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 “Ever tried. Ever failed. No matter. 
Try again. Fail again. Fail better”. 
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ABSTRACT 

The incorporation of carbon nanotubes (CNTs) into cementitious matrices 

represents a promising strategy for developing multifunctional construction 

materials with intrinsic self-sensing capabilities, enabling autonomous 

structural health monitoring. Nevertheless, despite significant progress in this 

field, several challenges remain unresolved, particularly with respect to the 

reproducibility of experimental outcomes and the influence of testing 

procedures on the measured electrical and electromechanical properties, which 

is further exacerbated by the absence of standardized testing protocols. 

This dissertation addresses these issues through the design, experimental 

investigation, and analytical and numerical modeling of CNT-based intrinsic 

self-sensing cementitious composites (ISSCs).  

An extensive experimental investigation was conducted to systematically 

evaluate the effects of different matrix types and dispersing agents on the 

mechanical, electrical and electromechanical behavior of CNT-reinforced 

composites. Special emphasis was placed on comparing alternative testing 

methodologies to assess how measurement procedures influence the recorded 

responses – an often overlooked yet critical factor for understanding 

discrepancies in reported results and establishing reliable characterization 

protocols. 

In parallel, a micromechanical model was developed to describe the complex 

piezoelectric behavior of CNT–based cementitious composites. In particular, 

the micromechanical model accounts not only for the dominant conduction 

mechanisms – conductive network and electron hopping – but also for 

nanotube geometry and morphological factors such as waviness, 

agglomeration and segregation. The novelty of this model is the introduction 
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of a quantum-mechanical approach to estimate the thickness of the inter-

nanotube matrix region, achieved by explicitly incorporating the physics of 

electron tunnelling. The model predictions showed strong agreement with 

experimental results, confirming the robustness of the theoretical framework 

and its effectiveness as a tool to guide the design and optimization of self-

sensing cementitious composites. 

Complementarily, a simplified finite element model was implemented to 

simulate the electrical response of cement-based sensors during the 

polarization phase. This modeling approach allows for assessing the model’s 

capability to capture the stage in which the electric potential stabilizes and the 

corresponding electrical resistance attains a steady-state value. By comparing 

the simulated results with experimental data, the model’s accuracy in 

reproducing the transient response can be critically evaluated. 

Overall, the outcomes of this research advance the understanding of CNTs-

based self-sensing concrete by integrating systematic experimental 

investigations with analytical and numerical models. Beyond confirming the 

multifunctional potential of these composite materials, the work provides 

methodological insights into how dispersion techniques and testing protocols 

shape the observed performance. These contributions lay the groundwork for 

the rational design and reliable implementation of intrinsically self-sensing 

cementitious composites in intelligent infrastructure systems. 
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1. CHAPTER 1

INTRODUCTION 

1.1 RESEARCH OVERVIEW 

Concrete stands as the most widely utilized construction material globally, 

playing a crucial role in shaping our built environment and serving as the 

backbone of modern society's infrastructure, from towering skyscrapers to 

bridges, roads and residential homes. Its versatility, cost-effectiveness, 

relatively simple production process, ability to be moulded into diverse shapes 

and capacity to withstand significant compressive loads have made it 

indispensable for large-scale construction projects [1]. It is a composite 

material primarily composed of cement, water, aggregates (such as sand, 

gravel, or crushed stone) and additives. Upon mixing, it forms a paste that 

binds the aggregates together, hardening over time through a chemical reaction 

known as hydration [2]. However, despite its inherent strength, concrete 

exhibits limitations, particularly in tension. While it performs well under 

compression, it is relatively weak in tension, making it prone to cracking. This 

brittleness, combined with its susceptibility to environmental degradation, can 

compromise the longevity and safety of structures [3]. Consequently, the 

prevention of crack formation and propagation is a crucial aspect. 

To address the limitations of conventional concrete, a growing number of 

academics and researchers have turned to innovative alternatives, often by 

introducing additives across different length scales to tailor its properties. The 

most advanced structural composite materials developed over the last decades 

are High-Performance Fiber-Reinforced Concrete (HPFRC) and Ultra High-

Performance Fiber-Reinforced Concrete (UHPFRC), designed to enhance the 

properties of conventional concrete by incorporating fibers, such as steel, 
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synthetic, or carbon fibers, into the cement matrix [4-7]. UHPFRC 

distinguishes itself through exceptional mechanical prowess, exhibiting 

compressive strengths reaching up to 200 MPa, significantly surpassing that of 

traditional concrete (typically 30-50 MPa). Furthermore, it demonstrates 

considerably enhanced tensile strength, superior resistance to cracking and 

greater toughness, with the incorporated fibers playing a crucial role by 

effectively controlling crack propagation, bridging fractures and distributing 

stress. This, in turn, enhances the material's ductility and increases its capacity 

for energy absorption [8]. However, when only a limited number of fibers are 

present, their large inter-fiber distance reduces the ability of UHPFRC to 

control the onset and early development of microcracks [9].  

In recent years, progress in nanotechnology has opened new possibilities for 

enhancing the microstructure of cementitious composites at the nanoscale, 

particularly through the incorporation of various nanofillers in the cement 

paste, such as carbon nanofibers (CNFs), graphite nanoplatelets (GNPs), and 

carbon nanotubes (CNTs). The narrow spacing between these nanomaterials 

helps limit the formation and propagation of microcracks, thereby improving 

mechanical properties. This effect is achieved by filling the voids in the 

calcium silicate hydrate (C-S-H) gel and refining the nano-scale imperfections 

[10,11]. Moreover, nanofibers and nanotubes can act as bridges between 

fractures, further improving the structural integrity of the material [12].  

In addition to enhanced mechanical performance, the incorporation of 

nanofillers into cement composites can significantly improve the material’s 

overall functionality. When uniformly dispersed within the matrix using 

appropriate dispersion and mixing techniques, they contribute to enhance the 

material's durability by improving resistance to environmental factors such as 

water, chemicals, and freeze-thaw cycles, thereby extending the service life of 
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concrete structures [13,14]. Moreover, when the concentration of nanofillers 

exceeds a critical value, known as percolation threshold, a conductive network 

forms within the matrix. This results in a significant reduction in electrical 

resistivity and an enhanced stability of the material under external load [15,16]. 

Consequently, the electrical, magnetic, thermal and force-coupling properties 

of the concrete improve, leading to the formation of a self-sensing cementitious 

composite. 

The manufacture of a self-sensing composite remains a complex and expensive 

undertaking. Several fundamental issues, ranging from characterization 

techniques and experimental methodologies to simulation approaches, still 

require comprehensive resolution. Consequently, enhancing the electrical and 

mechanical properties of these composites continues to be regarded as a 

significant challenge within the field of materials science. 

To tackle these challenges, both analytical and numerical modeling approaches 

have been widely employed. These approaches offer valuable insights into the 

overall performance of CNTs-based composites, though each method has its 

own advantages and limitations. Analytical models, commonly referred to as 

micromechanical approaches, based on the Rule of Mixtures, the Mori–Tanaka 

method, and the Halpin–Tsai equations, are widely employed due to their 

simplicity and low computational cost [17–19]. These formulations provide a 

useful first approximation of the effective macroscopic properties of CNTs-

based composites, including elastic modulus and electrical conductivity. 

However, they are generally derived under idealized assumptions, for instance 

perfect dispersion and alignment of CNTs, which rarely occur in practice. As 

a consequence, such models tend to oversimplify the complex interactions 

between the constituents and are unable to account for non-linear responses or 

failure mechanisms. 
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To address these limitations, more sophisticated approaches have been 

developed. Numerical and multiscale models – most notably those based on 

the Finite Element Method (FEM) – offer greater flexibility and predictive 

accuracy, particularly when applied to heterogeneous materials or systems 

characterized by complex geometries [20–22]. At a finer resolution, Molecular 

Dynamics (MD) simulations enable the investigation of atomistic-level 

phenomena, such as interfacial bonding between CNTs and the cementitious 

matrix, as well as nanoscale deformation mechanisms. Complementary to this, 

Monte Carlo simulations have proven effective for analysing the statistical 

distribution of CNTs and for predicting percolation thresholds, thus providing 

insight into the transition from insulating to conductive behavior [23–26]. 

Each modeling strategy presents distinct advantages and limitations. While 

micromechanical analytical models remain attractive for their computational 

efficiency, their predictive capability is restricted by simplifying assumptions. 

In contrast, numerical and atomistic methods provide a more detailed 

description of the material behavior, though at the expense of higher 

computational demands and the requirement for accurate input data. 

Consequently, current research efforts are increasingly oriented toward 

multiscale approaches that integrate molecular, microscopic, and macroscopic 

analyses, with the aim of achieving a more comprehensive understanding and 

improved design of CNTs-based cementitious composites. 

1.2 RESEARCH OBJECTIVES AND SCOPE 

The primary goal of this dissertation is to design, develop and validate an 

integrated structural sensor based on intrinsic self-sensing cementitious 

composites reinforced with carbon nanotubes, intended for direct 

incorporation into large-scale structural elements such as beams, slabs, or 

pavements. This approach seeks to transform the construction material itself 
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into a multifunctional sensor capable of real-time structural health monitoring 

by detecting strain and damage through changes in electrical resistivity. 

To achieve this aim, the research is structured around several interrelated 

objectives. The first focuses on systematically investigating how different 

cementitious matrices and dispersion strategies affect the microstructure, the 

distribution of CNTs and the resulting electrical properties of the composite. 

Optimizing these parameters is crucial to ensure consistent and reproducible 

self-sensing performance.  

The second objective involves an extensive experimental program aimed at 

evaluating the mechanical, electrical and electromechanical behavior of these 

CNT-based cementitious composites. This includes compressive tests to assess 

mechanical performance, electrical measurements to investigate conductivity 

and percolation behaviour, and electromechanical tests to quantify the 

piezoresistive response. Particular attention is devoted to comparing 

alternative testing methodologies in order to determine how measurement 

procedures influence the recorded responses and to establish reliable 

characterization protocols that guarantee reproducible self-sensing 

performance.  

Finally, the third objective concerns the development of predictive models 

capable of describing the electrical behavior of these sensors.  

Overall, this research aims to advance the development of intelligent 

construction materials that integrate sensing functionality within the structural 

matrix itself, thereby offering a practical and efficient solution for autonomous 

monitoring and enhanced safety of civil infrastructure. Such self-monitoring 

capability not only improves user safety by providing real-time information on 

structural conditions, but also supports more effective maintenance and repair 
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strategies through continuous data acquisition, while promoting sustainability 

by extending service life and reducing the need for demolition or 

reconstruction. 

1.3 LAYOUT OF THESIS 

This dissertation is structured to provide a comprehensive exploration of the 

development and analysis of carbon nanotube CNT-based intrinsic self-

sensing cementitious composites (ISSCs). The work is organized into seven 

main chapters, each addressing a critical aspect of the research.  

In the first chapter the research context has been introduced, outlining the 

motivation behind the study, the primary objectives and the scope of the work. 

This chapter laid the groundwork for understanding the importance of 

integrating self-detection capabilities into cementitious materials and the 

potential impact on monitoring the health of structures. Chapter 2 delves into 

the state of the art of ISSCs, providing an in-depth review of existing literature. 

It discusses the composition and properties of self-sensing concrete, the 

mechanisms underlying its conductive behavior and the various methods 

employed to measure electrical signals. Special attention is devoted to the 

incorporation of CNTs, examining their structure, intrinsic properties and the 

challenges associated with their homogeneous dispersion within cementitious 

matrices. In Chapter 3, the experimental activities undertaken in this research 

are detailed. This chapter describes the selection and characterization of raw 

materials, the design of mix formulations and the preparation of CNT-based 

cementitious composites. It also outlines the testing methodologies employed 

to assess the mechanical, microstructural, electrical and electromechanical 

properties of the composites. The experimental results are presented and 

discussed in Chapter 4, which illustrates how variations in material 

composition and processing affect the mechanical performance, 
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microstructure, electrical properties and piezoresistive response of the 

composites. The analysis highlights key relationships between CNTs 

dispersion, matrix characteristics and functional performance. Chapter 5 is 

dedicated to the micromechanical modeling of CNT-based cementitious 

composites, presenting the theoretical framework used to describe their 

piezoelectric behavior. The chapter details the formulation of the model, the 

mechanisms considered, with particular emphasis on the estimation of the 

interfacial region between the nanotubes and the cementitious matrix, whose 

thickness is evaluated through quantum mechanical approach. The model 

accounts also for the influence of CNT morphology – specifically their 

waviness – and incorporates the effects of agglomeration and segregation 

phenomena, thereby establishing a clear connection between the experimental 

findings and the theoretical analysis. In Chapter 6, the methodology adopted 

to set up the finite element simulations in COMSOL Multiphysics is presented 

in detail. Each step of the model-building process is systematically described, 

from the creation of the geometry to the configuration of the study parameters. 

The final section presents a critical comparison between numerical outcomes 

and experimental data.  

Finally, Chapter 7 concludes the dissertation by synthesizing the main 

findings, reflecting on their broader implications, and outlining potential 

avenues for future research.  
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2. CHAPTER 2 

STATE OF ART ON INTRINSIC SELF-
SENSING CEMENTITIOUS COMPOSITES 
 

2.1 INTRODUCTION 

Global civil infrastructure, including bridges and buildings, begins to 

deteriorate as soon as they are constructed and put into use. This problem is 

driven by both immediate construction failures and long-term deterioration 

factors, including material decay, corrosion and environmental impact [27]. 

Over time, these factors contribute to compromise its integrity and safety. 

Particularly in Europe, much of the post-World War II infrastructure, built to 

know-outdated standards, nears its end-of-life, necessitating urgent 

rehabilitation or replacement investments. Italy, with its ancient architectural 

heritage and seismic vulnerability, presents a complex case. Prone to 

significant earthquakes, the nation requires robust risk management to protect 

its structures. This vulnerability has manifested in infrastructural failures, 

notably the collapse of four major bridges between 2014 and 2018: Petrulla 

viaduct, Annone overpass, Fossano bridge and the Morandi Bridge in Genova. 

These catastrophic events, resulting in fatalities and widespread disruption, 

resulted primarily from structural decay, insufficient upkeep and inadequate 

load-bearing capacity [28]. 

This issue transcends national boundaries. The American Society of Civil 

Engineers' 2025 Infrastructure Report Card [29] assigned a "C" grade to U.S. 

infrastructure, emphasizing the necessity for substantial upgrades. 

Specifically, the American Road & Transportation Builders Association 

reports that 36% of U.S. bridges, exceeding 222.000 structures, require major 

repairs or replacement [30]. This is exacerbated by demand pressures and 
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funding shortfalls for maintenance. Given these issues, it is crucial to 

implement effective strategies to prevent catastrophic failures and ensure the 

sustainability of infrastructure.  

Structural Health Monitoring (SHM) has emerged as a kay solution, gaining 

global traction for its ability to extend the lifespan of aging structures and 

maintain their integrity. It can be described as a structured process that involves 

collecting data on a structure, analysing it to extract useful information for 

decision-making, transmitting this information to the relevant decision-maker 

and supporting the selection of the most effective management action (Figure 

2.1). The chosen action is then implemented to continuously or periodically 

assess the health and performance of the structure [31,32]. The core objective 

is to detect, locate and quantify damage in a structure, ideally in real time, 

without needing to stop its operation. This can include detecting cracks, 

deformations, corrosion, fatigue and other forms of deterioration. By 

monitoring these indicators, SHM systems help ensure the safety, performance 

and longevity of infrastructure [33]. 

 
Figure 2.1. The SHM process. 
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Over the past two decades, the development of SHM has been guided by 

various global standards. The first major guideline, issued by ISIS in Canada 

in 2001 [34], established the foundation of SHM by focusing on damage 

detection, although it did not integrate decision-making processes. This gap 

was addressed by the European SAMCO project in 2006 [35], which 

broadened the scope to include continuous monitoring and data quality, though 

SHM remained primarily a diagnostic tool. In 2008, the Austrian RVS 

Standard 13.03.01 [36] marked a significant advancement by incorporating 

SHM data into emergency management and life cycle planning, expanding its 

role beyond damage detection. However, its technical complexity made it less 

accessible. In 2014, China introduced guidelines [37] aimed at achieving 

consistency across structural types, but these still treated SHM mainly as a 

compliance tool, limiting its strategic potential. Italy's 2016 UNI/TR 

11634:2016 guidelines [38] represented a major step forward, covering all 

phases of SHM and positioning it as a decision support tool for predicting 

service life extension. The latest guidelines, developed in 2020 by Italy’s 

Ministry of Infrastructures [39], focused on bridge safety management, while 

the ISO standards [40-45] provide comprehensive guidance on the entire SHM 

process, including data acquisition, processing and parameter selection. 

While SHM sensing techniques have reached a relatively advanced stage and 

various sensors, i.e., strain gauges, accelerators, piezoelectric sensors, fiber-

optic sensors, temperature sensors and shape memory alloys (Figure 2.2), have 

been successfully applied in numerous research studies and real-world SHM 

applications [47-51], there are notable limitations. These include high costs, 

time-consuming, labour-intensive installation and maintenance, inadequate 

performance in harsh environments and incompatibility with concrete 

structures, which hinder their widespread adoption in civil infrastructure 

[52,53].  
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Figure 2.2. Historical progression of SHM sensing methodologies (Reproduced with 

reference to [54]). 

As a result, ongoing efforts aim to develop more advanced and efficient SHM 

sensing technologies, with one promising solution being the use of intrinsic 

self-sensing concrete that can continuously monitor the applied stress and 

performance to ensure the structural reliability. 

2.2 INTRINSIC SELF-SENSING CONCRETE (ISSC) 

Given the rapid advancements in nanotechnology and nanoscience, the concept 

of concrete structures capable of autonomously monitoring their own 

condition, without reliance on external sensing devices, is becoming 

increasingly feasible.  

Self-Sensing Concrete (SSC) refers to a class of advanced cementitious 

materials that have the ability to detect and respond to various parameters (i.e., 

mechanical, physical and chemical) related to structural integrity, durability 

and reliability [55]. This self-monitoring functionality can be achieved either 

intrinsically, through the incorporation of conductive fillers, or extrinsically, 

by embedding external sensors or electrodes within the matrix. These materials 

provide a permanent, fixed and continuous monitoring solution, making them 

a natural progression of the SHM concept, contributing to the development of 

smart and sustainable infrastructure [56].  

The origins of "smart concrete" can be traced back to the pioneering work of 

Professor Hiroaki Yanagida at the University of Tokyo in the early 1990s. 

Around 1992, he introduced the concept of “self-testing” concrete by 
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embedding glass and carbon fibers into the cementitious matrix, allowing the 

material to detect and evaluate its own condition [57]. 

Within the broader category of SSC, a more specific and technically refined 

class has emerged: Intrinsic Self-Sensing Concrete (ISSC). Unlike systems that 

rely on embedded external sensors, ISSC materials possess self-monitoring 

capabilities inherently, meaning that the sensing function arises directly from 

the material’s internal composition. This is achieved by uniformly dispersing 

electrically conductive fillers within the cementitious matrix. When evenly 

distributed at a critical concentration, these fillers establish a conductive 

network throughout the composite, imparting piezoresistive behaviour, which 

refers to the material’s ability to exhibit changes in electrical resistance in 

response to mechanical deformation, such as stress or strain. This characteristic 

enables the real-time detection of structural responses under both static and 

dynamic loading conditions. 

As outlined in [55], sensing concrete can be metaphorically described as a 

"brain", with its conductive network serving as a "nervous system". When 

external forces or environmental changes alter the applied loads, the 

deformation of the structure leads to a change in its electrical resistance (Figure 

2.3). These variations in electrical properties provide insights into stress/strain 

across the structure and enable the prediction of potential defects. This intrinsic 

capability represents a significant step forward in developing resilient, 

intelligent and autonomous infrastructure systems. 
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Figure 2.3. Sensing concrete mimicking human behavior (Reproduced with reference to 

[55]). 

The properties of a ISSC are influenced by a wide range of factors, including 

material selection, such as the type of cementitious matrix, conductive fillers 

and dispersing agents, as well as the effectiveness of the dispersion process. A 

critical phase in the development of ISSC is the mix design, which involves as 

a first step determining the optimal type and concentration of nanofillers to 

achieve a stable conductive network, taking into account their geometry, aspect 

ratio, surface functionalization and interaction with the matrix. Furthermore, 

the methods employed to evaluate the sensing performance vary considerably 

across the literature, often depending on individual researchers' methodologies 

and objectives, which can complicate direct comparisons between studies [58].  

The interpretation of experimental results is also highly sensitive to loading 

conditions (i.e., tension, compression, cyclic loading) and the measurement of 

electrical resistance, which may exhibit different behaviours depending on the 

type and direction of the applied stress. 

As a result, research in this field is complex and extensive, encompassing a 

wide variety of materials, test protocols and sensing mechanisms. This 
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diversity reflects the inherently multidisciplinary nature of the topic, 

embracing materials science, electrical engineering and structural mechanics, 

and emphasises the need for standardized methodologies. Despite significant 

progress, experimental results remain highly variable due to the many factors 

that influence performance. These further underscores the importance of 

developing unified test frameworks and deepening the understanding of the 

interactions between constituent materials and associated sensing mechanisms 

in order to optimize the reliability and effectiveness of ISSCs in practical 

applications. 

2.3 COMPOSITION OF ISSC 

ISSC is a hierarchical and multiphase composite material whose structure 

spans several orders of magnitude in scale, from the nanoscale arrangement of 

cement hydration products to full-scale structural components. This multiscale 

architecture is organized into distinct levels, each contributing uniquely to the 

overall material behavior [52,59]. 

At the nanoscale (~10⁻⁹ m), ISSCs are primarily composed of calcium silicate 

hydrates (C–S–H), the main products of cement hydration, which can 

accommodate or interact with conductive nanofillers. These nanoinclusions 

establish localized conductive junctions within the C–S–H phase and 

contribute to electron tunneling and contact conduction mechanisms, thereby 

enhancing the electrical sensitivity of the material under mechanical loading 

[60,61].  

the cementitious matrix may contain larger conductive inclusions that bridge 

nanoscale conduction zones, promoting the formation of interconnected and 

percolating networks. These micro fillers improve charge transport continuity 
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across the matrix and can simultaneously reinforce the mechanical response by 

mitigating stress concentrations [62]. 

At the mesoscale (~10⁻³ m), ISSCs take the form of mortar or concrete, where 

conductive pathways emerge from the spatial distribution and interaction of 

the binder, aggregates, and conductive phases. The resulting heterogeneous 

architecture enables the development of self-sensing functionality throughout 

the structural element, allowing strain or damage to be detected through 

measurable changes in bulk electrical resistance [63]. 

Although ISSCs are often simplified at the macroscopic scale as two-phase 

composites – consisting of a cementitious matrix and dispersed conductive 

fillers – this representation overlooks the intricate interactions occurring at 

smaller scales. In reality, the interfacial regions between the matrix and the 

fillers form a third, functionally critical phase that governs charge transfer 

mechanisms and strongly influences the formation and stability of the 

conductive network [64,65]. Therefore, ISSCs are more accurately described 

as a three-phase system comprising the matrix, the conductive fillers and the 

interfacial transition zones. These interfacial regions play a decisive role in 

determining the electrical percolation threshold and modulating the material’s 

sensitivity to mechanical deformation and other external stimuli [66]. 

2.3.1 Matrix material 

The matrix material in ISSC typically consists of conventional cement-based 

composites, including cement paste (binder only), mortar (with only fine 

aggregates), or standard concrete (comprising both coarse and fine aggregates). 

Among the various types of cement, Ordinary Portland Cement (OPC) is the 

most widely used in the formulation of self-sensing composites due to its well-
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established mechanical performance, availability and compatibility with a 

broad range of conductive fillers [67]. 

The cementitious matrix primarily serves to embed and stabilize the functional 

fillers, thereby ensuring the integrity of the composite system. Beyond its 

primary structural function, the mix design parameters of the cementitious 

matrix significantly govern the dispersion, alignment and interfacial bonding 

characteristics of the incorporated conductive fillers. Specifically, factors such 

as cement type and strength grade [68,69], the use of water-reducing agent [70] 

and the water-to-cement ratio [71] exert a critical influence on the final 

piezoresistive properties of ISSC.  

Another critical factor influencing the self-sensing capabilities of cementitious 

composites is the presence of aggregates. Although the cementitious matrix 

itself exhibits negligible intrinsic sensing ability, it has been widely 

demonstrated that the inclusion of aggregates, especially coarse ones, 

substantially increases the electrical resistivity of the composite and reduces 

its piezoresistive sensitivity [72,54]. Cement paste, which contains no 

aggregates, offers the most favourable electrical properties, with resistivity 

typically in the range of 104–105 Ωcm, due to its homogeneous microstructure 

that allows better dispersion and connectivity of conductive fillers [73,74]. 

Cement mortar, which includes only fine aggregates, retains relatively good 

self-sensing behavior, although resistivity remains within a similar order of 

magnitude. In contrast, concrete – comprising both fine and coarse aggregates 

– exhibits significantly higher electrical resistivity, often reaching up to 10⁸–

109 Ωcm [75], primarily due to the highly insulating nature of the aggregates. 

These aggregates act as barriers, reducing the contact area between conductive 

phases and increasing the percolation threshold required to achieve a 

continuous conductive network. This structural discontinuity significantly 
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impairs the efficiency of the composite in detecting mechanical deformations 

through resistance variations. Additionally, the presence of aggregates 

interferes with the crack-bridging ability of conductive fibers, further 

compromising the composite’s sensitivity under strain [54].  

For these reasons, while concrete remains a practical material for construction, 

its piezoresistive performance is inferior compared to paste or mortar matrices, 

and its use in self-sensing applications requires more careful design of filler 

type, content, and dispersion methods to overcome the limitations imposed by 

aggregate inclusion. 

2.3.2 Functional fillers 

Functional fillers are a key component of in the development of self-sensing 

concrete, as they play a decisive role the material’s ability to detect mechanical 

and environmental changes through variations in its electrical properties. 

These fillers provide a path for the current to travel along with the cement 

matrix, thus forming an electrical network, enhancing electrical conductivity 

and enabling the cement-based composite to function as an intrinsic sensor 

[58]. Since the self-sensing behavior of concrete was first identified, 

considerable research efforts have focused on discovering or developing new 

types of functional fillers [76].  

The functional fillers used in ISSCs vary widely in scale and composition. 

They range from macroscale to nanoscale, fibrous to powder, single-

component to hybrid systems and carbonaceous to metallic materials (Figure 

2.4). Regardless of their form or origin, these fillers must exhibit electrical 

conductivity and chemical stability to ensure consistent performance and long-

term durability in cementitious environments [55]. 
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Figure 2.4. Categories of functional fillers [78]. 

Early research on self-sensing cementitious composites primarily employed 

macroscale metallic fillers such as steel fibers, steel shavings and steel slag. 

Among these, steel fibers offered the most effective balance between electrical 

conductivity and mechanical reinforcement. Their efficiency arises from their 

ability to enhance the flexural and tensile strength of the composite through a 

pull-out mechanism, which bridges microcracks and improves load transfer 

within the matrix [78].  

Despite these advantages, the use of macroscale metallic fillers can facilitate 

the initiation of microcracks under loading, ultimately compromising the 

mechanical integrity of the material. Moreover, steel-based fillers are 

susceptible to corrosion, particularly during the curing process, which can 

disrupt the conductive pathways and degrade the long-term self-sensing 

performance of the composite [79]. 
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At the microscale, the most commonly used functional fillers include carbon 

fibers (CFs) and particles such as graphite powder (GP), fly ash and nickel 

powder (NP). CFs are particularly favoured due to their excellent properties, 

including corrosion resistance, high thermal conductivity and stability at 

elevated temperatures. Moreover, CFs possess a high tensile modulus and 

significant axial strength, which contribute to enhancing the mechanical 

performance of the composite material [80]. Furthermore, due to its high 

conductivity and large aspect ratio, it can easily form the conductive network 

within the cement matrix [81]. Studies by Park et al. [82], Chen et al. [83] and 

Baeza et al. [84] support these findings.  

In general, incorporating conductive fibers with a higher aspect ratio enhances 

the electrical conductivity of cementitious composites. However, excessively 

long or slender fibers may lead to dispersion difficulties, fiber agglomeration 

and reduced interfacial bonding efficiency, which can ultimately impair the 

mechanical performance of the composite [54]. 

Conductive powders in cementitious composites play a dual role that goes 

beyond simply enabling electrical conductivity. While their primary function 

is to act as the conductive phase, they also contribute significantly to the 

mechanical performance of the material. This is achieved through the filling 

effect, whereby fine conductive particles occupy voids and micro-pores within 

the cement matrix [85-87] By improving the packing density and reducing 

porosity, these powders enhance the overall compactness and integrity of the 

composite. 

With the advancement of nanotechnology, carbon-based nanomaterials 

(CNMs), particularly carbon nanotubes (CNTs) and carbon nanofibers (CNFs), 

have emerged as key components for enhancing the self-sensing capabilities 

of cementitious composites. Owing to their exceptionally high aspect ratio and 
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large specific surface area, these nanoinclusions can establish interconnected 

conductive networks within the cement matrix, even at very low 

concentrations. Such networks exhibit outstanding sensitivity to mechanical 

perturbations, enabling the early detection of microcracks and nanoscale 

structural damage – an essential requirement for effective structural health 

monitoring [88].  

In addition to enhancing the electrical responsiveness of the composite, 

nanofillers also improve its mechanical performance by refining the 

microstructure and bridging internal micro voids and cracks. However, their 

incorporation may lead to a reduction in ductility [89,90] and an increase in 

brittleness, which can promote crack initiation during the early stages of 

mechanical loading.  Furthermore, the large-scale application of these 

nanomaterials remains hindered by the technical challenges associated with 

achieving a uniform and stable dispersion within the cementitious matrix. 

Several early studies have also explored the combination of multiple functional 

fillers to enhance the self-sensing capabilities of cementitious composites. This 

improvement is primarily due to the complementary interaction between 

different fillers, which allows for a more effective modification of the 

material’s electromechanical properties [76]. Azhari and Banthia [91], for 

example, found that concrete with hybrid CFs and CNTs offers improved 

signal quality, reliability and sensitivity compared to concrete with carbon 

fibers alone. The enhanced performance is attributed to CNTs bridging gaps in 

the CFs conduction path, leading to more uniform electrical properties. 

Ding et al. [92] and Zhang et al. [93] both investigated cementitious 

composites with hybrid CNTs and nCB. Ding et al. demonstrated that these 

composites exhibited self-sensing stability and reproducibility under 

compressive loads, while Zhang et al. found that the hybrid CNTs/nCB 
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composites displayed the highest sensitivity to stress and strain compared with 

cementitious composites with mono CNTs or nCB, owing to the increased 

distance changes between CNTs, nCB, and their interactions.  

More recently, Ding et al. [94] also introduced a hierarchical carbon fiber-

carbon nanotube (CFs-CNTs) composite filler, in which CNTs were directly 

grown on CFs. This structure not only alleviated CNTs aggregation but also 

improved the interfacial bonding between the filler and the cement matrix. The 

resulting composite exhibited high mechanical properties, electrical 

conductivity, and excellent self-sensing performance, particularly enhanced 

sensing repeatability. While Wang et al. [95] developed self-sensing 

cementitious composites incorporating hybrid nGPs, CNTs and nCB. The 

results showed that the combination of these nanofillers significantly enhanced 

the electrical conductivity and provided stable, sensitive piezoresistivity, 

improving the overall performance of the cementitious materials. 

2.4 CONDUCTIVE MECHANISMS OF ISSC 

The ability of intrinsically self-sensing concrete to respond electrically to 

external stimuli arises from specific charge transport mechanisms operating 

within its inherently complex and heterogeneous internal structure. These 

mechanisms govern the evolution of electrical signals in response to 

mechanical inputs such as deformation, cracking or damage, and depend 

heavily on the type, distribution and connectivity of conductive phases 

embedded within the cementitious matrix. Moreover, factors such as internal 

moisture content, conductive filler dosage, pore structure, and environmental 

conditions significantly influence these charge transport processes. A thorough 

understanding of these mechanisms is therefore essential to optimize the 

electromechanical performance and enhance the sensing capabilities of self-

sensing cement-based composites. 
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To design and optimise self-sensing cementitious materials effectively, it is 

crucial to examine the underlying conduction mechanisms that govern their 

electrical behaviour. These mechanisms can be categorised into two groups: 

ionic conduction, which occurs in the pore solution, and electronic conduction, 

which is facilitated by conductive additives [52]. 

Ionic conduction predominantly arises from the migration of dissolved ions 

within the liquid phase of the cementitious pore network. During and after 

hydration, the cement paste develops an interconnected system of capillary and 

gel pores partially saturated with water. Within this liquid phase, ions like Na⁺, 

K⁺, Ca²⁺, OH⁻, and SO₄²⁻ become mobile, moving through the connected pore 

channels and thus enabling the transport of electric charge via ionic current. 

This form of conduction is particularly significant in conventional Portland 

cement pastes when the material remains saturated or contains a high moisture 

content. The extent of ionic transport is influenced by parameters such as the 

water-to-cement ratio, hydration degree and pore continuity. Additionally, 

external variables including temperature and relative humidity also affect ion 

mobility, thereby regulating the overall electrical conductivity of the 

composite. 

Although ionic conduction reduces the material's overall resistivity, it is 

largely unaffected by external loading and thus contributes little to damage-

sensitive behavior. For this reason, it establishes a background level of 

conductivity but is not inherently useful for sensing applications. 

The introduction of conductive fillers into the cement matrix shifts the 

electrical conduction from predominantly ionic to electronic. These fillers can 

significantly improve conductivity of the composite.  
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According to the percolation theory [96], the electrical properties of the 

composite change non-linearly as the concentration of charges increases. In 

particular, the composite’s electrical conductivity, 𝛿𝛿, follows the power-law 

relationship [52,55] expressed as  

𝛿𝛿 = 𝛿𝛿𝑓𝑓 �
𝜙𝜙 − 𝜙𝜙𝑐𝑐
1 − 𝜙𝜙𝑐𝑐

�
𝛾𝛾

 (2.1) 

where 𝛿𝛿𝑓𝑓 is the conductivity of the conductive network, 𝜙𝜙 is the concentration 

of conductive fillers, 𝜙𝜙𝑐𝑐 is the critical filler content required to form a 

continuous conductive path, known as percolation threshold, and 𝛾𝛾 is the 

“universal critical exponent” that depends on the dimensionality and 

morphology of the system. 

 

Figure 2.5. Evolution of electrical resistivity in sensing concrete during percolation (Reproduced 
with reference to [52,55,76]). 
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Reached the percolation threshold, the composite transitions from an insulator 

to a conductor. As shown in Figure 2.5, this behavior divides the curve into 

three regimes [52,55,76]: 

− Zone A – Insulation region (𝜙𝜙 < 𝜙𝜙𝑐𝑐) 

The concentration of conductive fillers is too low to form continuous 

paths. In this region, conduction is dominated by ionic transport 

through the pore solution. Electronic conduction is negligible; 

− Zone B – Percolation transition zone (𝜙𝜙 = 𝜙𝜙𝑐𝑐) 

As the filler content approaches 𝜙𝜙𝑐𝑐, conductive particles come into 

close proximity without necessarily being in physical contact. In this 

zone, tunnelling conduction becomes significant. Electrons tunnel 

across thin insulating gaps (typically nanometres) between adjacent 

fillers. The local resistance 𝑅𝑅 arising from tunnelling conduction 

increases exponentially with the interparticle distance 𝑑𝑑 and is 

expressed by Eq. (2.2): 

𝑅𝑅 =
𝑑𝑑ℏ2

𝐴𝐴𝑒𝑒2(2𝑚𝑚√𝜆𝜆)
𝑒𝑒��

4𝜋𝜋𝜋𝜋
ℏ ��2𝑚𝑚√𝜆𝜆�� (2.2) 

where 𝑚𝑚 and 𝑒𝑒 are the mass and electric charge of an electron, 

respectively, ℏ is Plank's constant, 𝜆𝜆 is the potential barrier height and 

A is the contact area of two fillers. This is a quantum effect highly 

sensitive to strain and is central to the piezoresistive response of the 

composite; 

− Zone C – Conductive zone (𝜙𝜙 > 𝜙𝜙𝑐𝑐)  

Once the percolation threshold is exceeded, a continuous, system-

spanning network of conductive particles forms. Here, electronic 

conduction becomes dominant and can be described in two main ways: 
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intrinsic conduction and contact conduction. The first refers to bulk 

electrical transport occurring through a stable, interconnected network 

of contacting conductive fillers. It requires that the particles form a 

permanent and continuous phase. This mode provides a baseline high 

conductivity, relatively less sensitive to mechanical deformation and is 

analogous to conduction in metallic composites. In contrast, contact 

conduction arise when electrical pathways form due to physical contact 

points between fillers. These contacts can be influenced by mechanical 

loading: compressive stress can improve contact quality or create new 

contacts, while tensile strain can disrupt them. This leads to a strain-

sensitive resistance that enhances the material’s self-sensing behavior. 

2.4.1 Conduction in absence of external stimuli 

In the absence of external stimuli – whether mechanical, thermal, 

environmental or chemical – the conductive response of intrinsic self-sensing 

concrete reflects solely the fundamental properties of the material's 

microstructure and the spatial distribution of its conductive phases. Under 

these conditions, electrical conductivity is primarily governed by electron 

transport across contact points, tunnelling conduction across nanoscale gaps 

and ionic conduction through the pore solution (Figure 2.6). These 

mechanisms define the material’s baseline electrical behavior, which may still 

be influenced by internal factors such as moisture content, temperature and 

curing conditions. Understanding the stability and variability of conductivity 

in the absence of external perturbations is essential for isolating the intrinsic 

characteristics of the material and for accurately interpreting any subsequent 

changes due to operational or environmental stimuli [52,55,76]. 
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(a) (b) 

Figure 2.6. Electron conduction mechanism: (a) contact conduction; (b) tunnelling 
conduction. 

2.4.2 Conduction under external stimuli 

When self-sensing concrete is exposed to external stimuli, its electrical 

properties are influenced by multiple interconnected mechanisms. These 

include changes in the intrinsic resistivity of functional fillers due to stress-

induced local bond deformation; variations in the interfacial bonding between 

fillers and the surrounding matrix caused by pull-out or push-in effects during 

external action and rearrangement or reorientation of conductive fillers, which 

may lead to the formation or disruption of conductive pathways. In addition, 

tunnelling resistance between adjacent fillers changes as a consequence of 

variations in interparticle distance and material properties [52,55,76].  

Although these mechanisms act simultaneously, their relative dominance 

depends on the conductive state of the composite, which has been previously 

categorized into three distinct zones. The interplay among these factors 

governs the sensing behavior, ranging from limited sensitivity when 

conductive paths are scarce, to high sensitivity near the percolation threshold, 

and finally to more stable yet less sensitive responses in well-established 

conductive networks (Figure 2.7). 
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Figure 2.7. Electrical response of sensing concrete under mechanical loading: formation 

of effective conductive paths (Reproduced with reference to [55]). 

2.5 SELF-SENSING PROPERTIES  

Among the various functionalities exhibited by sensing concrete, its response 

under mechanical loading (i.e., electromechanical response) and, in particular 

its pressure-sensitive behavior, is the most thoroughly investigated and 

technologically significant for SHM. This behavior is governed by the 

material’s piezoresistivity, namely the change in electrical resistivity induced 

by applied mechanical stress or strain, which enables real-time monitoring of 

deformation, cracking and damage progression. 

The performance of pressure-sensitive sensing concrete is characterized by 

several parameters, among which sensitivity and repeatability are the most 

critical. 

The sensitivity of self-sensing cementitious composites can be quantitatively 

assessed using several parameters. The most common is the maximum value 

of Fractional Change in Resistivity, FCR, defined as 

𝐹𝐹𝐹𝐹𝐹𝐹 =
𝛥𝛥𝛥𝛥
𝜌𝜌0

 (2.3) 

where 𝜌𝜌0 is the initial electrical resistivity of the material and 𝛥𝛥𝛥𝛥 is the change 

induced by mechanical loading.  
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Further refinement of sensitivity assessment can be achieved through the force 

sensitivity coefficient [(Δρ/ρ₀)/F], the stress sensitivity coefficient [(Δρ/ρ₀)/σ] 

and the strain sensitivity coefficient [(Δρ/ρ₀)/ε], commonly referred to as the 

Gauge Factor (GF).  

Repeatability denotes the consistency and reliability of the resistivity response 

over multiple loading–unloading cycles, representing a key parameter for long-

term monitoring applications. Additional parameters such as linearity, 

hysteresis, signal-to-noise ratio, zero shifts and input/output range also 

contribute to assessing performance. 

The piezoresistive behavior of self-sensing cement-based composites is 

strongly influenced by the type of mechanical loading (Figure 2.8). Under 

uniaxial compression, for example, the electrical resistivity typically follows a 

three-stage trend: an initial decrease attributed to compaction and densification 

of the conductive network; a quasi-stable phase during which the initiation of 

microcracks is counterbalanced by the reconfiguration or reorientation of 

conductive pathways; and finally, a sharp increase in resistivity associated with 

crack propagation and the progressive breakdown of conductive paths [76,96]. 

In contrast, biaxial or isostatic compression tends to delay crack initiation and 

limits crack opening due to the more uniform stress distribution, thus 

enhancing the stability and sensitivity of the piezoresistive response [98]. 

Under monotonic tensile loading (Figure 2.8), resistivity increases nonlinearly 

as the matrix stretches and conductive fillers become more widely spaced. This 

disrupts conductive bridges and increases tunnelling distances, especially near 

the percolation threshold, where small structural changes produce large 

electrical variations [99]. The resistivity is particularly sensitive to early 

microcrack formation and rises steeply as the material approaches failure, 

reflecting macrocrack development and network disintegration. Excessive 
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tensile strain may cause irreversible damage to the conductive phase, leading 

to permanent signal degradation [100]. 

During flexural loading, the material experiences both tensile and compressive 

strains, generating an asymmetric resistivity response. Typically, resistivity 

increases on the tensile side – more prone to cracking – and decreases or 

stabilizes on the compressive side. This spatially variable behavior, influenced 

by filler dispersion, notch geometry and load magnitude, can provide insight 

into neutral axis position and crack evolution [101]. 

Under cyclic or dynamic loading (i.e., fatigue), the piezoresistive response is 

initially stable and reversible for low-amplitude strains within the elastic 

regime (below ~30%-40% of ultimate strength). However, with increased 

loading or cycle count, microcrack accumulation and filler rearrangement 

induce hysteresis, signal drift and reduced sensitivity [102]. These changes are 

indicative of progressive damage and can be exploited to monitor structural 

degradation over time. 
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Figure 2.8. Sensing behavior of ISSC subjected to different types of mechanical loading 

(Reproduced with reference to [52,55]). 

2.6 MEASUREMENT OF THE ELECTRIC SIGNAL 

2.6.1 Electrodes arrangement 

In order to perform electrical measurements and evaluate the self-sensing 

capability of ISSC, one of the most effective approaches is the use of 

electrodes, which establish the connection between the specimen and the 

external measuring devices. Their design is of paramount importance, since 

the choice of material, fixing method and layout directly affects the accuracy 

and stability of the recorded signals. They must combine low electrical 

resistance with stable conductive properties over time [103].  

To this end, several materials have been explored, including copper, stainless 

steel, lead and carbon in different configurations such as flakes, foils, meshes, 

loops, bars, rods, wires and conductive paints (i.e., silver, copper, or carbon 

black), that can be employed either individually or in combination. Moreover, 

the way electrodes are positioned and fixed within the ISSC has a direct impact 
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on the distribution of the electrical field, and therefore on the accuracy of 

resistivity measurements [103,104].  

As reproduced in Figure 2.9, six main configurations have been proposed in 

the literature. Surface attachment, for instance, is widely used in laboratory 

testing since it does not affect the mechanical performance of specimens; 

however, it may lead to debonding in practical applications. To mitigate this 

drawback, embedded solutions – such as meshes, perforated plates, or loop 

electrodes – are often preferred, as they preserve both the mechanical integrity 

of the composite and the durability of the electrode-matrix interface, while also 

protecting the electrodes from external damage. These fixing and layout 

schemes are generally applied to cubic specimens under compression, but they 

can be easily adapted to other geometries or loading conditions, with minor 

modifications to the electrode shape or dimensions [103]. 

 

Figure 2.9. Common electrode layouts and fixation techniques for ISSC [52]. 
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2.6.2 Measurements methods  

Corresponding to the electrode layout schemes, the resistance measurement 

technique of ISCC include the two-probe and the four-probe methods. In the 

two-probe configuration (Figure 2.9a, c), the same electrodes are used to both 

inject current and measure the resulting voltage. Owing to its inherent 

simplicity and the reduced number of required connections, this configuration 

is readily implemented, making it widely used in preliminary laboratory 

studies.  However, a major limitation of this method is the influence of contact 

resistance between the electrodes and the cementitious material, which can 

lead to an overestimation of the material’s true resistivity. This limitation is 

particularly pronounced in weak materials or those with low resistivity, such 

as cement-based composites where even small contact resistances can 

significantly affect resistance measurements. 

The four-probe method, on the other hand, separates the electrodes used for 

current injection from those used for voltage measurement (Figure 2.9b, d-f). 

This configuration significantly reduces the effect of contact resistance, 

providing more accurate resistivity measurements and is therefore considered 

the reference technique for quantitative investigations. The main drawback of 

the four-probe setup lies in its increased complexity regarding electrode 

placement, as well as the need for sufficiently large specimens to guarantee 

uniform current distribution, as highlighted by Minagawa et al. [105]. 

Regarding the type of current applied, measurements can be performed using 

either Direct Current (DC) or Alternating Current (AC). DC measurements are 

the simplest to perform but can induce ion migration within the cement matrix, 

causing polarization effects that alter the measured resistivity. Polarization 

increases with the duration of the measurement, artificially raising the apparent 

resistance [106]. To mitigate this issue, some protocols apply a pre-
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polarization DC voltage before the actual measurement to ensure that 

polarization is complete [63,83]. 

AC measurements, on the other hand, capture not only resistance but also 

inductance and capacitance (i.e., impedance). Using a high-frequency AC 

signal minimizes the effect of capacitance caused by the parallel electrodes, 

providing a more reliable assessment of the material’s electrical behavior [83]. 

The choice between DC and AC thus depends on the study objectives, the 

required sensitivity and the specimen characteristics. 

 
Figure 2.10. Electrical resistance response of cement-based sensors under DC and AC 

conditions: (a) DC power application; (b) conductive network simulation; (c) AC power 
application [106]. 

2.7 OVERVIEW OF ISSC WITH CNTs 

2.7.1 CNTs: structure and properties  

Although the formal discovery of CNTs is credited to Iijima in 1991, an event 

that catalysed intense research due to the material's outstanding mechanical, 

electrical and thermal properties [108], the origins of hollow graphitic fibers 

actually trace back much earlier. As early as 1952, Russian researchers had 

already conducted pioneering work on these structures. However, their 

findings, published in Russian, remained largely inaccessible to the Western 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

43 
 

scientific community, limiting their international impact. This breakthrough 

led to an explosion of research into CNTs and their potential applications 

across many different fields. 

In the early 2000s, carbon nanotubes (CNTs) started to be investigated for use 

in cement-based materials. In 2004, pioneering studies by Campillo et al. and 

Makar & Beaudoin [109,110] explored their potential incorporation into 

cementitious matrices, marking a shift from traditional reinforcement 

techniques, such as steel and synthetic fibers, toward nanoscale reinforcement 

strategies. 

CNTs are cylindrical structures made up of carbon atoms arranged in sheets 

that are only one atom thick [111]. These sheets form a network resembling 

the honeycomb pattern seen in graphite, as shown in Figure 2.11 [112].  

To describe the geometric structure of a carbon nanotube, a fundamental 

quantity known as chiral vector, 𝐶𝐶ℎ����⃗ , is introduced. This vector lies on the 

graphene sheet and defines the direction along which the sheet is "rolled up" 

to form the cylindrical surface of the nanotube. Specifically, it connects two 

equivalent carbon atoms, meaning atoms that occupy symmetrical and 

indistinguishable positions within the hexagonal graphene. This vector can be 

expressed as 

𝐶𝐶ℎ����⃗ = 𝑛𝑛𝑎𝑎1 �����⃗ + 𝑚𝑚𝑎𝑎2 �����⃗  (2.4) 

where the integers (𝑛𝑛, 𝑚𝑚) are the step number along the unit vectors (𝑎𝑎1 �����⃗  and 

𝑎𝑎2 �����⃗ ) of the hexagonal lattice. 𝜃𝜃 is the chiral angle formed between the chiral 

vector 𝐶𝐶ℎ����⃗  and one of the unit vectors of the graphene lattice (usually 𝑎𝑎1 �����⃗ ). It 

can be calculated as 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

44 
 

𝜃𝜃 = arccos �
2𝑛𝑛 + 𝑚𝑚

2√𝑛𝑛2 + 𝑛𝑛𝑛𝑛 + 𝑚𝑚2
� (2.5) 

A CNT is called “zig-zag” if m = 0 and 𝜃𝜃 = 30°, “armchair” if n = m and 𝜃𝜃 =

0° and “chiral” for any other chiral vector (n, m) and 0° < 𝜃𝜃 < 30°. The names 

zig-zag and armchair refer to the arrangement of the carbon atoms along the 

circumference of the nanotube.  

 
Figure 2.11. Graphene sheet structure of SWCNTs [113]. 

According to the number of graphene layers they contain, carbon nanotubes 

can be divided into two main categories: single-walled (SWCNTs) and multi-

walled (MWCNTs). The first one, can be visualized as a single sheet of 

graphene rolled into a cylindrical shape. Their diameter typically ranges 

approximately from 0.8 to 2 nm. MWCNTs, on the other hand, consist of 

multiple concentric SWCNTs, essentially several cylinders nested within one 

another (Figure 2.12). As a result, their diameter is larger than that of a 

SWCNT and increases with the number of walls (may be greater than 10 nm). 

The interlayer spacings is similar to that of graphite (~ 0.34 nm) [111].  

As shown in Figure 2.13, MWCNTs can be structurally categorized into two 

main models. The first is the Russian doll model, where multiple graphene 

layers are rolled into separate, concentric cylinders nested within each other. 
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The second is the Parchment model, characterized by a single graphene sheet 

spirally wrapped around itself. Additionally, hybrid MWCNTs may exhibit 

features of both models, combining aspects of the Russian doll and parchment 

structures [113]. 

 
Figure 2.12. Transmission electron microscopy images of MWCNTs with 5, 2 and 7 

walls [116]. 

 

 
 

Figure 2.13 Different configuration of both type of CNTs [113]. 
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The length and purity of CNTs can vary significantly depending on the 

synthesis method used [111]. Shorter CNTs are often associated with lower 

purity, which results from the presence of amorphous carbon and catalyst 

residues [114,115]. These impurities can negatively impact the mechanical and 

electrical properties of the CNTs [116].  

SWCNTs can reach lengths of several millimetres, resulting in extremely high 

aspect ratios often exceeding 10.000 [108,117]. MWCNTs, on the other hand 

are generally shorter, with lengths ranging from 1 to 100 µm, and aspect ratios 

between 100 and 1.000 due to their multi-layered graphene structure [108,118]. 

The unique graphene-based structure of CNTs imparts them with exceptional 

mechanical, thermal and electrical properties, making them promising 

candidates for a wide range of advanced technological applications.  

One of the most remarkable features is their outstanding ability to withstand 

mechanical stress, which is primarily governed by the strength of their atomic 

bonds and the absence of structural defects. In particular, the carbon–carbon 

covalent bonds that form the hexagonal lattice of the nanotube’s framework 

are among the strongest in nature. As a result, breaking a CNT requires 

overcoming these exceptionally strong bonds, endowing the material with 

tensile strengths and elastic moduli that far exceed those of conventional 

engineering materials [119]. 

CNTs, particularly in their single-walled form, display remarkable stiffness, 

with Young’s modulus values surpassing 1 TPa. In one of the first 

experimental studies, Treacy et al. [120] measured values up to 1.25 TPa using 

Transmission Electron Microscopy (TEM) – a stiffness on par with that of 

diamond, whose modulus is around 1.2 TPa [121]. This remarkable rigidity is 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

47 
 

accompanied by equally impressive tensile strength, typically ranging from 30 

to 45 GPa [122].  

MWCNTs have demonstrated similar or even higher stiffness in some studies, 

reaching values up to 1.8 TPa, although more commonly measured in the range 

900 GPa to 1.3 TPa, depending on the testing method used [122]. Their tensile 

strength varies more widely, from 50 GPa up to 150 GPa, although only the 

outer walls effectively carry load due to the so-called sword-in-sheath failure 

mechanism observed under tensile stress [123]. 

In addition to their outstanding mechanical performance, carbon nanotubes 

exhibit exceptional electrical and thermal properties, positioning them as 

highly promising materials for next-generation nanoelectronic and thermal 

management applications. Both SWCNTs and MWCNTs possess high 

electrical conductivity, with reported values in the range of 106–107 S/m for 

SWCNTs and 105–106 S/m for MWCNTs, significantly surpassing those of 

many conventional conductive materials [124]. These remarkable conductivity 

values are achieved despite their considerably lower density, approximately 

1.3 g/cm3 for SWCNTs [125] and around 2.1 g/cm3 for MWCNTs [126], 

compared to traditional metals such as copper (8.96 g/cm3) and aluminium 

(2.70 g/cm3).  

Thermally, CNTs also demonstrate extraordinary properties. Their 

conductivity depends on factors such as chirality, length, alignment and 

operating temperature. Notably, the thermal conductivity of individual 

SWCNTs and MWCNTs in the axial direction has been experimentally 

measured at up to 3500 W/mK and 3000 W/mK, respectively, values that 

exceed those of even the best bulk thermal conductors, including diamond 

[127,128]. This exceptional heat conduction, combined with the inherently 
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large surface area of CNTs, facilitates efficient thermal dissipation, which is 

critical for high-performance nanoelectronic devices. 

2.8 INCORPORATING CNTs IN CEMENT-BASED MATERIALS 

The incorporation of CNTs into cement-based materials represents a promising 

strategy to enhance both mechanical and functional performance, particularly 

in the development of self-sensing cementitious composites. When properly 

dispersed into the cement matrix, these nanofillers can bridge microcracks at 

the nanoscale, enhance matrix densification and form interconnected 

conductive networks that facilitate strain- and damage-sensing capabilities [53, 

72]. 

Despite these advantages, fully exploiting the potential of CNTs in 

cementitious systems is often hindered by significant challenges related to their 

dispersion. CNTs have a strong tendency to agglomerate in aqueous and 

cementitious environments due to: van der Waals attractions and π–π 

interactions among the graphene layers [129,130], poor wettability [131] and 

large aspect ratio. This behavior leads to the formation of entangled bundles 

and clusters that are difficult to disaggregate and uniformly disperse within the 

cement matrix [132]. 

Several studies on cementitious nanocomposites noted that from a mechanical 

point of view, these agglomerates act as stress concentrators rather than 

effective reinforcements, creating localized weak zones that compromise load 

transfer efficiency and limit the expected improvements in tensile and flexural 

strength. In addition, the presence of large CNTs clusters has been linked to 

increased air entrainment and porosity, both of which further deteriorate the 

mechanical integrity of the composite and reduce its durability [133,134]. 

These adverse effects are often exacerbated at higher CNT dosages if 
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dispersion is not adequately controlled, ultimately negating the benefits of 

CNT addition and negatively affecting the rheology and hydration processes 

of the cement paste.  

 
Figure 2.14. SEM micrograph of cement composites exhibiting poor dispersion of 

MWCNTs [135]. 

The addition of silica fume to CNT–cement systems has been proposed to aid 

both in dispersing CNTs and in improving their interfacial bonding with 

cement hydrates. Because of its extremely fine particle size, silica fume can 

intermix with CNT agglomerates and physically separate them into better-

dispersed nanotubes throughout the mixing process [136]. 

Agglomeration also severely impairs the electrical performance of CNTs-

based cementitious materials. The formation of continuous and uniform 

conductive pathways – a prerequisite for effective piezoresistive behavior – 

relies heavily on the proper distribution of CNTs throughout the matrix. 

Agglomerated regions disrupt this connectivity, preventing the establishment 

of a percolated network necessary for strain-sensing applications [137,138]. 

As a result, the electrical response of the composite becomes unstable and 
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unreliable, undermining its potential use in structural health monitoring 

systems. 

To address the inherent tendency of CNTs to form aggregates, two main 

dispersion strategies are adopted: mechanical and physical-chemical methods, 

or their combination (Figure 2.15). Mechanical dispersion relies on techniques 

such as ultrasonication, milling and high-shear mixing, which physically break 

up CNTs bundles in a liquid medium or cement matrix. While effective in the 

short term, these methods may not prevent re-agglomeration. 

In contrast, chemo-physical dispersion methods involve modifying the CNTs 

surface to improve compatibility with the surrounding medium and reduce 

their natural tendency to cluster. These approaches can be broadly classified 

into two categories: non-covalent (physical) functionalization and covalent 

(chemical) functionalization. The former typically uses surfactants or 

polymers that adsorb onto the CNTs surface, improving their wettability and 

dispersion in water without significantly altering their electronic structure. 

This method is advantageous when electrical conductivity must be preserved. 

On the other hand, chemical functionalization introduces covalent bonds 

between the CNT surface and functional groups (such as –COOH, –OH, or –

NH₂) through oxidative or silane-based treatments. This enhances dispersion 

stability and interaction with the cement matrix, although it may partially 

impair the electrical performance of CNTs due to disruption of the conjugated 

π-bonding system. Therefore, a balance must be found between achieving 

effective dispersion and preserving the intrinsic properties of the nanotubes 

(Figure 2.16). 
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Figure 2.15. Schematic summary of the principal dispersion methods of CNTs. 

 
Figure 2.16. Modification of CNTs through chemical and physical functionalization 

techniques. 

2.8.1 Mechanical dispersion methods 

− Ultrasonication 

Ultrasonication is one of the most widely employed techniques for dispersing 

carbon nanotubes in aqueous solution due to its relative simplicity, 

effectiveness and scalability. In the laboratory, it is usually achieved using an 
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ultrasonic bath (Figure 2.17a) or an ultrasonic sonotrode (Figure 2.17b), 

generally called probe or horn sonicators. 

The principle of this technique is to generate high-frequency sound waves 

(typically in the range of 20–40 kHz) that induce alternating cycles of 

compression and rarefaction in the liquid medium. These oscillations lead to 

the formation and implosion of microscopic cavitation bubbles, releasing 

localized high energy that generates intense shear forces capable of breaking 

apart CNT agglomerates and promoting their separation [139].  

 
(a) 

 
(b) 

Figure 2.17. Different sonication methods for CNT dispersion: (a) ultrasonic bath; (b) 
ultrasonic probe. 

It is worth mentioning that the efficiency of this method depends on key 

parameters such as sonication time, power, solvent type and the presence of 

surfactants [132,140]. Among these, sonication time is particularly critical: 

insufficient time results in poor dispersion and weak piezoresistive behavior, 

while excessive sonication can shorten nanotubes, degrade their structure, and 
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reduce conductivity [141-144]. In extreme cases, the CNTs may be 

transformed into amorphous carbon nanofibers, severely compromising their 

mechanical and electrical performance [139]. Therefore, short sonication times 

combined with temperature control are recommended to preserve CNTs 

integrity. 

 

Figure 2.18.  Images of damaged nanotubes after sonication [139]. 

− Calendaring process 

Calendaring, also known as three-roll milling, is widely used process that 

exploits the shear force between three adjacent cylindrical rollers rotating at 

different speeds to mix disperse or homogenize viscous materials such as 

polymeric or cementitious matrices [144]. Typically, the outer rolls (feed and 

apron roll) rotate in the same direction, while the centre roll rotates oppositely 

at a higher angular velocity. This configuration creates a high shear region in 

the narrow gaps between the rolls, where agglomerated CNTs can be 

effectively disentangled. 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

54 
 

During the process, the CNTs suspension is introduced into the gap between 

the feed and centre rolls. Driven by surface tension and viscous drag, the 

material is drawn over the rolls' surfaces, experiencing localized high shear 

stresses that help separate nanotube bundles. The processed suspension is 

collected with a scraper from the apron roll and can be recirculated through 

multiple passes to improve dispersion homogeneity. The short residence time, 

combined with the intense mechanical forces, minimizes potential damage to 

the CNTs structure while ensuring efficient deagglomeration [145,146]. 

Nonetheless, practical constraints exist: the minimal achievable roll gap – 

generally 1 to 5 µm – far exceeds the diameter of individual CNTs, thus 

limiting the process to reducing large bundles into smaller clusters rather than 

achieving true single-nanotube dispersion [144].  

 
Figure 2.19. Schematic illustration showing the general configuration of a three-roll mill 

[144]. 

− Ball milling 

The application of ball milling as a technique for dispersing carbon nanotubes 

within cementitious materials has been explored by a limited number of 

researchers [147,148]. As illustrated in Figure 2.20, the ball milling process 

involves the mechanical mixing of CNTs with cement powder through 

repeated collisions with grinding media – typically ceramic beads, stainless 
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steel balls, or flint pebbles – inside a rotating chamber. These high-energy 

collisions generate localized pressure and shear forces, which facilitate the 

deagglomeration and distribution of CNTs throughout the cement particles. 

Key parameters influencing the effectiveness of dispersion include milling 

duration, rotational speed, the diameter and material of the grinding balls, and 

the ball-to-powder ratio. 

In some cases, chemical agents are introduced during milling to enhance 

dispersion efficiency and to induce surface functionalization of CNTs, 

potentially improving their compatibility with the cement matrix. 

Nevertheless, a significant drawback of this method is the mechanical damage 

to CNTs, primarily through shortening, which leads to a reduced aspect ratio 

and, consequently, diminished load transfer capabilities. For instance, Pierard 

et al. [149] reported a dramatic reduction in average CNTs length – from 

approximately 50 μm to 0.8 μm – after ball milling. Moreover, Yazdanbakhsh 

et al. and Dale et al. [150,151] noted several adverse effects associated with its 

application in cement-based composites, including excessive water demand, 

increased risk of thermal cracking, enhanced autogenous shrinkage, and 

potential reductions in long-term durability. These concerns underscore the 

need for careful optimization and evaluation when employing ball milling in 

the processing of CNTs-based cementitious materials. 
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Figure 2.20. Schematic draft of the ball milling process. 

 
2.8.2 Physical dispersion method: non-covalent functionalization 

Non-covalent functionalization is a commonly employed physical method to 

improve the dispersion of CNTs in cementitious and polymeric matrices, as it 

preserves their intrinsic structure and properties. This approach is based on 

weak intermolecular interactions – such as π–π stacking, van der Waals forces, 

and electrostatic effects – that help stabilize CNTs in liquid media. A widely 

used strategy within this method involves the addition of surfactants, which 

are amphiphilic molecules capable of adsorbing onto the surface of CNTs. By 

introducing electrostatic or steric repulsion, surfactants counteract the strong 

attractive forces that typically cause CNTs to agglomerate. The resulting 

balance between repulsive and attractive forces promotes the separation of 

bundles into individual nanotubes, leading to a more stable and uniform 

dispersion [152]. 
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Figure 2.21. Dispersion of CNT by interaction with surfactant [153] 

Figure 2.22a-c schematically illustrates the three predominant configurations 

through which surfactant molecules interact with CNTs, as described by [154]. 

These configurations include: (a) complete encapsulation of the CNT by a 

cylindrical micelle; (b) hemi-micelle adsorption where surfactant molecules 

partially coat the CNT sidewalls; (c) random adsorption of individual 

surfactant molecules onto the CNT surface. In all cases, the hydrophobic tails 

of the surfactant interact with the CNT surface via non-covalent interactions. 

 
Figure 2.22. Schematic illustration of surfactant-assisted dispersion mechanisms of 

SWCNTs [153]. 

Depending on their ionic character, surfactants used for dispersing CNTs in 

cementitious systems can be broadly classified as anionic, cationic, or non-

ionic. Anionic surfactants, such as Sodium Dodecyl Sulfate (SDS), Sodium 

Dodecylbenzene Sulfonate (SDBS), and Sodium Deoxycholate (NaDC), are 

widely employed because their negative charge enhances electrostatic 

repulsion between CNTs, thereby promoting effective dispersion. In contrast, 
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cationic surfactants, including Dodecyl Trimethylammonium Bromide 

(DTAB) and Cetyltrimethylammonium Bromide (CTAB), are generally less 

suitable for cement-based matrices, as their positive charge can interfere with 

cement hydration, leading to delays in reaction kinetics and increased air 

entrapment within the hardened material [155]. Finally, non-ionic surfactants, 

such as polyoxyethylene lauryl ether (Brij35), Pluronic F-127, Triton X-100, 

and propylene glycol aliphatic ether (SR), stabilize CNTs dispersions mainly 

through steric mechanisms, which are less disruptive to the ionic balance of 

cement pastes and therefore represent a more compatible alternative. 

Nevertheless, regardless of the surfactant category employed, the presence of 

residual molecules can adversely affect the interfacial bonding between CNTs 

and the cementitious matrix, potentially undermining both mechanical 

performance and long-term durability [156]. This inherent trade-off 

underscores the need for a careful optimization of surfactant type and 

concentration, ensuring sufficient nanotube dispersion while minimizing 

detrimental effects on the microstructural integrity of cement-based 

composites. 

In response to this challenge, polycarboxylate-based superplasticizers, 

commonly employed as water-reducing admixtures in the concrete industry, 

have emerged as particularly promising dispersing agents due to their 

favourable compatibility with the cement matrix and their capacity to enhance 

CNT dispersion [157]. 

Despite these advancements, achieving a homogeneous and stable dispersion 

of CNTs that does not compromise the intrinsic properties of the cementitious 

matrix remains a formidable technical challenge. Nonetheless, non-covalent 

functionalization continues to be the preferred strategy owing to its operational 

simplicity, cost-effectiveness and its ability to maintain the electrical 
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conductivity and mechanical integrity of CNTs within multifunctional cement-

based composites. 

2.8.3 Chemical dispersion method: covalent functionalization 

Chemical functionalization refers to the process of treating carbon nanotubes 

with one or more reactive agents – typically strong acids or organic solvents – 

over a controlled period of time. This procedure introduces specific functional 

groups, such as hydrocarbyl, halogen or oxygen, onto the surface of the 

nanotubes. These surface modifications substantially increase the 

hydrophilicity of CNTs and disrupt the van der Waals interactions that promote 

their aggregation. Consequently, this treatment enhances CNTs debundling 

and enables more stable and uniform dispersion in aqueous or other polar 

media [158]. 

This covalent modification confers tangible benefits in cementitious systems: 

the introduced functional groups can engage in improved interfacial 

interactions with the cement matrix, promoting enhanced mechanical load 

transfer and potentially facilitating chemical bonding with cement hydration 

products. Studies have evidenced that carboxyl-functionalized CNTs yield 

significantly greater strength enhancement in cement composites, compared to 

untreated counterparts [159]. However, the downside of these chemical 

modifications lies in their disruption of the conjugated π-electron (sp²) network 

of CNTs. Formation of covalent bonds results in sp³ hybridization defects, 

causing a reduction in both electrical conductivity and intrinsic mechanical 

properties [160]. 
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2.9 MECHANICAL PROPERTIES OF CNTs-BASED 
CEMENTITIOUS COMPOSITES 

Numerous experimental investigations have shown that the proper dispersion 

of carbon nanotubes into cementitious materials can significantly enhance 

compressive, flexural and tensile strength of cement-based composites, 

confirming their potential as nanoscale reinforcements. Owing to their 

exceptional tensile strength and elastic modulus, as well as their interaction 

with cement hydration products, CNTs contribute to refining the 

microstructure, bridging microcracks and improving load transfer within the 

matrix (Figure 2.23). However, the magnitude of improvement is strongly 

depended on the interplay of multiple factors mentioned above, including the 

nanotube concentration and their intrinsic characteristics (i.e., diameter, 

length, aspect ratio), the effectiveness of dispersion techniques as well as the 

type of cementitious binder employed. 

 
Figure 2.23. Micro-crack bridging by MWCNTs in cement paste observed via SEM 

[161]. 

As result, the findings reported in the literature are often heterogeneous and 

not always directly comparable. To address this variability and to provide a 
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clearer and more systematic perspective, the following section focuses on the 

most representative studies concerning the mechanical characterization of 

CNTs-based cementitious composites, complemented by summary tables that 

organize and synthesize the main outcomes. 

- Effects of intrinsic characteristics of CNTs 

Among the various factors influencing the performance of CNTs-based 

cementitious sensors, the intrinsic geometric characteristics of the nanotubes, 

such as their dimensions and morphology, play a fundamental role. The 

nanoscale size of CNTs allows them to be distributed much more finely than 

conventional micro-reinforcing fibers, which enables them to engage with 

propagating microcracks at an earlier stage. As a result, crack widths are 

effectively reduced at the first point of interaction between the crack front and 

the CNTs, thereby enhancing the overall toughness and mechanical 

performance of the composite [161]. 

The first systematic study examining the effect of geometric characteristics of 

CNTs on the mechanical properties of cementitious composites was conducted 

by Abu Al-Rub et al. in 2012 [161]. Their findings showed that, at 28 days, 

short MWCNTs (aspect ratio ≈157) produced flexural strength gains up to 

269% with 0.2 wt.% loading, while long MWCNTs (aspect ratios 1250–3750) 

achieved a 65% increase with 0.1 wt.%. Notably, ductility also improved 

substantially for short CNTs, with enhancements of 86% and 81% at 0.1 wt.% 

and 0.2 wt.%, respectively. Similarly, Konsta-Gdoutos et al. [162], examined 

how the length of MWCNTs (short vs. long) affects the fracture properties of 

nanocomposites. Their results indicated that even small amounts of MWCNTs 

(0.048% and 0.08%) enhanced the flexural strength of cement paste by 25%. 

Additionally, achieving similar mechanical performance required higher 
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concentrations of short MWCNTs (10–30 µm) compared to long ones (10–100 

µm), due to differences in their dispersion behavior. 

Beyond length and aspect ratio, CNTs diameter has also been identified as a 

critical factor affecting mechanical performance. Manzur and Yazdani [163] 

instead investigated the effect of CNTs outside diameter on compressive 

strength of cement composites. The improvement in compressive strength 

ranged from 15% to 25%. In most cases, the highest compressive strength was 

achieved when the composites were reinforced with the smallest MWCNTs, 

having an outer diameter of less than 8 nm. 

 
(a) 

 
(b) 

Figure 2.24. (a) Average flexural strength results for different MWCNTs [161]; (b) Compressive 
strength for different MWCNTs [163]. 
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More recently, Batiston et al. [164] systematically investigated the influence 

of the aspect ratio on the rheological, thermal and mechanical properties of 

Portland cement paste. The study considered CNTs with aspect ratios of 35, 

250, 900 and 3500 at dosages of 0.05% and 0.10% by weight of cement. The 

results indicated that 0.05% CNTs did not significantly alter the 28-day 

compressive strength, whereas 0.10% CNTs caused slight reductions for some 

mixtures. Regarding flexural strength, the 0.05% CNT addition generally 

decreased performance, while 0.10% compensated for this reduction except for 

the lowest aspect ratio. 

 
(a) 

 
(b) 

Figure 2.25. (a) Compressive strength and (b) flexural strength of the pastes at 28 days [164]. 

- Effects of CNTs surface functionalization 

When CNTs are incorporated into cementitious composites, a critical 

challenge arises: ensuring effective interfacial bonding between the them and 
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the cement matrix. Poor bonding can severely limit stress transfer and 

compromise the mechanical performance of the composite. 

Surface functionalization has also been widely investigated as a strategy to 

improve load transfer between CNTs and the cement matrix. For instance, Fu 

and Chung [165] reported that treating carbon with ozone gas increases both 

tensile and compressive strength. Similarly, Li et al. [166] have demonstrated 

that treating carbon nanotubes with a mixture of H₂SO₄ and HNO₃ generates 

carboxylic acid groups on their surfaces, promoting chemical interactions at 

the CNTs–matrix interface, enhancing stress transfer. Conversely, Musso et al. 

[167] reported that the incorporation of carboxyl functionalized CNTs led to a 

marked deterioration of both compressive and flexural performance, with 

compressive strength values up to six times lower than those of plain cement.  

More recently, Mousavi and Bahari [168] studied cement pastes reinforced 

with carboxyl-functionalized MWCNTs (MWCNT-COOH) at concentrations 

of 0.025–0.2%. Their results indicated consistent improvements in both 

compressive and flexural strength at 3, 7 and 28 days, except for a slight 

reduction in compressive strength at 28 days with 0.2%. The optimal 

performance was observed with 0.05% MWCNTs, yielding compressive 

strength increases of 20%, 44%, and 60%, and flexural strength gains of 5%, 

11%, and 12% at 3, 7, and 28 days, respectively.  

 

(a) 

 
(b) 

Figure 2.26. (a) Modulus of rupture and (b) compressive resistance of functionalized MWCNTs 
[167]. 
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(a) 

 
(b) 

Figure 2.27. (a) Compressive strength and (b) flexural strength in different days [168]. 

- Effects of dispersion technique  

Several studies have demonstrated that, beyond the specific dispersion 

procedure employed, the choice of surfactant remains a crucial factor 

governing the mechanical response of CNT-based cementitious materials. 

Luo et al, [169] for example, reported that the incorporation of 0.2 wt.% 

MWCNTs dispersed with sodium deoxycholate (NaDC) led to the highest 

mechanical improvements among the surfactants tested (i.e., sodium dodecyl 

benzene sulfonate (SDBS), Triton X-100 (TX10), Arabicgum (AG), and 

cetyltrimethyl ammonium bromide (CTAB)), with flexural and compressive 

strength increases of 29.1% and 20.8%, respectively, compared to the plain 

reference mix.  

Sobolkina et al. [134] investigated CNTs dispersions at 0.05 and 0.25 wt.% 

using SDS and Brij-35. While SDS caused severe strength reductions due to 

foam formation and Brij-35 showed negligible effects, no significant 

improvements in compressive or tensile strength were achieved. Similarly, 

Shao et al. [170] found that the use of SDS, Tween-20, and Triton X-100 in 

combination with ultrasonication led to drastic compressive strength losses (–
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84%, –82%, and –64%, respectively), with air bubble formation identified as 

the main cause. Even in the absence of surfactants, high CNTs content (1.5 

wt.%) alone reduced strength moderately (–15%).  

Conversely, Li and Lin [171] investigated the effect of sonication time on 

cement pastes containing 0.3% CNTs dispersed with SDS. They observed that 

when SDS was used alone, it had a detrimental impact on the mechanical 

properties and porosity of pastes. However, once CNTs were incorporated, the 

negative effects of SDS on MPC performance were effectively mitigated. 

(a) (b) 
Figure 2.28. (a) Flexural strength and (b) compressive strength for pastes incorporating 

MWCNTs dispersed with different surfactants [169]. 
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(a) 

 

  
(b) 

Figure 2.29. Compressive (a) and tensile (b) strength of cement pastes incorporating 
0.05% and 0.25% MWCNTs dispersed with different surfactants [134]. 

 

 
(a) 

  
(b) 

Figure 2.30. Compressive (a) and flexural (b) strength of cement pastes incorporating 
0.3% MWCNTs dispersed with SDS for different sonication time [171]. 
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Several studies have also investigated the incorporation of nanomaterials into 

HPC and UHPC, with promising yet sometimes contrasting results. The 

addition of CNTs has often been reported to enhance the compactness of the 

HPC microstructure by reducing overall porosity, particularly at the interface 

with matrix, which in turn improves both compressive and flexural strength. 

Huang et al. [172] found that CNTs inclusions (ranged from 0 to 0.3%, by mass 

of binder) lowered UHPC porosity from 5.5% to 4%. These microstructural 

refinements translated into substantial mechanical gains, with compressive 

strength increasing by 15–50% and flexural strength by 80–90%. In another 

study, Chen et al. [173] reported that the addition of only 0.067% CNTs 

resulted in a remarkable 70% increase in flexural strength compared to plain 

UHPC. More recent findings, indicate that higher CNTs contents can 

negatively impact performance. Mesquita et al. [174] examined MWCNTs 

dosages ranging from 0% to 0.6% by cement weight in HPC and evaluated 

their influence on flowability and strength. They observed that the use of 0.2% 

and 0.6% MWCNTs reduced flexural and compressive strength by 20% and 

30%, respectively. This deterioration in mechanical performance was 

attributed to severe agglomeration of long MWCNTs, especially evident in the 

mixes with 0.6% content. 
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(a) 

 
  (b) 

Figure 2.31. Compressive (a) and flexural (b) strength of HPC cement pastes 
incorporating 0% to 0.6% MWCNTs [174]. 

2.10 ELECTRICAL AND PIEZORESISTIVE PROPERTIES OF 
CNTs-BASED CEMENTITIOUS COMPOTITES  

Since the pioneering study of Hui et al. [175], which opened new perspectives 

for the development of smart cementitious sensors, it is well established that, 

in analogy with their mechanical performance, the electrical and piezoresistive 

properties of CNTs-based cementitious composites arise from the complex 

interaction of the same multiple parameters. Beyond these material-related 

features, additional factors specific to the electrical domain must also be 

considered, as the choice of measurement method can substantially affect both 

the electrical conductivity and the piezoresistive sensitivity of the system. 

- Effects of CNTs content 

The concentration of functional fillers plays a key role in the development and 

connectivity of conductive networks within self-sensing concrete, making it a 

primary factor that governs the sensing performance of the composite. 

Saafi [176] reported that the electrical resistance of cement composites 

decreases sharply as CNTs content increases from 0 to 0.5 vol.%, but further 

increases beyond this range produce only modest reductions, suggesting the 
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establishment of a percolation threshold. Similarly, Azhari and Banthia [91] 

observed that low concentrations of CNTs slightly reduce resistivity, while 

combinations of higher CNT content with additional conductive materials, 

such as carbon fibers, can drastically enhance conductivity. 

Nasibulin et al. [177] and Cwirzen et al. [178] reported conductivity increases 

of up to 40 times compared to plain cement, while Luo et al. [179] found that 

at 2 wt% CNTs, resistivity decreased more than 500-fold, approaching that of 

conductive materials. 

Han et al. [71] were the first to study the effects of CNTs concentration on the 

piezoresistivity of CNT/cement composites. Their experimental results show 

that the piezoresistive sensitivities of composites containing 0.05, 0.1 and 

1 wt% MWNT initially increase and then decrease as CNTs concentration 

rises. In particular, the composite with 0.1 wt% MWNTs exhibited the highest 

sensitivity to compressive loading. Similarly, Danoglidis et al. [180] examined 

how varying CNT concentrations (0.08–0.50 wt.%) influenced the 

piezoresistive response of cement mortars. The CNT-reinforced composites 

were prepared using a surfactant-assisted ultrasonication method. The highest 

fractional change in electrical resistance, 10.6%, under cyclic compression was 

observed at 0.10 wt.% CNTs. Increasing the CNT content beyond 0.10 wt.% 

led to a reduction in electrical sensitivity. A percolation threshold at 0.10 wt.% 

CNTs was also identified in the same study [181].  

More recently, Mesquita et al. [182] studied the electrical and sensing 

characteristics of cement-based nanocomposites containing varying amounts 

of multi-walled carbon nanotubes (MWCNTs) – specifically 1%, 1.5%, and 

2% by weight of cement – pre-dispersed in an aqueous NaOH solution. The 

study showed that the percolation threshold occurs below 1.0 wt.%, and that 
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the sensing capabilities of the cement paste increased with MWCNT content 

up to 2%. 

(a)  
(b) 

 
(c) 

Figure 2.32. Effect of MWCNTs content on the piezoresistivity of cement composites: (a) 
0.05 wt%; (b) 0.1 wt%; (c) 1 wt% [71]. 

- Effects of CNTs surface functionalization  

The influence of CNTs functionalization, particularly the use of surfactants, on 

the electrical conductivity of cementitious composites has been deeply 

investigated. No direct correlation was found between the type of surfactant 

and the composite’s resistivity [183]. However, it has been suggested that the 

dispersion method of the surfactant could negatively affect the piezoresistive 

behavior of the composites. Indeed, due to interactions between CNTs and the 

surfactant (see Section 2.2), contacts between adjacent nanotubes may be 

hindered. 

One of the first study analysing the piezoresistive properties of CNTs-based 

cementitious varing the type of CNTs dispersion was Yu et al. [184]. It was 
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observed that acid treatment of CNTs can impair their contribution to the 

composite’s electrical conductivity. This is mainly due to the growth of cement 

hydrates on the nanotubes and the damage induced by the treatment, which 

alters the contact points between CNTs.  

 
(a) 

 
(b) 

Figure 2.33. Effect of fabrication method on the piezoresistivity of CNTs-cement 
composites: (a) acid-treated; (b) surfactant-wrapped, MWCNTs content 0.1 wt% [184]. 
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- Effects of Measurement Methods 

The method used to measure electrical resistivity in cement-based composites 

strongly influences the observed values. While the two-probe method is 

simpler, it includes the contact resistance between electrodes and the material, 

which can dominate the measured resistance. Han et al. [103] reported that 

contact resistance can exceed the intrinsic resistance of self-sensing concrete, 

leading to overestimated resistivity. 

Similarly, Chiarello and Zinno [185] observed that the measured resistance in 

the two-probe method is highly sensitive to electrode contact area, whereas the 

four-probe method largely eliminates this effect. Li [186] and Jia [187] further 

demonstrated that the initial resistivity and strain sensitivity coefficients in 

two-probe measurements vary with specimen size and electrode spacing, 

highlighting the unreliability of this approach for precise sensing 

characterization.  

The type of applied current further affects measurements. DC methods are 

simple but suffer from polarization effects due to ionic conduction in the 

cementitious matrix, producing an exponential rise in resistance over time. 

This effect complicates the detection of resistance changes under external load. 

Fu et al. [188] and Zheng et al. [189] showed that AC impedance 

measurements reduce polarization, offering more stable sensing and higher 

sensitivity. Hou and Lynch [190] confirmed that AC testing of fiber-reinforced 

cementitious composites provides more accurate strain measurements than DC 

testing.  
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2.11 HEALTH AND SAFETY CONSIDERATIONS IN THE USE OF 
CNT-CEMENTITIOUS COMPOSITE 

The introduction of CNTs to cementitious composites introduces new health 

and safety considerations that must be addressed to ensure the well-being of 

workers and the environment.  The main concern is the risk of inhalation 

exposure during production, handling and demolition processes. Studies have 

shown that certain forms of CNTs can induce pulmonary inflammation, 

granuloma formation, and fibrosis, effects comparable to those caused by 

asbestos [191]. These health effects are particularly associated with multi-

walled carbon nanotubes (MWCNTs), which have a fibrous structure that can 

persist in lung tissue.  

The National Institute for Occupational Safety and Health (NIOSH) has 

recommended an exposure limit of 1 µg/m3 for CNTs and carbon nanofibers 

as an 8-hour time-weighted average respirable mass concentration [192]. This 

recommendation underscores the need for stringent safety measures in 

workplaces where CNTs are present.  

It is important to note, however, that the form in which CNTs are used strongly 

influences their risk profile. The greatest hazard occurs when CNTs are 

handled as dry powders, where their fine particulate nature makes inhalation 

highly likely. By contrast, when CNTs are dispersed in water – such as during 

mixing in cementitious composites – their volatility is significantly reduced, 

and the probability of airborne exposure becomes much lower. Moreover, once 

embedded within the hydrated cement matrix, CNTs are effectively 

immobilized, further minimizing direct exposure during the service life of the 

material. Nevertheless, potential risks may re-emerge during later stages of the 

material lifecycle, particularly during cutting, crushing, or demolition, when 

immobilized CNTs could be released back into respirable forms. 

https://www.sciencedirect.com/science/article/abs/pii/S1438463919307278?utm_source=chatgpt.com
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To mitigate the health and safety risks associated with CNTs in cementitious 

composites, the following measures are recommended: 

− Personal Protective Equipment (PPE): Workers should be equipped 

with appropriate PPE, including respirators with filters capable of 

capturing nanoparticles, protective clothing and gloves, to minimize 

exposure during handling and processing of CNTs; 

− engineering controls: Implementing local exhaust ventilation systems 

and enclosed processing equipment can reduce airborne concentrations 

of CNTs in the workplace; 

− material handling protocols: Establishing protocols for the safe 

handling, storage and disposal of CNTs and CNT-containing materials 

is essential to prevent accidental release and exposure; 

− training and awareness: Regular training sessions should be conducted 

to educate workers about the potential hazards of CNTs, proper 

handling techniques and emergency response procedures; 

− environmental monitoring: Continuous monitoring of airborne CNTs 

concentrations and environmental assessments during the lifecycle of 

CNTs-based concrete can help identify potential exposure risks and 

inform mitigation strategies. 

Currently, there is no consensus on universal occupational exposure limits for 

CNTs, and regulations vary by country and industry. However, organizations 

such as NIOSH and the International Agency for Research on Cancer (IARC) 

have provided guidelines and classifications to inform safety practices. The 

IARC has classified certain types of MWCNTs as possibly carcinogenic to 

humans, highlighting the need for precautionary measures. 
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While the integration of CNTs into cementitious composites offers promising 

advancements in material performance, it is imperative to address the 

associated health and safety risks proactively. By implementing stringent 

safety measures, adhering to regulatory guidelines, and fostering a culture of 

safety awareness, the potential hazards can be effectively managed, ensuring 

the safe utilization of CNTs-enhanced cementitious materials in construction 

and infrastructure applications. 

2.12 POTENTIAL STRUCTURAL APPLICATION OF CNT-
BASED COMPOSITES 

Despite extensive laboratory research, the translation of SSC into real-world 

infrastructures remains limited. Challenges persist in terms of filler dispersion, 

fabrication scalability, long-term stability and standardization of sensing 

methodologies [193]. Nevertheless, several domains of application have been 

investigated, ranging from traffic monitoring to structural health monitoring of 

masonry, beams and columns. 

One of the most promising applications of CNTs-reinforced cementitious 

composites is in traffic monitoring systems. Pavements made of, or embedded 

with, SSC can detect vehicle loads, traffic density and wheel distribution 

through real-time variations in electrical resistance. Studies have shown that 

piezoresistive CNTs composites are sensitive enough to distinguish between 

different vehicle weights and speeds [194]. Compared to conventional 

piezoelectric sensors, CNTs-based SSC offers higher durability and integration 

within the concrete matrix, reducing maintenance needs. However, large-scale 

pavement applications require uniform CNT dispersion and reliable electrode 

integration, which remain technical bottlenecks [195]. 
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Figure 2.34. Full-scale self-sensing pavement. 

In masonry, SSC has been applied in the development of “smart bricks”, where 

the brick itself incorporates CNTs to enable electrical sensing of strain and 

crack formation [193]. These smart units can be seamlessly integrated into 

masonry walls, enabling distributed monitoring of heritage structures, historic 

buildings and other masonry-based infrastructures. 

Experimental results demonstrate that smart bricks can detect localized cracks 

and deformation under compressive and shear loads [193]. Unlike external 

sensors, this approach ensures durability and direct contact with the structural 

material. The main challenges include the fabrication of uniform CNT-doped 

bricks on a large scale, as well as ensuring stable long-term performance in 

environments with fluctuating humidity and temperature. 
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Figure 2.35. Full-scale self-sensing masonry. 

CNTs-based SSC has also been explored for damage detection in reinforced 

concrete beams and columns, where load-induced strain and crack propagation 

alter the material’s electrical conductivity. Research indicates that CNT 

composites can detect both elastic and plastic deformations, providing early 

warnings before macroscopic cracking occurs. 

Laboratory-scale studies have validated this approach by monitoring 

electromechanical responses of CNTs cement under cyclic and monotonic 

loading [193]. Beams and columns fabricated entirely with SSC demonstrate 

high sensitivity, but this “bulk fabrication” method poses challenges in terms 

of cost and large-scale processing. Hybrid approaches, where SSC is used 

selectively in critical regions (i.e., tension zones of beams or column bases), 

could provide a practical compromise between sensing performance and 

scalability [195]. 
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3. CHAPTER 3  

EXPERIMENTAL INVESTIGATION 
 

3.1 INTRODUCTION 

The experimental investigation described in this Ph.D. thesis was carried out 

within the framework of the PRIN 2022 research project entitled “Intelligent 

Systems for Infrastructural Diagnosis in smart-concretE (ISIDE), Grant No. 

2022S88WAY, funded by the Italian Ministry of University and Research. The 

project is scientifically coordinated by Professor Rosa Penna and involves 

several research groups at the national level. The general objective of the 

ISIDE project is the development of intelligent systems for structural and 

infrastructural diagnosis through the use of innovative materials, such as so-

called “smart concrete”, and the integration of advanced technologies for 

monitoring, modeling and analysing structural behavior under real conditions. 

Building upon a thorough and continuous review of the scientific literature on 

cement-based nanocomposites, the experimental program developed during 

the three years of the Ph.D. was progressively shaped and refined in response 

to both theoretical insights and preliminary findings.  

The critical analysis of published studies not only provided the conceptual 

framework for this work but also directly influenced the planning of the 

experimental campaign, guiding the selection of materials, dispersion 

techniques and the testing methodologies. Particular attention was devoted to 

addressing one of the key challenges highlighted in the literature: the 

development of self-sensing cementitious composites capable of ensuring 
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reliable electromechanical performance while preserving the intrinsic 

mechanical properties of the host matrix. 

To address this challenge, the experimental activity, carried out at Materials 

and Structures Testing Laboratory of the Department of Civil Engineering of 

University of Salerno, was specifically designed to investigate the mechanical, 

electrical and piezoresistive behaviour of MWCNTs-based cementitious 

composites. In particular, as outlined in Figure 3.1, two important experimental 

campaign were conducted. The first one, here referred to as the preliminary 

experimental investigation, aimed to explore the effects of two different 

matrices, two different dispersing agents and a wide range of CNTs dosages, 

as well as two distinct techniques for measuring the electrical properties, with 

the objective of providing a broad evaluation of the functional performance of 

the composites. 

The second experimental investigation was designed to address the limitations 

and challenges identified during the preliminary study. This phase aimed at 

overcoming the critical issues encountered in the first campaign, refining the 

experimental procedures, and optimizing the selection of materials, dispersing 

agents and CNTs dosages. By doing so, it allowed for a more reliable and 

systematic investigation of the self-sensing behavior of the composites, 

ensuring improved reproducibility and robustness of the results. 

Both campaigns were carried out in a stepwise manner and organized into three 

main phases, each addressing a distinct aspect of the investigation: (i) 

mechanical and microstructural characterization, (ii) electrical characterization 

and (iii) piezoresistive characterization. This stepwise approach allowed each 

phase to build upon the results of the preceding one, facilitating a gradual 

consolidation of knowledge and a coherent assessment of the self-sensing 

capabilities of the cement-based composites. 
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Phase I – Mechanical and microstructural characterization  

During the initial phase, particular attention was given to investigating how the 

type of cement matrix, the dispersion method and the MWCNTs content 

influenced both the mechanical performance and the microstructural 

characteristics of the cement-based composites. Compressive strength tests 

were carried out, and SEM analyses were performed on all mixtures to provide 

detailed insights into their microstructure. 

Phase II – Electrical characterization 

The second phase was devoted to investigating the electrical behaviour of 

CNTs-modified composites. In the preliminary experimental campaign, 

following the outcomes of the first phase, certain mixtures were excluded, 

allowing the focus to remain on the most promising formulations. Electrical 

resistance was measured using two complementary approaches: the two-probe 

method with AC measurements and the four-probe method with DC 

measurements. This dual approach provided a comprehensive understanding 

of the conductive network formed by CNTs within the cement matrix and 

reduced potential measurement errors related to contact resistance and 

electrode effects, helping to identify the most reliable protocol for accurately 

evaluating the composites’ electrical properties. Based on the preliminary 

results, in the second campaign, only four-probe method was employed but the 

polarisation phase was also studied. 

Phase III – Piezoresistive characterization 

The third phase focused on investigating the piezoresistive response of CNTs-

based cementitious sensors. The electromechanical characterization was aimed 

at evaluating the sensitivity and repeatability of the electrical response under 

mechanical loading. In particular, this phase sought to quantify the gauge 
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factor and the maximum FCR (Fractional Change in Resistivity) value, thereby 

assessing the effectiveness of the material as a self-sensing sensor for strain 

monitoring. 

The following sections provide a detailed description of the materials 

employed, the mixture design strategies and the specimen preparation 

procedures adopted in both experimental campaigns. In addition, the testing 

methodologies applied for the mechanical, electrical and electromechanical 

characterization – corresponding to the three experimental phases – are 

illustrated. 

 
(a) 
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(b) 

Figure 3.1. Schematic description of materials and experimental phases conducted in the 
(a) preliminary investigation and (b) second investigation. 

3.2 RAW MATERIAL  

3.2.1 Cement 

Two different binder systems were considered for the preparation of 

cementitious nanocomposites. The first was a high-performance geo-mortar 

classified as R4 according to EN 1504-3, and commercially available as 

Geolite Magma, provided by Kerakoll S.p.A. Unlike traditional Portland 

cement, this high-performance geo-mortar is based on a mineral binder with 

low petrochemical content and incorporates both recycled and regional raw 

materials, thereby reducing its environmental footprint. Additionally, its 

formulation provides a swelling effect that promotes monolithic consolidation 

of the matrix, while ensuring a normal setting time of approximately 60 
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minutes and compressive strength levels suitable for structural repair 

applications [196].  

The second type of binder material was an ordinary Portland cement type CEM 

II/A-LL 42.5 R, supplied by Heidelberg Materials, a high-early-strength binder 

which satisfies the requirements of EN 197-1. This material, whose 

composition is dominated by clinker phases – tricalcium silicate (C₃S), 

dicalcium silicate (C₂S), tricalcium aluminate (C₃A) and tetracalcium 

aluminoferrite (C₄AF) – with minor additions of gypsum, is characterized by 

high CaO and SiO₂ contents. Such a chemical profile ensures rapid hydration 

kinetics and compressive strength development in the range of 42.5 to 62.5 

MPa at 28 days, making it a reliable benchmark for structural applications 

[197]. 

3.2.2 Carbon nanotubes 

In this research, Industrial Grade Multi-Walled Carbon Nanotubes 

(MWCNTs), provided by AsItaly srl, were used. These carbon nanofillers, 

characterized by a purity of 90 wt%, possess a surface area exceeds 200 m²/g, 

indicating a high surface area conducive to effective dispersion and bonding 

within the cement matrix. The bulk density is 0.06 g/cm3, while the true density 

is approximately 2.1 g/cm3, reflecting the lightweight nature of the nanotubes. 

These characteristics make the MWCNTs suitable for large-scale applications 

where cost-effectiveness is essential, without compromising the enhancement 

of the composite's mechanical properties [198]. 

The main properties and a Scanning Electron Microscope (SEM) image of the 

nanostructure of MWCNTs are shown in Table 3.1 and in Figure 3.2, 

respectively. 
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Table 3.1. Main properties of MWCNTs [198]. 

Property Value 

Purity > 90% in weight 
Ash content < 1.5% in weight 
Length 10 – 30 μm 
Outer mean diameter 10 – 30 nm 
Inner mean diameter 5 – 10 nm 
Specific surface area > 200 m2/g 
Bulk density 0.06 g/cm3 
True density ≈ 2.1 g/cm3 

 

 
Figure 3.2. SEM image of MWCNTs [198]. 

3.2.3 Dispersing agents 

In the preliminary experimental investigation, two commercially surfactants 

were employed to improve the dispersion of MWCNTs in water: Sodium 

Lauryl Sulfate, commonly referred to as Sodium Dodecyl Sulfate (SDS), 

supplied by Carlo Erba Reagents srl [199] and Polyvinylpyrrolidone (PVP), 

supplied by Sigma-Aldrich [200]. 

Sodium Lauryl Sulfate is an anionic surfactant, appearing as a white to off-

white powder with a high purity grade (≥ 98%) and high solubility in water. 

Its anionic headgroup adsorbs onto the surface of CNTs, while the hydrophobic 

tail interacts with the nanotube sidewalls, effectively reducing agglomeration 

and promoting uniform dispersion within the aqueous medium. PVP, on the 

other hand, is a non-ionic polymeric surfactant with good solubility in water. 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

86 
 

It stabilizes CNT suspensions through steric hindrance, forming a thin polymer 

layer around individual nanotubes that prevents their re-aggregation.  

In the second experimental investigation, a superplasticizer (SP) was 

incorporated into the concrete mix. Specifically, the additive used was 

MAPEFLUID N200, a naphthalene sulfonate-based water reducer supplied by 

MAPEI [201]. This type of superplasticizer is widely adopted in concrete 

technology due to its ability to significantly reduce the water-to-cement ratio 

while maintaining high workability. As a result, it enhances the mechanical 

performance of the concrete, particularly in terms of early-age strength 

development. 

MAPEFLUID N200 typically appears as a dark brown liquid, characteristic of 

many sulfonated naphthalene-based plasticizers. Its coloration and viscosity 

are consistent with its high concentration and effectiveness, and it is easily 

dispersible in the mix, ensuring uniform distribution throughout the concrete 

matrix. 

3.3 MIX DESIGN 

Owing to the large number of mixtures prepared, and in order to streamline the 

presentation of results, the mixtures sharing the same binder type and 

dispersing agent were organized into groups, hereafter referred to as “Serie 

(S)”. 

In the preliminary experimental investigation four series of mixtures, namely 

S1, S2, S3 and S4 were prepared. Specifically, as schematically presented in 

Table 3.2, in S1 and S2 SDS was employed, whereas PVP was used in S3 and 

S4. Moreover, the high-performance geo-mortar was used in S1 and S3 

mixtures, while S2 and S4 mixtures were prepared with ordinary Portland 

cement.  
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In the second experimental investigation one group of mixtures, namely S5 

was prepared by combining Portland cement with SP. 

Table 3.2. Series identification. 

Campaign Serie Matrix type Surfactant type 

PRELIMINARY 
EXPERIMENTAL 
CAMPAIGN 

S1 Geolite Magma Sodium Dodecyl Sulfate (SDS) 

S2 Portland cement (42.5R) Sodium Dodecyl Sulfate (SDS) 

S3 Geolite Magma Polyvinylpyrrolidone (PVP) 

S4 Portland cement (42.5R) Polyvinylpyrrolidone (PVP) 
SECOND 
EXPERIMENTAL 
CAMPAIGN 

S5 Portland cement (42.5R) Superplasticizer (SP) 

In the first experimental investigation, within each group, mixtures were 

initially prepared with seven different MWCNTs contents: 0.00%, 0.025%, 

0.050%, 0.075%, 0.50%, 1.00% and 1.50% by weight of cement, hereafter 

referred to as M0, M0.025, M0.05, M0.075, M0.50, M1.0 and M1.50. 

However, for mixtures prepared with the high-performance geo-mortar (i.e., 

S1 and S3), the incorporation of 0.50%, 1.00%, and 1.50% MWCNTs led to 

significantly increased viscosity and poor homogeneity, making processing 

difficult. Based on these observations and in agreement with previous studies 

[174], these higher MWCNT dosages were excluded for mixtures prepared 

with the geo-mortar binder, regardless of the surfactant used, as they can 

negatively affect the workability of high-performance cementitious matrices. 

In the second experimental investigation, four mixtures were prepared with 

MWCNTs content ranging from 0 to 1.50 wt%, with increments of 0.50 wt%. 

In addition, to assess the influence of the superplasticizer on the plain cement 

matrix, an extra reference mixture was prepared by adding SP to the mixing 

water, without incorporating MWCNTs. 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

88 
 

The surfactant was added at a constant dosage of 0.2% by weight of cement to 

promote effective nanotube dispersion. This dosage was selected based on 

preliminary tests and literature evidence, showing that higher amounts of 

surfactant do not necessarily improve CNTs dispersion significantly, while 

potentially introducing excess air, foaming, or negative effects on the matrix 

properties. 

The superplasticizer dosage was determined according to the MWCNTs 

content. In particular, a 1:4 weight ratio between SP and MWCNTs was used 

for mixtures M0_PVP and M0.5 while a higher 1:2 ratio was adopted for high 

MWCNTs dosage, such as for M1.00 and M1.50. This higher dosage was 

necessary to ensure adequate dispersion of the nanotubes, as higher MWCNTs 

concentrations tend to promote agglomeration due to van der Waals forces. 

Increasing the superplasticizer content helps mitigate this effect and maintain 

good workability and uniformity of the mix [157]. 

For all Portland cement-based mixtures, a water-to-cement ratio (w/c) of 0.45 

was adopted, whereas for the Geolite-based mixtures a water-to-binder ratio 

(w/b) of 0.15 was employed. 

The quantities of the constituents for each mixture are listed in Tables 3.3-3.5. 
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Table 3.3. Mix design of MWCNTs-based cementitious mixtures prepared with SDS. 

Mixtures 
identification 

Cement 
type 

MWCNTs 
dosage [wt%] 

Cement 
[kg/m3] 

Water 
[kg/m3] 

SDS 
[kg/m3] 

MWCNTs 
[kg/m3] 

S1_ M0_SDS 
GeoLite 
Magma 

0.000  2200.00 330.00 4.40 - 
S1_ M0.025 0.025 2200.00 330.00 4.40 0.550 
S1_ M0.05 0.050 2200.00 330.00 4.40 1.100 
S1_ M0.075 0.075 2200.00 330.00 4.40 1.650 
S2_ M0_SDS 

CEM 
II/A-LL 
42.5 R 

0.000 1213.33 546.00 2.43 - 
S2_ M0.025 0.025 1213.33 546.00 2.43 0.300 
S2_ M0.05 0.050 1213.33 546.00 2.43 0,610 
S2_ M0.075 0.075  1213.33 546.00 2.43 0.910 
S2_M0.50 0.500 1213.33 546.00 2.43 6.070 
S2_M1.00 1.000 1213.33 546.00 2.43 12.13 
S2_M1.50 1.500 1213.33 546.00 2.43 18.20 

 

Table 3.4. Mix design of MWCNTs-based cementitious mixtures prepared with PVP. 

Mixtures 
identification 

Cement 
type 

MWCNTs 
dosage [wt%] 

Cement 
[kg/m3] 

Water 
[kg/m3] 

PVP 
[kg/m3] 

MWCNTs 
[kg/m3] 

S3_ M0_PVP 
GeoLite 
Magma 

0.000 2200.00 330.00 4.40 - 
S3_ M0.025 0.025 2200.00 330.00 4.40 0.550 
S3_ M0.05 0.050 2200.00 330.00 4.40 1.100 
S3_ M0.075 0.075 2200.00 330.00 4.40 1.650 
S4_ M0_PVP 

CEM 
II/A-LL 
42.5 R 

0.000 1213.33 546.00 2.43 - 
S4_ M0.025 0.025 1213.33 546.00 2.43 0.300 
S4_ M0.05 0.050 1213.33 546.00 2.43 0,610 
S4_ M0.075 0.075  1213.33 546.00 2.43 0.910 
S4_M0.50 0.500 1213.33 546.00 2.43 6.070 
S4_M1.00 1.000 1213.33 546.00 2.43 12.13 
S4_M1.50 1.500 1213.33 546.00 2.43 18.20 

 
Table 3.5. Mix design of MWCNTs-based cementitious mixtures prepared with SP. 

Mixtures 
identification 

Cement 
type 

MWCNTs 
dosage [wt%] 

Cement 
[kg/m3] 

Water 
[kg/m3] 

MWCNTs 
[kg/m3] 

SP 
[kg/m3] 

S5_ M0 
CEM 
II/A-LL 
42.5 R 

0.00 1213.33 546.00 - - 
S5_ M0_SP 0.00 1213.33 546.00 - 24.27 
S5_ M0.5 0.50  1213.33 546.00 6.070 24.27 
S5_ M1.00 1.00 1213.33 546.00 12.13 24.27 
S5_M1.5 1.50 1213.33 546.00 18.20 36.40 
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3.4 PREPARATION OF CNTs-BASED CEMENT MIXTURE 

3.4.1 Dispersion of MWCNTs 

As previously discussed, the effectiveness of the conductive network is highly 

dependent on the dispersion of nanofillers within the matrix, which is 

particularly critical for carbon nanotubes because of their hydrophobic nature, 

high aspect ratio, large specific surface area and strong Van der Waals forces. 

To address this challenge and achieve good homogeneity, a specific sequence 

of mixing processes was implemented to ensure effective dispersion of the 

MWCNTs in water before adding to the cement powder. In particular, two of 

the most efficient dispersion techniques were employed: ultrasonication 

method combined with the use of dispersing agent.  

Based on the mixture proportions given in Tables 3.3-3.5, the suspensions were 

prepared by the NANO_MATES Centre (Research Centre for 

NANOMAterials and NANOTEchnologies) of the University of Salerno. The 

MWCNTs were mixed in water following the addition of the dispersing agent 

(Figure 3.3a). After an initial 5-min mixing with a mechanical stirrer, 

suspensions were sonicated for 20 minutes at room temperature (25 ± 2 °C) 

using an ultrasound tip (UP400S, Hielscher Ultrasonics GmbH, Germany) 

operating at 24 kHz and 400 W. The sonicator was set to maximum amplitude 

with a 0.5-cycle pulse to ensure constant energy input while preventing 

overheating of the suspensions (Figure 3.3b, c). The resulting homogeneous 

dispersions are illustrated in Figure 3.4. 
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Figure 3.3. Preparation procedure of cementitious sensor with MWCNTs. 

 

 
(a) 

 
(b) 

Figure 3.4. Sonicated MWCNTs suspensions for (a) S1 (Geolite Magma + SDS) mixtures 
and (b) S5 (Portland cement +SP) mixtures. 

3.4.2 Samples preparation 

A total of 162 cube-shaped cementitious specimens (with 50 mm sides) were 

prepared as part of the two experimental campaigns. Specifically, 132 samples 

were produced for the preliminary campaign, while 30 additional samples were 

fabricated for the second investigation. Particularly, six specimens were cast 

for each mixture.  

Once the dispersion of MWCNTs, water and surfactant were achieved, the 

suspensions were combined with cement powder and mixed using a mortar 
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mixer supplied by Matest SpA (model E095N), in accordance with EN 196-1, 

EN 196-3 and EN 480-1 standards. The mixer, equipped with a 5-liter steel 

bowl and operating at a speed of 140 rpm, completed the mixing process in a 

total time of 5 minutes (Figure 3.3d, e). The resulting fresh pastes were poured 

into oiled moulds and vibrated for about 2 minutes, during which the frequency 

of emerging air bubbles decreased significantly (Figure 3.3f, g).  

In the preliminary experimental investigation, square copper meshes were 

used as electrodes for measuring the electrical characteristics. In the second 

experimental investigation, copper plats were employed. For each mixture, 

four electrodes were embedded into three of the six samples (Figure 3.3h). It 

should be noted that copper was selected due to its low electrical resistance 

and stable conductive properties, which are essential for obtaining reliable 

data.  

Subsequently, all samples were covered with plastic sheets and stored at a 

temperature of 20 °C (±2 °C) under a relative humidity of approximately 65%. 

After 24 hours, they were demoulded, weighed and fully immersed in a tank 

of distilled water at 20 °C (±2 °C) for 27 days. At the end of the curing period, 

the specimens were removed from the water and subjected to drying at 70 °C 

(±2 °C) and 10% relative humidity for approximately 72 hours.  

To monitor the reduction of water content, the specimens were weighed every 

24 hours, until the difference between two consecutive measurements became 

negligible. These curing and drying procedures were specifically implemented 

to minimize the effect of free water on the sensors, as its presence could 

compromise the accuracy of the electrical resistance measurements. The 

weight (w) and dimensions of all cubic specimens, measured after the curing 

period, are shown in Tables 3.6-3.10.  



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

93 
 

Figures 3.5 and 3.6 report the position and geometry of electrodes within the 

samples, along with pictures of the cubic specimens after the curing period for 

both the experimental investigations. 

Some pictures of the sample preparation are shown in Figure 3.7 for the 

preliminary experimental campaign. 

 
(a) 

 
(b) 

Figure 3.5. (a) Geometry of specimens and electrodes (dimension are in mm) used in the 
preliminary experimental investigation; (b) pictures of a sample after the curing period. 
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(a) 

  
(b) 

Figure 3.6. (a) Geometry of specimens and electrodes (dimension are in mm) used in the 
second experimental investigation; (b) pictures of a sample after the curing period. 
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(a) (b) 

(c) (d) 
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(e) 

 
(f) 

 
(g) 

 
(h) 

Figure 3.7. Samples preparation steps: (a) addition of the dispersing agent and MWCNTs 
to water; (b) sonication of the suspensions; (c) mixing of the suspensions with cement 

powder; (d) vibration of the samples; (e) introduction of the copper meshes into the fresh 
mixture; (f) storage of the samples; (c) immersion in water; (h) drying phase of the 

samples. 
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Table 3.6. Measurements of S1 (Geolite Magma + SDS) samples. 

# Sample identification weight, w 
[g] 

width, b1 

[mm] 
height, b2 

[mm] 
length, b1 

[mm] 

1 
2 
3 
4 
5 
6 

S1_M0_C1 
S1_M0_C2 
S1_M0_C3 
S1_M0_C1_E 
S1_M0_C2_E 
S1_M0_C3_E 

190.50 
190.00 
184.00 
194.00 
193.50 
194.50 

50.10 
48.58 
50.05 
50.13 
50.15 
50.30 

50.18 
50.08 
50.15 
50.05 
50.10 
50.18 

50.13 
50.10 
47.75 
50.18 
50.08 
50.08 

1 
2 
3 
4 
5 
6 

S1_M0.025_C1 
S1_M0.025_C2 
S1_M0.025_C3 
S1_M0.025_C1_E 
S1_ M0.025_C2_E 
S1_ M0.025_C3_E 

213.50 
230.50 
219.00 
236.00 
247.00 
238.50 

50.63 
53.50 
52.30 
52.70 
53.18 
51.28 

50.15 
50.10 
50.08 
50.05 
50.18 
50.20 

50.05 
50.15 
50.18 
50.08 
50.13 
50.05 

1 
2 
3 
4 
5 
6 

S1_M0.05_C1 
S1_M0.05_C2 
S1_M0.05_C3 
S1_M0.05_C1_E 
S1_M0.05_C2_E 
S1_M0.05_C3_E 

204.50 
201.50 
198.50 
218.50 
225.00 
219.50 

51.25 
51.35 
50.78 
51.08 
51.35 
51.33 

50.15 
50.13 
50.03 
50.13 
50.08 
50.05 

50.08 
50.10 
50.05 
50.05 
50.05 
50.08 

1 
2 
3 
4 
5 
6 

S1_M0.075_C1 
S1_M0.075_C2 
S1_M0.075_C3 
S1_M0.075_C1_E 
S1_M0.075_C2_E 
S1_M0.075_C3_E 

202.00 
208.00 
202.00 
220.00 
216.50 
221.00 

51.40 
50.58 
49.50 
52.05 
50.05 
53.05 

50.08 
50.13 
50.08 
50.10 
50.15 
50.10 

50.28 
50.08 
50.08 
50.30 
50.2 
50.3 

The letter E denotes the presence of electrodes in the specimen.  

 Table 3.7. Measurements of S2 (Portland cement + SDS) samples. 

# Sample identification weight, w 
[g] 

width, b1 

[mm] 
height, b2 

[mm] 
length, b1 

[mm] 

1 
2 
3 
4 
5 
6 

S2_M0_C1 
S2_M0_C2 
S2_M0_C3 
S2_M0_C1_E 

S2_M0_C2_E 
S2_M0_C3_E 

188.00 
185.50 
184.50 
195.00 
195.00 
196.00 

50.15 
50.25 
49.72 
49.93 
50.13 
49.93 

50.00 
50.00 
50.00 
50.00 
50.00 
50.00 

50.00 
50.00 
50.00 
50.00 
50.03 
50.05 
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1 
2 
3 
4 
5 
6 

S2_M0.025_C1 
S2_M0.025_C2 
S2_M0.025_C3 
S2_M0.025_C1_E 

S2_M0.025_C2_E 

S2_M0.025_C3_E 

176.50 
177.00 
185.50 
188.00 
191.50 
186.00 

50.08 
49.35 
50.45 
49.80 
49.35 
49.88 

50.00 
50.00 
50.08 
50.00 
50.03 
50.00 

50.00 
50.13 
50.15 
50.05 
50.03 
49.85 

1 
2 
3 
4 
5 
6 

S2_M0.05_C1 
S2_M0.05_C2 
S2_M0.05_C3 
S2_M0.05_C1_E 
S2_M0.05_C2_E 

S2_M0.05_C3_E 

179.00 
179.50 
163.50 
187.00 
188.00 
188.00 

50.38 
49.08 
46.28 
49.93 
49.83 
50.05 

50.20 
50.10 
50.05 
50.08 
50.10 
50.05 

50.08 
50.10 
50.10 
50.03 
50.05 
50.03 

1 
2 
3 
4 
5 
6 

S2_M0.075_C1 
S2_M0.075_C2 
S2_M0.075_C3 
S2_M0.075_C1_E 
S2_M0.075_C2_E 
S2_M0.075_C3_E 

181.00 
182.50 
182.00 
192.50 
188.50 
189.50 

50.75 
50.10 
50.10 
49.85 
49.93 
50.03 

50.05 
50.05 
50.05 
50.03 
50.05 
49.98 

50.15 
50.05 
50.05 
50.05 
50.03 
50.00 

1 
2 
3 
4 
5 
6 

S2_M0.50_C1 
S2_ M0.50_C2 
S2_ M0.50_C3 
S2_ M0.50_C1_E 
S2_ M0.50_C2_E 
S2_ M0.50_C3_E 

197.00 
202.00 
213.50 
205.50 
205.50 
195.00 

49.45 
49.08 
50.05 
50.05 
48.65 
49.58 

50.05 
50.05 
50.88 
49.90 
49.60 
50.28 

50.23 
50.08 
50.10 
50.13 
50.03 
49.75 

1 
2 
3 
4 
5 
6 

S2_M1.00_C1 
S2_ M1.00_C2 
S2_ M1.00_C3 
S2_ M1.00_C1_E 
S2_ M1.00_C2_E 
S2_ M1.00_C3_E 

202.50 
205.50 
204.00 
202.00 
204.00 
207.50 

50.78 
50.45 
51.55 
49.90 
49.90 
50.00 

50.00 
51.45 
50.00 
49.90 
49.75 
49.90 

50.00 
50.00 
50.00 
49.75 
50.00 
50.00 

1 
2 
3 
4 
5 
6 

S2_M1.50_C1 
S2_ M1.50_C2 
S2_ M1.50_C3 
S2_ M1.50_C1_E 
S2_ M1.50_C2_E 
S2_ M1.50_C3_E 

212.00 
206.50 
211.50 
202.00 
206.50 
210.00 

51.35 
51.05 
51.20 
49.25 
49.95 
49.40 

50.03 
50.00 
50.00 
49.95 
49.90 
49.75 

50.00 
50.00 
50.00 
49.95 
49.70 
49.90 

The letter E denotes the presence of electrodes in the specimen. 
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Table 3.8. Measurements of S3 (Geolite Magma + PVP) samples. 

# Sample identification weight, w 
[g] 

width, b1 

[mm] 
height, b2 

[mm] 
length, b1 

[mm] 

1 
2 
3 
4 
5 
6 

S3_M0_C1 
S3_M0_C2 
S3_M0_C3 
S3_M0_C1_E 
S3_M0_C2_E 
S3_M0_C3_E 

190.50 
192.00 
199.50 
207.50 
185.50 
203.00 

50.01 
49.29 
49.85 
51.19 
50.44 
50.16 

50.19 
50.05 
50.23 
50.67 
50.37 
50.44 

50.18 
50.28 
50.17 
50.26 
50.31 
50.23 

1 
2 
3 
4 
5 
6 

S3_M0.025_C1 
S3_M0.025_C2 
S3_M0.025_C3 
S3_M0.025_C1_E 
S3_ M0.025_C2_E 
S3_ M0.025_C3_E 

191.50 
188.00 
195.00 
200.50 
206.50 
210.50 

50.12 
49.61 
50.38 
50.00 
49.82 
49.50 

50.22 
49.69 
50.22 
50.31 
50.00 
49.87 

50.20 
49.60 
50.19 
50.00 
50.00 
49.83 

1 
2 
3 
4 
5 
6 

S3_M0.05_C1 
S3_M0.05_C2 
S3_M0.05_C3 
S3_M0.05_C1_E 
S3_M0.05_C2_E 
S3_M0.05_C3_E 

205.50 
205.00 
203.50 
206.50 
203.00 
205.00 

50.74 
51.27 
50.54 
50.02 
49.83 
49.88 

50.24 
49.61 
50.27 
50.00 
49.80 
49.55 

50.17 
49.78 
50.13 
49.24 
49.71 
50.00 

1 
2 
3 
4 
5 
6 

S3_M0.075_C1 
S3_M0.075_C2 
S3_M0.075_C3 
S3_M0.075_C1_E 
S3_M0.075_C2_E 
S3_M0.075_C3_E 

199.50 
189.50 
189.00 
200.50 
201.50 
201.00 

51.07 
50.58 
50.88 
50.00 
49.83 
49.92 

50.24 
50.46 
50.90 
49.99 
50.03 
50.07 

50.35 
50.35 
50.31 
50.00 
50.10 
50.00 

The letter E denotes the presence of electrodes in the specimen.  

 
Table 3.9. Measurements of S4 (Portland cement + PVP) samples. 

# Sample identification weight, w 
[g] 

width, b1 

[mm] 
height, b2 

[mm] 
length, b1 

[mm] 

1 
2 
3 
4 
5 
6 

S4_M0_C1 
S4_M0_C2 
S4_M0_C3 
S4_M0_C1_E 

S4_M0_C2_E 
S4_M0_C3_E 

187.50 
190.50 
190.50 
195.00 
196.50 
195.00 

50.21 
50.30 
49.50 
48.78 
48.75 
48.38 

50.33 
50.30 
49.74 
49.63 
49.74 
49.65 

50.36 
50.12 
49.86 
49.62 
49.66 
49.74 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

100 
 

1 
2 
3 
4 
5 
6 

S4_M0.025_C1 
S4_M0.025_C2 
S4_M0.025_C3 
S4_M0.025_C1_E 

S4_M0.025_C2_E 

S4_M0.025_C3_E 

188.00 
187.00 
188.50 
191.00 
191.50 
192.00 

49.25 
50.09 
50.60 
49.83 
49.13 
49.63 

50.37 
50.25 
50.47 
50.24 
50.13 
49.45 

50.30 
50.27 
50.18 
50.23 
50.30 
49.53 

1 
2 
3 
4 
5 
6 

S4_M0.05_C1 
S4_M0.05_C2 
S4_M0.05_C3 
S4_M0.05_C1_E 
S4_M0.05_C2_E 

S4_M0.05_C3_E 

188.00 
187.50 
187.50 
189.50 
189.00 
200.50 

49.99 
49.42 
49.38 
50.00 
49.56 
49.39 

50.16 
50.03 
50.36 
50.13 
49.45 
49.49 

50.16 
50.35 
50.12 
50.30 
49.53 
49.44 

1 
2 
3 
4 
5 
6 

S4_M0.075_C1 
S4_M0.075_C2 
S4_M0.075_C3 
S4_M0.075_C1_E 
S4_M0.075_C2_E 
S4_M0.075_C3_E 

195.00 
194.50 
194.00 
195.50 
196.50 
198.00 

49.81 
49.82 
49.60 
50.08 
49.92 
50.03 

50.13 
50.22 
50.36 
50.20 
50.02 
50.21 

50.11 
50.08 
50.24 
50.07 
50.11 
49.95 

1 
2 
3 
4 
5 
6 

S4_M0.50_C1 
S4_ M0.50_C2 
S4_ M0.50_C3 
S4_ M0.50_C1_E 
S4_ M0.50_C2_E 
S4_ M0.50_C3_E 

201.00 
199.50 
200.50 
202.50 
202.50 
201.00 

50.60 
50.33 
49.63 
50.23 
50.45 
50.29 

50.31 
49.67 
50.07 
50.15 
50.06 
50.15 

50.00 
50.02 
49.94 
50.01 
49.99 
49.97 

1 
2 
3 
4 
5 
6 

S4_M1.00_C1 
S4_ M1.00_C2 
S4_ M1.00_C3 
S4_ M1.00_C1_E 
S4_ M1.00_C2_E 
S4_ M1.00_C3_E 

202.50 
202.00 
199.00 
202.50 
202.00 
201.50 

50.24 
50.33 
49.86 
49.98 
50.00 
50.02 

50.02 
49.88 
49.37 
50.01 
49.63 
49.88 

50.12 
49.62 
49.88 
50.02 
49.78 
50.00 

1 
2 
3 
4 
5 
6 

S4_M1.50_C1 
S4_ M1.50_C2 
S4_ M1.50_C3 
S4_ M1.50_C1_E 
S4_ M1.50_C2_E 
S4_ M1.50_C3_E 

205.50 
204.50 
205.00 
205.50 
206.00 
206.00 

50.31 
50.17 
49.73 
49.85 
49.97 
50.04 

50.04 
50.37 
50.00 
50.07 
49.61 
49.77 

50.00 
49.44 
49.96 
50.01 
49.85 
49.97 

The letter E denotes the presence of electrodes in the specimen.  
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Table 3.10. Measurements of S5 (Portland cement + SP) samples. 

# Sample identification weight, w 
[g] 

width, b1 

[mm] 
height, b2 

[mm] 
length, b1 

[mm] 

1 
2 
3 
4 
5 
6 

S5_M0_C1 
S5_M0_C2 
S5_M0_C3 
S5_M0_C1_E 
S5_M0_C2_E 
S5_M0_C3_E 

188.00 
192.00 
190.00 
225.50 
225.00 
223.50 

49.96 
49.81 
49.96 
50.35 
50.75 
50.74 

49.99 
50.02 
49.83 
50.29 
50.57 
50.32 

44.83 
44.97 
45.09 
44.68 
44.56 
45.03 

1 
2 
3 
4 
5 
6 

S5_M0+SP_C1 
S5_M0+SP _C2 
S5_M0+SP _C3 
S5_M0+SP _C1_E 
S5_M0+SP _C2_E 
S5_M0+SP _C3_E 

191.00 
197.50 
196.00 
232.00 
230.50 
230.00 

50.04 
51.28 
50.64 
50.42 
50.44 
50.30 

50.02 
49.95 
50.05 
50.17 
50.10 
50.23 

48.72 
50.14 
50.42 
51.38 
51.34 
50.88 

1 
2 
3 
4 
5 
6 

S5_M0.50_C1 
S5_ M0.50_C2 
S5_ M0.50_C3 
S5_ M0.50_C1_E 
S5_ M0.50_C2_E 
S5_ M0.50_C3_E 

194.00 
193.50 
196.00 
217.50 
227.50 
228.00 

50.34 
50.08 
50.68 
50.28 
50.21 
50.67 

50.39 
50.06 
50.49 
50.36 
50.24 
50.53 

44.93 
44.75 
45.38 
45.33 
46.11 
45.74 

1 
2 
3 
4 
5 
6 

S5_ M1.00_C1 
S5_ M1.00_C2 
S5_ M1.00_C3 
S5_ M1.00_C1_E 
S5_ M1.00_C2_E 
S5_ M1.00_C3_E 

194.50 
195.00 
195.00 
230.50 
230.50 
232.00 

50.15 
50.22 
50.06 
50.56 
50.45 
50.27 

50.30 
50.57 
50.20 
50.17 
50.15 
50.23 

49.46 
49.26 
46.19 
46.58 
48.57 
48.61 

1 
2 
3 
4 
5 
6 

S5_ M1.50_C1 
S5_ M1.50_C2 
S5_ M1.50_C3 
S5_ M1.50_C1_E 
S5_ M1.50_C2_E 
S5_ M1.50_C3_E 

186.50 
183.00 
186.00 
222.00 
224.00 
222.00 

49.82 
49.99 
50.55 
50.37 
50.55 
50.50 

50.43 
50.05 
50.02 
50.21 
50.04 
50.24 

44.98 
45.26 
45.50 
46.31 
46.37 
46.06 

The letter E denotes the presence of electrodes in the specimen.  
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3.5 TESTING METHODS 

3.5.1 Mechanical characterization 

At the end of the curing period, the mechanical performance of the specimens 

was assessed through compressive strength tests. In particular, for each 

mixture, the three copper electrodes-free samples were selected, with the aim 

of evaluating how the incorporation of different amounts of MWCNTs 

influenced their strength.  

The tests were conducted in compliance with ASTM C109 [202], applying a 

constant compressive load rate of 1.35 kN/s. In the preliminary experimental 

investigation, a servo-controlled universal testing machine (Hydropuls S56, 

SCHENCK srl, Italy) with a maximum capacity of ±630 kN and a piston stroke 

of ±125 mm, was employed. Moreover, to guarantee the correct positioning of 

the specimens and to facilitate the test procedure, a compression device (E171, 

Matest SpA, Italy) was positioned between the plates of the testing machine, 

as shown in Figure 3.8.  

In the second experimental investigation, a new universal testing machine 

(Quasar 400, Galdabini SpA, Italy) was used, applying the same constant 

compressive load, with rate of 1.35 kN/s, consistent with ASTM C109 

standards. 

As shown in Figure 3.9, two 20 mm strain gauges were attached on the opposite 

lateral faces of each specimen in order to measure the axial strain during the 

tests. 
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Figure 3.8. Experimental set-up of the compressive strength tests in the preliminary 

investigation. 

 
Figure 3.9. Experimental set-up of the compressive strength tests in the second 

experimental investigation. 
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3.5.2 Microstructural analysis 

The nanoscale interactions between MWCNTs and cement compounds were 

investigated by means of Scanning Electron Microscopy (SEM). A high-

resolution instrument (TESCAN-VEGA LMH, 230 V, TESCAN, Czech 

Republic) was employed to analyse the microstructural features. The purpose 

of this study was to understand the bonding mechanisms between MWCNTs 

and the hydration products of cement, to identify possible structural 

modifications in the formed and/or decomposed phases and to establish a 

correlation between nanofiller concentration and dispersion quality.  

For this purpose, fractured specimens obtained from mechanical tests after 28 

days of curing were selected and subjected to SEM observations. 

3.5.3 Electrical characterization    

For each mixture, the electrical properties were measured on three electrode-

equipped MWCNT-based sensors after curing and drying period (30 ± 1 days), 

under controlled temperature conditions (20 ± 2 °C). Different measurement 

approaches were employed. Specifically, in the preliminary experimental 

investigation, two different methods were applied: 2-probe and 4-probe 

method, with AC and DC measurements, respectively. In the second 

experimental investigation, attention was devoted exclusively to the 4-probe 

method, with additional analyses aimed at identifying possible polarisation 

effects under DC excitation. 

The following sections provide a comprehensive overview of the measurement 

techniques employed. 
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2-PROBE METHOD – AC RESISTENCE MEASURMENTS 

The two-probe method was used to assess the electrical response under AC 

conditions of the three grid-equipped specimens prepared for each mixture. 

The alternating current parameters were measured with an LCR meter (Model 

1920 Precision LCR Meter, QuadTech, Inc., USA) at four distinct frequencies, 

𝑓𝑓, namely 0.5 kHz, 1 kHz, 10 kHz and 100 kHz. As shown in Figure 3.10, the 

test leads were connected to the outermost electrodes, positioned 3 cm apart. 

The LCR meter was connected to a computer via USB cable, and the LCR 

meter software was used for data acquisition. For each sample, 10 electrical 

measurements were recorded per second, with the experimental procedure 

lasting 10s.  

In the 2-probe configuration, the instrument provides the parallel resistance 𝑅𝑅𝑝𝑝 

and the parallel capacitance 𝐶𝐶𝑝𝑝 of the specimen. According to the parallel 

model, these parameters were used to calculate the complex impedance 𝑍𝑍 as 

follows 

𝑍𝑍 =
𝑅𝑅𝑝𝑝

1 + 𝑗𝑗2𝜋𝜋𝜋𝜋𝑅𝑅𝑝𝑝𝐶𝐶𝑝𝑝
 (3.1) 

Considering the imaginary unit 𝑗𝑗 = √−1, the magnitude of the impedance can 

be expressed as in Eq. (3.2). 

|𝑍𝑍| =
𝑅𝑅𝑝𝑝

�1 + �2𝜋𝜋𝜋𝜋𝑅𝑅𝑝𝑝𝐶𝐶𝑝𝑝�
2
 (3.2) 
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Moreover, it is worth noting that at low frequencies, the capacitive reactance 

� 1
2𝜋𝜋𝜋𝜋𝐶𝐶𝑝𝑝

� increases significantly. Consequently, the magnitude of the 

impedance approaches the resistive component, i.e., |𝑍𝑍| → 𝑅𝑅𝑝𝑝.  

Using the mean value of the 10 measured electrical resistances �𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎�, the 

electrical resistivity (𝜌𝜌) and electrical conductivity of the material (𝜎𝜎) were 

evaluated for each specimen as follows 

𝜌𝜌 = 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴
𝐿𝐿

 [𝛺𝛺𝛺𝛺] (3.3) 

𝜎𝜎 =
1
𝜌𝜌

 [𝑆𝑆/𝑚𝑚] (3.4) 

where 𝐴𝐴 is the cross-section of the cement-based sensor and 𝐿𝐿 is the distance 

between the external electrodes (3 cm). 

Although the study did not explicitly account for measurement uncertainties, 

several factors could affect the accuracy of the results. These include the 

instrument’s specified accuracy (±0.05% for resistance and ±0.5% for 

capacitance), the effects of lead and contact resistances, fluctuations due to 

electrical noise, approximations of the parallel RC model and minor variations 

in sample geometry (cross-sectional area and electrode spacing). 
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Figure 3.10. Photo of the experimental set-up for AC electrical resistance measurements 
in 2-probe method. 

4-PROBE METHOD – DC RESISTENCE MEASURMENTS 

The electrical response of the same electrode-equipped three specimens of all 

mixtures was further investigated using the four-probe method. Measurements 

carried out using a digital multimeter (DMM7510 7.5-Digit Graphical 

Sampling Multimeter, Keithley Instruments Inc., USA). As shown in Figure 

3.11, one set of test leads (i.e., INPUT HI and INPUT LO) was connected to 

the outermost electrodes, positioned 3 cm apart, while a second set of leads 

(i.e., SENSE HI and SENSE LO) was connected to the innermost electrodes, 

placed 1 cm apart. The multimeter was connected to a computer via LAN 

cable, and a Python script was used for data acquisition. For each sample, 10 

electrical resistance measurements were made per second, with the 

experimental procedure lasting 10s. Using the mean value of the measured 

electrical resistances �𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎�, the electrical resistivity (𝜌𝜌) and electrical 

conductivity of the material (𝜎𝜎) were calculated as in Eq. (3.3) and Eq. (3.4), 

respectively. In Eq. (3.3), 𝐿𝐿 is the distance between the inner electrodes.  
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Although the four-probe method eliminates most errors associated with lead 

and contact resistances, and instrument’s specified accuracy is higher 

(±0.005%), several factors can still affect measurement accuracy, in addition 

to those already mentioned for the two-probe method. Using a single 

multimeter for both current sourcing and voltage measurement, while 

convenient and fully automated, may introduce certain limitations. Any 

systematic errors of the instrument affect all measurements, and the automated 

procedure could mask transient effects or prevent independent verification of 

the current and voltage signals. 

 
(a) 

 
(b) 

Figure 3.11. (a) Schematic representation of the digital multimeter leads connected to 
electrodes; (b) photo of DC electrical resistance measurement in 4-probe method. 
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4-PROBE METHOD – DC RESISTANCE MEASUREMENTS AND 

POLARIZATION PHASE ANALYSIS 

In this set-up, the above-mentioned DMM7510 7.5 multimeter was used 

exclusively to continuously record the voltage across the internal electrodes, 

while a new meter (Keithley 2450 Source Meter, Keithley Instrument Inc., 

USA) was configured in current source mode to supply a constant current of 1 

mA (Figure 3.12). 

The three samples of each mixture, equipped with copper plates, underwent a 

15-minute DC phase, during which voltage measurements were recorded at a 

rate of 10 per second. This phase aimed to eliminate undesired initial effects, 

such as temporary polarisation, electrical noise and contact instability. At the 

end of the transient period, the voltage stabilized at a nearly constant value, 

indicating that a steady-state condition had been reached.  

Using the measured voltage and the applied current, the electrical resistance 

was calculated according to Ohm’s law, and from this, the electrical 

conductivity was derived. 

This method appears to be the most accurate technique for measuring the 

sample’s electrical properties. Remaining uncertainties are mainly related to 

the instrument’s precision (i.e., ± 0.005% for the DMM7510) and minor 

variations in electrode placement or sample geometry. 
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(a) 

 
(b) 

Figure 3.12. (a) Schematic representation of the source meter and digital multimeter leads 
connected to electrodes; (b) photo of DC electrical resistance measurement in 4-probe 

method. 

3.5.4 Electromechanical characterization 

To evaluate the piezoresistive response of MWCNTs-based cementitious 

sensors, electromechanical tests were conducted under controlled temperature 

conditions (20 ± 2 °C) on all cubic specimens equipped with embedded 

electrodes. Besides the different loading protocols employed in the two 

experimental investigations, some variations in the test configurations were 

also observed. 
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A detailed description of the electromechanical test set-ups adopted in both 

campaigns is provided below. 

MONOTONIC COMPRESSION TESTS 

Monotonic compression tests were performed to investigate the ability of the 

nanocomposites to capture progressive variations in electrical resistance under 

increasing mechanical load.  

In the preliminary experimental investigation, the servo-controlled universal 

testing machine (Schenck Hydropuls S56) and the digital multimeter 

(DMM7510 7.5) were employed for the simultaneous mechanical and 

electrical characterization of the specimens. A displacement-controlled 

loading rate of 0.4 mm/min was applied, while the electrical resistance was 

continuously monitored in real time applying DC current using the 4-probe 

method.  

In the second experimental investigation, the Quasar 400 universal testing 

machine was used, along with both the DMM7510 7.5 multimeter and Keithley 

2450 source meter. Before applying the compressive load, the specimens 

underwent an initial phase in which a constant current of 1 mA was applied for 

15 minutes. This step was intended to stabilize the electrical response of the 

material by eliminating transient effects. 

By the end of this phase, the measured voltage typically reached a steady value, 

indicating that the system had attained a stable electrical condition, suitable for 

accurate piezoresistive measurements under mechanical loading. 

In both cases, to monitor axial strain and minimize potential errors due to 

eccentric loading or bending effects, two strain gauges with a gauge length of 

20 mm were attached to opposite lateral surfaces of each specimen. 
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To assess the sensing performance of the specimens, strain sensitivity was 

evaluated through the so-called Gauge Factor (GF), which was chosen because 

it provides a normalized measure of the material’s electrical response to 

mechanical deformation, allowing comparison between different specimens 

and mixtures. The GF is defined as 

𝐺𝐺𝐺𝐺 =
𝐹𝐹𝐹𝐹𝐹𝐹
𝛥𝛥𝛥𝛥

 (3.5) 

where 𝛥𝛥𝛥𝛥 is the axial strain variation and FCR is the Fractional Change in 

electrical Resistivity of the material evaluated as 

𝐹𝐹𝐹𝐹𝐹𝐹 =
𝜌𝜌 − 𝜌𝜌0
𝜌𝜌0

  (3.6) 

In Eq. (3.6) 𝜌𝜌0 represents the initial resistivity of the material measured during 

the static characterization phase, while 𝜌𝜌 is the resistivity recorded under the 

applied strain. This definition allows the sensitivity of each specimen to be 

expressed relative to its own baseline resistivity, providing a consistent metric 

for comparing the self-sensing behavior across different mixtures. 

CYCLIC COMPRESSION TEST 

In the preliminary experimental investigation, a cyclic compressive load was 

applied within a controlled range, specifically between 1 kN and 21 kN for S1 

mixtures (Geolite Magma + SDS) and between 2 kN and 42 kN for S2 mixtures 

(Portland cement + SDS). In both cases, in order to ensure proper contact 

between the specimen and the loading device and to minimize measurement 

instabilities, a pre-load was imposed equal to 11 kN and 21 kN, respectively. 

The tests were conducted under displacement control using the Schenck 

Hydropuls S56 universal testing-machine, considering four progressively 
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increasing amplitudes, i.e., 0.2 mm/s, 0.4 mm/s, 0.6 mm/s and 0.8 mm/s. For 

each amplitude, ten loading/unloading cycles were performed in order to 

evaluate the repeatability and stability of the electrical resistance 

measurements. The digital multimeter DMM7510 7.5 was employed to record 

the electrical resistance during the application of load. 

In the second experimental investigation, cyclic compressive loading was 

applied to S5 mixtures (Portland cement + SP), varying between 0.25 kN and 

4.75 kN, with a pre-load set at 2.25 kN. The tests were conducted under force 

control using the Quasar 25 universal testing-machine (Galdabini SpA, Italy), 

with a loading rate of 0.50 kN/s. In this case, eleven loading/unloading cycles 

were performed. Moreover, as in the monotonic compressive tests, both 

DMM7510 7.5 multimeter and Keithley 2450 source meter were used to 

monitor the electrical parameter. Also in this case, strain gauges with a gauge 

length of 20 mm were used to monitor the axial strain. 

The loading protocols adopted for cyclic compression tests are schematically 

represented in Figure 3.13. Photographs of the experimental set-up adopted for 

the electromechanical tests are reported in Figure 3.14 
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(a) 

 
(b) 

 
(c) 

Figure 3.13. Loading protocols adopted for cyclic compression tests of (a) S1 (Geolite 
Magma + SDS) mixtures; (b) S2 (Portland cement + SDS) mixtures; (c) S5 (Portland 

cement + SP) mixtures. 
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(a) 

 
(b) 

Figure 3.14. Experimental set-up of the electromechanical tests in (a) preliminary 
experimental campaign and (b) second experimental campaign. 

. 
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4. CHAPTER 4  

EXPERIMENTAL RESULTS AND DISCUSSION 
 

4.1 INTRODUCTION 

This chapter presents and discusses the outcomes of the experimental activities 

conducted over the three years of doctoral research. The results are organized 

in accordance with the different stages of investigation introduced in the 

previous chapter, thereby allowing a systematic interpretation of the findings. 

The first part of the chapter focuses on the preliminary experimental 

campaign, which was designed to explore a wide range of variables in order 

to identify the most promising material combinations. In particular, two 

different types of binders were employed and two types of surfactants were 

considered for the dispersion of the nanofillers. Moreover, seven distinct 

carbon nanotube dosages were investigated. The interaction between these 

factors resulted in the preparation of a set of mixtures, whose performance was 

systematically analysed with respect to their mechanical strength, electrical 

conductivity and electromechanical response. This initial stage thus provided 

a broad experimental basis for understanding the influence of each constituent 

material and processing parameter on the overall behaviour of the composites. 

The second part of the chapter presents the results of the second experimental 

campaign, which was carried out with the aim of refining the insights gained 

during the preliminary phase. In this stage, the investigation was narrowed to 

a single binder type, while a superplasticizer was introduced as dispersing 

agent of nanotubes.  
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4.2 PRELIMINARY EXPERIMENTAL RESULTS 

4.2.1 Phase I - compressive strength 

The compressive failure load, 𝐹𝐹𝑢𝑢, and the corresponding strength, 𝑅𝑅𝑐𝑐, together 

with the average compressive strength value, 𝑅𝑅𝑐𝑐,𝑎𝑎𝑎𝑎𝑎𝑎, obtained from the three 

specimens without meshes of S1, S2, S3 and S4 mixtures, are reported in 

Tables 4.1-4.4. Moreover, percentage variations of compressive strength with 

respect to the reference value of plain cement paste, ∆𝑅𝑅, are presented. The 

𝑅𝑅𝑐𝑐,𝑎𝑎𝑎𝑎𝑎𝑎values of the investigated mixtures are also graphically summarized in 

Figure 4.1, where red bars represent the standard deviation calculated from the 

measurements performed on the three specimens, while the red dashed line 

represents the reference compressive strength of the plain cement paste. The 

subsequent analysis was structured to separately address three main factors: 

the effect of MWCNTs dosage, the influence of the binder type and the role of 

the surfactant used for nanotube dispersion.  

- Effects of MWCNTs content 

The experimental results show that, with the exception of S1 mixtures, 

increasing the MWCNTs content generally led to a reduction in compressive 

strength, regardless of the type of matrix or surfactant employed.  

When geo-mortar was used combined with SDS, (Figure 4.1a), an increment 

of compressive strength with increasing CNTs content was observed; however, 

no improvement over the plain past was recorded, except at 0.075 wt% 

MWCNTs, which resulted in a +10% increase compared to the plain cement 

paste and a +42% improvement compared to the reference mixture 

(S1_M0+SDS). 
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Conversely, all other mixtures exhibited an opposite trend and a decrease in 

strength was recorded. Overall, low MWCNTs dosages generally produced 

either a slight increase or nearly constant compressive strength, while higher 

contents (0.5 wt%, 1.0 wt% and 1.5 wt%) led to marked reductions. This 

behaviour can be explained by several factors. At higher concentrations, CNTs 

tend to agglomerate, resulting in a non-uniform dispersion within the matrix, 

which creates stress concentrators that promote fracture under compression. In 

addition, suboptimal interactions between CNTs and the matrix may prevent 

effective reinforcement, reducing overall strength. Despite their high tensile 

strength, CNTs may also fracture under compressive loads, particularly if 

bonding with the matrix is weak. Finally, excessive CNTs content can alter the 

microstructure, decreasing matrix compactness and cohesion, thus 

compromising compressive performance. 

- Effects of binder type 

Assuming a MWCNTs content and dispersant type constant, no systematic 

trend in compressive strength could be attributed to the binder, indicating that 

the matrix alone does not determine the mechanical performance of CNTs-

reinforced composites. For instance, as shown in Figure 4.1a and Figure 4.1b, 

when SDS was used at the same CNTs content, Portland-based systems (S2 

mixtures) exhibited higher compressive strength than Geolite Magma-based 

ones (S1 mixtures), with the exception of the 0.075 wt% CNTs content.  

Conversely, as shown in Figure 4.1c and Figure 4.1d, this trend was reversed 

when PVP was employed, with Geolite-based systems (S3 mixtures) 

consistently exhibited higher compressive strengths than their Portland 

counterparts (S4 mixtures). 
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- Effects of surfactant type 

The dispersing agent played a decisive role in determining the efficiency of 

MWCNTs incorporation. As shown in Figure 4.1a and Figure 4.1c, the use of 

SDS in combination with geo-mortar binder led to a reduction in mechanical 

strength even in the absence of nanotubes (S1_M0+SDS), with a decrease of 

more than −22% compared to the plain paste. In contrast, when PVP was 

employed with the same matrix, the behavior was reversed, with an increase 

of more than +78% relative to the plain paste for the reference mixture 

(S3_M0+PVP). On the other hand, when Portland cement was used as binder 

material, the type of dispersant had only a marginal effect on the compressive 

response and no consistent trend was observed for the same CNTs contents. 

Table 4.1. Compression failure load and compressive strength of S1 mixtures (Geolite Magma 
+ SDS). 

Sample identification Fu 

[kN] 
Rc 
[MPa] 

Rc, avg 

[MPa] 
ΔR 
[%] 

S1_M0_C1 
S1_M0_C2 
S1_M0_C3 

86.37 
84.21 
89.13 

34.36 
34.62 
35.51 

34.83 -22.59 

S1_M0.025_C1 
S1_M0.025_C2 
S1_M0.025_C3 

113.90 
119.37 
108.03 

44.86 
44.54 
41.25 

43.54 -3.24 

S1_M0.05_C1 
S1_M0.05_C2 
S1_M0.05_C3 

113.82 
106.37 
112.20 

44.28 
41.32 
44.17 

43.26 
 

-3.88 

S1_M0.075_C1 
S1_M0.075_C2 
S1_M0.075_C3 

116.66 
133.73 
125.20 

45.33 
52.75 
49.04 

49.50 +10.00 
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Table 4.2. Compression failure load and compressive strength of S2 mixtures (Portland 
cement + SDS). 

Sample identification Fu 

[kN] 
Rc 
[MPa] 

Rc, avg 

[MPa] 
ΔR 
[%] 

S2_M0_C1 
S2_M0_C2 
S2_M0_C3 

122.33 
118.62 
121.97 

48.79 
47.21 
49.06 

48.35 +13.77 

S2_M0.025_C1 
S2_M0.025_C2 
S2_M0.025_C3 

122.84 
117.64 
116.60 

49.06 
47.68 
46.16 

47.63 +12.06 

S2_M0.05_C1 
S2_M0.05_C2 
S2_M0.05_C3 

114.20 
113.51 
109.64 

45.16 
46.17 
47.34 

46.19 +8.69 

S2_M0.075_C1 
S2_M0.075_C2 
S2_M0.075_C3 

89.82 
90.19 
88.95 

35.36 
35.97 
35.47 

35.60 -16.24 

S2_M0.50_C1 
S2_ M0.50_C2 
S2_ M0.50_C3 

99.43 
97.60 
101.26 

40.05 
39.72 
40.38 

40.05 -5.77 

S2_M1.00_C1 
S2_ M1.00_C2 
S2_ M1.00_C3 

96.63 
95.96 
97.97 

38.06 
38.04 
38.01 

38.04 -10.50 

S2_M1.50_C1 
S2_ M1.50_C2 
S2_ M1.50_C3 

83.41 
75.72 
87.97 

32.49 
29.67 
34.36 

32.17 -24.30 

 
Table 4.3. Compression failure load and compressive strength of S3 mixtures (Geolite Magma 
+ PVP). 

Sample identification Fu 

[kN] 
Rc 
[MPa] 

Rc, avg 

[MPa] 
ΔR 
[%] 

S3_M0_C1 
S3_M0_C2 
S3_M0_C3 

190.00 
223.50 
188.93 

75.71 
90.60 
75.46 

80.54 +78.97 

S3_M0.025_C1 
S3_M0.025_C2 
S3_M0.025_C3 

200.15 
196.13 
181.49 

79.53 
79.57 
71.74 

76.92 +70.94 

S3_M0.05_C1 
S3_M0.05_C2 
S3_M0.05_C3 

176.93 
176.98 
180.78 

69.42 
69.59 
71.16 

70.05 +55.68 
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S3_M0.075_C1 
S3_M0.075_C2 
S3_M0.075_C3 

162.24 
169.44 
155.56 

63.24 
66.40 
60.07 

63.22 +40.49 

 

Table 4.4. Compression failure load and compressive strength of S4 mixtures (Portland 
cement + PVP). 

Sample identification Fu 

[kN] 
Rc 
[MPa] 

Rc, avg 

[MPa] 
ΔR 
[%] 

S4_M0_C1 
S4_M0_C2 
S4_M0_C3 

115.00 
120.75 
118.65 

45.52 
47.73 
48.19 

47.14 +10.91 

S4_M0.025_C1 
S4_M0.025_C2 
S4_M0.025_C3 

109.02 
118.16 
121.04 

43.95 
46.94 
47.40 

46.12 +8.51 

S4_M0.05_C1 
S4_M0.05_C2 
S4_M0.05_C3 

114.26 
112.70 
110.21 

45.57 
45.59 
44.32 

45.16 +6.26 

S4_M0.075_C1 
S4_M0.075_C2 
S4_M0.075_C3 

94.30 
95.12 
93.20 

37.77 
38.02 
37.32 

37.70 -11.29 

S4_M0.50_C1 
S4_ M0.50_C2 
S4_ M0.50_C3 

89.94 
85.21 
90.07 

35.33 
34.09 
36.25 

35.22 -17.13 

S4_M1.00_C1 
S4_ M1.00_C2 
S4_ M1.00_C3 

70.23 
71.94 
65.33 

27.95 
28.66 
26.54 

27.72 -34.77 

S4_M1.50_C1 
S4_ M1.50_C2 
S4_ M1.50_C3 

75.94 
74.97 
74.97 

30.16 
29.67 
30.15 

29.99 -29.43 
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(a) 

 
(b) 

 
(c) 
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(d) 

Figure 4.1. Compressive strength of cementitious composites with different MWCNTs 
content for (a) S1 mixtures; (b) S2 mixtures; (c) S3 mixtures; (d) S4 mixtures. 

4.2.2 Phase I - Microstructure  

To examine the nanoscale interactions between MWCNTs and cement 

compounds, some fragments taken from the inner core of samples of all 

mixtures after the curing period were analysed with high-resolution scanning 

electron microscope (SEM). The most relevant aspects are descripted below. 

First and foremost, it should be noted that several mixing issues were 

encountered during the preparation of the pastes, particularly as the MWCNTs 

content increases from 0.075 wt% to 1.5 wt%. This increase in nanotube 

concentration led to a reduction in paste fluidity, resulting in progressively 

larger and more visible pores on the surfaces of the analysed samples. 

Nevertheless, even in the absence of nanofillers, small pores were still 

observed among the cement hydration products, especially in the S1_M0+SDS 

and S3_M0+PVP mixtures, as shown in the SEM micrographs of Figure 4.2a 

and Figure 4.2b. This observation suggests that the dispersion process itself 

introduced voids within the matrix, most likely as a consequence of the 

surfactant-assisted dispersion method. 
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(a) 

 
(b) 

Figure 4.2. (a) SEM view (2.00 kx - scale bar 20 μm) acquired from a sample with 
0.00wt% of MWCNTs of S1 mixture; (b) SEM view (500 x - scale bar 100 μm) acquired 

from a sample with 0.00wt% of MWCNTs of S3 mixture. 

Figures 4.3a-d present the microstructure of sample fragments from S2 and S4 

mixtures containing 0.05wt% MWCNTs. Although the microstructure of 

cement paste was slightly improved by the filling effect of MWCNTs, their 

presence was often undetectable and many pores remained unfilled due to the 

low concentration employed. Furthermore, the limited amount of nanofillers 

hindered effective interaction with the surrounding hydration products, thereby 

preventing the development of a bridging effect and making the pull-out 

phenomenon more pronounced. 
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(a) 
 

(b) 

 
(c) 

 
(d) 

Figure 4.3. (a) SEM view (1.00 kx - scale bar 50 μm) acquired from a sample with 
0.05wt% of MWCNTs of S2 mixture; (b) SEM view (10.00 kx - scale bar 5 μm) acquired 
from a sample with 0.05wt% of MWCNTs of S2 mixture; (c) SEM view (500 x - scale bar 

100 μm) acquired from a sample with 0.05wt% of MWCNTs of S4 mixture; (d) SEM 
view (10.00 kx - scale bar 5 μm) acquired from a sample with 0.05wt% of MWCNTs of 

S4 mixture. 

In the SEM images of the S2 mixture containing 0.5 wt% MWCNTs (Figure 

4.4a and Figure 4.4b), a more uniform structure is observed, probably due to 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

127 
 

an adequate concentration of nanotubes, which not only effectively filled the 

pores by reducing their number and size, but also provided a bridging effect 

between the cement hydration products. Conversely, as shown in Figure 4.5a, 

numerous pores are observed on the surface of the S4_M0.5 mixture, while 

several cracks appeared on the surface of the S4_M1.0 sample (Figure 4.5b). 

This phenomenon was probably attributed to the ineffective dispersion of the 

nanotube suspension within the cement powder, likely resulting from the 

excessive concentration of nanofillers. 

 

(a) 

 

(b) 

Figure 4.4. (a) SEM view (1.00 kx - scale bar 50 μm) acquired from a sample with 
0.50wt% of MWCNTs of S2 mixture; (b) SEM view (10.00 kx - scale bar 5 μm) acquired 

from a sample with 0.50wt% of MWCNTs of S2 mixture. 
 

Bridging effect 
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(a) 

 

(b) 

Figure 4.5. (a) SEM view (500 x - scale bar 100 μm) acquired from a sample with 
0.50wt% of MWCNTs of S4 mixture; (b) SEM view (3.00 kx - scale bar 20 μm) acquired 

from a sample with 1.00wt% of MWCNTs of S4 mixture. 

Figure 4.6a and Figure 4.6b shows SEM images of the fragments with the 

highest MWCNTs content, i.e., 1.5 wt% for both S2 and S4 mixtures. In 

particular, Figure 4.6a provides view of the cement hydration products and 

their interaction with MWCNTs. The nanotubes appear to fill pores and form 

a network enveloping the cement matrix, adhering closely to the hydration 

products. This suggests that MWCNTs enhanced the microstructural 

connectivity of the matrix, however, localized agglomerations are also visible, 

indicating that at high concentrations, complete dispersion remains 

challenging, leading to uneven distribution and potential weak spots in the 

material. Figure 4.6b highlights the presence of spherical pores, some with 

diameters exceeding 100 μm. 

Cracks 
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(a) 

 

(b) 

Figure 4.6. (a) SEM view (10.00 kx - scale bar 2 μm) acquired from a sample with 
1.5wt% of MWCNTs of S2 mixture; (b) SEM view (250 x - scale bar 100 μm) acquired 

from a sample with 1.50wt% of MWCNTs of S4 mixture. 

At the conclusion of Phase I, the combined analysis of mechanical and 

microstructural results led to the exclusion of PVP as dispersing agent, since 

its use consistently induced a reduction in compressive strength with 

increasing MWCNTs content in both geo-mortar- and Portland-based 

mixtures. Comparing with the corresponding reference mixtures (S3_M0+PVP 

and S4_M0+PVP), the addition of CNTs resulted in a progressive strength 

decrease, reaching approximately –22% in geo-mortar mixtures at 0.075 wt% 

MWCNTs and more than –40% in Portland mixtures at 1.00 wt% MWCNTs. 

These outcomes clearly indicate that PVP does not promote a stable and 

homogeneous dispersion of CNTs within the cementitious matrix.  

This mechanical response was further corroborated by SEM observations, 

which revealed the presence of CNTs agglomerates, poor dispersion within the 

matrix and weak interfacial adhesion due to localized agglomeration, thus 

confirming the interpretation drawn from the compressive strength results. 

MWCNTs 
agglomeration 
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4.2.3 Phase II - Electrical behaviour 

2-PROBE METHODE – AC RESISTENCE MEASURMENTS 

The average values of AC electrical resistance, 𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎, resistivity, 𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎, and 

conductivity, 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎, evaluated using 2-probe method are listed in Table 4.5 and 

Table 4.6, and graphically depicted in Figure 4.7 for S1 and S2 mixtures, 

respectively. These results represent the mean values obtained by averaging 

the measurements from the three specimens tested for each mixture, and the 

black bars indicate the corresponding standard deviation. The obtained results 

are described according to the type of surfactant, the CNTs content and the 

binder employed. 

- Effect of AC frequency  

As shown in Figure 4.7, the applied frequency is the most significant factor 

influencing electrical resistivity. In all mixtures and for all MWCNTs dosages, 

resistivity decreases consistently as the AC frequency increases from 0.5 kHz 

to 100 kHz. In the case of the geo-mortar- based system (S1 mixture), the 

largest decrease in resistivity is observed for the reference mixture 

(S1_M0+SDS). Specifically, when the applied frequency increases from 0.5 

kHz to 100 kHz, resistivity decreases by more than -70%. In contrast, for the 

Portland cement-based mixtures (S2 mixture), the most pronounced reduction 

occurs at 0.5 wt% MWCNTs (S2_M0.5), where the increase in frequency over 

the same frequency range, results in a decrease in resistivity exceeding -80%. 

This trend, as consistently reported in the literature, is associated with the 

progressive reduction of electrode polarisation and ionic accumulation effects 

at low frequencies, which hinder charge transport [63,203]. At higher 

frequencies, charge transfer is instead governed by capacitive coupling and 

tunnelling mechanisms within the CNTs–cement conductive network.  
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- Effect of MWCNTs content 

As shown in Figure 4.7, at constant frequency, low MWCNTs dosage produce 

only a slight decrease in electrical resistivity for both binder type. In the case 

of geo-mortar- based mixtures (i.e., S1 mixtures), the most noticeable 

reduction occurs at the lowest testing frequency (0.5 kHz), where resistivity 

decreases from 5.27×105 Ωm in the reference mixture (S1_M0+SDS) to 

3.84×105 Ωm at 0.075 wt% CNTs (S1_M0.075), corresponding to a reduction 

of approximately -27%. In contrast, in the cement-based system, the addition 

of 0.5 wt% and 1.0 wt% MWCNTs drastically modifies the electrical response, 

resulting in a reduction of nearly two orders of magnitude in resistivity 

compared to the reference mixture, regardless of the applied frequency. 

- Effect of binder type 

For the same MWCNTs content and constant AC frequency, the mixtures 

prepared with Portland cement (i.e., S2 mixtures) exhibit electrical resistivity 

values approximately one order of magnitude lower than those prepared with 

high-performance geo-mortar (i.e, S1 mixtures). This discrepancy can be 

primarily attributed to the binder type and the resulting microstructural 

characteristics of the cementitious matrix. The dense and low-porosity 

microstructure of high-performance mixtures reduces ionic transport and 

hinders the formation of a continuous CNTs percolating network, thereby 

limiting the conductivity enhancement commonly observed in OPC-based 

matrices. 
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Table 4.5. AC electrical characteristics of S1 (Geolite Magma + SDS) mixtures. 

Mixture identification 𝑓𝑓 

[𝑘𝑘𝑘𝑘𝑘𝑘] 

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 

[𝛺𝛺] 

𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎  

[𝛺𝛺𝛺𝛺] 

𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎  

[𝑆𝑆/𝑚𝑚] 

S1_M0+SDS 

0.50 

6.32E+06 5.27E+05 1.92E-06 

S1_M0.025 3.69E+06 3.08E+05 3.29E-06 

S1_M0.05 5.49E+06 4.58E+05 2.19E-06 

S1_M0.075 4.60E+06 3.84E+05 2.73E-06 

S1_M0+SDS 

1 

6.35E+06 3.04E+05 3.32E-06 

S1_M0.025 2.53E+06 2.11E+05 4.79E-06 

S1_M0.05 3.20E+06 2.66E+05 3.76E-06 

S1_M0.075 2.87E+06 2.39E+05 4.29E-06 

S1_M0+SDS 

10 

3.11E+06 2.59E+05 3.90E-06 

S1_M0.025 2.21E+06 1.84E+05 5.50E-06 

S1_M0.05 2.71E+06 2.26E+05 4.43E-06 

S1_M0.075 2.41E+06 2.01E+05 5.09E-06 

S1_M0+SDS 

100 

1.88E+06 1.56E+05 6.68E-06 

S1_M0.025 1.44E+06 1.20E+05 8.34E-06 

S1_M0.05 1.89E+06 1.57E+05 6.39E-06 

S1_M0.075 1.58E+06 1.32E+05 7.79E-06 
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Table 4.6. AC electrical characteristics of S2 (Portland cement + SDS) mixtures. 

Mixture identification 𝑓𝑓 

[𝑘𝑘𝑘𝑘𝑘𝑘] 

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 

[𝛺𝛺] 

𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎  

[𝛺𝛺𝛺𝛺] 

𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎  

[𝑆𝑆/𝑚𝑚] 

S2_M0+SDS 

0.50 

8.78E+05 7.32E+04 1.38E-05 

S2_M0.025 6.53E+05 5.44E+04 1.90E-05 

S2_M0.05 8.22E+05 6.85E+04 1.47E-05 

S2_M0.075 
S2_M0.5 
S2_M1.0 
S2_M1.5 

8.02E+05 

7.16E+03 

7.23E+03 

7.97E+04 

6.68E+04 

5.97E+02 

6.02E+02 

6.64E+03 

1.51E-05 

1.67E-03 

1.66E-03 

1.51E-04 

S2_M0+SDS 

1 

8.13E+05 6.77E+04 1.49E-05 

S2_M0.025 6.43E+05 5.28E+04 1.96E-05 

S2_M0.05 7.93E+05 6.61E+04 1.52E-05 

S2_M0.075 
S2_M0.5 
S2_M1.0 
S2_M1.5 

7.71E+05 

7.13E+03 

7.13E+03 

7.29E+04 

6.42E+04 

6.52E+02 

5.94E+02 

6.07E+03 

1.57E-05 

1.68E-03 

1.68E-03 

1.65E-04 

S2_M0+SDS 

10 

5.21E+05 4.34E+04 2.34E-05 

S2_M0.025 4.77E+05 3.96E+04 2.52E-05 

S2_M0.05 4.91E+05 4.09E+04 2.45E-05 

S2_M0.075 
S2_M0.5 
S2_M1.0 
S2_M1.5 

3.90E+05 

3.72E+03 

4.01E+03 

4.87E+04 

3.25E+04 

3.10E+02 

3.34E+02 

4.06E+03 

3.10E-05 

3.23E-03 

2.99E-03 

2.47E-04 

S2_M0+SDS 

100 

2.88E+05 2.40E+04 4.18E-05 

S2_M0.025 2.58E+05 2.15E+04 4.66E-05 

S2_M0.05 2.12E+05 1.77E+04 5.70E-05 

S2_M0.075 
S2_M0.5 
S2_M1.0 
S2_M1.5 

1.41E+05 

1.25E+03 

1.49E+03 

2.41E+04 

1.17E+04 

1.04E+02 

1.24E+02 

2.01E+03 

8.62E-05 

9.61E-03 

8.06E-03 

4.97E-04 
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(a) 

 

 
(b) 

Figure 4.7. Logarithmic plot of AC electrical resistivity and of (a) S1 mixtures and (b) S2 
mixtures. 
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4-PROBE METHODE – DC RESISTENCE MEASURMENTS 

Once the 100 resistance values were acquired from the multimeter for each 

sample, the mean value was used to calculate the resistivity and electrical 

conductivity according to Eq. (3.3) and Eq. (3.4). For each sample, the 

electrical parameters are listed in Tables 4.7 and 4.8, while the mean values of 

electrical resistivity and conductivity, obtained by averaging the measurements 

of the three specimens, are graphically presented in Figure 4.8 for S1 and S2 

mixtures, with the black and red bars indicating the corresponding standard 

deviation.  

From the obtained results, it evident that, for the same MWCNTs content, 

sensors prepared with high performance geo-mortar binder (i.e, S1 mixtures) 

exhibit significantly lower electrical conductivity compared to those prepared 

with Portland cement (i.e, S2 mixtures).  Moreover, as the MWCNTs content 

increase, the electrical conductivity in S1 mixtures remains almost constant, 

rising only marginally from 1.70×10-6 S/m, in absence of MWCNTs 

(S1_M0+SDS), to 5.46×10-6 S/m, 5.21×10-6 S/m and 4.33×10-6 S/m for the 

mixtures containing 0.025 wt%, 0.05 wt%, and 0.075 wt% MWCNTs, 

respectively. This behaviour can be related, not only to the relatively low 

amounts of MWCNTs considered, but also to the intrinsic microstructural 

characteristics of the binder material. High-performance cementitious systems 

generally have exceptionally dense, low-porosity matrices than ordinary 

cement. This densification results in reduced pore volume and diminished pore 

connectivity, thereby impeding ionic conduction pathways and limiting the 

formation of an effective conductive network by MWCNTs [174,204]. 

The obtained experimental results indicated that, for the S1 mixtures, the 

typical percolation behaviour reported in MWCNTs–cement composites could 

not be observed. Electrical conductivity did not exhibit the characteristic 
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abrupt increase associated with the percolation threshold, suggesting that under 

the investigated conditions, the MWCNTs network remained below the critical 

connectivity level. Conversely, as also highlighted by the review of the 

available literature on cementitious or polymer composites containing different 

conductive charges, the electrically conductive curve obtained for S2 mixtures 

appears with a typical “S”-shape, indicative of the percolation phenomenon 

[15,205].  

According to our results, it was evident that the control mixture (S2_M0+SDS) 

exhibited the lowest value of electrical conductivity and then began to increase 

with increasing MWCNTs contents. In particular, while the addition of 0.025 

wt% of MWCNTs produced no significant change in electrical conductivity, a 

drastic increase was recorded when 0.5 wt% was added, with the conductivity 

exceeding that of the M0 mixture by more than 400 times. Further increases in 

nanofiller content did not lead to a substantial change in conductivity. Within 

the investigated MWCTNs contents, it can be concluded that the percolation 

zone is identified between 0.025 and 0.5 wt%.  

Table 4.9 summarizes the electrical percolation zone of other studies utilizing 

carbon nanotubes as conductive fillers and similar dispersion method [206-

209]. It can be observed that the percolation zone obtained in this experimental 

activity for S2 mixtures is notably lower than those reported in previous 

investigations. This discrepancy, consistent with observations in prior 

research, is attributed not only to the content of filler embedded in the 

composite but also to their aspect ratio. An elevated aspect ratio increases the 

probability of contact and overlap between individual MWCNTs. This 

characteristic effectively reduces the percolation threshold, which represents 

the minimum concentration of conductive filler required to establish a 

continuous conductive pathway.  
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Table 4.7. DC electrical characteristics of S1 (Geolite Magma + SDS) mixtures. 

Sample 
identification 

𝑅𝑅 

[𝛺𝛺] 

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 

[𝛺𝛺] 

𝜌𝜌 

[𝛺𝛺𝛺𝛺] 

𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎  

[𝛺𝛺𝛺𝛺] 

𝜎𝜎 

[𝑆𝑆/𝑚𝑚] 

𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎  

[𝑆𝑆/𝑚𝑚] 

S1_M0_C1_E 2.20E+06 2.36E+06 5.51E+05 5.91E+05 1.82E-06 1.70E-06 

S1_M0_C2_E 2.50E+06  6.24E+05  1.61E-06  

S1_M0_C2_E 2.39E+06  5.98E+05  1.67E-06  

S1_M0.025_C1_E 7.24E+05 7.33E+05 1.81E+05 1.73E+05 5.53E-06 5.46E-06 

S1_M0.025_C2_E 7.46E+05  1.87E+05  5.36E-06  

S1_M0.025_C3_E 7.28E+05  1.82E+05  5.50E-06  

S1_M0.05_C1_E 7.27E+05 7.78E+05 1.82E+05 1.94E+05 5.50E-06 5.21E-06 

S1_M0.05_C2_E 7.01E+05  1.75E+05  5.71E-06  

S1_M0.05_C3_E 9.05E+05  2.26E+05  4.42E-06  

S1_M0.075_C1_E 8.10E+05 1.06E+06 2.03E+05 2.66E+05 4.94E-06 4.33E-06 

S1_M0.075_C2_E 7.07E+05  1.77E+05  5.66E-06  

S1_M0.075_C3_E 1.67E+06  4.18E+05  2.39E-06  
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Table 4.8. DC electrical characteristics of S2 (Portland cement + SDS) mixtures. 

Sample 
identification 

𝑅𝑅 

[𝛺𝛺] 

𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎 

[𝛺𝛺] 

𝜌𝜌 

[𝛺𝛺𝛺𝛺] 

𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎  

[𝛺𝛺𝛺𝛺] 

𝜎𝜎 

[𝑆𝑆/𝑚𝑚] 

𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎  

[𝑆𝑆/𝑚𝑚] 

S2_M0_C1_E 2.22E+05 1.78E+05 5.55E+04 4.45E+04 1.89E-05 2.37E-05 

S2_M0_C2_E 1.34E+05  3.35E+04  2.99E-05  

S2_M0_C2_E 1.79E+05  4.46E+04  2.24E-05  

S2_M0.025_C1_E 1.56E+05 1.70E+05 3.90E+04 4.26E+04 2.56E-05 2.48E-05 

S2_M0.025_C2_E 1.84E+05  4.60E+04  2.52E-05  

S2_M0.025_C3_E 1.71E+05  4.26E+04  2.35E-05  

S2_M0.05_C1_E 7.75E+04 8.14E+04 1.94E+04 2.03E+04 5.18E-05 5.00E-05 

S2_M0.05_C2_E 9.54E+04  2.38E+04  4.19E-05  

S2_M0.05_C3_E 7.13E+04  1.78E+04  5.62E-05  

S2_M0.075_C1_E 4.16E+04 4.81E+04 1.04E+04 1.20E+04 9.61E-05 8.65E-05 

S2_M0.075_C2_E 4.05E+04  1.01E+04  9.89E-05  

S2_M0.075_C3_E 6.21E+04  1.55E+04  6.44E-05  

S2_M0.50_C1_E 6.67E+02 4.42E+02 1.67E+02 1.10E+02 6.00E-03 1.01E-02 

S2_M0.50_C2_E 3.40E+02  8.51E+01  1.18E-02  

S2_M0.50_C3_E 3.17E+02  7.93E+01  1.26E-02  

S2_M1.0_C1_E 5.30E+02 5.53E+02 1.33E+02 1.38E+02 7.54E-03 7.26E-03 

S2_M1.0_C2_E 6.02E+02  1.51E+02  6.64E-03  

S2_M1.0_C3_E 5.26E+02  1.32E+02  7.60E-03  

S2_M1.50_C1_E 3.53E+02 1.96E+04 8.82E+01 4.91E+03 1.13E-02 3.89E-03 

S2_M1.50_C2_E 4.04E+04  1.01E+04  9.90E-05  

S2_M1.50_C3_E 1.81E+04  4.53E+03  2.21E-04  

Table 4.9. Percolation zones of cement-based composites for different geometric property of 
MWCNTs. 

Matrix Diameter 

[nm] 

Length 

[μm] 

Aspect ratio 

[-] 

Percolation zone 

[wt%] 

Reference 

Cement paste 10 – 30 nm 10 – 30  333 – 3000 0.025 – 0.5 Present study 

Cement paste 10 – 15 nm 0.1 – 10  7 – 1000 0.75 – 1.00 [206] 

Cement paste 5 – 15 nm 10  667 – 2000  0.1 – 0.2 [207] 

Cement paste > 50 10 – 20 200 – 500  0.1 – 1.0 [208] 

Cement paste 10 – 15 0.1 – 10 10 – 667 0.5 – 2.0 [209] 

 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

139 
 

 
(a) 

 
(b) 

Figure 4.8. Logarithmic plot of DC electrical resistivity and conductivity of (a) S1 
mixtures and (b) S2 mixtures. 

At the end of the phase II, it can be concluded that, for the same MWCNTs 

content, a detailed comparison of DC and AC electrical measurements revealed 

only minimal differences between the two techniques. Specifically, the 

resistivity values measured with 4-probe method were higher than those 

obtained from 2-probe method, particularly at high frequencies (i.e., 100 kHz). 

Nevertheless, for all mixtures and both series, the resistivity values remained 

within the same order of magnitude. These observations confirmed that, 

despite intrinsic frequency-dependent effects such as electrode polarization 
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and ionic accumulation, the overall conductive network formed by CNTs 

within the cement matrix predominantly governed the electrical response, 

yielding comparable results under DC and high-frequency AC conditions. 

However, to correctly interpret the measured resistivity values and the limited 

differences between the two techniques, it is essential to consider the influence 

of curing and testing conditions. 

The electrical response in both DC and AC measurements is strongly 

influenced by environmental conditions and by the curing regime applied to 

the specimens. All measurements in this study were carried out after 

approximately 30 days of curing, ensuring that hydration had progressed 

sufficiently to stabilise the microstructure and to minimise short-term 

variations in pore connectivity. The drying stage was considered complete 

once two consecutive weight measurements showed no further change, 

indicating that the residual moisture content had reached equilibrium. Had the 

drying period been shorter, the higher remaining pore saturation would have 

increased ionic conduction and amplified inter-specimen variability, 

particularly in mixtures close to the percolation threshold. 

Oven drying reduces pore saturation, lowering the ionic contribution while 

enhancing the dominance of contact and tunnelling mechanisms. Even 

minimal differences in residual moisture – despite controlled drying – can still 

lead to noticeable variability in electrical resistivity.  

Ambient temperature (20±2 °C) further modulates the behaviour of the 

conductive network by affecting ion mobility and internal moisture 

distribution. In DC tests, such temperature-induced variations influence signal 

stability and repeatability, with small fluctuations (±2°C) producing 

measurable changes in the transient response. In AC measurements, although 

high frequencies tend to suppress polarization-related phenomena, temperature 
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and moisture conditions continue to affect both the capacitive and resistive 

components of the impedance. Changes in moisture content modify the 

dielectric behaviour of the pore solution and the CNT–matrix interfacial 

regions, causing slight shifts in impedance magnitude and phase angle. 

Together, these effects contribute to the dispersion observed among specimens 

with identical formulations in both DC and AC tests. 

Furthermore, the intrinsic porosity of the cementitious matrix plays a key role 

in the sensitivity to these environmental factors. More porous matrices are 

more affected by changes in humidity and temperature, resulting in higher 

variability of electrical resistivity and lower stability of conductive paths. 

Conversely, denser matrices exhibit reduced ionic conduction and more stable 

CNTs networks, yielding a more reproducible electrical response. These 

differences help explain why certain mixtures show greater data dispersion 

even under identical curing and testing conditions. 

 
4.2.4 Phase III - Piezoresistivity behaviour 
 

MONOTONIC COMPRESSION TESTS  

Monotonic compression tests were performed to assess the capability of the 

nanocomposite materials to detect progressive variations in electrical 

resistance under increasing mechanical loading. The experimental results, 

expressed as time-history relationships between the compressive strain and the 

FCR, are reported in Figure 4.9 for representative specimens of S1 (Geolite 

Magma + SDS), and in Figure 4.10 for representative specimens of S2 

(Portland cement +SDS) mixtures. In the graphs, the left y-axis refers to the 

compressive stress, while the right y-axis corresponds to the FCR of the tested 

samples, evaluated during the test as in Eq. (3.6). 
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The results provided significant insights into the electromechanical response 

of CNTs-modified composites. Regardless of the binder type, strain increased 

steadily until failure, while the evolution of the FCR reflected the interplay 

between mechanical loading and the formation or the disruption of conductive 

networks within the material. Overall, FCR exhibited a progressive decrease 

with increasing strain, which could be attributed to the compaction of the 

cementitious matrix. As the applied stress approached the ultimate strength, a 

sharp increase in FCR was observed, associated with the initiation and 

propagation of microcracks that abruptly alter the continuity of the conductive 

network. 

When comparing the two binders, some differences become evident. At the 

same MWCNTs content, Portland cement-based nanocomposites (i.e., S2 

mixtures) exhibits a more pronounced FCR response, reaching higher absolute 

values than those observed in high-performance systems (i.e., S1 mixtures). 

This behaviour was indicative of an enhanced electromechanical behaviour in 

Portland cement matrices, whereas the comparatively lower values measured 

in geo-mortar- based composites suggested a reduced sensitivity to the applied 

mechanical load.  

This behaviour was further corroborated by the Gauge Factor (GF) values 

reported in Table 4.10. Specifically, for sensors made with Portland cement, 

an increase in GF values was observed with increasing MWCNTs content, 

rising from 28.70 for the reference mixture (i.e., S2_M0+SDS) to 96.18 when 

0.50 wt% was added (i.e., S2_M0.50), which also corresponds to the upper 

limit of the percolation zone. Beyond this content, further increases of 

MWCNTs led to a decrease in GF values. In contrast, for sensors prepared with 

high-performance geo-mortar as binder, the GF values remained almost 

constant, reflecting their electrical behaviour in the absence of applied load and 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

143 
 

demonstrating the lower strain-sensing capability of the material developed in 

this experimental research. 
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Figure 4.9. Evolution of the FCR/strain–time response for S1 (Geolite Magma + SDS) 

mixtures subject to monotonic loading. 
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Figure 4.10. Evolution of the FCR/strain–time response for S2 (Portland cement + SDS) 

mixtures subject to monotonic loading. 

 
Table 4.10. Gauge factor values for S1 (Geolite Magma + SDS) and S2 (Portland cement + 
SDS) mixtures. 

Mixture identification GF [-] ΔGF [%] 

S1_M0+SDS 26.14 - 

S1_M0.025 36.60 + 40.02 

S1_M0.050 32.19 + 23.14 

S1_M0.075 57.22 + 118.90 

S2_M0+SDS 28.70 - 

S2_M0.025 

S2_M0.050 

31.40 

54.23 

+ 9.41 

+ 88.95 

S2_M0.075 66.42 + 131.43 

S2_M0.50 96.18 + 235.12 

S2_M1.00 48.10 + 67.60 

S2_M1.50 21.56 - 17.52 

 

 

 

 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

148 
 

CYCLIC COMPRESSION TEST 

Cyclic compression tests were conducted to examine the repeatability and 

reproducibility of the piezoresistive behaviour of nanocomposites prepared 

with two different type of binder and incorporating different amounts of 

MWCNTs.  The tests were conducted at displacement control using four 

different increasing amplitudes. For each amplitude, ten loading/unloading 

cycles were applied with a maximum stress amplitude of 21 kN for S1 (Geolite 

Magma + SDS) mixtures and 42 kN for S2 (Portland cement + SDS) mixtures. 

The piezoresistive response of the most representative specimens is reported 

in Figure 4.11 for the S1 mixtures and in Figure 4.12 for the S2 mixtures, 

respectively. 

During the application of cyclic compressive load, both the longitudinal strain 

and the electrical resistance were continuously recorded, while the 

corresponding electrical resistivity and the fractional change in electrical 

resistivity (FCR) were evaluated according to Eq. (3.3) and Eq. (3.6), 

respectively. In the presented plots, the left y-axis represents the evolution of 

compressive strain over time, whereas the right y-axis displays the 

corresponding variation in FCR. 

Regardless of the binder type and the MWCNTs content, both the longitudinal 

strain and the corresponding FCR exhibited a cyclic trend at all tested 

frequencies, reflecting the applied mechanical loading. Furthermore, as 

highlighted by the FCR response, all mixtures displayed a piezoresistive 

behaviour: during the loading phase, a decrease in FCR was observed due to 

the closure of microcracks, whereas during unloading an increase occurred as 

microcracks reopen. However, it was evident that the amplitude of FCR signal, 

and consequently the overall sensitivity of these nanocomposites, depended 

mainly on the MWCNTs content, as illustrated in the figures. 
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For the same MWCNTs content, the strain levels attained under cyclic loading 

in the S1 mixtures (Figure 4.11) were up to one order of magnitude lower than 

those observed in Portland-based composites (Figure 4.12). This outcome 

could be partly attributed to the lower applied load in the case of geo-mortars, 

which naturally led to reduced strain responses. Accordingly, the variations in 

FCR were also considerably smaller. Another noteworthy aspect emerging 

from the analysis of the FCR curves was the significantly higher level of 

electrical noise in mixtures prepared with the high-performance binder. This 

stronger disturbance masked the expected cyclic trend of the signal, thereby 

reducing its stability and reliability. 
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Figure 4.11. Evolution of the FCR/strain–time response for S1 (Geolite Magma + SDS) 

mixtures subject to stepwise cyclic compressive loading. 

As for the mixtures prepared with Portland cement (Figure 4.12), the 

experimental results showed that the reference mixture (S2_M0+SDS) 

exhibited, as expected, the lowest piezoresistive response, with peak values of 

FCR ranging from 0.0956 to 0.1102 across the different loading amplitudes. 

This outcome clearly confirmed the absence of a conductive network within 

the cementitious matrix. Conversely, the incorporation of MWCNTs led to a 

progressive enhancement in the material’s sensitivity to mechanical loading, 

as evidenced by the increase in the amplitude of the ∣FCR∣max signal with rising 

nanotube content. In particular, when 0.025 wt% of MWCNTs were added, the 

electrical response followed the strain cycles, yielding ∣FCR∣max values 

between 0.1650 and 0.1980, as the amplitude increased from 0.2 mm/s to 0.8 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

151 
 

mm/s. Nevertheless, the amplitude remained rather limited and the signal was 

affected by a noticeable level of noise. When 0.05 wt% and 0.075 wt% of 

MWCNTs were added, the FCR signal became more pronounced and stable, 

with ∣FCR∣max values ranging from 0.1790 to 0.2196 and from 0.2750 to 0.2953 

across amplitudes, respectively.  

Unfortunately, some issues arose during the electromechanical tests of the 

mixtures containing 0.50 wt%, 1.00 wt% and 1.50 wt% of MWCNTs. These 

specimens did not exhibit any detectable piezoresistive response. As a 

consequence, no effective sensing ability was observed. As widely 

demonstrated in the literature, a strong dependence exists between the 

piezoresistive behaviour and the degree of nanofiller dispersion. Indeed, only 

when the nanotubes are uniformly dispersed can they establish an 

interconnected conductive network, which is a prerequisite for reliably 

detecting the mechanical deformation of the cementitious matrix.  
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Figure 4.12. Evolution of the FCR/strain–time response for S2 (Portland cement + SDS) 

mixtures subject to stepwise cyclic compressive loading. 

The electromechanical response of the specimens under both monotonic and 

cyclic compression tests is influenced by environmental conditions and the 

curing regime applied. These tests were conducted a few days (1 or 2 days) 

after the electrical measurements. Consequently, minor differences in the 

initial electrical resistivity could be observed, reflecting the natural temporal 
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evolution of the material rather than uncontrolled variations in moisture 

content or degree of maturation. 

Had the tests been conducted at later ages, when hydration and residual 

moisture had further stabilized, the influence of temperature and humidity on 

the material's electromechanical sensitivity would have been more 

pronounced. Higher ambient temperatures could have increased ion mobility 

within the pore solution, slightly lowering resistivity and enhancing the gauge 

factor (GF) or fractional change in resistivity (FCR) under applied load. More 

stable moisture conditions at these later ages would have reduced variability 

between specimens, leading to a more consistent electromechanical response. 

Under these conditions, the CNTs network would dominate the conductive 

pathways more effectively, resulting in improved repeatability and 

reproducibility of the material’s piezoresistive sensitivity in both monotonic 

and cyclic compression tests. 

4.3 SECOND EXPERIMENTAL INVESTIGATION RESULTS 

4.3.1 Phase I - Compressive strength 

The compressive failure load, 𝐹𝐹𝑢𝑢, and the corresponding strength, 𝑅𝑅𝑐𝑐, together 

with the average compressive strength value, 𝑅𝑅𝑐𝑐,𝑎𝑎𝑎𝑎𝑎𝑎, obtained from three 

specimens without electrodes of S5 mixtures, are reported in Table 4.11, where 

∆𝑅𝑅 represents the percentage variation of compressive strength with respect to 

the reference value of plain cement paste. The 𝑅𝑅𝑐𝑐,𝑎𝑎𝑎𝑎𝑎𝑎values of the investigated 

mixtures are also graphically summarized in Figure 4.13, where red bars 

represent the standard deviation of the measurements, while the red dashed line 

represents the reference compressive strength of the plain cement paste. 

As observed in Figure 4.13, the addition of SP without further modifications 

(S5_M0+SP) resulted in a slightly enhancement of the compressive strength, 
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exceeding the reference plain paste value by approximately +7%. In contrast, 

the incorporation of multi-walled carbon nanotubes (MWCNTs) led to a 

general decrease in compressive strength. At the highest MWCNTs content, 

the strength dropped by nearly −18% compared to the plain paste, suggesting 

that excessive nanotube loading may have induced agglomeration phenomena 

and weakened interfacial bonding within the cementitious matrix. 

Table 4.11. Compression failure load and compressive strength of S5 mixtures (Portland 
cement + SP). 

Sample identification Fu 

[kN] 
Rc 
[MPa] 

Rc, avg 

[MPa] 
ΔR 
[%] 

S5_M0_C1 
S5_M0_C2 
S5_M0_C3 

108.65 
107.237 
110.42 

48.48 
47.67 
49.14 

 
48.43 
 

+19.96 

S5_M0+SP_C1 
S5_M0+SP_C2 
S5_M0+SP_C3 

115.66 
112.42 
110.45 

47.46 
44.89 
43.77 

 
45.37 
 

+6.76 

S5_M0.5_C1 
S5_M0.5_C2 
S5_M0.5_C3 

86.48 
91.02 
95.37 

38.20 
40.63 
41.63 

 
40.15 
 

-5.52 

S5_M1.0_C1 
S5_M1.0_C2 
S5_M1.0_C3 

92.51 
97.17 
109.33 

37.19 
39.01 
47.15 

 
41.12 
 

-3.26 

S5_M1.5_C1 
S5_M1.5_C2 
S5_M1.5_C3 

78.45 
86.50 
72.11 

34.59 
38.18 
31.69 

 
34.82 
 

-18.07 
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Figure 4.13. Compressive strength of cementitious composites with different MWCNTs 

content for S5 (Portland cement + SP) mixtures. 

 
4.3.2 Phase II - Electrical behaviour 

4-PROBE METHOD – DC RESISTANCE MEASUREMENTS AND 

POLARIZATION PHASE ANALYSIS 

In the second experimental campaign the electrical characterization was 

performed by subjecting the specimens to a 15-minute conditioning phase 

under a constant direct current of 1 mA, during which voltage measurements 

were continuously acquired at a frequency of 10 Hz. By the end of this period, 

the recorded voltage exhibited a stable trend, indicating that the system had 

reached a steady-state condition. 

On this basis, the electrical resistance of each specimen was evaluated in 

accordance with Ohm’s law. Subsequently, the corresponding values of 

resistivity, 𝜌𝜌, and electrical conductivity, 𝜎𝜎, were calculated using Eq. (3.3) 

and Eq. (3.4). The average results obtained from the measurements of the three 

specimens graphically represented in Figure 4.14, with the black and red bars 

indicating the corresponding standard deviation.  
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As expected, the plain reference mixture (S5_M0) exhibited the lowest 

electrical conductivity (9.55×10-4 S/m), while the incorporation of the SP 

(S5_M0+SP) resulted in a noticeable enhancement, raising the conductivity to 

1.84 × 10-3 S/m, corresponding to nearly a twofold increase compared to M0. 

The inclusion of MWCNTs progressively enhanced the electrical performance, 

with conductivity increasing from 2.43×10−3 S/m at 0.50 wt% (S5_M0.50) to 

values approaching at 3.73×10−3 S/m and 4.32×10−3 S/m when the higher 

MWCNTs dosages (1.00 wt% and 1.50 wt%) were added. This monotonic rise 

with increasing CNTs content suggested the gradual development of a 

conductive network within the matrix. 

 
Figure 4.14. Logarithmic plot of DC electrical resistivity and conductivity of S5 (Portland 

cement + SP) mixtures. 

Also in this second experimental campaign, all measurements were performed 

in a controlled environment maintained at approximately 20 °C, minimizing 

external temperature fluctuations.  Higher temperatures increase ion mobility, 

allowing ions to accumulate more rapidly at the interfaces and accelerating the 

development of polarization. Conversely, lower temperatures slow down ion 

movement, extending the time required for the electrical signal to reach a 
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steady state. Temperature also affects the material’s resistivity: higher 

temperatures slightly reduce resistivity, promoting larger currents and faster 

polarization. Additionally, temperature can influence the distribution and 

movement of residual moisture within the pore network, modifying local ionic 

conductivity and, consequently, the magnitude of polarization. Overall, these 

effects determine both the transient behaviour and the stabilization time of the 

DC signal, meaning that even small fluctuations (±1–2°C) can produce 

noticeable variations in the measured electrical response. 

 
4.3.3 Phase III - Electromechanical behaviour 

MONOTONIC COMPRESSION TESTS  

The monotonic compression test results, expressed as time-history 

relationships between the compressive strain and the FCR, are reported in 

Figure 4.15 for a representative specimen of each mixture of S5 (Portland 

cement + SP). In the graphs, the left y-axis refers to the compressive stress, 

while the right y-axis corresponds to the FCR of the tested samples evaluated, 

after the electromechanical tests, as in Eq. (3.6). 

In line with the preliminary findings, the FCR showed a progressive decrease 

with increasing strain; however, as the applied load approaches the maximum 

value, a sharp rise in FCR occurred. 

It is evident that in S5_M0 mixture, the FCR decreases sharply with increasing 

strain and then reaches a nearly constant value, which is maintained until 

failure. This trend is indicative of the progressive formation of microcracks 

and resulted in a GF value of about 39. By contrast, the addition of the SP 

(S5_M0+SP) led to a less pronounced variation of FCR, yielding a lower GF 

of about 16. This difference indicates that the presence of SP reduced the 

electromechanical sensitivity of the composite.  
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The incorporation of MWCNTs led to a progressive increase in the 

composite’s sensitivity, GF value of approximately 175 at the highest CNTs 

weight fraction. This behaviour could be attributed to the enhanced 

interconnection of conductive pathways, which promoted electrical 

percolation and strengthens the piezoresistive response. As a result, even small 

mechanical deformations induced significant variations in the material’s 

electrical resistivity, leading to a marked increase in sensor sensitivity. 
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Figure 4.15. Evolution of the FCR/strain–time response for S5 (Portland cement + SP) 

mixtures subject to monotonic loading. 
 

Table 4.12. Gauge factor values for S5 (Geolite Magma + SP) mixtures. 

Mixture identification GF [-] ΔGF [%] 

S5_M0 39.35 - 

S5_M0+SP 16.01 - 59.18 

S5_M0.50 52.02 + 32.60 

S5_M1.00 - - 

S5_M1.50 174.58 + 345.02 
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CYCLIC COMPRESSION TEST 

The results of cyclic compression tests, after the transient phase are reported 

in Figure 4.16, where the left y-axis represents the evolution of compressive 

strain over time, whereas the right y-axis displays the corresponding variation 

in FCR.  

As shown in the figures, the repeatability and reproducibility of the signal are 

confirmed: the longitudinal strain and the corresponding FCR exhibit a cyclic 

trend, reflecting the applied mechanical loading.  

As the MWCNTs content increases, the maximum amplitude of FCR tends to 

remain almost constant for S5_M1.00 and S5_M1.50. This behaviour could be 

attributed to the high CNTs concentrations: the conductive network became 

highly interconnected and approached a near-saturated percolation state, so 

that additional CNTs did not significantly enhance the formation of new 

conductive pathways.  
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Figure 4.16. Evolution of the FCR/strain–time response for S5 (Portland cement + SP) 

mixtures subject to stepwise cyclic compressive loading. 
 
 

4.4 CONCLUDING REMARKS 

The first part of this thesis presented a comprehensive experimental 

study on CNT-based cementitious composites, systematically analyzing the 

effects of different cement matrices, various dispersion agents and multiple 

techniques for measuring electrical resistance. The investigation aimed to 

elucidate how these factors influence mechanical performance, electrical 

conductivity and electromechanical response, highlighting the complex 

interplay between mixture design, dispersion quality and measurement 

methodology. 

Experimental results highlighted the critical role of CNTs dispersion 

quality on composite performance. Ultrasonication combined with PVP 

yielded mixtures with high mechanical strength, although porosity and voids 

limited structural integrity. Geolite-based mixtures with SDS showed minimal 

strength improvement and very low conductivity due to poor formation of the 

conductive network. Portland cement pastes, particularly when using 

superplasticizers, exhibited measurable electromechanical responses even at 
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low stress levels, though higher CNT contents led to strength reductions caused 

by agglomeration.  

The electrical properties of CNT-reinforced cementitious composites 

are inherently sensitive to numerous factors influencing network formation, 

stability and efficiency. Baseline electrical resistivity, percolation threshold, 

and dominant charge-transport mechanisms are strongly controlled by CNT 

geometry, dispersion strategy and the microstructural attributes of the cement 

matrix. Variations in CNT aspect ratio, surface functionalization, 

agglomeration tendency, or pore connectivity can substantially alter the 

density and continuity of conductive pathways, leading to large differences in 

electrical performance even among mixtures with nominally identical CNT 

content. 

These complexities are further amplified when assessing 

electromechanical sensitivity parameters, such as the gauge factor (GF) and 

fractional change in resistivity (FCR). Electromechanical behavior arises from 

the interplay between contact resistance, tunneling conduction, and 

microcrack-induced perturbations of the percolated CNT network. 

Consequently, GF and FCR should not be interpreted as intrinsic material 

constants, but rather as responses dependent on mixture design, dispersion 

efficiency, and testing configuration. 

Finally, it is important to note that a direct comparison with literature 

results remains challenging. Differences in CNT type, aspect ratio, surface 

functionalization, matrix composition, dispersion protocols, and measurement 

methods lead to significant variability, making quantitative benchmarking 

between studies unreliable. 
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5. CHAPTER 5  

MICROMECHANICAL MODELING OF THE 
PIEZOELECTRIC BEHAVIOR OF CNT 
CEMENT-MATRIX COMPOSITES 
 

5.1 INTRODUCTION 

Cement-based composites incorporating nanofillers have shown promising 

improvements in both mechanical and functional performance. Nevertheless, 

their experimental characterization is often complicated by issues such as poor 

filler dispersion, microstructural heterogeneity and the difficulty of isolating 

nanoscale effects within the bulk material. In parallel, several studies have 

demonstrated that the electrical behaviour of CNTs-based cementitious 

composites is governed by a percolative mechanism [83,210]. Electrical 

conductivity remains relatively low at concentrations below and above a 

critical dosage – the percolation threshold – where a sharp increase is observed. 

This phenomenon is strongly dependent on the establishment of effective 

connections between nanotubes, which enable the formation of continuous 

conductive pathways. Such connectivity arises primarily from two 

mechanisms: electron hopping and the development of percolated CNTs 

networks [83, 210-213]. Given the interplay of these factors, experimental 

characterization alone cannot fully capture the underlying multiscale 

phenomena. To optimize the design of CNTs based-composites, it is therefore 

essential to theoretically understand and predict electrical conductivity. 

In recent years, considerable effort has been devoted to modelling to 

distinguish the relative roles of electron hopping and conductive networks 

thought micromechanical approaches. Notable among these are the works of 

Deng and Zheng [214] who presented a simplified model for CNT/polymer 
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composites, which was later refined by Takeda et al. [215] through the 

incorporation of inter-nanotube matrix thickness effects [216]. These 

refinements enabled the simulation of percolation phenomena, anisotropy, and 

CNTs waviness, achieving good agreement with experimental data. Other 

notable frameworks include those based on Mori–Tanaka theory [18,217,218], 

as well as three-dimensional resistor network models integrating tunnelling 

and CNTs orientation effects [219]. A key challenge identified across these 

studies is CNTs agglomeration, promoted by strong van der Waals forces and 

high surface area, which often hinders uniform dispersion [220,221]. To 

address this, García-Macías et al. [73,222] extended micromechanical 

modelling to cementitious composites, incorporating both conductive 

networks and electron hopping mechanisms, and validated their predictions 

experimentally across different matrices and preparation techniques. Their 

findings confirmed that, beyond the percolation threshold, conductivity is 

mainly governed by network formation, though excessive CNTs content can 

be detrimental due to poor dispersion. The influence of CNT aspect ratio was 

also emphasized as a critical factor. More recently, Mora et al. [223,224] 

proposed models that explicitly account for CNTs segregation and 

agglomeration effects, further refining predictive capabilities within this field 

[225]. 

In this chapter, the novelties of the micromechanical model developed in 

collaboration with my research group [226], are presented. Unlike previous 

models, that rely heavily on empirical fitting or complex numerical 

approaches, the proposed formulation offers a physically grounded and 

parameter-efficient alternative. The model simultaneously incorporates two 

conduction mechanisms – electron hopping (EH) and conductive networks 

(CN) – and introduces a quantum-mechanical formulation for estimating the 

inter-nanotube matrix thickness, directly linked to tunnelling phenomena. 
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Moreover, the model presents a two-parameter model for predicting the 

electrical conductivity of these composites, which accounts for CNTs 

agglomeration and segregation phenomena, along with a specific formulation 

to capture the wavy configuration of carbon nanotubes within the cementitious 

matrix.  

Subsequently, the analytical prediction will be compared with our own 

experimental results to demonstrate its applicability to newly produced CNTs-

based cementitious composites and to assess their predictive capability under 

controlled laboratory conditions. 

5.2 PROPOSED MICROMECHANICAL MODEL 

5.2.1 Electron hopping contribution  

The proposed micromechanical model builds upon the pioneering formulation 

of Deng and Zheng [214], later extended by Takeda et al. [215], which describe 

the piezoresistive response of CNTs-reinforced polymer-based composites, 

where an analytical expression for the effective electrical conductivity was 

derived. These models explicitly considered the effect of CNTs concentration, 

percolation, aspect ratio, conductivity anisotropy and non-straightness, 

including both the micro/nanoscale morphology of the material and the 

tunnelling conduction between adjacent nanotubes. Moreover, in the 

framework proposed by Takeda et al. [215], two types of conductive 

configurations were distinguished: Type I, where nanotubes overlap at right 

angles (Figure 5.1a), and Type II, where CNTs are sufficiently close for 

tunnelling conduction without physical overlap (Figure 5.1b). 
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Figure 5.1. Schematic representation of composite including two types of conductive 

networks: (a) Overlapping contact configuration (Type I) and (b) In-plan contact 
configuration (Type II) [226]. 

Building on this foundation, the present micromechanical model firstly 

introduces the Electron Hopping (EH) mechanism into the Takeda 

formulation. The underlying assumption is that only a fraction of CNTs 

contributes to continuous pathways. Consequently: below the percolation 

threshold, charge transport occurs mainly via EH across the cement matrix 

separating neighbouring CNTs. Above the percolation threshold, the electrical 

conductivity is primarily governed by the percolated CNTs, which establish 

the Conductive Networks (CN). 

To capture both contributions, the effective composite conductivity, 𝜎𝜎𝑖𝑖𝐶𝐶, is 

expressed as 
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𝜎𝜎𝑖𝑖𝐶𝐶 =  𝜎𝜎𝑀𝑀 + (1 − 𝜏𝜏)𝜎𝜎𝐸𝐸𝐸𝐸,𝑖𝑖
𝐶𝐶 + 𝜏𝜏 𝜎𝜎𝐶𝐶𝐶𝐶,𝑖𝑖

𝐶𝐶 , 𝑖𝑖 = (𝐼𝐼, 𝐼𝐼𝐼𝐼)   (5.1) 

where: 

- 𝜎𝜎𝑀𝑀 → intrinsic conductivity of the cement matrix; 

- 𝜎𝜎𝐸𝐸𝐸𝐸,𝑖𝑖
𝐶𝐶 → electron hopping contribution; 

- 𝜎𝜎𝐶𝐶𝐶𝐶,𝑖𝑖
𝐶𝐶 → conductive network contribution; 

- 𝜏𝜏 → fraction of CNTs forming percolated network; 

-  𝑖𝑖 = (𝐼𝐼, 𝐼𝐼𝐼𝐼) → Type I and Type II configurations. 

Unlike the model proposed by Deng and Zheng [214], where the fraction of 

percolated CNTs follows a power-law expression, the present 

micromechanical model adopts an exponential function, defined in Eq. (5.2) 

and proposed by Mora et al. [223,224], which provides a more accurate fit to 

experimental observations. 

𝜏𝜏 = �
0                                                                                     0 ≤ 𝜈𝜈𝑁𝑁 < 𝜈𝜈𝐶𝐶𝑁𝑁    

−0.9431 exp�−0.4477 �
𝜈𝜈𝑁𝑁

𝜈𝜈𝐶𝐶𝑁𝑁
− 1��  + 1         𝜈𝜈𝐶𝐶𝑁𝑁 ≤ 𝜈𝜈𝑁𝑁 ≤ 1

   (5.2) 

In this equation, 𝜈𝜈𝑁𝑁 is the CNT volume fraction while 𝜈𝜈𝐶𝐶𝑁𝑁 represents the 

percolation threshold which, according to [227], can be estimated as 

𝑣𝑣𝑐𝑐𝑁𝑁(𝐻𝐻) =
9𝐻𝐻(1 − 𝐻𝐻)

2 + 15𝐻𝐻 − 9𝐻𝐻2 (5.3) 

where 𝐻𝐻 is a function of the CNTs aspect ratio (i.e., 𝐴𝐴𝑟𝑟 = 𝑙𝑙𝑁𝑁/𝑑𝑑𝑁𝑁) and 

expressed in Eq. (5.3). 
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𝐻𝐻 =
1

𝐴𝐴𝑟𝑟2 − 1 �
𝐴𝐴𝑟𝑟

�𝐴𝐴𝑟𝑟2 − 1
ln �𝐴𝐴𝑟𝑟 + �𝐴𝐴𝑟𝑟2 − 1� − 1� (5.3) 

The contribution of the EH mechanism, is governed by quantum tunnelling 

across the thin cement matrix that separates adjacent CNTs.  

By assuming a cut-off distance, 𝑑𝑑𝑐𝑐 – beyond which tunnelling cannot occur – 

equal to 0.50 nm [222], the EH contribution, 𝜎𝜎𝐸𝐸𝐸𝐸,𝑖𝑖
𝐶𝐶 , in Eq. (5.1) can be evaluated 

using Eq. (5.4) Eq. and (5.6) for Type I and Type II conductive configuration, 

respectively. Meanwhile, the effect of the CN mechanism on electrical 

conductivity is assessed through the model proposed by Takeda et al. [215], 

whose expression are presented in Eq. (5.5) Eq. and (5.7) for Type I and Type 

II conductive configuration, respectively. 

- Type I (overlapping contact configuration):  

𝜎𝜎𝐸𝐸𝐸𝐸,𝐼𝐼
𝐶𝐶 =

𝜈𝜈𝑁𝑁

3𝜆𝜆2
4𝑑𝑑𝑐𝑐

4𝑙𝑙𝑁𝑁
𝜎𝜎𝑁𝑁 + 𝜋𝜋 ℎ2𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼

𝑒𝑒2(2𝑚𝑚𝑚𝑚)1/2 exp �4𝜋𝜋𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼
ℎ (2𝑚𝑚𝑚𝑚)1/2�

 (5.4) 

𝜎𝜎𝐶𝐶𝐶𝐶,𝐼𝐼
𝐶𝐶 =

𝜈𝜈𝑁𝑁

3𝜆𝜆2
4 𝑙𝑙𝑁𝑁

4𝑙𝑙𝑁𝑁
𝜎𝜎𝑁𝑁 + 𝜋𝜋 ℎ2𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼

𝑒𝑒2(2𝑚𝑚𝑚𝑚)1/2 exp �4𝜋𝜋𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼
ℎ (2𝑚𝑚𝑚𝑚)1/2�

 (5.5) 

- Type II (in-plane contact configuration): 

𝜎𝜎𝐸𝐸𝐸𝐸,𝐼𝐼𝐼𝐼
𝐶𝐶 =

𝜈𝜈𝑁𝑁

3𝜆𝜆2
𝑑𝑑𝑐𝑐

𝑙𝑙𝑁𝑁
𝜎𝜎𝑁𝑁 + ℎ2𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

𝑒𝑒2(2𝑚𝑚𝑚𝑚)1/2 exp �4𝜋𝜋𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
ℎ (2𝑚𝑚𝑚𝑚)1/2�

 (5.6) 
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𝜎𝜎𝐶𝐶𝐶𝐶,𝐼𝐼𝐼𝐼
𝐶𝐶 =

𝜈𝜈𝑁𝑁

3𝜆𝜆2
𝑙𝑙𝑁𝑁

𝑙𝑙𝑁𝑁
𝜎𝜎𝑁𝑁 + ℎ2𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

𝑒𝑒2(2𝑚𝑚𝑚𝑚)1/2 exp �4𝜋𝜋𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
ℎ (2𝑚𝑚𝑚𝑚)1/2�

 (5.7) 

In these equations, 𝜆𝜆, 𝑙𝑙𝑁𝑁 and 𝜎𝜎𝑁𝑁 denote the waviness ratio, the length and the 

intrinsic electrical conductivity of CNTs, respectively. Furthermore, 𝑒𝑒, ℎ and 

𝑚𝑚 are the unit electric charge, the Planck’s constant and the mass of electron, 

respectively, while 𝜑𝜑 is the potential barrier height.  

5.2.2 Estimation of the inter-nanotube matrix region thickness in CNTs 
cement-matrix composites  

The second novelty of the proposed micromechanical model lies in the 

adoption of a new approach, based on well-established quantum mechanical 

principles, to account for the tunnelling effect in estimating the thickness of 

the inter-nanotube matrix region, 𝑡𝑡𝑖𝑖𝐼𝐼𝐼𝐼.  

Particularly, in CNTs-based cementitious composites, electronic transport 

between adjacent nanotubes occurs primarily through the quantum tunnelling 

mechanism.  In this process, electrons are able to traverse the thin insulating 

cement matrix separating neighbouring CNTs by ‘tunnelling’ through the 

potential barrier. This behaviour can be analysed by considering the wave 

function, 𝜓𝜓(𝑥𝑥), of an electron with mass 𝑚𝑚 moving along the 𝑥𝑥-axis with total 

energy 𝐸𝐸𝑒𝑒, while encountering a rectangular potential barrier of constant height 

𝜑𝜑 = 𝜑𝜑(𝑥𝑥) = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, as schematically illustrated in Figure 5.2. Within the 

proposed micromechanical model, 𝑡𝑡𝑖𝑖𝐼𝐼𝐼𝐼 is assumed to correspond to the 

thickness of the potential barrier, 𝑡𝑡. 
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Figure 5.2. Electron behaviour during tunnelling effect [226]. 

As extensively discussed in the published work [226], by analysing the 

tunnelling probability of electrons, across this barrier, and under the 

assumption of a homogeneous CNTs distribution, 𝑡𝑡𝑖𝑖𝐼𝐼𝐼𝐼 can be related to both 

the potential barrier height, 𝜑𝜑, and the CNTs volume fraction 𝜈𝜈𝑁𝑁. Specifically, 

the inter-nanotube matrix thickness decreases with increasing CNTs content 

and with higher values of the potential barrier height, reflecting an 

improvement in electrical connectivity [214-216]. According to this 

assumption, the following expression for the inter-nanotube matrix thickness 

is derived 

𝑡𝑡𝑖𝑖𝐼𝐼𝐼𝐼 =
(𝜈𝜈𝑁𝑁)𝛽𝛽

2�𝜂𝜂 
  in  [𝑛𝑛𝑛𝑛],    (𝑖𝑖 = 𝐼𝐼, 𝐼𝐼𝐼𝐼)   (5.8) 

where 𝛽𝛽 is a fitting parameter calibrated against experimental data from the 

literature [216]. Its value depends on the type of cementitious material, with 

typical values of approximately −0.10 for cement pastes, −0.12 for mortars 

and −0.14 for concretes. The parameter 𝜂𝜂 represents the magnitude of the 

potential barrier height and is introduced as a dimensionless scalar.  
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In the context of cementitious materials, reported barrier heights typically lie 

within the range of 0.1– 1.0 𝑒𝑒𝑒𝑒, depending on hydration state, microstructural 

connectivity, moisture content and quality of the CNT–matrix interface. A 

widely used reference value is 0.36 𝑒𝑒𝑒𝑒, commonly adopted in 

micromechanical models of CNT-reinforced cement-based composites [222]. 

Experimental studies on nanoscale junctions have also documented effective 

barrier heights close to 1 𝑒𝑒𝑒𝑒, particularly when imperfect contacts or damaged 

interfaces are present. García et al. [222] demonstrated that the formation of an 

insulating layer due to the dispersing agent can further increase the effective 

tunneling barrier, with values reaching approximately 3 𝑒𝑒𝑒𝑒, highlighting the 

significant impact of interfacial coatings on electron transport. 

5.2.3 Waviness, agglomeration and segregation effects 

Due to their low bending stiffness, CNTs in cement-based composites rarely 

remain straight and generally assume wavy, helical shapes defined by the 

diameter, 𝑑𝑑𝑁𝑁, the spiral angle, 𝜃𝜃, and the polar angle, 𝛿𝛿. This waviness, 

governed by 𝜃𝜃, reduces their effective length, 𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑁𝑁 , and thus alters the 

corresponding volume fraction of conductive fillers, 𝑣𝑣𝑁𝑁.  

 
Figure 5.3. Helical model of a wavy CNT and its equivalent straight counterpart [226]. 
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To properly include this effect in micromechanical models, wavy CNTs are 

replaced with equivalent straight ones with length 𝑙𝑙𝑠𝑠𝑠𝑠𝑠𝑠𝑁𝑁 , while preserving the 

diameter (i.e., 𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑁𝑁 = 𝑑𝑑𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑁𝑁 ). Maintaining the same diameter ensures that the 

equivalent straight CNTs have the same cross-sectional area as the original 

wavy ones, which is crucial for accurately reproducing the same electric flux 

and transporting an equivalent amount of electric charge [218]. 

Assuming a length ratio, 𝛾𝛾 = 𝑙𝑙𝑠𝑠𝑠𝑠𝑠𝑠
𝑁𝑁

𝑙𝑙𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑁𝑁 = sin𝜃𝜃, the corresponding volume fraction 

of the fillers must be modified as 

𝑣𝑣𝑁𝑁 =  𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑁𝑁 = 𝛾𝛾 𝑣𝑣𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑁𝑁   (5.9) 

Accordingly, the expressions for the effective conductivity of the composite in 

the two contact configurations can be rewritten as follows 

- Type I (overlapping contact configuration):  

𝜎𝜎𝐼𝐼𝐶𝐶 =  𝜎𝜎𝑀𝑀 +
𝜈𝜈𝑁𝑁

3
sin𝜃𝜃

4 
4𝑙𝑙𝑁𝑁
𝜎𝜎𝑁𝑁 + 𝜋𝜋 ℎ2𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼

𝑒𝑒2(2𝑚𝑚𝑚𝑚)
1
2

exp �4𝜋𝜋𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼
ℎ (2𝑚𝑚𝑚𝑚)

1
2�
�(1 − 𝜏𝜏)𝑑𝑑𝑐𝑐 + 𝜏𝜏𝑙𝑙𝑁𝑁� 

(5.10) 

- Type II (in-plane contact configuration): 

𝜎𝜎𝐼𝐼𝐼𝐼𝐶𝐶 =  𝜎𝜎𝑀𝑀 +
𝜈𝜈𝑁𝑁

3
sin𝜃𝜃

1 
𝑙𝑙𝑁𝑁
𝜎𝜎𝑁𝑁 + ℎ2𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼

𝑒𝑒2(2𝑚𝑚𝑚𝑚)
1
2

exp �4𝜋𝜋𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
ℎ (2𝑚𝑚𝑚𝑚)

1
2�
�(1 − 𝜏𝜏)𝑑𝑑𝑐𝑐 + 𝜏𝜏𝑙𝑙𝑁𝑁� 

(5.11) 

To account for agglomeration and segregation effects in CNTs-reinforced 

cement composites, a two-parameter model originally proposed by Shi et al. 

[225], and later employed by Mora et al. [73,222,223], is adopted. The model 

introduces two parameters:  
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𝜒𝜒 =
𝑉𝑉𝑏𝑏
𝑉𝑉

,       𝜁𝜁 =
𝑉𝑉𝑟𝑟𝑏𝑏

𝑉𝑉𝑟𝑟
 (5.12) 

As illustrate in Figure 5.4, 𝜒𝜒 represents the volume fraction of bundles, 𝑉𝑉𝑏𝑏, 

within the composite of total volume 𝑉𝑉. 𝜁𝜁 quantifies the fraction of CNTs 

within those bundles, 𝑉𝑉𝑟𝑟𝑏𝑏 relative to the total CNTs volume in the composite, 

𝑉𝑉𝑟𝑟. 

 
Figure 5.4. Schematic representation of CNT cement-matrix composite with 

agglomeration [226]. 

When a fully homogeneous CNTs distribution is assumed, 𝜒𝜒 = 𝜁𝜁 = 0, 

meaning that CNTs are uniformly dispersed and no bundles are present. 

Agglomeration occurs when a relatively large fraction of CNTs is concentrated 

within the bundles, i.e., 𝜁𝜁 > 𝜒𝜒, whereas segregation is observed when 𝜁𝜁 < 𝜒𝜒, 

indicating that bundles occupy significant volume but contain relatively few 

CNTs. Physical constraints set the admissible range for these parameters 

[73,222-225]. In the extreme case of full agglomeration (𝜁𝜁 = 𝜒𝜒 = 1), all CNTs 

are concentrated within the bundles, which occupy the entire available volume. 

Conversely, the limiting case of full segregation (ζ = 0 and 𝜒𝜒 = 1 − 𝜈𝜈𝑁𝑁) 

corresponds to bundles that are mostly empty, with CNTs dispersed throughout 

the surrounding matrix.  
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According to Mora et al. [223], to incorporate the agglomeration and 

segregation effects into electrical conductivity formulation a two-step 

approach can be used.  

First step - calculation of the electrical conductivity inside the 

bundles 𝝈𝝈𝒆𝒆𝒆𝒆𝒆𝒆,𝒊𝒊
𝒃𝒃  and in the well-dispersed matrix 𝝈𝝈𝒆𝒆𝒆𝒆𝒆𝒆,𝒊𝒊

𝒅𝒅  

Assuming that the CNTs inside the bundles (b) are not uniformly dispersed, 

electrical percolation is not expected to occur. Consequently, the electrical 

conductivity inside the bundles, 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖
𝑏𝑏 , is calculated using Eq. (5.13), 

considering only EH mechanism. In contrast, percolation is assumed to occur 

in the “dispersed matrix”. If CNTs are homogeneously dispersed within this 

matrix (d), the conductivity, 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖
𝑑𝑑 , accounts for both EH and CN mechanisms, 

as given in Eq. (5.14).  

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖
𝑏𝑏 = 𝜎𝜎𝑀𝑀 + 𝜎𝜎𝐸𝐸𝐸𝐸,𝑖𝑖

𝑏𝑏 ,       𝑖𝑖 = (𝐼𝐼, 𝐼𝐼𝐼𝐼) (5.13) 

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖
𝑑𝑑 = 𝜎𝜎𝑀𝑀 + �1 − 𝜏𝜏(𝜈𝜈𝑑𝑑𝑁𝑁)�𝜎𝜎𝐸𝐸𝐸𝐸,𝑖𝑖

𝑑𝑑 + 𝜏𝜏(𝜈𝜈𝑑𝑑𝑁𝑁)𝜎𝜎𝐶𝐶𝐶𝐶,𝑖𝑖
𝑑𝑑 ,       𝑖𝑖 = (𝐼𝐼, 𝐼𝐼𝐼𝐼) (5.14) 

To evaluate 𝜎𝜎𝐸𝐸𝐸𝐸,𝑖𝑖
𝑏𝑏 , 𝜎𝜎𝐸𝐸𝐸𝐸,𝑖𝑖

𝑑𝑑  and 𝜎𝜎𝐶𝐶𝐶𝐶,𝑖𝑖
𝑑𝑑 , the CNTs content must be updated. Based 

solely on the volumes fraction of CNTs in the bundles and the in the matrix 

regions, the corresponding volume fractions are recalculated as follows 

𝜈𝜈𝑏𝑏𝑁𝑁 =
ζ
𝜒𝜒
𝜈𝜈𝑠𝑠𝑠𝑠𝑠𝑠𝑁𝑁 , 𝜈𝜈𝑑𝑑𝑁𝑁 =

1 − ζ
1 − 𝜒𝜒

𝜈𝜈𝑠𝑠𝑠𝑠𝑠𝑠𝑁𝑁  (5.15) 

In these expressions boundary cases are treated separately: when 𝜒𝜒 = 0 (no 

bundles), the composite conductivity reduces to that of the well-dispersed 

matrix (i.e., 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖
𝐶𝐶 = 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖

𝑑𝑑 ); when 𝜒𝜒 = 1 (only bundles), conductivity is 
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determined solely by electron hopping within the bundles (i.e., 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖
𝐶𝐶 =  𝜎𝜎𝐸𝐸𝐸𝐸,𝑖𝑖

𝑏𝑏 ). 

Furthermore, if the CNTs content in the dispersed phase is below the 

percolation threshold, no continuous conductive network forms, and 

conduction occurs only via electron hopping. 

Second step - calculation of overall composite electrical conductivity 

In the second step, the overall composite conductivity, 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖
𝐶𝐶 , is evaluated as 

in Eq. (5.16) by combining the contributions of both the bundles and the well-

dispersed matrix. According to Mora et al. [223], this calculation assumes a 

parallel model of the phases and neglects local electric field perturbations 

induced by the inclusions. These assumptions allow the model to realistically 

represent the main mechanisms of electrical conduction in CNTs-cement 

composites – EH, CN and geometrical effects – while avoiding the complexity 

of solving for the full local electric field distribution. 

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖
𝐶𝐶 =  𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖

𝑑𝑑 + 𝜎𝜎𝐸𝐸𝐸𝐸,𝑖𝑖
𝑏𝑏 ,          𝑖𝑖 = (𝐼𝐼, 𝐼𝐼𝐼𝐼) (5.16) 

 

5.3 VALIDATION AND COMPARISON ANALYSIS 

To assess the accuracy and reliability of the proposed model – which 

incorporates nanotube curvature through the CNTs spiral angle, 𝜃𝜃, 

agglomeration effects represented by the parameters 𝜒𝜒 and ζ – analytical 

predictions were compared with experimental data from the literature for 

various MWCNT-reinforced cement pastes [206,222,229,230] prepared with 

different nanotube dosages. While CNTs concentration in the literature is 

typically expressed as mass fraction relative to cement (𝑤𝑤𝑁𝑁), the proposed 

model defines it in terms of volume fraction (𝜈𝜈𝑁𝑁). Accordingly, the weight 

fraction was converted to volume fraction using the relation [215] 
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𝜈𝜈𝑁𝑁 =
𝑤𝑤𝑁𝑁/𝜌𝜌𝑁𝑁

𝑤𝑤𝑁𝑁

𝜌𝜌𝑁𝑁 + (1 − 𝑤𝑤𝑁𝑁)
𝜌𝜌𝐶𝐶

 (5.17) 

where 𝜌𝜌𝑁𝑁 and 𝜌𝜌𝐶𝐶 represent the densities of the nanotube and cement, 

respectively. Moreover, according to Simmon’s model [228], the values of the 

physical constants are reported in Table 5.1. 

Table 5.1. Physical constants used in Simmon’s model [228]. 

Physical constant Value 

Mass of electron 𝑚𝑚 9.10938291 𝑥𝑥 10−31 𝑘𝑘𝑘𝑘 

Electric charge of an electron 𝑒𝑒 −1.602176565 𝑥𝑥 10−19 𝐶𝐶 

Planck’s constant ℎ 6.626068 𝑥𝑥 10−34 𝑚𝑚2𝑘𝑘𝑘𝑘/𝑠𝑠 

Figure 5.5 show that the model accurately reproduces the trend of electrical 

conductivity, with predictions closely matching experimental data across the 

entire range of MWCNTs concentrations considered. This confirms the 

model’s ability to capture the main physical mechanisms governing 

conductivity in CNTs-reinforced cementitious composites. 

The results indicate that increasing CNTs content leads to a progressive rise in 

electrical conductivity, attributed to the formation of conductive networks 

within the cement matrix. For nanotubes with very low aspect ratios (Figures 

5.5a–c), the percolation threshold is reached only at higher CNTs contents, 

delaying the contribution of conductive networks and enhancing the relative 

importance of electron hopping. In contrast, samples with high-aspect-ratio 

CNTs (Figures 5.5d–f) show conductivity predominantly governed by 

conductive network formation, as the longer nanofillers more readily establish 

continuous pathways. Additionally, Figures 5.5a–e demonstrate that the 

analytical predictions align well with experimental observations when the 
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CNTs intrinsic conductivity ranges from 101 S/m to 102 S/m, consistent with 

values reported in the literature. 

 
(a) (𝛽𝛽 = 0.10, 𝑙𝑙𝑁𝑁 = 1𝜇𝜇𝜇𝜇, 𝑑𝑑𝑁𝑁 = 15𝑛𝑛𝑛𝑛, 𝜑𝜑 = 1.50𝑒𝑒𝑒𝑒, 𝜃𝜃 = 𝜋𝜋

3
, 𝜒𝜒 = 0.40, 𝜁𝜁 = 0.50)  [222] 

 
 

(b) (𝛽𝛽 = 0.10, 𝑙𝑙𝑁𝑁 = 1𝜇𝜇𝜇𝜇, 𝑑𝑑𝑁𝑁 = 15𝑛𝑛𝑛𝑛, 𝜑𝜑 = 1.50𝑒𝑒𝑒𝑒, 𝜃𝜃 = 𝜋𝜋
3
, 𝜒𝜒 = 0.40, 𝜁𝜁 = 0.50)  [222] 

 
 

(c) (𝛽𝛽 = 0.10, 𝑙𝑙𝑁𝑁 = 1𝜇𝜇𝜇𝜇, 𝑑𝑑𝑁𝑁 = 15𝑛𝑛𝑛𝑛, 𝜑𝜑 = 3.00𝑒𝑒𝑒𝑒, 𝜃𝜃 = 𝜋𝜋
3
, 𝜒𝜒 = 0.40, 𝜁𝜁 = 0.50)  [222] 
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(d) (𝛽𝛽 = 0.10, 𝑙𝑙𝑁𝑁 = 5𝜇𝜇𝜇𝜇, 𝑑𝑑𝑁𝑁 = 12.5𝑛𝑛𝑛𝑛, 𝜑𝜑 = 1.50𝑒𝑒𝑒𝑒, 𝜃𝜃 = 𝜋𝜋
6
, 𝜒𝜒 = 0.20, 𝜁𝜁 = 0.80)  [206] 

 
 

(e) ( 𝛽𝛽 = 0.10, 𝑙𝑙𝑁𝑁 = 5𝜇𝜇𝜇𝜇, 𝑑𝑑𝑁𝑁 = 12.5𝑛𝑛𝑛𝑛, 𝜑𝜑 = 1.50𝑒𝑒𝑒𝑒, 𝜃𝜃 = 𝜋𝜋
6
, 𝜒𝜒 = 0.20, 𝜁𝜁 = 0.80)  [229] 

 
 

(f) ( 𝛽𝛽 = 0.10, 𝑙𝑙𝑁𝑁 = 20𝜇𝜇𝜇𝜇, 𝑑𝑑𝑁𝑁 = 20𝑛𝑛𝑛𝑛, 𝜑𝜑 = 1.50𝑒𝑒𝑒𝑒, 𝜃𝜃 = 𝜋𝜋
6
, 𝜒𝜒 = 0.20, 𝜁𝜁 = 0.80)  [230] 

 
Figure 5.5. Comparison between modeling results and experimental for the cement pastes 

data available in the literature [206,222,229,230]. 
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5.4 COMPARISON BETWEEN ANALYTICAL PREDICTIONS 
AND EXPERIMENTAL RESULTS 

Based on the previous analyses, the predictions of the proposed 

micromechanical model were compared with the experimental results obtained 

from the two experimental campaigns, focusing on the cement pastes of S2 and 

S5, prepared with different CNTs dosages.  

Figures 5.6a–b present the comparison between model predictions and 

experimental data for the two cement pastes investigated, where nanotube 

curvature is described through the spiral angle 𝜃𝜃 and agglomeration effects are 

represented by the parameters 𝜒𝜒 and 𝜁𝜁. The model accounts for both 

conduction mechanisms (Type I and Type II) and explores different intrinsic 

CNTs conductivities, 𝜎𝜎𝑁𝑁, in the range of 100 S/m to 105 S/m.  

From the experimental data, the matrix conductivity was set to 2.37𝑥𝑥10−5 S/m 

for S2 mixtures and 9.55 ×  10−4 S/m for S5 mixture.  Geometric filler 

properties, as well as waviness and agglomeration parameters, were adjusted 

to fit the measurements. In particular, MWCNTs waviness was introduced 

through a spiral angle 𝜋𝜋/3 for S2 mixtures and 𝜋𝜋/10 for S5 mixtures.  

Rather than being assigned arbitrarily, 𝜂𝜂 was quantitatively calibrated by 

minimizing the discrepancy between numerical predictions and experimental 

measurements of electrical conductivity. Through this calibration, the adopted 

value of 1.50 was ensured to reflect the actual electron transport mechanisms 

within the specific material, accounting for microstructural factors such as 

CNT dispersion quality, agglomeration and the characteristics of the matrix–

filler interface. 

The results clearly show that increasing MWCNTs concentration, 𝑣𝑣𝑁𝑁, leads to 

a progressive rise in electrical conductivity.  As shown in Figure 5.6a, the 
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relatively high spiral angle of the MWCNTs, reflects a pronounced waviness 

of the nanofillers, which reduces the efficiency of direct conductive paths and 

enhances the contribution of the tunnelling mechanism. As a result, the 

increase in conductivity with MWCNTs volume fraction is more gradual and 

the model shows good agreement with the experimental measurements when 

the intrinsic conductivity of CNTs, 𝜎𝜎𝑁𝑁, ranges between 10–100 S/m. This 

behaviour indicates a less effective dispersion and a relatively higher 

percolation threshold. 

Conversely, for the S5 mixture (Figure 5.6b), the lower spiral angle 

corresponds to straighter nanotubes, which promote the development of 

continuous conductive networks within the matrix. As a consequence, the 

electrical conductivity rises more markedly with increasing CNTs content, and 

the model predictions closely reproduce the experimental data across the 

investigated range. The dominant contribution of conductive networks over 

tunnelling is thus more evident, confirming that the improved alignment and 

dispersion of CNTs enhance the overall conductive response of the composite. 

 

(a) (𝛽𝛽 = 0.10; 𝜎𝜎𝑀𝑀 = 2.37 ∙ 10⁻5 S/m; 𝑙𝑙𝑁𝑁 = 20 𝜇𝜇𝜇𝜇;  𝑑𝑑𝑁𝑁 = 20 𝑛𝑛𝑛𝑛  𝜑𝜑 = 1.5 eV;  
𝜗𝜗 = 𝜋𝜋

3
; 𝜒𝜒 = 0.20; 𝜁𝜁 = 0.80) 
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(b) (𝛽𝛽 = 0.10; 𝜎𝜎𝑀𝑀 = 9.55 ∙ 10⁻4 S/m; 𝑙𝑙𝑁𝑁 = 20 𝜇𝜇𝜇𝜇;  𝑑𝑑𝑁𝑁 = 20 𝑛𝑛𝑛𝑛  𝜑𝜑 = 1.5 eV;  
𝜗𝜗 = 𝜋𝜋

10
; 𝜒𝜒 = 0.20; 𝜁𝜁 = 0.80) 

 
Figure 5.6. Comparison between modelling results and experimental data of (a) S2 

mixtures and (b) S5 mixture. 
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6. CHAPTER 6  

FEM-BASED ANALYSIS OF POLARIZATION 
BEHAVIOUR IN CNTs-BASED 
CEMENTITIOUS COMPOSITES 
 

6.1 INTRODUCTION 

Finite element modeling (FEM) has established itself as a powerful approach 

to investigate the multiphysical behavior of advanced materials. By enabling 

the simultaneous consideration of mechanical, electrical and thermal 

phenomena, FEM provides an invaluable framework to explore the 

performance of complex heterogeneous systems such as cementitious 

nanocomposites. This approach not only reduces experimental costs but also 

allows for parametric analyses that are difficult to achieve through laboratory 

testing alone [231,232]. 

Several recent studies have demonstrated the effectiveness of FEM in 

capturing the coupled electromechanical and conductive properties of 

materials reinforced with carbon nanotubes (CNTs). For instance, Oyama and 

Yamamoto [233] employed FEM to simulate the magnetic alignment of CNT 

assemblies in an epoxy matrix, showing how parameters such as aspect ratio 

and particle orientation influence alignment time and agglomeration. Their 

work highlights the potential of FEM to provide insights into nanoscale 

dispersion and alignment phenomena that critically affect macroscopic 

properties Comsol simulation. 

At a larger scale, Papadopoulos and Impraimakis [234] developed a 

hierarchical multiscale FEM framework for CNT-reinforced concrete, 

bridging nanoscale CNTs–cement paste interactions with mesoscale concrete 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

186 
 

behavior. Through successive homogenization of representative volume 

elements (RVEs), they were able to predict both elastic and inelastic responses, 

reporting up to a 12% increase in peak compressive strength for CNT-

reinforced concrete. This study illustrates the potential of FEM-based 

multiscale strategies in linking microscale reinforcement mechanisms to 

macroscale structural performance. 

More recently, Matos et al. [235] proposed a numerical FEM model to simulate 

the electrical behavior of CNT-modified cementitious composites. Using 

COMSOL Multiphysics, their model was calibrated against the analytical and 

experimental results obtained by Ubertini et al. [227] and applied to investigate 

the influence of electrode spacing on the electrical resistance of CNT-cement 

specimens. Their findings confirmed the accuracy of FEM in predicting 

conductive responses and reinforced its utility as a tool for optimizing the 

design of cement-based sensors for structural health monitoring. 

Together, these contributions demonstrate the versatility of FEM in addressing 

challenges across different scales – from nanoscale dispersion to macroscale 

structural applications. In the context of CNTs-modified cementitious 

composites, FEM not only supports the interpretation of experimental data but 

also provides predictive capabilities essential for the development of 

multifunctional materials designed for sensing and durability in structural 

health monitoring applications. 

The following section outlines the research activities carried out during the 

research stay abroad, conducted in collaboration with Professor Alessandro 

Fascetti at the Swanson School of Engineering, University of Pittsburgh. In 

this context, the simplified finite element model developed by Matos et al. 

[235] was adopted as a reference framework to simulate the electrical behavior 

of cement-based sensor proposed in the second experimental campaign. This 
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approach allowed us to evaluate whether the simplified model is capable of 

capturing the polarization phase, during which the electric potential stabilizes 

and the corresponding electrical resistance reaches a steady-state value. By 

comparing the simulation results with the experimental measurements, it is 

possible to assess the model’s ability to reproduce the transient behavior 

associated with charge redistribution within the composite, as well as to 

identify any limitations arising from the assumptions inherent to the simplified 

finite element formulation. 

6.2 ANALYTICAL BACKGROUND 

The analytical model proposed by D’Alessandro et al. [227] provides the 

theoretical basis for understanding the electromechanical behaviour of CNT-

based cementitious sensors. Based on previous studies demonstrating that the 

electrical response of cement composites doped with carbon fibres and CNTs 

can be described through networks of resistive and capacitive elements, 

D’Alessandro et al. developed a minimal lumped-circuit model (Figure 6.1) 

aimed at capturing the main mechanisms governing the electromechanical 

response of ISSCs. 

 
Figure 6.1. Representation of the electromechanical model for CNT-based cementitious 
sensors in the unloaded state proposed by D’Alessandro et al. (Reproduced with reference 
to [227]). 
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In this model, the electrical behaviour of the sensor is directly related to its 

internal structure. In the absence of mechanical loading, the active volume of 

the sensor – defined as the portion of cement paste between a selected pair of 

electrodes at distance 𝑑𝑑0 – is modeled as a parallel connection of an internal 

resistance, 𝑅𝑅0, and an internal capacitance, 𝐶𝐶0. An additional resistance, 𝑅𝑅𝑐𝑐, 

accounts for contact resistances at the interfaces with cables and electrodes. 

When a stabilized voltage 𝑉𝑉 is applied across the electrodes, the resulting 

current is described by Eq. (6.1) 

𝐼𝐼0 =
𝑉𝑉
𝑅𝑅�
�
𝑅𝑅0
𝑅𝑅𝑐𝑐

exp �−
𝑡𝑡
𝜏𝜏�

+ 1� (6.1) 

where 𝑅𝑅� = 𝑅𝑅0 + 𝑅𝑅𝑐𝑐, and 𝜏𝜏 is the characteristic time of the circuit, defined as  

𝜏𝜏 =
𝐶𝐶0𝑅𝑅0𝑅𝑅𝑐𝑐
𝑅𝑅�

 (6.2) 

Varying the electrode spacing 𝑑𝑑0 modifies the active sensing volume, thereby 

affecting both 𝑅𝑅0 and 𝐶𝐶0, while 𝑅𝑅𝑐𝑐 is expected to remain approximately 

constant. 

 

6.3 FINITE ELEMENT MODELING AND ANALYSIS 
STRATEGY 

In order to reproduce the experimental results, a simple numerical model based 

on the Finite Element Method (FEM) was implemented in COMSOL 

Multiphysics using the approach presented by Matos et al. [235] as a starting 

point, and introducing several adaptations to reflect our experimental 

conditions. In particular, unlike the setup proposed by D’Alessandro et al. 

[227] – where a stabilized voltage was applied across the internal electrodes 
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and the resulting current was monitored through the same electrode pair – in 

our experiments the internal electrodes were used exclusively for voltage 

measurements, while the external ones were connected to a constant-current 

source providing 1 mA. Additionally, the contact resistance 𝑅𝑅𝑐𝑐 was considered 

negligible, as the interfaces between electrodes and cables exhibited very low 

resistance, contributing only minimally to the overall sensor response 

compared to the bulk material resistance. 

To provide a clear and systematic description of the model development, the 

following sections detail the modeling procedure, organized according to the 

principal steps: (i) geometry definition, (ii) material property assignment, (iii) 

physic and boundary conditions, (iv) meshing strategy and (v) study settings. 

 
6.3.1 Geometry definition 

The geometry of the model replicates the specimen used in the second 

experimental campaign. Due to the simplicity of designing the object of study, 

the tools imposed by the software were used. The CNTs-based cementitious 

sensor was create with a 3D component of dimension 50 × 50 × 50 mm3. The 

four plates used as electrodes were created using the Work Plane feature. This 

tool allows for the definition of geometries in a 2D plane. A rectangular 

geometry with dimensions of 75 × 20 mm2 was first drawn in the 2D plane and 

subsequently extruded of 0.5 mm to generate three-dimensional solid bodies 

representing the electrodes within the sample. The spacing between the 

electrodes,  𝑑𝑑0, was equal to 1 cm. 

Once the geometry was created (Figure 6.2), the individual solids were 

assembled using the Form Assembly operation. This approach allows multiple 

solids to be combined into a single visible geometry while maintaining each 

domain as a separate entity. The contact surfaces between the solids remain 
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recognized as distinct interfaces, enabling the assignment of different 

materials, boundary conditions, or physics to each solid independently. This 

strategy is particularly advantageous for Multiphysics simulations, where 

accurate modeling of interactions at the interfaces and the possibility of 

specifying domain-specific properties are essential. 

 
Figure 6.2. Geometry and dimensions of the CNTs-based sensor and of the electrodes 

(units in mm). 

6.3.2 Material property assignment 

The materials for each component were initially selected from the Materials 

library. However, in order to better reproduce the experimental results, some 

values were modified.  

The main body of the specimen was modelled as a cement paste whose 

mechanical and electrical properties implicitly account for the presence of 

nanofillers. In this simplified approach, the MWCNTs were not explicitly 

modelled; instead, their effect was incorporated through an effective electrical 

conductivity assigned to the bulk material, which varies according to the CNT 

content. 
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With regard to the mechanical properties, the cement matrix was characterized 

by an elastic modulus, 𝐸𝐸, and a Poisson’s ratio, 𝜈𝜈, assumed homogeneous and 

isotropic. Concerning the electrical behavior of the CNTs-doped cement, both 

the electrical conductivity, 𝜎𝜎, describing the ability of the composite to 

transport electric charges, and the relative permittivity, 𝜀𝜀𝑟𝑟, representing the 

material’s capacity to store dielectric energy under an applied electric field, 

were considered. 

The electrodes were modelled to represent the metallic contacts in the 

numerical setup, with copper properties chosen from the COMSOL materials 

library to accurately capture their mechanical and electrical behavior. 

Concerning the mechanical behavior, copper was assumed to be linear elastic, 

with Young’s modulus and Poisson’s ratio taken directly from the materials 

library.  

Regarding the electrical properties, copper was chosen for its high electrical 

conductivity and suitability as metallic contacts.  Since metals do not exhibit 

dielectric polarization under an applied electric field, their role is defined 

exclusively by their high electrical conductivity. Accordingly, the relative 

permittivity of the electrodes was set equal to unity, corresponding to the 

permittivity of free space. This assumption is consistent with the quasi-static 

regime adopted in the present study, where the capacitive effects of metallic 

domains are negligible and only their conductive behavior needs to be 

considered. 
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Figure 6.3. Cube and electrodes with assigned materials. 

6.3.3 Physic and boundary conditions 

To simulate the electrical behavior, AC/DC physic module was implemented 

in the COMSOL Model Builder, using Electric current (EC) interface. In this 

interface, the electrical response of the system is governed by the conservation 

of electric current, expressed as 

∇ ∙ 𝐉𝐉 = 𝑄𝑄𝑗𝑗 (6.3) 

where 𝐉𝐉 is the current density vector and 𝑄𝑄𝑗𝑗 represents any volumetric current 

sources. In the present case, no internal sources are present (𝑄𝑄𝑗𝑗 = 0).  

The current density is related to the electric field 𝐄𝐄 and material properties by 

Ohm’s law: 

𝐉𝐉 = 𝜎𝜎𝐄𝐄 + 𝐉𝐉𝐞𝐞 (6.4) 

where 𝜎𝜎 is the electrical conductivity of the material, 𝐄𝐄 = −∇V is the electric 

field derived from the electric potential V, and 𝐉𝐉𝐞𝐞 represents any externally 

applied current density.  
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In this model, a current boundary condition of 1 mA was applied to the surface 

of one external electrode, while the opposite external electrode was set to 

ground (V = 0), providing a complete return path for the current, as illustrated 

in Figure 6.4a-b.  

All other surfaces of the cement matrix were treated as electrically insulating, 

corresponding to the boundary condition 

𝐧𝐧 ∙ 𝐉𝐉 = 0 (6.5) 

where 𝐧𝐧 is the normal vector to the surface. This ensures that the current is 

confined to the electrode surfaces and does not leak through other boundaries. 

The surfaces of the electrodes in contact with the cement matrix were assumed 

to be perfectly bonded, ensuring both mechanical and electrical continuity. 

Mechanically, this means that no slip occurs at the interface, so the electrodes 

can provide structural support without relative movement. Electrically, the 

bonded interface guarantees that the potential is continuous across the contact, 

enabling proper current flow.  

 
(a) 
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(b) 
Figure 6.4. Identification of the current input terminal (a) and the ground condition (b). 

6.3.4 Meshing strategy 

The discretization of the computational domain was carried out using the Mesh 

module. Since the specimen contains embedded electrodes, the domain is not 

a simple block but presents irregularities that increase meshing complexity. To 

capture these features accurately, a three-dimensional tetrahedral mesh was 

adopted. This element type is particularly suitable for geometries with 

discontinuous regions, as it allows for local refinement without excessively 

increasing the global number of elements.  

The influence of mesh size on the simulation results was carefully assessed 

through a mesh sensitivity study. The model was solved using progressively 

finer tetrahedral meshes, and the key output – such as the electric potential 

difference between two points within the cement matrix – was monitored. 

The study showed that refining the mesh below a maximum element size of 3 

mm produced negligible changes (<1%) in this quantity. Further refinement 

would have increased the computational cost significantly, with longer 

simulation times and higher memory requirements, without appreciable 
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improvement in accuracy. The final discretization of the model is displayed in 

Figure 6.5. 

 
Figure 6.5. Mesh configuration for FEM analysis. 

6.3.5 Study setting 

Two types of analyses were carried out in COMSOL Multiphysics to 

investigate the electrical behavior of the cementitious nanocomposites. The 

first was a Stationary study, in which all field variables are assumed to remain 

constant over time. This preliminary analysis was performed to verify that the 

electrical conductivity assigned to each domain was correctly reproduced by 

the software. 

In this phase, each domain was first modelled individually, without including 

the relative permittivity among the material properties. This choice is justified 

by the fact that, under stationary conditions, the electric field does not vary 

with time; therefore, the relative permittivity does not affect the conduction 

current. For each material, the electric current obtained numerically was 

compared with the theoretical value calculated via Ohm’s law. Once full 

agreement between the numerical and analytical results was confirmed at the 

single-domain level, the same validation procedure was extended to the 

complete model. 
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Subsequently, a Time-Dependent study was performed to capture the temporal 

evolution of the electrical quantities. In this phase, the electrical permittivity 

of the cementitious domain was included, introducing capacitive effects that 

influence the transient electrical response. A simulation time window from 0s 

to 800s was considered, with a time steps of 0.1s to ensure adequate temporal 

resolution.  

6.4 RESULTS AND DISCUSSION 

This section presents the outcomes of the numerical simulations, following the 

methodological framework outlined in the previous section. The results are 

organized into two parts, corresponding to the two study types implemented in 

COMSOL Multiphysics. 

The first part concerns the Stationary study, in which the numerical results are 

compared with the theoretical predictions derived from Ohm’s law, using the 

voltage as the reference quantity. This comparison serves as a further 

verification step to confirm that the electrical behavior of each domain – and 

of the complete model – is correctly reproduced under steady-state conditions. 

The second part focuses on the Time-Dependent study, aimed at capturing the 

transient electrical response of the nanocomposite. In this case, the numerical 

predictions are compared with the experimental measurements obtained during 

the polarization phase, with electrical resistance adopted as the benchmark 

parameter. 

To evaluate the voltage between two internal points of the cube, located 

between the embedded electrodes, two probes were positioned within the 

cementitious domain. In the Results module, the Global Evaluation feature in 

the 1D Plot Group was used to extract the electric potential in the stationary 

study. For the time-dependent analysis, a Scatter Plot was employed to 
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represent the temporal evolution of electrical resistance. Finally, a 3D Plot 

Group was used to visualize the spatial distribution of the electric potential 

throughout the sensor volume. 

For both studies, the analysis focuses on the cement paste sensors prepared 

during the second experimental campaign, using pozzolanic type 42.5 cement 

and incorporating different MWCNT dosages, ranging from 0.00 wt% to 1.50 

wt%, with increments of 0.50 wt%. For each mixture, the influence of the 

MWCNT content on the electrical behavior was accounted for by assigning the 

corresponding effective electrical conductivity to the cementitious matrix 

within the numerical model. This strategy enables a simplified representation 

of the presence of nanotubes network, without explicitly modeling them, while 

still accurately capturing their impact on the electrical response of the 

specimens. 

The material input parameters for the electrodes and for the cubic samples 

containing different amounts of MWCNTs, in accordance with the 

experimental data, are summarized in Table 6.1. 

Table 6.1. Input parameters. 

Component  Input parameter 

 𝜎𝜎[𝑆𝑆/𝑚𝑚] 𝜌𝜌 [𝑘𝑘𝑘𝑘/𝑚𝑚3] 𝐸𝐸 [𝑃𝑃𝑃𝑃] 𝜈𝜈 [−] 

Electrodes 5.99 × 107 8960.00 110 × 109 0.34 

Cubic sample with 0.00 wt% MWCNTs 9.55 × 10-4 1213.33 10 × 109 0.20 

Cubic sample with 0.00 wt% MWCNTs+SP 1.84 × 10-3 1213.33 10 × 109 0.20 

Cubic sample with 0.50 wt% MWCNTs 2.34 × 10-3 1213.33 10 × 109 0.20 

Cubic sample with 1.00 wt% MWCNTs 3.73 × 10-3 1213.33 10 × 109 0.20 

Cubic sample with 1.50 wt% MWCNTs 4.32 × 10-3 1213.33 10 × 109 0.20 
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6.4.1 Stationary study results 

Phase 1 – Individual Components 

Table 6.2 presents the comparison between the theoretical and numerical 

voltage values for each individual component of the sensor, including the 

copper electrode and the CNT-doped cement cube, analysed separately under 

an input current of 1 mA. For the cement cube, results are provided for all 

MWCNT concentrations considered in the study. Figure 6.6 illustrates the 

electrical potential distribution along the electrodes and within the active 

region of the sensor (i.e., the area located between the internal electrodes) for 

the sample containing 0.5 wt% MWCNTs 

The results demonstrate excellent agreement between the numerical 

simulations and the theoretical predictions, confirming the correctness of the 

assigned material properties, the appropriate implementation of boundary 

conditions and overall reliability of the numerical setup. This successful 

validation of the individual sensor components provides confidence in the 

modeling approach and enables progression to the next phase, which involves 

simulating the complete cubic sensor with embedded electrodes and assessing 

its global electrical behavior. 

Table 6.2. Theoretical and numerical values of electrical resistance and potential for each 

component. 

Element Theoretical values Numerical values 

 𝑅𝑅 [𝛺𝛺] 𝑉𝑉 [𝑉𝑉] 𝑅𝑅 [𝛺𝛺] 𝑉𝑉 [𝑉𝑉] 

Electrode 1.25E-05 1.25E-08 1.25E-05 1.25E-08 

Cubic sample with 0.00 wt% MWCNTs 4.19E+03 4.19E+00 4.19E+03 4.19E+00 

Cubic sample with 0.00 wt% MWCNTs +SP 2.17E+03 2.17E+00 2.17E+03 2.17E+00 

Cubic sample with 0.50 wt% MWCNTs 1.71E+03 1.71E+00 1.71E+03 1.71E+00 

Cubic sample with 1.00 wt% MWCNTs 1.07E+03 1.07E+00 1.07E+03 1.07E+00 

Cubic sample with 1.50 wt% MWCNTs 9.26E+02 9.26E-01 9.26E+02 9.26E+00 
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(a) 

 
(b) 

Figure 6.6. Distribution of electric potential field across (a) the electrode and (b) the 
active region of the cubic sample with 0.50 wt% MWCNTs. 

Phase 2 – Complete Sensor 

After validating the individual components, the cubic sensor equipped with 

internal electrodes was simulated under stationary conditions to assess its 

overall electrical behavior. Table 6.3 present a comparison between the 

theoretical values, calculated using Ohm’s law, and the numerical values 
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obtained from the FEM simulation. In both cases, the potential difference was 

evaluated between two points located within the active region of the sensor 

under a constant input current of 1 mA. The distribution of electric potential 

within the sensor containing 0.50 wt% MWCNTs is illustrated in Figure 6.7. 

The comparison shows a good agreement between the theoretical predictions 

and the FEM simulations, with deviations generally below 5%. This 

consistency indicates that the stationary analysis captures the main features of 

the sensor’s conductive behaviour. Nonetheless, the small discrepancies 

observed across the different mixtures highlight the presence of factors that 

introduce inherent limitations in the overall interpretation of the results. These 

aspects, together with the broader limitations associated with the modelling 

approach, are examined in the following. 

Table 6.3. Theoretical and numerical evaluations of electrical resistance and electric potential 

for the complete sensor configuration with varying MWCNTs contents. 

Complete sensor Theoretical 𝑉𝑉 [𝑉𝑉] Numerical 𝑉𝑉 [𝑉𝑉] ∆𝑉𝑉 [%] 

Sensor with 0.00 wt% MWCNTs 4.19E+00 4.26E+00 1.65 

Sensor with 0.00 wt% MWCNTs +SP 2.17E+00 2.13E+00 2.14 

Sensor with 0.50 wt% MWCNTs 1.71E+00 1.66E+00 2.89 

Sensor with 1.00 wt% MWCNTs 1.07E+00 1.03E+00 4.28 

Sensor with 1.50 wt% MWCNTs 9.26E-01 8.86E-0.1 4.52 
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Figure 6.7. Distribution of electric potential within the sensor containing 0.50 wt% 

MWCNTs. 

6.4.2 Time-dependent study results 

To account for capacitive effects, the effective permittivity was introduced as 

defined by Eq. (6.6) 

𝜀𝜀𝑟𝑟 =
𝐶𝐶0 𝑑𝑑0
𝜀𝜀0 𝐴𝐴

 
(6.6) 

where 𝑑𝑑0,𝐴𝐴 and 𝐶𝐶0 are the spacing between the internal electrodes, the cross-

sectional area and the capacitance of the sensor, while 𝜀𝜀0 is the the electrical 

permittivity of free space. This formulation allows the relative permittivity to 

be directly related to measurable electrical properties of the sensor, under the 

assumption of an approximately uniform electric field between the electrodes. 

The capacitive contribution was estimated based on the experimental results. 

In a first approximation, the characteristic time of the system, 𝜏𝜏, was 

determined from the initial transient observed in the resistance–time response, 
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corresponding to the time required for the system to reach approximately 63% 

of its final resistance change. Considering the sample’s measured electrical 

resistance, 𝑅𝑅0, the effective capacitance of the system, 𝐶𝐶0, was calculated using 

the classical RC relationship for a resistor and capacitor in series 

𝐶𝐶0 =
𝜏𝜏
𝑅𝑅0

 (6.7) 

The estimated values of the characteristic time of the system, 𝜏𝜏, as well as the 

corresponding capacitance 𝐶𝐶0 and relative permittivity 𝜀𝜀𝑟𝑟, are summarized in 

Table 6.4. Figure 6.8 shows the comparison between the experimental 

measurements and the FEM model predictions in terms of the time evolution 

of electrical resistance. In the figure, the solid lines correspond to the 

experimental results for the different MWCNT content, while the dashed lines 

represent the corresponding numerical trends. 

The comparison between experimental measurements (solid lines) and 

numerical simulations (dashed lines) shows a generally good agreement in 

capturing the overall trends of electrical resistance for all sensor compositions. 

The simulations correctly reproduce the relative ranking of resistance values 

across compositions and the general relaxation toward steady state. For the 

sensor without CNTs but containing SP, the numerical model slightly 

underestimates the initial resistance decay, likely due to rapid, localized 

microstructural effects that are not fully captured. For higher CNTs contents 

(0.5–1.5 wt%), the simulations closely follow the experimental curves in both 

magnitude and temporal evolution, as the formation of a continuous 

percolative network makes the behavior more predictable. Minor discrepancies 

remain, which are primarily associated with modeling limitations, which will 

be discussed in the following paragraph. 
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Table 6.4. Characteristic time of the system, capacitance and relative permittivity values of 
cubic sensor with different MWCNT contents. 

Sensor 𝜏𝜏 [𝑠𝑠]  𝐶𝐶0 [𝐹𝐹] 𝜀𝜀𝑟𝑟 [−] 

Sensor with 0.00 wt% MWCNTs 17.70 3.99E-03 1.80E +09 

Sensor with 0.00 wt% MWCNTs +SP 103.60 4.77E-02 2.15E+10 

Sensor with 0.50 wt% MWCNTs 21.80 1.28E-02 5.77E+09 

Sensor with 1.00 wt% MWCNTs 34.60 3.22E-02 1.46E+10 

Sensor with 1.50 wt% MWCNTs 69.46 7.50E-02 3.39E+10 

 
Figure 6.8. Comparison between experimental results and numerical prediction 

6.4.3 Limitations and future extentions of the FEM model 

The FEM simulations presented in this thesis provide valuable insights into the 

electrical behaviour of CNTs-based cementitious composites. Nevertheless, 

several inherent limitations must be considered, together with possible 

strategies for extending the modelling framework. In the stationary analysis, 

for example, minor discrepancies between theoretical predictions and 

numerical results arise from both physical and numerical factors.  

Non-ideal current paths in the 3D geometry lead to deviations from the 

perfectly uniform flow assumed in the theoretical derivations, particularly near 

corners and electrode edges where the current naturally redistributes. These 

deviations are amplified by local electric-field inhomogeneities at material 

interfaces, associated with the high conductivity contrast between copper 

electrodes and the cement paste. While such effects are fully captured by the 



 Experimental and theoretical investigation of self-sensing CNTs-based cementitious composites 

 

204 
 

FEM formulation, they remain absent from theoretical calculations. Finite 

element discretization can further introduce small interpolation errors in 

regions of sharp conductivity gradients, while the use of effective conductivity 

values – averaged from experimental data – produces subtle differences 

compared to the spatially resolved field in the numerical model. Furthermore, 

the model currently neglects contact resistance at the electrode–cement 

interface, an aspect which could be incorporated by introducing a boundary 

contact impedance or by modelling a thin interfacial layer with reduced 

conductivity. Including this contribution would allow a more accurate 

prediction of measured potential drops and improve consistency with 

experimental data. 

The transient analysis offers a more realistic depiction of the evolution of 

electrical resistance over time; however, its predictive capability is still limited 

by additional simplifications.  

The current model assumes a static microstructure with a fixed CNTs 

distribution, thereby neglecting potential drift, local segregation, or field-

induced reorientation of nanotubes. These effects could be introduced through 

auxiliary evolution equations describing changes in CNT orientation or 

connectivity, or by coupling the macroscopic FEM problem with a mesoscale 

RVE that computes an effective conductivity evolving in time. Similarly, the 

CNTs–matrix interface is treated as time-invariant, overlooking dynamic 

phenomena such as stabilization of tunnelling barriers, ionic migration and 

progressive improvement of inter-nanotube contacts. These mechanisms could 

be incorporated by adopting time-dependent constitutive laws for the effective 

conductivity, or by introducing local Ordinary Differential Equations (ODEs) 

governing the evolution of local conductivity and tunnelling distances, which 

can be coupled to the local electric field, temperature, and moisture content. 
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The cement matrix is represented by homogenized parameters, which do not 

capture strong local heterogeneity or moisture-dependent electrical behaviour. 

This limitation could be addressed by coupling the electrical problem with a 

moisture transport equation, updating the local conductivity in space and time. 

Additionally, since electrical and thermal fields are intrinsically coupled 

through Joule heating a coupled thermo-electrical formulation could be 

introduced. This would allow the temperature field to modify the local 

conductivity and, if relevant, account for Seebeck or Peltier phenomena at the 

interfaces. 

Finally, the model currently relies on idealized electrode–matrix interactions, 

omitting electrochemical effects that may arise at early ages or in the presence 

of ionic conduction. More advanced formulations could include migration of 

ionic species via Nernst–Planck equations or simplified capacitive/polarization 

effects at the boundaries, depending on the level of accuracy required and the 

computational cost acceptable. 

In summary, while the FEM model successfully reproduces the general 

experimental trends, extending the formulation to incorporate time-dependent 

microstructural evolution, contact resistance, electrochemical effects, 

moisture-dependent conductivity, and thermo-electrical coupling would 

substantially improve its predictive capabilities. These enhancements point 

toward future multiscale modelling strategies capable of capturing the coupled 

processes governing CNT–based cementitious composite. 
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7. CHAPTER 7  

CONCLUSIONS 
 

This doctoral research advances the development of cementitious composites 

reinforced with multi-walled carbon nanotubes (MWCNTs) for intrinsic self-

sensing and structural health monitoring (SHM). The main novel contributions 

include: 

(i) the systematic investigation of CNT dispersion strategies and their 

influence on mechanical, electrical and electromechanical properties;  

(ii) a thorough analysis of measurement methodology effects on observed 

conductivity and piezoresistive responses;  

(iii) the development of a micromechanical model that accounts for 

electron hopping, conductive network formation, CNT waviness, 

agglomeration, and segregation;  

(iv)  the implementation of a simplified finite element framework capable 

of simulating sensor performance during polarization. The main 

conclusions of this research can be summarized as follows. 

Mechanical characterization showed that ultrasonication combined with PVP 

as a dispersing agent produced mixtures with high compressive strength, in 

some cases exceeding that of the plain paste. However, visual inspection 

revealed a major drawback: these mixtures contained numerous voids, 

compromising structural integrity and long-term reliability. Due to this 

porosity, which was expected to negatively affect electrical performance. 
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For Geolite-based mixtures with SDS, the addition of CNTs provided only a 

slight improvement in compressive strength, while the plain SDS-containing 

mixture suffered a marked reduction, partially mitigated by 0.075 wt% CNTs. 

This indicates that SDS negatively affected baseline mechanical performance. 

Electrical conductivity remained very low (≈10-6 S/m), with minimal increases 

at low CNTs contents, reflecting poor formation of conductive networks due 

to suboptimal dispersion. The piezoresistive response was limited: monotonic 

compression produced modest Gauge Factor values, and cyclic loading 

confirmed only minor sensitivity gains from CNTs incorporation. 

Portland cement pastes showed similar compressive strength regardless of the 

dispersing agent. Increasing MWCNTs content progressively reduced 

strength, with the most pronounced decrease observed at the highest dosage. 

This behavior is consistent with microstructural observations, which revealed 

CNTs agglomerates acting as stress concentrators. Electrical conductivity 

increased with MWCNTs addition, reaching maximum values at 0.5 wt% 

CNTs for SDS and 1.5 wt% for SP, although absolute values are not directly 

comparable due to differing measurement techniques. Electromechanically, 

SP-containing pastes exhibited measurable responses even under low stress, 

demonstrating the sensitivity of CNTs-modified cementitious composites in 

transducing mechanical stimuli into electrical signals. 

Regarding measurement methodology, conductivity values across all 

techniques – 2-probe method / AC measurements, 4-probe method / DC 

measurements, and 4-probe method / DC measurements with polarization 

phase analysis – remained within the same order of magnitude. This indicated 

that the conductive network formed by MWCNTs predominantly governs 

electrical behaviour, no substantial variation in conductivity was observed for 

the same CNTs content. 
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The proposed micromechanical model, which incorporates electron hopping 

(EH) and conductive network (CN) mechanisms, a tunnelling-based 

expression for inter-nanotube matrix thickness and accounts for CNTs 

waviness, agglomeration and segregation, successfully predicted the 

piezoresistive response of CNTs-modified cementitious materials both below 

and above the percolation threshold. Validation against experimental data 

showed strong agreement, confirming the reliability and accuracy of the model 

in reproducing observed conductivity values. 

Finally, a simplified finite element model was used to simulate the electrical 

behavior of cement-based sensor proposed in the second experimental 

campaign. The obtained results demonstrated the efficiency and accuracy of 

the numerical model in reproducing the experimental outcomes, even though 

ionic migration was not explicitly accounted for in the formulation. 

Overall, this doctoral research demonstrated that the integration of MWCNTs 

into cementitious composites can enhance their electromechanical response 

and enable self-sensing functionality for SHM applications. The effectiveness 

strongly depends on dispersion quality, as agglomeration and porosity 

compromise mechanical performance, with Portland-based pastes containing 

SP showing the most promising balance of properties. Moreover, although 

based on some simplifying assumptions, the analytical and numerical models 

represent an important step toward a realistic characterization of 

multifunctional cement-based materials, providing a solid foundation for the 

future design of smart composites for real-time structural health monitoring. 
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7.1 FUTURE DEVELOPMENTS AND REAL-WORD 
APPLICATIONS 

Building on the findings of this doctoral research, future developments should 

focus on transferring the knowledge acquired at the small scale to structural 

elements of practical relevance. Once the most promising mixture composition 

is identified in terms of dispersion quality, mechanical reliability, electrical 

conductivity and piezoresistive sensitivity, the next step should be the bulk 

fabrication of cementitious composites reinforced with MWCNTs. In this 

context, both bulk sensors – where the entire element is produced with the 

optimized mixture – and embedded configurations – where sensing zones or 

layers are strategically integrated within conventional cementitious elements – 

should be investigated. 

The fabrication of full-scale structural members, such as beams and columns, 

should allow the assessment of self-sensing performance under realistic and 

complex loading conditions, including combined bending, compression and 

cyclic actions. This step is expected to be essential to validate the applicability 

of the material for structural health monitoring, as it should provide the 

opportunity to test the ability of the composites to reliably capture strain, crack 

initiation and damage evolution in a structural environment rather than under 

controlled laboratory conditions. 

In parallel, future work should include the development of procedures for the 

objective evaluation of functional performance. Such procedures may rely on 

the creation of synthetic datasets, or on the augmentation of existing datasets, 

to enable verification of sensing performance in controlled environments. 

Artificial intelligence–based approaches should be explored to analyse and 

classify the electromechanical signals generated by these composites, allowing 
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the detection and distinction of different types of structural anomalies. 

Comparative analyses using real-world datasets containing records of actual 

damage in concrete structures should be performed to assess the robustness 

and transferability of the models.  

Alongside these experimental, the use of finite element models (FEM) should 

be expanded to investigate the coupled electromechanical behavior of CNTs–

cement composites at the structural scale. FEM simulations should serve both 

as a validation tool for the experimental results obtained on full-scale elements 

and as a means to refine material formulations for improved self-sensing 

performance. By integrating the micromechanical model developed in this 

thesis within multiscale FEM frameworks, it should become possible to bridge 

nanoscale conduction mechanisms with macroscale structural responses, thus 

providing predictive capability for the design and optimization of intelligent 

infrastructure systems. 

Overall, these developments should bridge the gap between laboratory-scale 

validation and real-world applications, combining optimized CNTs–cement 

composites, large-scale structural testing, FEM simulations and advanced data-

driven methods to pave the way for the next generation of intelligent self-

sensing infrastructure systems. 
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