs only 

into the concrete surrounding the bar, using 10 mm ribbed bars and ݈௕ = 4݀ (C0/C05-R-10-4 

samples). The results of similar samples but without the layer configuration were plotted for 

comparison purposes. 

 

  

(a) (b) 

Figure 39. P × ΔL curves of concrete with 10 mm ribbed bars, 4݀ embedded length, and with 
CNT only in one layer around the bar: (a) Global curve; (b) ΔL up to 0.25 mm. 

  
Figure 39a shows that the proposal to use a CNT–concrete only around the rebar did not yield 

a good result. It can be seen that sample C0/C05-R-10-4 achieved the lowest peak strength, 

even lower than the reference sample (C0-R-10-4) and much lower than the one with CNTs 

throughout the specimen (C05-R-10-4). Figure 39b indicates that the pre-peak behavior was 

relatively similar in the three samples but more irregular and with greater slippage at lower P 

levels in the one with the C0/C05-R-10-4.  

Some factors may help explain this outcome. Although the two concretes (C0 and C05) had the 

same consistency at the time of casting, incorporating CNTs into one of them increased its 

strength and reduced its porosity. This fact means that the lower and upper layers of the 

specimen, filled with C0, may have provided less confinement to the central layer, composed 

of C05, and consequently to the steel bar.  
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In addition, even though the concretes with and without CNTs were mixed during densification, 

the vibration of the different mixtures have resulted in a transition zone with inhomogeneous 

physical properties, as can be seen in Figure 40. This hypothesis is supported by similarities 

with the findings of Leeman et al. (2006), who, although studying different concretes – 

conventionally vibrated concrete (CVC) and self-compacting concrete (SCC) – demonstrated 

that compaction has a significant influence on the porosity and width of the ITZ. Specifically, 

CVC exhibited increased ITZ porosity and width compared to SCC, resulting in lower 

compressive strength, higher oxygen permeability, and greater water conductivity. Even though 

their study focused on different concrete types, the same principle may apply here: variations 

in the compaction of a sample containing two different batches could lead to localized 

inhomogeneities in ITZ properties (also visible in Figure 40). Furthermore, Leeman et al. (2006) 

noted considerable differences in the porosity of the lower, lateral, and upper ITZ regions, 

emphasizing the importance of accounting for these variations in microstructural investigations. 

As such, this could help explain the potential formation of weak zones or discontinuities 

between the CNT and non-CNT mixtures, which may initiate structural failures under load. 

Complementary microstructural studies would be necessary to validate this hypothesis. 

 

Figure 40. Specimen from the C0/C05-R-10-4 group split after the pull-out test. 
 

Another possible explanation is that different concrete mixes can have varying shrinkage rates 

and curing times. This circumstance can result in internal stresses and cracking at the interface 

due to incompatible volumetric properties during drying and curing. Using shrinkage-reducing 

admixtures (SRAs) has been shown to mitigate these effects (Klausen & Kanstad, 2020), and 

their combination with expansive additives can further reduce autogenous shrinkage and 
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internal tensile stresses, improving dimensional stability (Meddah et al., 2011). However, no 

such admixtures were used in any of the concretes analyzed in this study, which may have led 

to more pronounced shrinkage rates and curing time differences between the mixes. These 

arguments further support the hypothesis established. 

It should also be mentioned that there is an influence of the casting direction transverse to the 

steel bars (Figure 28). As reported by Castel et al. (2006), transverse casting can lead to the 

creation of small voids in the lower part of the bar, increasing porosity and reducing the area of 

contact between the concrete and the bar in this region. Figure 40 confirms this statement. In 

related research, Eligehausen et al. (2013) examined different failure modes of anchorage bars 

(concrete splitting, bar pull-out, and bar breakage) in normal-strength concrete. Various 

parameters, including the casting direction, were found to influence these failure modes. 

Similarly, previous studies have shown that casting orientation can impact the final flexural 

strength of ultra-high-performance fiber-reinforced concrete due to the preferential alignment 

of fibers along the casting direction (Wille & Parra-Montesinos, 2012). Although all the 

specimens in the present research were manufactured under the same conditions, the approach 

used in this research could be better executed in molds that allow vertical casting. In other 

words, if casting were done in the same direction as the bar (preferably vertically), for example, 

by using a tube to isolate the two concretes before densification and enabling a more direct 

application of the CNT–concrete around the bar, there could be better confinement and 

adhesion, potentially improving the specimen’s performance under the pull-out test. 

With this perspective, the suggested approach would be interesting because CNTs (i) improve 

the tensile strength of concrete by acting as bridges for the transfer of tensile stresses, increasing 

the ability to withstand tensile forces and reducing the possibility of cracking and failure (Liu 

et al., 2022; Rashad, 2017); (ii) help control crack propagation by improving the toughness of 

concrete, which is crucial in tensile zones where the crack formation is more common (Han et 

al., 2013; Ruan et al. 2018); and (iii) improve SC bonding, resulting in better load transfer and 

greater structural efficiency, essential for the integrity of tensile regions. Thus, this topic can be 

considered for further investigation. 

6.3.2.4 Influence of cement reduction 

Figure 41 presents the P × ΔL curves to study whether reducing the amount of cement by 12% 

impacts the bonding of the steel bars to the concrete, as well as whether incorporating 0.05% 

CNT into this reduced-cement concrete has any effect on adherence. For this purpose, 10 mm 
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ribbed bars and ݈௕ = 4݀ were used. The embedded length equal to 5݀ was also tested, as shown 

in Figure 42. 

 

  

(a) (b) 

Figure 41. P × ΔL curves of reduced-cement concrete with 10 mm ribbed bars, 4݀ 
embedded length, with and without CNT addition: (a) Global curve; (b) ΔL up to 0.25 mm. 

 

  

(a) (b) 

Figure 42. P × ΔL curves of reduced-cement concrete with 10 mm ribbed bars, 5݀ 
embedded length, with and without CNT addition: (a) Global curve; (b) ΔL up to 0.25 mm. 

 
Figure 41a shows that sample LC05-R-10-4 reached a slightly lower peak than C05-R-10-4 but 

had greater post-peak ductility and residual strength (Table 23), which, in a real case, could 

contribute to a less abrupt or more gradual collapse of the structure and reduce negative impacts. 

These results are associated with the microstructure of the concrete, as it was observed that by 
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reducing the cement content and maintaining the 0.05% CNT, the sample showed greater 

homogeneity or pore size distribution and smaller pore diameter (Figure 34), even though both 

have similar total porosity. It then led to a more ductile behavior and a better stress distribution 

at the steel-concrete interface, delaying the complete rupture of the sample. It can also be seen 

that reference sample C0-R-10-4 had the lowest P, with a slightly lower peak than the reduced-

cement reference sample, LC0-R-10-4. In general terms, however, these two samples behaved 

very similarly. Figure 41b shows that the ascending branch of the samples with CNTs is very 

similar to each other, i.e., in both cases, the CNTs contributed to reducing the pre-peak ductility 

by increasing the concrete strength and, consequently, improving the confinement of the bar. 

When the lb was increased from 4݀ to 5݀, the reduction in cement led to different results. 

According to Figure 42a, the peak force of sample LC05-R-10-5 increased compared to sample 

LC0-R-10-5, but it was still lower and less ductile than C05-R-10-5. The latter, in turn, had 

higher residual strength. In addition, Figure 42b shows that the ascending branch of the P × ΔL 

curves was somewhat similar up to a 0.25 mm slip, except for sample C05-R-10-5, which had 

the highest P. Therefore, it can be inferred from these results that for ݈௕ = 4݀, the adherence 

had less influence from the concrete strength, governed mainly by the mechanical interlock of 

the ribbed bars. On the other hand, for ݈௕ = 5݀, the concrete strength began to govern the SC 

bonding behavior. In sample C05-R-10-5, for instance, the larger contact area improved stress 

distribution, and the higher TS and lower pre-peak ductility delayed the crack formation and 

propagation in the radial direction caused by the force P. 

Considering the scenarios studied in this section and the results in Table 23, it can be seen that 

sample C05-R-10-5 achieved the highest P. From a structural point of view, a higher SC bond 

strength is essential to ensure the effective transfer of loads between the concrete and the rebars, 

increasing the structural capacity, stiffness, and durability of the construction and reducing 

cracking and premature failure of RC structures. From an environmental standpoint, it is known 

that the widespread use of cement to fabricate concrete is associated with significant CO2 

emissions into the atmosphere. In this investigation, reducing the cement content of concrete 

by 12% worsened SC bonding performance. In sample LC0-R-10-5, for instance, there was an 

imbalance between environmental benefits and the safety of structures. However, when this 

cement reduction was combined with CNT incorporation, there were gains in both terms since 

samples LC05-R-10-4 and LC05-R-10-5 performed better than the control ones. Precisely for 

these samples, using ݈௕ = 4݀ or ݈௕ = 5݀ led to similar P (51.19 versus 52.35 kN), but the 
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shorter embedded length provided higher ߬௕ (40.73 versus 33.72 MPa) and higher residual 

strength after 5 mm of sliding (0.70߬௕ versus 0.59߬௕).  

In this sense, there is evidence that adding small CNT contents, e.g., 0.05% wc, can lead to 

lower consumption of steel bars and compensate for the reduction in cement by improving 

concrete properties and SC bond strength, reducing pre-peak ductility, and increasing residual 

strength. In other words, CNTs helped maintain the structural performance of the concrete, 

contributing to a reduction in cement consumption and, consequently, the associated CO2 

emissions. 

6.3.3 Anchorage length 

In the design of RC structures, the bond strength is crucial in determining the components’ 

anchorage length. For longitudinal reinforcements, the sections to be respected must follow the 

guidelines provided in Eurocode 2 (CEN, 2004). Based on the balance of forces along the 

embedded length (݈௕) of the steel bar and assuming that the design stress of the bar at the 

position from where the anchorage is measured (ߪ௦ௗ) – i.e., the design strength of the steel at 

the ultimate limit state, resulting from its yield strength ( ௬݂௞) divided by a safety coefficient 

 usually equal to 1.15 (Eq. (15)) – must occur before bonding reaches maximum slip, the (௦ߛ)

basic anchorage length (݈௕,௥௤ௗ) can be obtained from Eq. (16), in which ௕݂ௗ is the ultimate bond 

stress, given by Eq. (17). 

௦ௗߪ = ௬݂௞

௦ߛ
 (15) 

݈௕,௥௤ௗ =
݀
4 ·

௦ௗߪ

௕݂ௗ
 (16) 

௕݂ௗ = 2.25 · ଵߟ · ଶߟ · ௖݂௧ௗ (17) 

 
Where ߟଵ = 1.00 for good bond conditions; or ߟଵ = 0.70 for bad bond conditions, ߟଶ = 1.00 for 

݀ < 32 mm; or ߟଶ = (132 − ݀) 100⁄ , for ݀ ≥ 32 mm, and ௖݂௧ௗ = 0.21 · ௖݂௞
ଶ/ଷ for concrete 

strength class up to C60/75. Accordingly, the design anchorage length (݈௕ௗ) can be calculated by 

Eq. (18). 

݈௕ௗ = ଵߪ · ଶߪ · ଷߪ · ସߪ · ହߪ · ݈௕,௥௤ௗ ≥ ݈௕,௠௜௡  (18) 
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Where ߪଵ is a coefficient for the effect of the bar form assuming adequate cover, ߪଶ for the 

effect of concrete minimum cover, ߪଷ for the effect of confinement by transverse reinforcement, 

 ହ forߪ ,ସ for the influence of one or more welded transverse bars (diameter > 0.6݀) along ݈௕ௗߪ

the effect of the pressure transverse to the plane of splitting along ݈௕ௗ (see in Eurocode 2 (CEN, 

2004), and ݈௕,௠௜௡ is the minimum anchorage length if no other limitation is applied, considering 

unfavorable hypothesis (compressed bar), according to Eq. (19). 

݈௕,௠௜௡ = max [0.6 · ݈௕,௥௤ௗ; 10݀; 100 mm] (19) 

Finally, the anchorage length value to be considered for a bar is given by Eq. (20). 

݈௕ௗ = max [݈௕ௗ; ݈௕,௠௜௡] (20) 

 
From these equations, if the physical and geometric characteristics of the steel bar are the same 

in practical design situations, ݈௕ௗ will essentially depend on ௕݂ௗ, which in turn can be 

influenced, among other factors, by the concrete’s strength. Taking the ߬௕ results obtained 

experimentally in this research and using them instead of ௕݂ௗ (estimated according to Eurocode 

2 (CEN, 2004)) in Eq. (16) as an example, it can be seen that incorporating 0.05% CNT content 

into the concrete could reduce ݈௕ௗ by approximately 8%–23% (e.g., LC05 and C05 samples) 

for 10 mm diameter bars. Of course, this should be considered only as an initial approximation, 

as in practical situations, the ݈௕ௗ is typically much larger than the values used in pull-out tests, 

meaning that the actual differences in real applications could be smaller. In any case, a reduction 

in the anchorage length could benefit specific building components, such as RC structural 

joints. Put differently, problems related to excessive crossing of steel bars at structural joints 

could be reduced or even solved by adding an optimum CNT content to the concrete, making it 

easier to form and improving the final quality of the RC structure. 

6.4 Conclusions 

This chapter evaluated the concrete properties (CS, Es, TS, P(%), and A(%)) and the SC bond-slip 

behavior considering different CNT contents (0%, 0.025%, 0.05%, 0.075%, 0.10% wc), cement 

reduction (12%), bar diameters (8 mm and 10 mm), roughnesses (plain and ribbed), and 

embedded lengths (4݀, 5݀, 5.6݀). The following conclusions can be drawn: 

i. Incorporating 0.05% CNTs to concrete increased its CS by up to 8.0%, compensating for 

the reduction in strength caused by the 12% decrease in cement content while having no 
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significant effect on its Es. Adding 0.10% CNTs increased concrete’s TS by up to 27.1%, 

with 0.05% CNT content improving TS even with a 12% reduction in cement content. In 

addition, the incorporation of 0.05% CNTs significantly reduced concrete’s P(%) and A(%) 

by up to 9.5%, which could neutralize the adverse effects of cement reduction. Finally, 

CNTs reduced the diameter of pores, especially those smaller than 1,000 nm, making the 

cement matrix denser and improving its integrity. These findings indicate that using 

CNTs was beneficial compared to plain concrete, but the 0.05% CNT content was the 

optimal one for the properties studied, as higher amounts yielded statistically equivalent 

or less favorable results. 

ii. Adding 0.05% CNT can significantly enhance the eco-efficiency of concrete, reducing 

its CI (kg · m–3 · MPa–1) – in this study, by up to 14% in the reduced-cement samples – 

and highlighting both technical and environmental benefits. 

iii. Samples with larger bars (10 mm diameter), ribbed bars, and longer embedded lengths 

(݈௕ = 5݀) had increased pull-out force (P) and ability to absorb deformations in the 

concrete. However, the risk of rupture must be considered when raising the ݈௕, especially 

for larger-diameter ribbed bars, while for 8 mm bars, the ݈௕ has little influence in terms 

of P. This analysis can be helpful for future research and for feeding genetic, numerical, 

and artificial intelligence models that investigate the SC bonding behavior. 

iv. Incorporating 0.05% CNT into concrete notably enhanced SC adherence, particularly for 

10 mm diameter bars. This addition allows for reducing the ݈௕ from 5݀ (as recommended 

by standards) to 4݀ while still achieving higher bond strength. The CNT–concrete 

samples exhibited greater ߬஻ and reduced pre-peak displacement, attributed to the 

concrete’s increased CS and TS and lower P(%), with the CNTs delaying the microcracks 

propagation, especially in the ribbed bars. 

v. Using CNT–concrete only around the steel bar was ineffective, resulting in lower 

ultimate strength and greater pre-peak slip than concrete with CNTs distributed 

throughout the specimen. The low performance of the proposed method can be attributed 

to the need for adequate confinement of the outer layers, inhomogeneity in the mixes’ 

transition zone, and the influence of the direction in which the concrete is cast, which 

can increase porosity and create weak zones. Hence, a mold that allows the concrete to 

be cast in the same direction as the bar axis would be more effective. This approach could 

be considered in future research to examine further the potential of applying CNTs 

exclusively in the tensile regions of RC elements. 
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vi. Reducing cement content while incorporating 0.05% CNTs resulted in a slightly lower 

peak pull-out force but improved post-peak ductility and residual strength, leading to a 

more gradual collapse and better stress distribution. This combination also enhanced the 

concrete’s pore structure, increased ductility, and delayed rupture. Increasing the ݈௕ from 

4݀ to 5݀ showed that concrete strength began to influence bonding behavior, with the 

CNTs improving stress distribution and delaying crack propagation. Samples with 0.05% 

CNTs demonstrated that incorporating CNTs can enhance structural performance and 

reduce cement consumption, balancing environmental benefits with structural safety. 

vii. Roughly speaking, incorporating 0.05% CNT into concrete could reduce ݈௕ௗ by 

approximately 8%–23% for 10 mm diameter bars and ݈௕ = 5݀. However, this should be 

considered as an initial approximation. Even so, this reduction could benefit RC 

structural joints by alleviating issues related to excessive steel bar crossings, thereby 

improving the quality of the final RC structure. 

These conclusions confirm that using nanotechnology to modification building materials, 

especially cementitious ones, can optimize the performance and durability of materials and 

structures. It can also contribute to the reduction of cement consumption and decarbonization, 

in line with the need to move towards a negative carbon impact and maximum efficiency in the 

production and use of building materials. It is worth noting that these findings are restricted to 

the parameters used in this research, i.e., CNT content of up to 0.10% wc, cement reduction of 

up to 12%, bar diameter of up to 10 mm, and embedded length of up to 5.6݀. Different 

parameters will require further research for a more comprehensive understanding. 

Additionally, while preliminary pull-out tests showed minimal variability, a larger sample size 

would yield more robust conclusions. For future studies, analysis of variance via extrapolation 

(e.g., bootstrap simulations) is suggested to assess how confidence intervals might change with 

more specimens, mainly when a small sample size is unavoidable. Similarly, the morphological 

analysis of CNTs and tests such as Raman spectroscopy and X-ray photoelectron spectroscopy 

(XPS) would be welcome for providing a more detailed characterization of their structure and 

composition, contributing to understanding their interaction with other materials. 
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7 OVERVIEW AND FINAL REMARKS 

This thesis investigated the influence of carbon nanotubes (CNTs) on the properties of concrete 

and its bond to steel bars, which was the main focus. The research was structured to address the 

main literature gaps, covering comprehensive reviews, experimental analyses, and proposed 

methodologies for evaluating the performance of concrete with CNTs (CNT–concrete) and 

steel-concrete (SC) bonding in different configurations. 

Chapter 2 discussed the bonding mechanisms between steel bars and concrete, reviewing the 

influence of parameters such as concrete types, the content of additions or substitutions, bar 

diameter, type, roughness, embedded length, and test methods. This chapter met the thesis’s 

first specific objective (“i”). The results indicated a tendency towards developing more durable 

and sustainable reinforced concrete (RC) structures. Both steel-fiber reinforced concrete 

(SFRC) and CNT–concrete showed promising results in improving adherence to steel bars, 

mainly due to their ability to confine the bars and extend the range of resistance to cracking. 

Given the scarcity of studies involving CNTs, it has been identified that further exploration of 

their potential in cementitious materials is necessary. Other conclusions included validating the 

pull-out test (POT) as the most widely used and accepted method for assessing SC bonding, 

suggesting that this test, in conjunction with specific geometric variations of the specimen, can 

facilitate understanding of the variables involved in bonding. Finally, the importance of further 

studies on steel bar characteristics and embedded lengths was highlighted, especially for thinner 

bars and innovative concretes. 

In Chapter 3, a systematic review of the seven references published so far on SC bonding in 

CNT–concrete was carried out, meeting the second specific objective (“ii”). Multi-walled 

carbon nanotubes (MWCNTs) were the most widely used due to their simpler and more 

economical synthesis process. CNTs in aqueous suspension dispersed by sonication were the 

most viable form and dispersion technique. Concerning concentrations, the best bonding gains 

were achieved with contents below 0.10% wc, as higher quantities make dispersion more 

complex and can damage the material’s properties. As in the previous chapter, the POT 

prevailed as the most accepted method for assessing SC bond, and the RILEM/CEB/FIP RC6 

(CEB, 1983) was recommended to standardize the tests. In addition, ribbed bars were the most 

common, but smooth bars were recommended to investigate the effects of CNT addition 

without mechanical influence. As for the bar diameters, more studies must be done on thin bars 

(smaller than 10 mm) whose smaller surface area impacts bond stress. Finally, the influence of 

the embedded length on SC bonding was inconclusive, suggesting the need for further research 
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to elucidate this factor. These observations indicate that although CNTs can improve SC 

adhesion, a complete and standardized understanding is still needed to advance their 

applications. 

Chapter 4 systematically reviewed CNT–concrete’s mechanical and durability properties, 

meeting the third specific objective (“iii”). The analysis showed that sonication was the most 

effective dispersion technique in the portfolio and was often combined with additives. CNT 

concentrations of 0.05% and 0.10% by weight of cement were the most common, while higher 

contents should be avoided to prevent agglomeration. The addition of CNTs showed a positive 

impact on the mechanical properties of concrete, primarily through forming a denser C–S–H 

structure and controlling crack propagation, although the benefits depend on the CNT 

characteristics and dispersion techniques. This review suggested that incorporating CNTs also 

improves the physical properties of concrete, reducing water absorption, porosity, and 

permeability. However, a quantitative portfolio analysis showed the lack of investigations into 

additional properties, such as fracture energy and toughness, carbonation and chloride 

penetration resistance, and electrical resistivity. This analysis highlighted the predominance of 

studies on mechanical properties, while durability and other essential characteristics require 

more attention, suggesting directions for continuing research. 

Chapter 5 was developed based on the findings and research gaps identified in the previous 

ones, focusing on evaluating CNT–concrete’s physical and mechanical properties and meeting 

the fourth specific objective (“iv”). A distinct approach was the application of pre-dispersed 

CNTs to cement particles in an isopropanol medium, optimized in comparison to the direct 

dispersion of CNTs with the other constituents of the mix. The results showed that adding up 

to 0.10% CNT by weight of cement significantly impacted the concrete properties, with 

reductions in porosity of up to 12% and water absorption of up to 14%, as well as increases in 

compressive strength of up to 16% and tensile strength of up to 29% with 0.05% CNT. A 

comparison of the dispersion methods indicated that pre-dispersion of the CNTs in cement 

particles was adequate. Still, dispersion in aqueous suspension could be a simpler and more 

efficient alternative for applications on an industrial scale. Significant correlations were 

observed between porosity and water absorption and a negative correlation between weight loss 

and tensile strength in samples with 0.05% CNT, but they became non-significant for 0.10% 

CNT, suggesting a saturation point for CNTs. Quadratic regression models were developed to 

estimate concrete properties as a function of CNT content, identifying optimum dosages 

ranging from 0.045% to 0.123% wc. The chapter’s conclusions emphasized the need for future 
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research to improve the regression models and better understand the benefits of incorporating 

CNTs into concrete, paving the way for the construction industry to consider the effectiveness, 

scalability, and practicality of materials and methods in different contexts. Besides, knowing 

the CNT–concrete properties was essential for studying its bond to steel bars, which was 

explored in the next chapter. 

Finally, in Chapter 6, a detailed experimental investigation into adding CNTs to concrete and 

reducing its cement content was carried out, aiming to improve SC bonding and increase the 

material’s strength and durability. This chapter met the thesis’s fifth and final specific objective 

(“v”). This study evaluated the effects of adding different levels of CNTs (0.025%, 0.05%, 

0.075%, and 0.10% wc) on the mechanical and physical properties of concrete, such as 

compressive strength, tensile strength, modulus of elasticity, porosity, pore size distribution, 

water absorption, and cement intensity. Variables such as steel bar diameter (d, 8 mm and 10 

mm), roughness (smooth and ribbed), and embedment lengths (4d, 5d, and 5.6d) were tested to 

evaluate the SC bonding behavior. The results indicated that adding 0.05% CNTs was 

particularly effective, increasing compressive and tensile strength, compensating for the 12% 

reduction in cement content, and reducing the concrete’s porosity and water absorption. It was 

found that this CNT content contributed to forming a denser cementitious matrix, slowing down 

the propagation of microcracks, especially in ribbed bars, and reducing the recommended 

embedment length from 5d to 4d without compromising bond strength. The research also tested 

a restricted application of CNTs only around the steel bars. Still, this methodology showed 

inferior results, attributed to inadequate confinement and heterogeneity in the transition zone, 

suggesting that the technique requires refinement. The chapter’s findings indicate that the CNT 

incorporation makes it possible to reduce cement and steel consumption and simultaneously 

improve RC’s structural performance and the eco-efficiency of concrete, promoting a 

sustainable alternative in line with decarbonization targets. 

Several future perspectives could be explored based on the overview and the main remarks 

discussed throughout this thesis. However, it has been decided to highlight here only those 

conceived at some point in the early stages of this research but have yet to be realized. Although 

these suggestions may be by no means exhaustive, they offer valuable insights and have the 

potential to contribute significantly to the field. The perspectives were then organized into two 

groups: in terms of advances in theoretical and numerical models and terms of practical 

applications. 
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Perspectives in terms of advances in theoretical and numerical models 

In order to advance research into the influence of CNTs on concrete properties and bond to steel 

bars, new numerical and analytical models can be explored based on the experimental data 

obtained in this thesis. In other words, by using this data, it would be possible to develop bond-

slip models that allow the results to be extrapolated and the behavior of the modified concrete 

to be evaluated under different conditions. It is important to note that in the numerical models, 

the role of CNTs is unlikely to be explicitly represented, as the software generally does not 

allow the presence of these nanomaterials in the concrete matrix to be modeled directly. Instead, 

the model considers the properties of the concrete as a whole – modulus of elasticity, Poisson’s 

ratio, compressive strength, and other parameters – which have been obtained experimentally 

and already reflect the contribution of the nanotubes. 

In addition, modeling via the Finite Element Method (FEM), incorporating the concept of 

concrete damage plasticity, makes it possible to simulate the SC interface and study the bonding 

behavior under different loading conditions, such as tensile, compressive, and cyclic loads. By 

using experimental data to define the mechanical properties of the modified concrete, these 

FEM models could then provide more detailed analyses of the degradation and fracture 

behavior. Thus, it would be possible to understand better the impact of CNTs on fundamental 

parameters such as tensile strength and post-cracking behavior, contributing to the definition of 

improved adhesion parameters and helping to predict failures in RC structures. 

Perspectives in terms of practical applications 

On a laboratory scale, a synergistic analysis of the interaction of CNTs with other additive or 

filler materials, such as silica fume and limestone filler, is first suggested to clarify the potential 

of combining these components. In parallel, reducing the cement content or incorporating waste 

into concrete, associated with the inclusion of CNTs, could be tested to identify dosages that 

ensure mechanical performance and reduce the carbon footprint, contributing to developing 

more eco-efficient concretes. Furthermore, an LCA could be carried out to comprehensively 

assess the environmental impact of the different formulations, considering aspects such as 

energy consumption, CO2 emissions, and the material’s durability over time. 

Still on a laboratory scale but focusing on the SC interface, one possible experiment involves 

POTs on specimens made from two types of concrete within a single sample: CC and CNT–

concrete applied only around the steel bar, specifically in the region where tensile cracks 

typically appear, rather than throughout the entire volume. This localized application of CNTs 
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could be facilitated by aligning the concrete casting with the direction of the rebar, which 

enhances densification and the interface quality. This approach was discussed in this research, 

but its implementation was not feasible due to the mold available at the time. Moreover, XCT 

could be used to accurately assess the SC interface in the tested samples, identifying bonding 

defects, cracks, or voids that could compromise the performance of the composite. These 

experiments could provide a clearer understanding of how CNTs influence the interface quality, 

helping to optimize their use in RC structures. 

Finally, studies involving full-scale experiments and economic feasibility analyses are 

encouraged. Firstly, flexural tests on full-scale beams could complement the POTs carried out 

in the laboratory, offering a more comprehensive view of the CNT–concrete under real loading 

conditions. In these tests, the CNT–concrete could be applied only to the tensile edge of the 

beam to monitor the cracking pattern, deformations, and resistant stresses until the structure 

breaks. In addition, a crucial recommendation would be conducting financial feasibility studies 

to analyze the cost-benefit ratio of incorporating CNTs into the large-scale production of 

cementitious materials. These studies should consider the benefits provided by CNTs in 

comparison with production costs, helping to determine the practical and economic viability of 

using CNTs in the construction industry. 
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