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Abstract 

Concrete structures are inevitably affected by different loads and environmental 

conditions during their service life, and the resulting structural cracks and damage significantly 

reduce the durability and serviceability of the structures. Therefore, there is an increasing 

demand for real-time monitoring of the stress state and deformation in concrete structures. 

Smart cementitious composites (SCCs) have emerged as a promising technology that aims to 

develop an intrinsic sensing system to replace conventional sensors which are generally 

expensive, often incompatible with concrete structures, and may suffer from durability issues. 

However, the existing SCCs still face many challenges, including their relatively high costs, 

dispersion issues of piezoresistive materials, inferior mechanical properties, durability and/or 

serviceability.  

Against this background, this PhD study aims to develop a new type of SCC with ultra-

high strength, excellent durability, and an incredible strain sensing capability while being 

highly cost-effective. Ultra-high-performance concrete (UHPC) has exceptional mechanical 

and durability properties due to its dense and well-compacted microstructure. The dense 

microstructure of UHPC, however, makes it challenging for the development of sensing 

capability as it hinders the mobility of piezoresistive materials. In this study, UHPC with 

sensing capability was developed by incorporating nanocarbon black (nCB) in the cement 

matrix. Nanocarbon black is a highly conductive and low-cost material, with its unit cost being 

less than 1% of that of carbon nanotubes, and the use of nCB makes the cement matrix 

conductive by its branched structure through a quantum tunnelling mechanism. The resulting 

UHPC is termed herein nCB-UHPC. 
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This study started with investigations on the effect of the structures of nCB on the 

mechanical and piezoresistive properties of cementitious matrix. Three different nCB 

structures were investigated, and nCB with the most suitable structure was identified. The 

selected nCB was then used for a comprehensive experimental programme, in which it was 

incorporated into UHPC by up to 2.0% of the binder mass. The experimental programme 

included the formulation of proper mix designs and evaluation of the fresh, hardened 

mechanical properties and microstructure of nCB-UHPC under different curing environments. 

In addition, the piezoresistive properties of the nCB-UHPC, including the percolation 

threshold, strain sensitivity and conductive mechanism, were examined. The test results show 

that by incorporating nCB of a proper content (e.g., 1.0-1.5%), the resulting nCB-UHPC can 

have an ultrahigh 28-day compressive strength (>140 MPa), sufficiently good workability 

(slump spread ≥170 mm) and excellent strain-sensing capability (gauge factor >130) at the 

same time. 

Moreover, UHPC with 1.50% nCB was further investigated for its durability under 

different working conditions. The effects of multiple curing conditions and long-term 

aggressive environmental exposure on the mechanical, piezoresistive and microstructural 

properties of the UHPC were examined. The test results showed that the nCB-UPBC developed 

in this study possesses a highly durable and well-synchronized response and is less influenced 

by the aggressive environment.  

Furthermore, nCB was incorporated into UHPC with seawater and sea-sand (i.e., ultra-

high-performance seawater sea-sand concrete or UHPSSC), leading to the so-called nCB-

UHPSSC. The use of seawater and sea-sand offers significant benefits, especially for 

construction of coastal/marine infrastructure; by replacing river sand with sea-sand, the 



 

 V 

environmental impact caused by excessive sand mining in riverbeds can also be mitigated. A 

comprehensive experimental programme was conducted, involving the development of new 

mix designs of UHPSSC with varying concentrations of nCB (up to 1.80% by binder mass) as 

well as investigations of its mechanical, microstructural and piezoresistive properties with 

different curing conditions. In addition, the piezoresistive behaviour was studied in a fully 

saturated state and after drying treatment. The test results indicated that the nCB-UHPSSC has 

comparable mechanical properties to nCB-UHPC. The piezoresistive behaviour of nCB-

UHPSSC is characterized by a precisely synchronized response with a low percolation zone, 

and the nCB-UHPSSC in a saturated state has a higher sensitivity than that in a dry state due 

to the dissolved ions in the former. 

While the initial findings were incredibly promising, the durability performance of nCB-

UHPSSC considering practical applications was further evaluated. A comprehensive 

experimental programme was conducted on UHPSSC with 1.40% nCB by binder mass, which 

is the percolation threshold of nCB-UHPSSC. The investigations encompassed 

electromechanical properties under various curing conditions and exposure durations, as well 

as the microstructure analysis. Besides, the impact of different in-situ temperatures on the 

piezoresistive properties was also explored to gain insights into the sensitivity and reliability 

of the self-sensing UHPSSC. The result indicated that the strain sensitivity of nCB-UHPSSC 

increases with the temperature due to the thermal energy which allows more charge carriers to 

flow easily within a system.  

In summary, this PhD study has successfully developed two new types of UHPCs with 

self-sensing capability (i.e., nCB-UHPC and nCB-UHPSSC) and has systematically 

investigated their mechanical, piezoresistive properties and durability. The two types of 
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UHPCs, with their demonstrated excellent properties, can be used as high-performance 

constructional materials as well as a real-time monitoring measure for civil infrastructure.  
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Chapter 1. 

Introduction 

1.1 Background and Significance 

Concrete is the second most-consumed resource in the world after water (Gagg, 2014; 

Han et al., 2015). Most of the infrastructure around the world is built using concrete. During 

the service life, concrete structures such as dams, airports, tunnels, bridges and building 

structures are susceptible to unfavourable environmental factors. The cumulative impacts of 

fatigue, corrosion, and material aging inevitably cause damage to accumulate over time. This 

leads to reduced resistance to applied loads and the widening of existing cracks, which 

ultimately result in unexpected and potentially catastrophic accidents. In general, cracks in 

reinforced concrete structures provide a route to penetrate harmful ions, such as chloride ions, 

to reach steel rebars. Thus, it can lead to corrosion in steel, which affects the durability of the 

structure. The structure degradation process is often accompanied by increased porosity of 

concrete, micro-cracks, and crack expansion. Therefore, the timely monitoring of stresses, 

strains, cracks, and damage in the structures would considerably reduce the risk of 

unanticipated accidents, saving human life, resources and maintenance costs in the later stage. 

For instance, more than half of annual construction spending in Europe is now allocated 

to repairing and maintaining existing structures. Bridge and building maintenance costs in 

Europe alone exceed up to 20 billion Euros per year, with a considerable portion used to repair 

cementitious composite infrastructure (Han et al., 2019). American Society of Civil Engineers 

estimated in 2015 that the infrastructure repair cost would be $3.6 trillion by 2020 (Wille & 

Boisvert-Cotulio, 2015). It is due to this fact that the industry has spent much effort and 
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resources developing real-time structural health monitoring to minimize the occurrence of 

adverse scenarios. Early detection of cracks and damages in concrete infrastructure can save 

billions of dollars to the economy, human lives, and resources, and it can be considered a 

safety and durability measure. Thus, it is necessary to produce a real-time monitoring system 

for stress-strain, cracks, and damage sensing of the structure. 

Structural Health Monitoring (SHM) in civil infrastructure is a promising technology that 

refers to the implementation of damage diagnosing and identification strategy, which will be 

helpful in evaluating the structure health and residual strength by performance-based analysis. 

In current structural health monitoring systems, different sensing systems are embedded or 

attached to enable the continuous monitoring and assessment of the damages caused by 

different loading processes (Chong et al., 2003; Kong et al., 2016; Taheri, 2019). The data are 

utilized to assess the health condition of the civil infrastructures, which eventually helped in 

making any decision to optimize the maintenance and retrofitting of the structure. Different 

types of traditional sensors are being used to sense stresses, strains, cracks, damages, 

humidity, temperature, and other physical parameters (Moyo et al., 2005; Sikarwar & Yadav, 

2015; Taheri, 2019). Although some of these sensors can perform well, their incompatibility 

with concrete infrastructures, low operational life, demand for skilled labour and high 

installation and maintenance costs limit their large-scale implementation in concrete 

infrastructure (Ou, 2006). 

Smart cementitious composites (SCC) are a new development in concrete technology 

that aims to replace the traditional sensors in concrete infrastructure by making cementitious 

composites themselves a sensor. The research on SSCs started with the findings of the self-

sensing property of cementitious composites with short carbon fibres (Chen & Chung, 1993). 

The basic phenomenon is the insulator-to-conductor transition. The resistivity of insulators 
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(concrete in the dry stage (Xu et al., 2010)) is reduced by adding different conductive fillers 

into a cementitious matrix. The distance between the fillers decreases when a compressive 

load is applied, which leads to the construction of the conductive path in a matrix and the 

decrease of the overall resistivity of the material. With this breakthrough, cementitious 

materials could be used as structural materials that can intrinsically sense their stresses, 

strains, damage and cracks. SCCs are fabricated by incorporating various micro and nano 

conductive materials, including carbon fibres (Azhari & Banthia, 2012; Chen et al., 2004; 

Chen & Chung, 1993; Hoheneder et al., 2015), nanocarbon black (Ding et al., 2013; Dong et 

al., 2019; Li et al., 2008; Monteiro et al., 2017; Wu et al., 2005), carbon nanotubes 

(D'Alessandro et al., 2016; Ding et al., 2022; Materazzi et al., 2013; Naqi et al., 2019; Zhang 

et al., 2018), steel fibres (Ahmed et al., 2021; Ding et al., 2019; Hussain et al., 2022; Kim et 

al., 2018; Nguyen et al., 2015) and other hybrid materials into the cementitious matrix (Ding 

et al., 2016; Ding et al., 2012; Ding et al., 2019; Hussain et al., 2019; Lee et al., 2018; Luo et 

al., 2010; Sasmal et al., 2017). Thus, cementitious composites can be used to monitor stresses, 

strains, damage, and cracks in bridges and offshore structures. Additionally, it can also be 

used for traffic monitoring, energy storage devices, border/military security and the snow 

melting process (Chanut et al., 2023; Han et al., 2009; Han et al., 2014; Monteiro et al., 2017; 

Ou, 2006; Sassani et al., 2018).  

Nevertheless, this technology is still under development and faces many challenges, 

which need to be addressed before it can be used as a field-deployable solution in the 

construction industry. A large number of studies have been conducted to investigate the self-

sensing capabilities of cement paste, mortar, and concrete with the addition of various 

conductive materials. However, it is essential to consider several vital aspects to facilitate the 

continued improvement of this technology. The relatively low strength of the SCC and 
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inconsistencies in test results are real challenges, particularly as the sensor's working principle 

relies on an elastic range of materials, which limits the maximum strain that can be monitored. 

Furthermore, a significant practical concern pertains to the durability and serviceability of the 

existing sensors. The impact of harsh environmental conditions, as well as external factors 

like temperature, moisture content, aggressive environment exposure and other parameters, 

on the continuous real-time monitoring and long-term functionality of the cementitious 

sensors needs to be carefully evaluated. Additionally, substantial challenges include the 

considerable dispersion issues and high costs associated with piezoresistive materials, which 

hinders their large-scale field applications. Therefore, exploring cost-effective materials with 

easy fabrication processes as well as improved electromechanical properties and durability is 

crucial. By utilizing such materials, the implementation of large-scale infrastructure 

monitoring systems becomes more feasible and viable. 

1.2 Research Aim and Objectives 

Driven by the identified key challenges and limitations, this thesis aims to develop a 

novel smart cementitious composite that offers higher mechanical and durability performance 

while being cost-effective and easy to fabricate. To achieve this, ultra-high-performance 

concrete (UHPC) is utilized as the matrix that ensures long-term, feasible, and sustainable 

construction due to its exceptional mechanical properties and high durability by improving 

porosity and resistance to aggressive environments. On the other hand, nanocarbon black 

(nCB) is a highly conductive and cost-effective material (<1% of carbon nanotubes), making 

it the most promising candidate as a conductive filler. This newly developed multifunctional 

nCB-based UHPC composite would have the potential to revolutionize the construction 

industry by offering sustainability, cost-effectiveness, and significant advancements in real-

time monitoring of concrete infrastructures.  
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This thesis involves comprehensive investigations on the development of nCB-based 

UHPC composites and their durability, with focuses on addressing the following challenges 

and objectives. 

1)  The structure of nCB is a key factor influencing the electromechanical properties 

and cost, so the first objective of the PhD study is to identify the most suitable nCB 

structure for use in SCCs.  

2) Given the lower mechanical performance and durability of existing SCCs, the 

development of the intrinsic strain-sensing capability of UHPC by incorporation of 

the cost-effective nCB would be a significant contribution to the construction 

industry, and this is the second objective of the PhD study.  

3) The mechanical and piezoresistive behaviour of nCB-UHPC under various 

working conditions including aggressive environmental exposure is important for 

their practical applications, so the third objective of the PhD study is to assess its 

performance under various working conditions.  

4) The fourth objective of the PhD study is to develop nCB-UHPC using seawater 

and sea-sand, so as to address the global challenges of scarcity of fresh water and 

river sand in construction; this development is particularly important for offshore 

projects by offering cost-effective solutions for real-time performance monitoring 

while reducing the carbon footprint of marine infrastructure. 

5) The fifth objective of the PhD study is to investigate the effects of different 

temperatures and accelerated exposure on the performance of nCB-UHPSSC to 

ensure confident use of the material in field applications. Additionally, the 

durability and long-term assessment of the composite's performance under 
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aggressive environmental conditions will be conducted through various materials 

characterization techniques.  

1.3 Outline of Thesis  

This thesis develops two new materials and investigates their durability parameters by 

considering their field applicability. The framework of the thesis can be seen in Figure 1.1 

and the outline of the PhD thesis is as follows: 

Chapter 1 includes the background and general concept of structural health monitoring 

of concrete structures, identifying the key challenges faced by self-sensing concrete 

technology and the investigation methodology. The problem statement and the key objectives 

of this study are also stated. 

Chapter 2 systematically reviews the progress of research on self-sensing cementitious 

composites, including different conductive materials and matrixes, and their applications, 

especially in nCB-employed studies. It further reviews the existing studies on UHPC, 

including its principles, fabrication, new functionalities and durability. 

Chapter 3 examines different nCB structures to assess their effects on the mechanical 

properties and piezoresistive behaviour of SCCs, including the percolation threshold, 

repeatability, and strain sensing capabilities, in order to identify the most suitable nCB for use 

as a functional filler in further studies. 

Chapter 4 systematically investigates the feasibility of developing a multifunctional 

UHPC for the desired fresh and hardened mechanical properties and piezoresistive properties 

by incorporation of branched-structured nCB (nCB-UHPC).  

Chapter 5 investigates the performance of nCB-UHPC under various working conditions 

and explores the relationship between the mechanical and microstructural properties and the 
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piezoresistive behaviour of nCB-UHPC with its moisture content and sea-salt solution 

exposure. 

Chapter 6 focuses on the development of seawater sea-sand nCB-UHPC with an intrinsic 

sensing capability through a systematic experimental investigation. 

Chapter 7 investigates the durability of nCB-UHPSSC by exploring their mechanical 

microstructural properties and piezoresistive behaviour at different temperatures and after 

accelerated exposure. 

Chapter 8 contains the main contributions of this study and recommendations for future 

research. 

 

Figure 1.1. Thesis Framework 
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Chapter 2.  

Literature Review  

2.1 Introduction 

In the past three to four decades, there has been a significant focus on Structural Health 

Monitoring (SHM) due to its ability to monitor the real-time health of structures and enhance 

safety by optimizing maintenance approaches. In civil infrastructure, damage diagnosis and 

identification refer to the implementation of strategies to assess and identify damage within a 

structure on time. This approach aims to evaluate the overall health and residual strength of 

the infrastructure through performance-based analysis. 

Currently, SHM systems generally involve embedding or attaching different sensing 

systems to enable continuous monitoring and assessment of damages caused by different 

loading conditions. The data collected from the sensing systems was then used to assess the 

condition and health of the civil infrastructure, which ultimately assisted in making decisions 

to optimize the maintenance and retrofitting required for the structure. At present, different 

types of sensors are used to monitor the various physical properties of the structures, including 

stresses, strains, cracks, damage, and other physical properties; the commonly used sensors 

include strain gauges (Choi et al., 2008), fibre optic sensors (Robins et al., 2001), piezoelectric 

sensors (Taheri, 2019), piezoceramic transducers (Zhao et al., 2016; Zhao et al., 2008) and 

fibre brag grating sensors (Kersey, 1996; Moyo et al., 2005). Moreover, vision-based 

displacement measurement systems and sensors are also used in SHM (He et al., 2022). 

Figure 2.1 describes the evolution of the SHM throughout history. Although these sensors 

normally show reasonable performance, however, their incompatibility with concrete 
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infrastructures, low operational life, skilled labour demand, and high installation and 

maintenance cost limit their large-scale civil infrastructure applications (Ou, 2006). 

Additionally, embedding it in a concrete structure may affect the strength of the structure. 

 

Figure 2.1. The history of applying sensing techniques by SHM (Dong et al., 2019). 

Therefore, smart cementitious composites are gaining attention from scientists and 

engineers, who potentially aim to replace the traditional sensors in concrete structures.  

2.2 Smart Cementitious Composites (SCCs) 

Concrete is an insulator of electric current in its dry condition (Xu et al., 2010). Back in 

the 1990s, the introduction of SCCs or cement-based smart sensors (piezoresistive behaviour 

of concrete) was reported for the first time to address the issues of conventional sensors (Chen 

& Chung, 1993). The preparation of cement-based sensors provides better compatibility with 

concrete structures and better durability than conventional sensors. Piezoresistivity is a 

phenomenon in which the electrical resistivity changes with strain (Chen & Chung, 1993; 

Chung, 2002, 2018). SCCs are a type of cement-based material that incorporates various types 

of macro-scale fibres (such as steel or carbon fibres) and nano-scale fibres/fillers (such as 

carbon nanotubes, nCB, or graphite powder). These additives enable the concrete to sense and 

respond to stresses, strains, cracks, and damage through changes in its electrical resistance. 

By monitoring the electrical properties of the SCC, it is possible to detect and locate structural 
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issues within the concrete, allowing for proactive maintenance and repair (Azenha et al., 2016; 

Dai et al., 2010; Danoglidis et al., 2016; Ding et al., 2019; Jiang et al., 2017; Li et al., 2006; 

Li et al., 2008; Wang et al., 2018; Zhang et al., 2011). Since the initial development of SCC, 

extensive research has been conducted to understand this technology and to improve it. 

Researchers have investigated the piezoresistive behaviours while incorporating different 

electrically conductive materials and testing them under various loading conditions and 

environmental actions. This extensive research has aimed to optimize the sensing capabilities 

of SCC and expand the understanding of the underlying principles and conductive 

mechanisms that enable concrete to detect and respond to structural changes and damage. 

2.2.1 Conductive Mechanisms of SCCs 

SCCs are fabricated by incorporating conductive materials in a concrete matrix, which 

can make a conducive network through different conductive mechanisms. The fundamental 

conduction mechanisms are ionic (which comes from cement base matrix by ions movement) 

and electronic conduction (quantum tunnelling, field emission, and direct contact, which 

comes from conductive fillers by the movement of electrons) (Al-Dahawi et al., 2016). Figure 

2.2 describes the different conduction mechanisms. The ionic conduction mainly depends 

upon a substantial number of free ions present in pores and voids of cementitious composite, 

while in a dry state, concrete or cement matrix is approximately an insulator due to the lower 

number of ions. On the other hand, electronic conduction involves tunnelling conduction 

(electrons jump through the energy barriers between conductive materials in a concrete 

matrix) (Han & Ou, 2007) and contacting conduction, which involves the direct contact of 

neighbouring functional fillers (Chiarello & Zinno, 2005). 
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Figure 2.2. Conduction mechanisms of the SCCs (Chen et al., 2004; Hussain et al., 2022). 

SCCs may be categorized into three zones, each with a different mechanism, as seen in 

Figure 2.3. Zone-1, the insulation zone, contains a minimal number of conductive materials, 

showing their impact is insignificant. The sole conductive mechanism in this zone is ionic 

conduction. Zone-2, known as the percolation zone, is where the conductive materials reach 

a critical level, resulting in a combination of ionic and electronic conduction that contributes 

to the system's conductivity. Finally, Zone-3, the conduction zone, is demonstrated by the 

conductive material attaining a threshold level, facilitating the establishment of a conductive 

network through direct connections between fibres or fillers. 
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Figure 2.3. Electrical resistivities of nCB-UHPC specimens (Hussain et al., 2022). 

Taking into consideration that concrete is a heterogenous material, its conductivity 

depends on several factors simultaneously, including the hydration process, pore solution 

composition and concentration, tortuosity of the pore network, moisture content and 

temperature (Rajabipour & Weiss, 2007; Spragg et al., 2013). It is also important to note that 

the conduction processes mentioned above occur simultaneously and are interrelated. When 

an external load is applied to the conductive composite, the internal structure undergoes 

deformation, resulting in changes to the conduction process and conductive pathways.  

2.2.2 Sensing Behaviour at Different Loading Conditions  

It is worth noting that various types of loads exert distinct influences on the conduction 

mechanism. Under compressive loads, the composite specimen experiences compression, 

causing a reduction in the distance between fibre-fibre, fibre-filler, and filler-filler contacts. 

Even if the conductive admixture content is below the percolation threshold, the compressive 

load can facilitate the formation of a few conductive paths. In the percolation zone, tunnelling 

conduction is dominant, where particles come close to each other to enable tunnelling, and 
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some are even in direct contact. On the other hand, the composites are subjected to tensile 

stresses, and the distance between adjacent fibres and fillers increases, which may lead to the 

disconnection of some conductive pathways. Hence, during the loading, the resistance change 

can be easily measured.  

Figure 2.4 provides a schematic representation of the redistribution of the electrically 

conductive path by compression (below the percolation) and tension-stressed (above 

percolation) specimens. Additionally, flexural loading has both compression and tensile 

effects. On the tensile side, the fibres stretch, while on the compression side, they come closer 

together before cracking. Once cracking occurs, the fibres may pull out, leading to 

disconnection of the conductive path. 
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Figure 2.4. Redistribution of conductive network by compressive and tensile loading. 

2.2.3 Polarization 

Free ions act as electrolytes in concrete with a high moisture content ( emircilioğlu et 

al., 2019), particularly at low concentrations of conductive materials. In the percolation zone, 

ionic conduction has a substantial effect on conductivity. In the case of ion conduction, when 

an electric field is applied, ions present in cementitious composites (K+, Na+, Ca2+, OH–, and 

SO4
2- undergo the influence of an electrical force (Dehghani & Aslani, 2021). Consequently, 

they migrate towards the oppositely charged electrodes, forming a thin film on the electrode 

walls, as can be seen in Figure 2.5; this phenomenon is known as polarization (Banthia et al., 
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1992). However, when measuring the electrical conductivity of the material, it is important 

to understand the effect of polarization. 

 

Figure 2.5. Polarization phenomena in cementitious composites (Dehghani & Aslani, 

2021). 

There are several methods reported in the literature to mitigate polarization and measure 

the actual conductivity. One approach is to dry out the samples, reducing the ionic activity in 

the system. By removing moisture, the ions have less mobility and are less likely to form the 

polarized film on the electrodes. Another method involves applying a direct current (DC) for 

a specific duration before conducting the conductivity measurement. This pre-conditioning 

process, typically lasting around 20 minutes, helps to eliminate the polarization effect and 

stabilize the conductivity (Hussain et al., 2019). 

Additionally, alternating current (AC) is commonly employed for conductivity 

measurements. AC continuously changes direction, preventing the accumulation of ions at 

the electrodes and minimizing polarization effects. This approach allows for accurate and 

reliable electrical conductivity measurements in cementitious smart materials. By employing 

these techniques, researchers can effectively address the polarization issue to obtain precise 
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electrical conductivity measurements, facilitating a better understanding of the conduction 

mechanisms in SCCs. 

2.3 Piezoresistive Materials 

A large number of conductive materials are being used, including carbon fibres (CFs), 

carbon nanotubes (CNTs), nCB, graphite-based materials, steel fibres, nickel powder, and 

many more. 

CFs appear to be the first material to develop this technology. Due to the growing 

popularity of self-sensing concrete, many new materials are employed to develop 

cementitious strain sensors. Because of advances in nanotechnology, researchers have been 

increasingly interested in CNTs, nCB, nickel powder, and graphene as supplementary fillers. 

This section summarizes the main conductive materials that have been used in previous 

studies. 

2.3.1 Carbon Fibres 

For the first time, (Chen & Chung, 1993) employed CFs in concrete as a conductive 

material that lowers the volume resistivity of concrete. It states that increasing the pressure 

from 0 - 0.05 MPa was enough to reduce the resistivity of the samples. Since then, much 

research has been done on developing new types of self-sensing concrete. Furthermore, 

different studies were conducted to further explore the mechanical and sensing properties of 

fibre-reinforced cementitious material to study the feasibility as a field-deployable solution 

(Zhang et al., 2024). A study explored self-sensing capabilities of concrete through a hybrid 

combination of CFs and CNTs (Azhari & Banthia, 2012). The findings indicated that the 

hybrid approach yielded superior output signal quality, enhanced repeatability, and increased 

https://www.sciencedirect.com/topics/engineering/graphite-powder
https://www.sciencedirect.com/topics/engineering/steel-fibre
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sensitivity compared to CFs alone. The integration of CNTs played a critical role in bridging 

the gap between carbon fibres and establishing a continuous conductive pathway. 

The degree of fibre dispersion, including carbon nanofibers (CNFs), influences the 

efficiency of composites in enhancing their structural or functional properties. It is essential 

to achieve a high degree of fibre dispersion to satisfy the piezoresistive behaviour at a low 

fibre volume fraction. A lower fibre volume percentage is generally preferred in composites 

due to the material cost, workability and compressive strength (Chen & Chung, 1996). The 

degree of dispersion dramatically influences the functional properties of SCCs. The higher 

the degree of fibre dispersion, the higher the conductivity of the composite. Fibre dispersion, 

especially in high-volume fractions, is very difficult without any proper dispersion agent 

(Chung, 2005). Therefore, the mixing methods and the dispersion agents are among the most 

critical parameters that need special attention. (Chung, 2005) conducted a study about the 

dispersion of short fibres in the cementitious composite. Many dispersion agents (namely 

acrylic particle dispersion, silane, and methylcellulose solution) and fibre surface treatment 

(like ozone treatment) were applied, and the results were measured by electrical resistivity 

measurement. The degree of fibre dispersion is also enhanced by using fibre surface 

treatment, such as ozone treatment, which explains the impact of fibre size, fibre volume 

fraction and hydration on the percolation threshold phenomena (Chiarello & Zinno, 2005). It 

is stated that the CFs with a higher fibre length leads to a lower threshold value than those 

with a lower fibre length. It also mentions that the addition of fibre content above the threshold 

value does not show any significance in electrical conductivity.  

Moreover, the economic consideration of using fibres in the cementitious composite is 

crucial. For instance, the hybrid use of the low-cost filler with CFs is employed to reduce the 

cost of the cementitious sensor without diminishing the piezoresistive behaviour. A study 
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employed partial (50%) replacement of CFs by nCB to investigate the piezoresistive 

behaviour (Wen & Chung, 2007). As a result, it lowered the cost and increased the workability 

while maintaining the electrical conductivity. Therefore, it would be an attractive alternative 

for a field-deployable solution. Although carbon fibres have superior electrical properties, the 

high cost and poor dispersion are the main problems that are vital to the practical applications 

of cement-based materials (Wen & Chung, 2007).  

2.3.2 Carbon Nanotubes  

CNTs have attracted considerable research interest because of their remarkable 

mechanical, electrical, piezoresistive, and physical properties (Hong et al., 2024; Jackson et 

al., 2016; Lau & Hui, 2002; Shah et al., 2009). It is anticipated that incorporating CNTs into 

cement-based materials would enable the development of a new class of multifunctional 

cement-based materials (Han et al., 2015; Han et al., 2017). Cement-based materials 

incorporating CNTs and exhibiting piezoresistive properties offer a significant advancement 

for structural health monitoring applications  

CNTs have been used in many studies to investigate the self-sensing behaviour of 

concrete. CNTs were used with a concentration of 0.1%, 0.5%, 1.5%, 1%, and 2% by weight 

(Parvaneh & Khiabani, 2019). However, extensive dispersion materials and techniques were 

used to avoid significant agglomeration. Sodium dodecyl benzenesulfonate (NaDDBS) was 

used as the surfactant to disperse the CNTs, modify their surface, and then an ultrasonic bath 

was used to disperse the CNTs. It was observed that 1% was the optimum concentration of 

the CNTs which led to the best piezoresistive behaviour. 

A study was conducted on cement pastes containing 1% by weight multiwall CNTs 

(MWCNT) (Yoo et al., 2018). Cyclic loading with varying amplitudes and frequencies was 
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applied to the specimens. Simultaneously, strain gauges were used to detect the strains on the 

specimen surface. Resistance changes were found to be exceptionally well correlated with 

strain changes recorded during cyclic loading throughout a wide range of amplitudes. The 

pressure-sensitivity of treated and untreated CNTs in cement-based composites under cyclic 

compressive loading was investigated (Li et al., 2007). The authors discovered a significant 

increase in compressive sensitivity when treated or untreated CNTs were added to cement-

based materials. The piezoresistive properties of cement-based composites containing CNTs 

under various loading conditions, including tension and compression, were investigated 

(Andrawes & Chan, 2012). They observed that tensile stresses increased the electrical 

resistance, whereas compression stresses did the opposite. This finding demonstrates that 

cement-based composites containing CNTs can sense the two types of loading. 

CNTs are considered one of the exceptional conductive fillers for cementitious 

composites compared to other carbon conductive fillers. It may fill pores and enhance the 

flexural properties, compressive strength, ultimate strain, and other mechanical properties of 

composites as a nanomaterial (Li et al., 2007). The use of CNTs fulfils the conductivity 

requirement and improves the mechanical properties of a cementitious composite. However, 

agglomeration is more likely due to the large specific surface area of CNTs and the Van der 

Waals force. It has also been demonstrated that adding CNTs to cement-based composites 

produces poor fluidity. As a result, most research has concentrated on specific dispersion 

strategies to increase the workability and performance of CNT-based SCCs. 

Furthermore, its high cost limits its wide application, which is the most important field 

application factor (Han et al., 2020). Similarly, replacing some parts of these expensive 

materials could be the solution for large-scale implementation. The CNTs was replaced by 

60% of nCBs in a study (Zhang et al., 2018), and the CNT-nCB-based cementitious composite 
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fillers exhibited acceptable mechanical properties, high conductivity, and stable piezoresistive 

properties at a low filler content. The addition of CNT-nCB composite fillers with 1.41 vol.% 

can significantly improve electrical resistivity, stress sensitivity and strain sensitivity with a 

substantial reduction in cost (Zhang et al., 2018). Similar to CFs, the CNTs have a high 

dispersion problem, as seen in Figure 2.6; they also suffer from their high cost, which hinders 

their use as field-applicable solutions. 

 

Figure 2.6. SEM images shows the poor dispersion of MWCNTs in cement paste (Konsta-

Gdoutos et al., 2010). 

2.3.3 Graphene 

Graphene-based materials, including graphene (GO), graphene platelets (GP), graphene 

nanoplatelets (GNP), graphene nanofiber (GNF), and graphene oxide nanoplatelets (GONP), 

are known for their exceptional strength and remarkable electrical conductivity. It offers 

significant benefits in terms of developing highly conductive networks and mechanical 

properties in composites (Yao et al., 2022). For graphene-based SCCs, the piezoresistive 

properties have been investigated. A study examined the multi-layer graphene (MLG) for the 

mechanical properties, piezoresistive effect, and electrical properties of the cement-based 

composites, which were filled with different contents of up to 10% by volume (Sun et al., 
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2017). For the dispersion of the MLG, a mixture of the polycarboxylate superplasticizer with 

water was used, and ultrasonication was used for 1 hour. The compressive strength of 

cementitious composites filled with MLG increased by 54%, and the percolation thresholds 

achieved nearly 2 vol %. MLG-filled cementitious composites have demonstrated a sensitive 

piezoresistive response and reliable cyclic static and dynamic loading sensitivity. 

(Belli et al., 2018) investigated the mechanical and piezoresistive properties of cement-

based composites produced with graphene nanoplatelet filler and carbon fibres. Different 

concentrations of GNP and carbon fibres were added to the mortars to study their combined 

effects on the mechanical performance, electrical resistivity, and piezoresistive behaviour, 

and the polycarboxylate ether agent was used to disperse the GNP and fibres. The resulting 

mortars exhibited piezoresistive behaviour only after a drying treatment with dry specimens. 

Similar to CNTs, the difficulty associated with producing graphene is its high cost, which 

limits its potential use as a conductive filler in cement-based composites. 

The materials mentioned above have shown good piezoresistive behaviour in general, 

and they may improve the mechanical properties of cementitious composites. However, the 

unit cost is very high, which hinders their large-scale applications in real construction 

projects. Another critical issue is the dispersion of the fillers in a cementitious matrix, as seen 

in Figure 2.7. It has been stated that most of the piezoresistive fillers have shown significant 

dispersion issues, which directly affect the piezoresistive behaviour. Piezoresistivity cannot 

be achieved without proper dispersion (techniques and treatment), and the mechanical 

properties are also compromised. It can be seen from Table 2.1 that all the piezoresistive 

materials used in the previous studies need extensive dispersion materials and techniques to 

ensure the proper dispersion of the conductive fillers. It is challenging to achieve adequate 

dispersion, and it also increases the unit cost of the product.  
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Figure 2.7. Microstructure of different carbon materials showing their dispersion. (a) 

MWCNT, (b) xGnP M15, (c) xGnP C650, (d) CNF-A, (e) CNF-100 and (f) CNF-LSA 

(Rhee et al., 2016). 

Table 2.1. Summary of dispersion materials/methods used for different conductive fillers 

Piezoresistive 

material 

Dispersion 

Material/Method 
References 

CF, CNF 

Methylcellulose, 

oxidation by H2O2, 

oxidation by ozone, 

superplasticizer, HNO3, 

air and ozone, sonication, 

and mechanical mixing 

(Azhari & Banthia, 2012; Baeza et al., 

2013; Bontea et al., 2000; Catalá et al., 

2011; Chen et al., 2012; Chen & Chung, 

1995; Chen & Chung, 1993; Chu & Chen, 

2016; Hoheneder et al., 2015; Meehan et 

al., 2010; Mosavinejad et al., 2018; Reza 

et al., 2003; Reza et al., 2004; Wang et al., 

2018; Wen & Chung, 2003, 2007) 
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CNT, 

MWCNT 

ultrasonication, 

Ammonium polyacrylate-

based dispersant, PSS 

aqueous solutions 

superplasticizer, 

mechanical mixing, 

NaDDBS 

(Adresi et al., 2017; D'Alessandro et al., 

2016;  ’ lessandro et al., 201 ; 

 ’ lessandro et al., 2015; Gupta et al., 

2017; Han et al., 2009; Han et al., 2012; 

Han et al., 2012; Han et al., 2012; Islam et 

al., 2003; Mendoza et al., 2013; Parvaneh 

& Khiabani, 2019; Ruan et al., 2018; 

Sasmal et al., 2017; Ubertini et al., 2014; 

Yoo et al., 2017; Yoo et al., 2018; Yoo et 

al., 2019) 

CB, nCB 
Superplasticizer, water-

reducing agent 

(Ding et al., 2019; Li et al., 2006; 

Monteiro et al., 2017)  

GO, GP, GNF, 

NGPs, GONPs 

Superplasticizer, 

sonication, 

ultrasonication 

(Kashif Ur Rehman et al., 2018; Li et al., 

2018; Liu et al., 2016; Ozbulut et al., 

2018; Rehman et al., 2017; Sun et al., 

2017) 

2.4 Nanocarbon Black (nCB) 

Nanocarbon black (nCB) is a commonly used polymer addition that is employed as a 

filler to modify the mechanical, electrical, and optical properties of the polymer (Pantea et al., 

2003). It is produced by the hydrocarbon fuel (oil or gas) reaction in a limited combustion air 

supply at temperatures of ~1400 °C (Taha, 2020). The use of electrically conductive carbon 

blacks in the production of conductive polymer composites has received special 

consideration. nCB is usually incorporated in polymer composites at a critical concentration 

that percolates the electrically insulating polymer to a conductive domain. The capability of 

the nCB transformation to electrical conductors depends upon the structure of the nCB that 
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establishes and maintains the conductive pathway. The nCB is used in electromagnetic 

shielding and different electrochemical energy storage systems.  

2.4.1 Morphology of nCB 

The morphology of the nCB is specified at three different levels, including ‘particle,’ 

‘aggregate,’ and ‘agglomerate’ (Youssry et al., 2013). The primary shape of the nCB is nearly 

spherical, which is adherently together in the form of the aggregate. The structure of the nCB 

refers to how well the primary particles combine and stick together. According to ASTM-

D2414 (D2414-21, 2021), the oil absorption number (OAN), which is the dibutyl phthalate 

(DBP) paraffin or Epoxidized Fatty Acid Ester (EFA), is used to define the structure. High-

structure carbon black is a class that shows a high void volume. The void volume can be 

characterized by the oil absorption capacity measured through DBP absorption, which reflects 

the porosity of the primary particles as well as the size and shape of the aggregates which 

reflects the porosity of the primary particles as well as the size and shape of the aggregates. 

These voids act as stress relievers and can prevent crack propagation, leading to improved 

toughness and resistance to mechanical deformation. It can enhance chemical reactions by 

providing more active sites for interacting with reactants. The DBP value is the factor that has 

a direct impact on the sensitivity and/or conductivity of nCB composites. The nCB grades 

with a DBP above 170 mL/100 g are specified as highly conductive carbon black (Spahr et 

al., 2017).  

Agglomeration refers to the process by which multiple aggregates come together to form 

a larger mass. Generally, a number of interparticle forces lead to an agglomeration, including 

Van der Waals forces, magnetic forces, mechanical forces by irregular shapes of the particles 

and forces due to the presence of a pendular force of the moisture (Hartley et al., 1985). 

Carbon black is a nonmagnetic, nearly spherical particle shape and essentially hydrophobic 
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surface. Therefore, it is sensible to presume that Van der Waals's force is the only interparticle 

force, which is the force responsible for the agglomeration of the carbon black particles 

(Hartley & Parfitt, 1985). TEM images of the Super P nCB can be observed in Figure 2.8. 

 

Figure 2.8. TEM images of nanocarbon black (Gnanamuthu & Lee, 2011). 

The structure is the most critical parameter in choosing suitable candidates of nCB for 

the right job. The higher nCB structure grants electrical conductivity to polymers at lower 

critical volume fractions than the lower nCB structure, and it would be beneficial in many 

ways, lead to ease of the fabrication process and a decrease in the unit cost of the composite. 

A high-structure nCB has a higher surface area for electron conduction than a low-structure 

carbon black for the same amount of nCB aggregates (Rwei et al., 2002). The finer 

agglomerates enable more particles to adhere to one another for a given weight of nCB. 

Consequently, interparticle distances can be reduced, allowing the electrons to be transported 
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between particles across the matrix. High-structure of nCB has a higher agglomeration. In 

fact, at some level, agglomeration is beneficial for the conductive phenomena of nCB due to 

the maintenance of the structure and volumetric wiring (Soliman et al., 2020).  

Moreover, the thermogravimetric analysis (TGA) was performed to assess the thermal 

stability and carbon purity of the carbon black, which can be seen in Figure 2.9. The weight 

of the powder remained constant up to a temperature of 600 °C. Beyond this temperature, the 

carbon black began to evaporate and eventually completely dissolved at 765 °C (Milone et 

al., 2024). 

 

Figure 2.9. Weight and derivative weight for nCB powder (Milone et al., 2024). 

2.4.2 Percolation Threshold of nCB 

The percolation threshold is a critical parameter for designing and optimizing sensing 

properties. The percolation threshold is defined as a critical volume proportion of the 

conductive materials at which the resistivity of the matrix is abruptly decreased by several 

orders of magnitude (Han et al., 2015; Kovacs et al., 2007; Sun et al., 2017). Various methods 

explain percolation, with some considering the influence of filler size on the percolation 
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threshold (Youngs, 2003), aspect ratio (Celzard et al., 1996), and shape (Saar & Manga, 2002) 

based on critical filler concentration (Chen et al., 2017). It can be observed in Figure 2.10 

that the conductivity is the function of the filler concentration. It can be described in three 

phases: the insulator, percolation, and conductive zone. As the concentration increased, the 

transformation from insulator to percolation zone started. A specific critical volume fraction 

(which depends upon the structure of the nCB and the matrix) of the conductive filler is the 

beginning point of the percolation zone. 

 

Figure 2.10. Schematic representation of the electrical resistivity as a function of the nCB 

(Spahr et al., 2017). 

Further increase of the conductive fillers leads to a stable and permanent conductive 

network. It can be seen from Figure 2.11 that the higher DBP value has the percolation 

threshold at the lower contention of the nCB. The higher structure of nCB has a greater ability 

to establish and maintain electrical conductivity at a lower concentration of the nCB. 

Therefore, a proper selection of the nCB is necessary to maintain the electrical conductivity, 

mechanical properties, and unit cost.  
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Figure 2.11. Electrical volumetric resistivity of different nanocarbon blacks including 

E350G, E250G, EC300J, UCCB, N472 and P-type with a DBP values of 320, 190, 330, 

560, 175 and 100ml/100g, respectively (Spahr et al., 2017). 

On the other hand, the conduction mechanism is also equally important for the 

percolation. The predominant conduction mechanism in carbon black particles is electron 

tunnelling (Spahr et al., 2017). The tunnel effect dominates the electrical conductivity of nCB 

(Li et al., 2006). According to tunnel effect theory (Simmons, 1963; Xiao et al., 2010), the 

current density in a tunnel resistor formed by two adjacent CB particles at a low voltage region 

can be described by the following equation: 
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where J is current density, m, e, and h are the electron mass, a charge on an electron and 

Planck's constant, respectively, φ, S0 and U are the height of tunnel potential barrier, tunnel 

width (i.e. the distance between conductive fillers) and voltage applied across tunnel resistor, 

respectively.  

2.4.3 Cementitious Composites with nCB 
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Similar to polymer composites, the construction industry has also investigated the 

incorporation of nCB into cementitious composites. nCB can be used as a suitable admixture 

for conductive concrete due to its electric conductivity, lightweight, high thermal and 

chemical stability, permanent electrical conductivity, and fine filler effect (Ding et al., 2012; 

Feng & Chan, 2003; Han & Ou, 2007; Jahanbakhsh et al., 2018; Luo et al., 2010; Ou & Han, 

2009; Shi et al., 2017; Wen & Chung, 2001, 2006; Wu et al., 2005; Yang et al., 2007). The 

nCB particles offer considerable benefits at a very low cost. It is a crucial parameter in 

structural health monitoring (SHM), leading to reduced inspection costs. Consequently, large-

scale implementation is feasible, as the production and integration costs of the system are 

relatively low (Ding et al., 2012; Luheng et al., 2009). Many studies have employed the nCB 

in cementitious composites to investigate the piezoresistive behaviour. The results are very 

encouraging, showing that these cementitious composites can replace the traditional sensors 

with nCB-based cementitious sensors.  

Additionally, different conductive materials have been employed with nCB to investigate 

the hybrid effect. The primary purpose of the hybrid use of nCB with different piezoresistive 

materials is to decrease the unit cost of the sensor while maintaining the electromechanical 

properties. It is observed that a hybrid use of CFs and nCB could improve the linearity and 

reproducibility of the sensing performance of cementitious materials (Ou & Han, 2009). A 

study described the combined use of fibrous and particle fillers, which led to the formation of 

a better conductive pathway for the movement of electrical charges, enhanced the contact and 

tunnelling conduction effect, and greatly decreased the cost and dispersion issue; it also 

showed better flexural and compressive strength, and the FCR of the beam was also increased 

(Ding et al., 2013). Another study investigates a triphasic conductive admixture (macro steel 

fibre nCB and CF) in order to improve the mechanical performance and conductivity of 
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concrete (Ding et al., 2016). The results indicate a positive hybrid effect to improve the signal-

to-noise ratio.  

On the other hand, the replacement of the nCB with other expensive materials also 

appears to be a good strategy in order to improve piezoresistivity at a lower cost. CNTs were 

used to partially replace nCB to investigate the electromechanical properties (Han et al., 

2015). The results state that the CNT-nCB composite filler could efficiently improve the 

flexural strength and lead to a highly stable and sensitive response of cementitious 

composites. It led to the formation of a grape bunch structure of CNT-nCB, which is highly 

beneficial for continuing the conductive path, as shown in Figure 2.12. In a grape bunch 

structure, the CNT is the stem, and nCB particles act as a grape attached to its stem. It is also 

explained that the percolation threshold zone of the CNT-nCB-based cement mortar 

composites ranged in the amount of 0.39-1.52 vol%. 

 

Figure 2.12. SEM images of CNT-nCB-based cementitious composite at different scales 

(Han et al., 2015). 

Another study has employed carbon black, graphite, and CFs to design and prepare 

electrically conductive asphalt mixtures with different dosages of materials (Wu et al., 2005). 

Experimental results indicated that the insulating-conductive percolation transition of 
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resistivity occurred at approximately 5%, 10%, and 12%, by volume of the binder phase for 

carbon fibre, graphite, and carbon black, respectively. In fact, the specimens with CFs showed 

better results, but the expensive and inferior dispersion properties of CFs are unfavourable for 

large-scale practical solutions. So, a small amount of CF with a large amount of cheaper nCB 

can be a cost-effective and well-defined conductive system.  

Furthermore, the piezoresistivity behaviour of the cementitious composites was 

investigated by using conductive rubber fibres filled with nCB (Dong et al., 2019). The nCB 

with a high structure (280 ml/100g, DBP) was added with a 0.1 to 4.0% concentration by a 

binder (cement and silica fume). The percolation threshold was 0.5 to 2.0%. The compressive 

strength steadily decreased with the increase of the nCB. At 2.0% nCB, which was the 

endpoint of the percolation zone, it showed better linearity and gauge factor. Another study 

added polypropylene (PP) fibres during the fabrication of a cement-based sensor with nCB to 

improve the sensing performance (Li et al., 2020). The hybrid system was shown to improve 

the electrical conductivity and piezoresistive behaviour of the nCB-based PP fibre 

cementitious composite. However, a minor reduction in compressive strength was observed. 

Microstructural analysis showed that nCB adhered to the surface of PP fibres considerably 

increased the formation of conductive paths and contact points in cement-based sensors. 

Another study examined the utilization of nCB with different concentrations of impact 

forces and the energy released from cracks to evaluate the capacity of nCB-modified 

cementitious composites in sensing dynamic signals. The results demonstrated that 2.0% nCB 

had the highest sensing performance of these composites, which display exceptional 

piezoresistive behaviour and possess the capability to locally sense dynamic signals as sensors 

(Shi et al., 2024). It was also observed that the combined use of different conductive fillers, 

including carbon fibre, steel fibre, and carbon black, in the engineered cementitious composite 
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(ECC) led to improved self-sensing performance while maintaining its tensile strain-

hardening behaviour (Hou & Lynch, 2005; Lin et al., 2011). In addition, it was observed that 

ECC with nCB shows a tensile strain capacity of up to 3.44% (Huang et al., 2018). The 

addition of nCB amazingly decreases the crack spacing with respect to the solo use of ECC. 

The self-sensing sensitivity to the first crack with nCB is the most sensitive response with 

regard to ECC, as shown in Figure 2.13. Furthermore, another study (Li et al., 2024), 

published in the final stage of this PhD study, developed the self-sensing UHPC by the 

incorporation of nCB and carbon nanofiber (CNF). A comparison was made between UHPCs 

filled with a single nCB and a hybrid nCB and CNF, focusing on strength, microstructures, 

percolation threshold, conductivity, and piezoresistive sensing performance.  

 

Figure 2.13. Typical crack width measurements with different ECC materials. (a) Plain 

ECC samples. (b) High-fly ash-ECC and (c) nCB-ECC (Huang et al., 2018). 

2.4.4 Effects of nCB Structure on Electromechanical Properties  

As mentioned above, the structure of nCB is the most important factor affecting the 

mechanical and piezoresistive properties of nCB-SSCs. The structure of nCB was not 

systematically explored previously, which is why many previous studies have not mentioned 

the structure of the nCB. A study explored the piezoresistive behaviour of nCB-based cement 

composites containing an amount of 5-25% nCB by weight of cement (Li et al., 2006). It can 
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be seen in Figure 2.14 that the percolation threshold zone was about 12-20%. The percolation 

zone is very high, which may affect both the mechanical properties and the cost of the sensor. 

This study (Li et al., 2006) provided no information regarding the structure of the nCB, and 

the compressive strength of the concrete was 40 MPa. 

 

Figure 2.14. Resistivity of cementitious-based nCB at different volume content (Li et al., 

2006). 

In another study, carbon black was employed for up to 10% of the binder mass, and the 

resulting cementitious composites were tested under cyclic compression loading (Monteiro et 

al., 2017). The results indicate that more than the specimens with 7% of carbon black showed 

a reversible piezoresistive performance. A linear relation was established between 

compressive strain and the fractional change in resistivity, particularly for those with a 

relatively high dosage of nCB. The highest gauge factors, up to 30, were found at 7%, as it 

would be in the percolation zone. The compressive strength increased with the nCB content 

up to 4%, and then it decreased with the nCB content. This is due to the filling effect of the 

nCB which may have improved the compressive strength, but the tensile strength did not 

show any significant change. Another study explored the carbon black-filled cement 
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composites as a piezoresistive sensor for traffic monitoring in different loading conditions 

and temperatures (Monteiro et al., 2017). The nCB concentration was about 6.5% by mass of 

the binder. The compressive strength was about 18.8 MPa, and nCB filler provided 

remarkably reproducible behaviour, with the average GF ranging from 40 to 60. On the other 

hand, the specimen's sensitivity decreased by 30% when the sensor temperature increased to 

45℃.  

The above two studies are comparable because they used the same nCB particle size of 

120 nm. However, neither study included the DBP value to define the structure of the nCB 

used in these studies. Monteiro et al. (2017) claimed that the nCB quantity they used to 

achieve piezoresistive behaviour is lower than that by Li et al. (2006) because of the higher 

structure of the nCB.  

On the other hand, Dai et al. (2010) investigated the high structure of carbon black with 

a DBP value of 380 ml/100g for the electromechanical properties of cement mortar with up 

to 6% nCB by weight of cement which shows the percolation threshold zone contained 0.7-

2.85% nCB, which was around 7-20% in the previous studies. The lower percolation 

threshold is attributed to the nCB structure since the high structure nCB has a rich branch 

structure. The higher number of primary particles attached to each other leads to more 

branches and chains within an aggregate. The chain and branch structure are responsible for 

the lower percolation threshold. It was also observed by Dai et al. (2010) that the compressive 

strength decreased as the carbon content increased, and it was believed to be due to the strong 

van der Wall forces between the high-structure nCB particles, which makes it difficult to 

achieve uniform dispersion in a matrix, and leads to high agglomeration. Evidently, the 

structure of the nCB is a significant factor to study. 
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Moreover, a study investigated three different nCBs with the same concentration, which 

was 8% by weight of the cement, to investigate the sensing performance and compressive 

strength (Nalon et al., 2020). Dibutyl phthalate (DBP) absorption number (ml/100 g) was used 

to define the nCB type. The specimens were fabricated using cement, sand, and 

superplasticizer as dispersion agents. The results show that nCB aggregates with the lowest 

structure (DBP 125 ml/100 g) provided a high gauge factor (fractional change in resistivity 

per unit compressive strain (Wen & Chung, 2008)), stress sensitivity, and also compressive 

strength. In contrast, nCB with a very high structure (174 ml/100 g) provided high electrical 

conductivity, low internal capacitance, good linearity, and repeatability but the lowest 

sensitivity for stresses and strains. The high structure showed better repeatability and 

linearity, which shows the high structure nCB concentration in the above percolation zone. 

On the other hand, all these samples have reduced compressive strength compared to the 

reference samples without nCB. One thing that should be noted is that the different structures 

of nCB have different percolation zone and different effects on both the mechanical and 

piezoresistive properties of the cementitious composites. However, only a single 

concentration of nCB was investigated in this study, which could not give the complete 

information.  

On the one hand, although conductivity can be improved by using high-structure nCB as 

their particles stick to each other because of interparticle forces, high-structure nCB leads to 

decreases in the mechanical properties because of the stress concentration points in a matrix 

and agglomeration. It can be seen from Figure 2.15 that the high structure of carbon black 

and the agglomeration in a cement matrix. 
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Figure 2.15. Micrograph of nCB observed by FE-SEM and nCB within the cement matrix 

(Dai et al., 2010). 

The nCB fillers are regarded as a competitive candidate for achieving piezoresistive 

behaviour of SCCs (Han et al., 2020; Tian et al., 2019). Dispersion of the filler is an important 

factor in transforming the insulator into the conductor and maintaining or improving the 

mechanical properties. It is discussed above that compared to other nanofillers, nCB is 

regarded as one of the most promising candidates for SCC because of its stable conductivity 

and no critical dispersion issues (normal superplasticizer is used, which is also used for better 

workability of the concrete), high chemical and thermal stability, and fine filler behaviour 

(Dong et al., 2020; Leong & Chung, 2003, 2004; Monteiro et al., 2015; Wen & Chung, 2007; 

Youssry et al., 2013). 

2.5 Durability of SCCs 

Concrete durability is a matter of consideration all the time because of the high ions and 

fluid migration properties of cementitious composites. The durability of concrete structures 

largely depends on their capability to resist the penetration of moisture and aggressive ions 

through penetration, diffusion, and capillary sorption of the porous media of concrete (Wu et 

al., 2017). Similarly, its conductivity significantly depends on several factors simultaneously, 
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including the hydration process, pore solution composition and concentration, tortuosity of 

the pore network, moisture content, and various environmental factors, including moisture 

level, humidity, temperature, and other conditions (Dong et al., 2019; Han et al., 2010; 

Rajabipour & Weiss, 2007; Spragg et al., 2013; Wen & Chung, 2008). Therefore, the study 

of durability is a primary concern of SCC.  

2.5.1 Effects of Moisture Content 

The moisture content increases the conductivity and reduces the overall resistance of the 

system because the moisture in concrete acts as an electrolyte that helps the movements of 

ions (Orellan et al., 2004). However, it is mentioned that it decreases the piezoresistive 

behaviour of the SCC (Dong et al., 2019). Dong et al. (Dong et al., 2019) investigate the 

piezoresistive behaviour of the carbon black-based cement sensor at different saturation 

states. The result indicates that the resistance increased as the saturation state of the sensor 

increased. The optimum water content of the sample with the highest sensitivity is 8%. After 

that, the FCR decreases, fluctuates, and becomes more volatile. The sensitivity variations 

were explained by a contact resistance formed by the moisture content at a high saturation 

state. 

In contrast, another study investigated the effect of water content on the piezoresistive 

properties of nCB and CNTs (Zhang et al., 2019). After the 28-day curing, the samples were 

dried in air and oven dry for different durations. It reveals that the fully saturated sample 

(without any drying treatment) showed the highest strain sensitivity, which decreased as the 

drying time increased. However, the thoroughly dried (36-hour oven dry after 16 days of air 

drying) has improved strain sensitivity with respect to the 16d air-dry sample. Another study 

investigated the wet and dry state of the carbon fibre-reinforced cement paste (Wen & Chung, 

2008). The content of fibre is below the percolation threshold. The results show that, while 
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increasing electrical conductivity, moisture in cement paste diminishes piezoresistive 

behaviour, decreases the gauge factor by at least 12 %, and increases the scatter in the gauge 

factor. The water at the fibre-matrix interface restricts the electronic conductivity of the fibre, 

which reduces piezoresistivity. Furthermore, the saturated states have lower stability and 

repeatability when compared to dry samples because the increasing degree of saturation raises 

the polarization effect (Hong et al., 2018).  

On the other hand, the chloride ion ingress has a different mechanism of piezoresistivity. 

The samples subjected to immersion in a sodium chloride solution perform better than those 

immersed in freshwater due to the high ion mobility of samples in a sodium chloride solution. 

It investigated the piezoresistivity of the samples after 90 days of immersion in fresh and 

sodium chloride solution (Dong et al., 2022). The results indicate that freshwater immersion 

has decreased the piezoresistivity by about 20 times, and the samples immersed in 3% NaCl 

solution improved the piezoresistivity up to 14 days, and then it started to decrease up to 25% 

at 90 days. The ionic conduction mainly comes from the dissolved ions (Na+, K+, OH−, Ca2+, 

SO2
4 , and Cl-) in a pore solution (Montanari et al., 2019; Snyder et al., 2003). The ionic 

activity increases as the concentration of the pore solution rises, which is why seawater is 

1000 times more conductive than natural water because of the high number of ions (Dong et 

al., 2022; Gapparov & Isakova, 2023). 

Owing to the fact that the different studies show different results, however, the common 

factor is that the moisture content and the other harmful ions have not only affected the 

durability of the cementitious composite but also directly impacted the sensitivity of the 

Therefore, the investigation of the sensitivity to different moisture content will give a better 

understanding of SSC. Furthermore, the durability aspects such as water absorption, different 
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curing conditions and long-term exposure to aggressive environments are essential 

considerations to investigate for field applications (Ahlborn et al., 2011; Li et al., 2020).  

2.5.2 Effects of Temperature 

It is widely established that Ordinary Portland cement's hydration remains chemically 

stable up to 80°C. However, it loses absorbed water between 65 and 80 °C, interlayer water 

between 80 and 100 °C, and its stability decreases significantly between 100 and 200 °C 

(Ukpata et al., 2023). Further details are found in Figure 2.16 (Khan et al., 2023). However, 

the use of different fibres can reduce explosive spalling and mass loss (Zhang et al., 2023; 

Zhu et al., 2021). 

 

Figure 2.16. Types of spalling of concrete under elevated temperatures (Khan et al., 2023). 

Due to the limited understanding and literature on the self-sensing behaviour of SSC and 

its durability considerations, the effect of temperature on the self-sensing properties of SSC 

is crucial for reliable and accurate monitoring. It impacts the electrical conductivity and 

resistivity of concrete, which are essential parameters for self-sensing. Differences in 

temperature change the ionic mobility within the concrete matrix, affecting the movement of 

charge carriers and, thus, the electrical properties (Chung & Xi, 2023; Ding et al., 2019). 

Moreover, temperature variations can induce thermal expansion or contraction of the 

concrete, leading to dimensional changes and altering the strain-sensing characteristics 

(Adresi & Pakhirehzan, 2023). As the temperature rises, the increased thermal energy in 

semiconductors allows more charge carriers (electrons or holes) to become mobile, 
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decreasing overall resistivity (Adresi & Pakhirehzan, 2023; Chung & Xi, 2023; Xi & Chung, 

2020; Xi et al., 2022). This behaviour is attributed to the temperature-dependent 

characteristics of the material's bandgap and the mobility of charge carriers. Similarly, self-

sensing concrete is a composite material with conductive fillers such as carbon or graphite 

that exhibit semiconductive properties. These conductive fillers in the concrete matrix enable 

the material to conduct electricity. As the temperature of the sample increases, the increased 

thermal energy promotes more significant movement of charge carriers, resulting in a 

decrease in electrical resistivity (Chang et al., 2013; Ding et al., 2019; Han et al., 2017; 

Teomete, 2016). 

Several studies have explored the effect of temperature on the self-sensing properties of 

concrete, providing valuable insights into this phenomenon. For instance, a study determined 

a linear relationship between temperature and electrical resistance of the material between 

25°C and 50°C when using brass fibres ( emircilioğlu et al., 2019). The conductive materials 

directly affect electrical conductivity during temperature variation (Le et al., 2021). Another 

study investigated the impact of temperature on the piezoresistive behaviour of CNTs and 

nCB (CNT-n  )  ased composite under  aria le temperatures ranging from −20°  to  0°  

(Ding et al., 2021). It exhibits excellent temperature-sensitive repeatability. However, the 

temperature sensitivity property varies depending on the type of filler, which can be attributed 

to the different electrical conduction mechanisms that dominate based on the filler content. 

Wen et al. Wen et al. (1999) utilise CF in a cementitious composite, which can act as 

thermistors at a temperature up to 45℃,  ith electrical resisti ity decreasing as temperature 

increases. 

Furthermore, Dong et al. (Dong et al., 2019) have examined the impact of temperature 

on the durability of self-sensing concrete. Their findings indicate that, after removing the heat 
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exchange interference, the piezoresistive sensitivity and repeatability remained relatively 

unchanged across a range of temperatures from -20°C to 100°C. However, significant 

fluctuations in piezoresistivity were observed due to water content variations, and freeze-thaw 

cycles reduced the piezoresistive sensitivity by 30.7%. This reduction could be attributed to 

microstructural damage caused by the expansion and shrinkage of pore solution, leading to 

volume changes. It has also been reported that during the freeze-thaw cycles (temperatures 

ranging from -0°C to -20°C), the rate of change in concrete electrical conductivity notably 

decreases around -10°C during the freezing process, which suggests that an enormous amount 

of pore solution in the concrete freezes below -10°C (Cai & Liu, 1998). According to Cao 

and Chung (Cao & Chung, 2002), the FCR exhibits limited repeatability when the temperature 

ranges from -20 to 52℃. Ho e er, the irreversibility is significantly reduced when the 

temperature cyclically varies from 0 to 52℃ without freezing. Another study described that 

as the temperature decreased from 20°C to -30°C, the strain-sensing capability of CNF mortar 

deteriorated (Wang et al., 2020). When temperatures exceeded 20°C, the self-sensing property 

worsened with rising temperature. But the sensitivity of CNF mortars decreased first and then 

increased with higher water contents. The CNF mortar samples in a dried state exhibited the 

optimum self-sensing performance at 20°C. 

Similarly, Hong et al. (Hong et al., 2018) investigated the effects of temperature and 

saturation level on the sensing properties of cement-based composites incorporating 

multiscale carbon materials such as carbon blacks, carbon fibres, and CNTs. Their study 

revealed that the FCR of the cement-based composites initially increased and then decreased 

with rising temperature, while it decreased with increasing humidity. Moreover, compared to 

the dry state, the stability and repeatability of the saturated samples were found to be lower. 

It is attributed to the enhanced polarization effect resulting from increased saturation levels. 
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2.6 Ultra-High-Performance Concrete (UHPC) 

Ultra-high-performance concrete (UHPC) is the new high-class material in the field of 

concrete technology. It provides a long-term, feasible and sustainable construction due to 

ultra-high mechanical properties, lower porosity, and improved resistance against aggressive 

environments (Du et al., 2021; Soliman & Tagnit-Hamou, 2017). UHPC has good workability 

(slump flo  ≥ 1 0 mm) and high mechanical properties (28-day compressi e strength ≥ 120 

M a and tensile strength ≥ 5 M a) due to its lo   ater-to-binder ratio (w/b, 0.15–0.25), high 

particle packing density (0.825–0.855), and appropriate addition of chemical admixtures (Du 

et al., 2021). The UHPC was developed with the understanding that decreasing the water-to-

cement ratio alone would not be sufficient to achieve the desired properties. However, it is all 

being considered that the size distribution, shape, and texture of fine and ultrafine particles 

must be carefully optimized to ensure the best possible packing. As illustrated in Figure 2.17, 

the density of the UHPC matrix increases with respect to normal concrete by using particle 

packing, which will help reduce the member geometry and overall cost of the structure apart 

from high durability. This necessarily involves the distribution of ultrafine particles at the 

microstructure level to fill the gaps between bigger particles (Wong & Kwan, 2008).  
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Figure 2.17. Comparison of normal concrete and UHPC (Bajaber & Hakeem, 2021). 

UHPC is fabricated using constituent materials like cement, supplementary materials 

(silica fume, fly ash, quartz powder, etc.), fine-grained sand, water, and superplasticizer. The 

suggested ratios of the mixture proportions for designing UHPC are as follows (Wille & 

Boisvert-Cotulio, 2015) 

• Cement: silica fume (SF): supplemental material (SM) = 1:0.25:0.25 by weight, 

• Water to cement ratio = 0.2–0.3 by weight, 

• Aggregate to cement = 1.0–2.0 by weight. 

The strength enhances durability, and the overall performance of UHPC concrete will 

surely improve by the high packing system of the UHPC. There are many reasons behind the 

weakening of the concrete structure, with two main reasons for the poor conditions identified 

as corrosion of steel reinforcement and concrete weakening through invasive ions. UHPC 

could be one of the practical solutions for all these issues. 

2.6.1 Particle Packing Theory 

Concrete is a composite material consisting of a solid skeleton of granular particles 

bonded by a cementitious paste. The guiding concept of particle packing is to bond the grains 
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with the lowest possible porous microstructure. Particle packing is the selection of suitable 

sizes and proportions of materials to obtain a compact mixture, which is influenced by density, 

particle characteristics, particle force, and particle structure. Optimized particle packing 

decreases the void ratio, which leads to decreased water requirement, restrains the amount of 

shrinkage and creep, reduces the amount of cement paste and has much more physical and 

strength properties. There are two types of models including, discrete and continuous. Given 

that concrete constituents are generally distributed continuously, it is reasonable to utilize 

continuous particle packing models in the design of concrete mixes.  

Andreasen (Andreasen, 1930) proposed a model which assumes the minimum particle 

size to be infinitely small, presented in the following Equation  

max

( )

q

d
P d

d

 
=  
 

      (2.5) 

where P(d) is the cumulative size distribution function, d is the particle’s diameter, dmax 

is the maximum diameter of the particle, and q is a parameter (0.33-0.5) which helps to adjust 

the curve for fineness or coarseness.  

However, the Andreasen model was modified by Funk and Dinger (Funk & Dinger, 2013; 

Ragalwar et al., 2020), introducing finite particle size and proposing the modified Andreasen 

and Andersen model as described in the following Equation. 
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where D is the particle size, Ptar(D) is the volume fraction of all the solids that are smaller 

than D (cumulative per cent passing a sieve of size D); Dmin and Dmax are the minimum and 

maximum size of particle, respectively, and the distribution modulus is represented by q.  
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2.6.2 Durability of UHPC 

UHPC is not only an ultra-high-strength material, but its durability is significantly 

improved. UHPC exhibits superior durability because of its dense microstructure matrix, 

which is highly resistant to carbon dioxide, chloride, sulphate, and other ion penetration. As 

shown in Figure 2.18, the durability of the UHPC is significantly improved with respect to 

high-strength concrete and normal concrete.  

 

Figure 2.18. Assessment of durability for UHPC compared with high-performance and 

conventional concrete (Du et al., 2021). 

Concrete structures are typically constructed where they are exposed to various 

unavoidable harsh environmental conditions, such as water saturation, chemical attacks, 

carbonation, steel corrosion and freeze-thaw cycles. The durability properties of all types of 

concrete, including UHPC, are inherently linked to their porosity. The incorporation of fine 

and ultrafine particles into the concrete mixture can contribute to a low and disconnected pore 

structure, which enhances durability. On the other hand, a high and interconnected pore of 

structure allows water and chemical ions to penetrate the concrete, thus reducing its durability. 

The permeability of the concrete matrix is primarily influenced by capillary pores, which play 
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a crucial role in facilitating the movement of fluids into the structure. A lower permeability 

level in the concrete results in an extended lifespan.  

The density, porosity and microstructure of the concrete matrix are the key parameters 

that affect permeability and, consequently, durability. The permeability coefficient of UHPC 

indicates the material's potential to absorb water and can be interpreted as a measure of its 

durability. A lower water absorption capacity of the UHPC means fewer pores associated with 

the matrix and, thus, higher durability (Bajaber & Hakeem, 2021). UHPC could be impervious 

when the size of the pores is less than one-tenth of those in normal concrete. Dobias et al. 

(2016) describe that the water absorption coefficient of the UHPC is five times lower than 

that of conventional concrete because the water-to-binder ratio of the UHPC concrete is much 

lower than that of traditional concrete.  

Many studies have explored different environmental exposures, such as freeze-thaw 

cycles and different temperature effects. Freeze-thaw reactions occur when water molecules 

absorbed by the concrete matrix freeze and expand beyond the concrete pores (Li et al., 2020). 

Numerous researchers have observed minimal deterioration after hundreds of freeze-thaw 

cycles up to 800 cycles with negligible mass loss (Zhong & Wille, 2015). Ahmad et al. (2015) 

investigated wet-dry and heat-cool cycles. For the effect of long-term exposure (180 days), 

the sample goes through different wet, dry, and heat–cool cycles on the strength and modulus 

of elasticity. It demonstrated that UHPC maintains its mechanical strength under potentially 

severe exposure conditions, and the deterioration is negligible. In fact, the UHPC matrix will 

be resilient and durable enough to last for an extended period without having any additional 

coating or painting. It has also been mentioned that UHPC has a 55 times higher resistance to 

chloride ion diffusion than normal concrete. It is also worth noting that the water absorption 

capacity is 60 times lower than that of normal concrete (Du et al., 2021). The capillary 
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porosity and total porosity are 5.5 and 2.5 times lower than the UHPC, which is directly 

related to the strength and durability of the concrete (Vande Voort et al., 2008). 

2.6.3 UHPC with Seawater and Sea-sand  

Global cement production in 2016 reached 4.1 billion metric tonnes and is predicted to 

rise to more than 5 billion metric tonnes (Imbabi et al., 2012; Mohamad et al., 2022; Naqi & 

Jang, 2019). In 2014, concrete consumption was anticipated to be over 25 billion tonnes, and 

aggregate production was estimated to be around 40 billion tonnes. (Li et al., 2020). In recent 

years, people have faced a shortage of river sand and tap water due to the increasing scale of 

engineering construction, especially in coastal and marine infrastructure (e.g., bridges, ports, 

and dry docks). According to the World Health Organization, water scarcity affects more than 

two billion people, and climate change and population expansion will likely worsen in some 

areas (Organization & Fund, 2022). The statistically predicted data for 2050 is presented in 

Figure 2.19 (Armstrong, March, 2024). The construction industry consumes a substantial 

amount of freshwater, accounting for approximately 18% of global annual industrial water 

usage (Ebead et al., 2022). Therefore, they have turned their attention to abundant sea-sands 

and seawater resources, which will be a promising option for easing resource crises and 

construction costs, reducing energy consumption, and lowering carbon emissions, particularly 

in marine and coastal area. 
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Figure 2.19. Water-stressed countries in 2050 (Armstrong, March, 2024). 

Sea-sand and seawater are not allowed to be used directly without prior treatment due to 

their high chloride content, which adversely affects mechanical performance, rebar corrosion, 

and durability reduction. However, in 2011, Teng et al. (Teng, 2014; Teng et al., 2011) 

introduced a new type of concrete structure named seawater sea-sand concrete (SSC) 

structures reinforced with corrosion-free fibre-reinforced polymer (FRP) composites (i.e., 

FRP-SSC structures). This new structural concept allows for the direct use of seawater and 

sea-sand in the construction of coastal and marine infrastructure, creating highly corrosion-

resistant structures without the need for any treatment.  
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Seawater has a high number of sodium, chlorides and sulphate ions, which can lead to 

loss of initial setting time of about 30%, slump flow of about 20%, increase the early age 

strengths, improved porosity and pore size, which leads to denser microstructure (Li et al., 

2020; Zhao et al., 2021). Accelerated hydration of ordinary Portland cement, primarily due to 

chloride promoting calcium aluminate and ferrite precipitation, resulted in a 15% and 5% 

increase in compressive strength at 7 and 14 days, respectively, compared to a control mix 

with deionized water at a 0.4 water-to-binder ratio. (Li et al., 2020). However, the 

compressive strength of 28 days is reduced by about 7-13% compared to specimens with 

normal water (Kaushik & Islam, 1995; Pan et al., 2021; Younis et al., 2018). On the other 

hand, a higher amount of unhydrated C3S in OPC leads to less mass of C-S-H than in 

deionised water (Li et al., 2020). Similarly, the changes in hydration products, dissolution of 

calcium hydroxide, and alterations in the C-S-H gel structure contribute to the decrease in the 

long-term compressive strength of Portland cement pastes prepared and cured with seawater 

(Zhang et al., 2022). Moreover, for ages beyond 28 days up to 90 days, there is an apparent 

decrease in compressive strength, possibly due to the formation of salt crystallisation, which 

negatively impacts strength gain (Orie & Ojaruega, 2015; Wegian, 2010). On the other hand, 

these high numbers of dissolved ions in seawater increase the ionic strength of the pore 

solution compared to deionised water. Its ionic strength is three to four times higher than the 

pastes made with deionised water (Montanari et al., 2019). This elevated ionic strength leads 

to a decrease in the electrical resistance of the pore solution by approximately 50% (Ebead et 

al., 2022). Furthermore, the inclusion of sea-sand in the mixture can further contribute to a 

reduction in the overall resistivity of the matrix. 

Most researchers have found that adding seawater to concrete improves mechanical and 

physical properties such as elastic modulus, density and compressive strength without 
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introducing substantial deficiencies (Li et al., 2020; Vafaei et al., 2021). However, the 

inconsistencies are essentially the strength developments in concrete with seawater at later 

curing ages. Furthermore, the corrosion of steel rebars remains a deep concern, and their 

durability is undetermined by chloride ions. It can also be observed from the available 

literature that contentious findings are reported about the influences of salt ions on the 

microstructure and durability of concrete without reinforcement. De Weeredt et al. (De 

Weerdt et al., 2014) have observed that plain concrete is susceptible to the attack of numerous 

salt ions found in seawater. Additionally, different hybrid fibres are used to investigate the 

durability of the SSC for different environmental conditions (Vafaei et al., 2021; Zeng et al., 

2022). For instance, seawater sea-sand concrete is exposed to elevated temperatures with the 

addition of synthetic fibre. It is concluded that synthetic fibre improves fire resistance, where 

polyvinyl alcohol (PVA) is more efficient than polypropylene (PP) fibres. It would be a better 

replacement for normal concrete in oil and gas production and offshore construction (Elseady 

et al., 2024). On the other hand, it has been demonstrated that plain concrete structures built 

with seawater have good durability (Nishida et al., 2015). A summary of the effects of 

seawater on concrete properties can be seen in Figure 2.20. It should be noted that the number 

of studies on durability is limited. 
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Figure 2.20. Macro and micro-scale influence of seawater on concrete properties at 

different ages (Ebead et al., 2022). 

2.6.4 Development of New Functionalities in UHPC 

The development of new functionalities in cementitious composites may bring a 

paradigm shift from strength-only performance to multifunctionality in the construction 

industry (Soliman et al., 2020). Ultra-high-performance concrete has demonstrated better 

mechanical and durability performance; however, the degradation of concrete structure 

monitoring is still under consideration for long-term serviceability.  

UHPC is a novel type of concrete characterized by superior mechanical properties and 

durability (Du et al., 2021; Soliman & Tagnit-Hamou, 2017). The excellent durability of 

UHPC leads to a persistent service life of the constructed structures, which brings new 

challenges to their health monitoring in terms of durability and maintenance of the SHM 

systems. Addressing these challenges, the development of self-sensing UHPC presents a 

promising area. However, research into the piezoresistive behaviour of UHPC remains 
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limited. Dong et al. (2016) investigated the mechanical properties and electrical conductivity 

of reactive powder concrete (RPC), a type of UHPC reinforced with 8 µm diameter short-cut 

super-fine stainless-steel wire (SSSW). Results demonstrated that the SSSW addition 

conferred strain-sensing capabilities to the RPC, yielding gauge factors (indicating strain 

sensitivity) of 22.5, 94.9, and 43.6 under cyclic and monotonic compression and flexure, 

respectively. The SSSW-reinforced RPC further demonstrated that the SSSW-reinforced RPC 

could monitor the crack opening and rupture induced by three- and four-point bending Dong 

et al. (2020). You et al. (2017) and Lee et al. (2018) explored the incorporation of steel fibres 

(SF) and CNTs into UHPC for self-sensing capability. Hybrid use of CNTs and steel fibres, 

their research showed that the resulting UHPC could detect damage and cracking—indicated 

by abrupt changes in electrical resistance due to disrupted conductive networks—but was 

ineffective at sensing variations in compressive strain. The lack of strain-sensing capability 

in their studies was attributed to the dense microstructure of UHPC, which limits the mobility 

of the CNTs and steel fibres. Moreover, Yoo et al. (2018) explored the hybrid use of CNTs 

and micro SF in a UHPC matrix and found that such UHPC can detect matrix cracking, which 

causes significant changes in electrical conductivity.  

Furthermore, Lee et al. (2019) investigated replacing ordinary sand in steel fibre-

reinforced UHPC with fine steel slag aggregate (SSA). They found that this substitution 

conferred strain-sensing capabilities, attributed to the fine dispersion of conductive steel slag 

forming conductive pathways via quantum tunnelling. However, the high free calcium oxide 

(CaO) and magnesium oxide (MgO) content in SSA raise concerns about potential volume 

expansion, premature cracking, and reduced long-term structural serviceability (Brand & 

Roesler, 2015; Feng et al., 2022; Wang et al., 2013). The addition of steel fibres, specifically 

stainless-steel fibres (SSFs) and copper-coated steel fibres (CCSFs), to UHPC results in 
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substantial enhancements in both compressive strength and strain. The improvements in 

compressive strength range from 11.4% to 33.7%. Additionally, UHPC with steel fibres 

demonstrates excellent self-sensing capabilities, with a strain sensitivity of 26.6 under cyclic 

compressive loading of 37.5 MPa when SFs are used. Similarly, UHPC containing 1.2 vol% 

CCSFs achieves a strain sensitivity of 28.2 (Qiu et al., 2021).  

Moreover, UHPC incorporating steel slag aggregates demonstrates remarkable tensile 

and compressive strengths, achieving about 207 MPa and 14 MPa, respectively. This 

enhanced performance is attributed to the high iron content of steel slag, which contributes to 

the self-sensing properties of UHPC. Notably, UHPC with steel slag exhibits superior self-

sensing capabilities compared to UHPC with CF and is comparable to UHPC with MWCNT. 

The utilization of steel slag aggregates in UHPC offers multiple benefits, including 

environmental advantages, improved flowability, and impressive self-sensing capabilities 

(Kang et al., 2024). Additionally, the inclusion of short steel fibres and SSA in UHPC leads 

to improved stress-sensing capabilities. The highest stress-sensing characteristics are 

observed in UHPC with 5vol% short steel fibres, achieving stress levels of up to 200.6 MPa 

and a fractional change in resistance (FCR) of 33.7. Furthermore, the incorporation of steel 

slag aggregates in smart UHPC further enhances its stress-sensing abilities (Le et al., 2023). 

Furthermore, the integration of MWCNTs into ultra-high-performance fibre-reinforced 

concrete (UHPFRC) is employed to enhance its self-sensing and repair capabilities while 

improving bond strength. The inclusion of MWCNTs enhances adhesion, cohesion, and 

mechanical interlocking in the interfacial zone, leading to improved bond strength and better 

repair properties. Additionally, MWCNTs exhibit notable sensing capabilities for crack 

initiation, crack localization, fibre pull-out, and debonding processes. Optimal composite 

layers are achieved with a content of 2 vol.% SF and 0.2 wt.% MWCNTs (Song et al., 2023).  



 

54 

In contrast, another research study focuses on the utilization of a nanoengineered UHPC 

that incorporates Carbon Nanofiber (CNF) and SF at volume ratios of 0.1% and 2%, 

respectively. The objective of this study is to detect cracks in concrete. The results 

demonstrate a strong correlation between the FCR curve and the progression of cracking, 

enabling the identification of crack initiation. Initially, there is a decrease in electrical 

resistance due to microcracking, followed by a sharp increase in resistance as the mechanical 

load-displacement curve exhibits a post-peak decline. This finding is significant as it indicates 

that the nanoengineered UHPC possesses the capability to self-sense even after crack 

localization occurs under tension (Ralli et al., 2023).  

On the other hand, a hybrid nCB-CNF-filled UHPC consistently shows higher 

compressive strength compared to UHPC with a solo nCB, indicating the positive effect of 

combining carbon black and carbon nanofibers in the matrix. The percolation threshold for 

conductivity in UHPC starts at around 0.5% nCB content, regardless of CNF inclusion, 

showcasing the role of CNF in linking conductive pathways created by nCB nanoparticles. 

Increasing the content of conductive fillers enhances the stability and low noise of 

piezoresistive behaviour in response to dynamic cyclic loads, with hybrid nCB-CNF fillers 

reducing signal noise under monotonic compressive loading, thus improving the overall 

sensing stability of self-sensing UHPC (Li et al., 2024).  

Steel fibres significantly enhance the properties of UHPC by improving its ductility, 

mechanical strength, and energy absorption capacity. Their addition increases the material's 

toughness and crack resistance, allowing UHPC to withstand greater loads and resist 

deformation under stress. Additionally, SF contribute to the electrical conductivity of UHPC, 

enhancing its piezoresistive behaviour for effective crack and damage sensing and structural 

health monitoring. Overall, the incorporation of steel fibres results in a more resilient and 



 

55 

durable material, making it ideal for demanding construction applications. Although some 

studies have demonstrated crack and damage sensing in UHPC using steel fibres and CNTs, 

achieving effective strain sensing remains challenging due to the material's highly compact 

and dense microstructure, which restricts fibre mobility in matrix. 

2.6.5 Summary 

It can be observed from the literature that ultra-high-performance concrete has come to 

prominence in the construction industry due to its ultra-high compressive strength and 

durability performance. ACI 239R-18, has included the steel fibres in a UHPC mix. However, 

a concrete mix can be classified as UHPC even without the inclusion of fibres, provided it 

meets the necessary criteria for strength and durability. At the same time, fibres are commonly 

used to enhance certain properties like tensile and flexural strength and crack resistance. A 

non-fibre UHPC can still achieve high compressive strength and durability through the 

optimisation of mixed design and high-quality materials. However, it may not exhibit all the 

performance characteristics typically associated with fibre-reinforced UHPC. The codes 

ASTM C1856/C1856M – 17 and GBT31387-2015 (C1856/C1856M-17, 2017; Du et al., 

2022; Wu et al., 2022) are described as if the compressive strength is higher than 120 MPa, 

generally considered as UHPC. Despite its exceptional performance, the concrete structures 

deteriorate over time due to the various loads and environmental conditions. Therefore, it has 

always been a matter of concern to develop a system that would improve serviceability and 

real-time monitoring of the civil infrastructure, significantly reduce unexpected accidents, 

save human life and resources, and lower maintenance costs in the later stages. 

The introduction of novel capabilities in cement-based composites could lead to a 

significant change in the industry, shifting the focus from solely strength-based performance 

to multifunctionality. This development could enhance the overall life span of a concrete 
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structure, as it can monitor its own structural health and provide early warnings of any 

damage, enabling timely repairs and maintenance. This shift towards multifunctionality could 

revolutionize the way of designing, building, and maintaining concrete structures, leading to 

improved safety and longevity. The introduction of self-sensing capability in UHPC has 

garnered considerable attention from researchers and engineers, as it enables the monitoring 

of internal stress and the deformation of structures. It is widely recognized that the 

conductivity of the matrix plays a crucial role in the sensing behaviour of UHPC. The 

transformation of the non-conductive system into a conductor has opened new possibilities 

for its sensing capabilities.  

Although some studies have demonstrated crack and damage sensing in UHPC using 

steel fibers and CNTs, achieving effective strain sensing remains challenging due to the 

material's highly compact and dense microstructure, which restricts fiber mobility in matrix. 

Additionally, there are very limited studies that explore strain sensing capabilities by 

employing steel slag aggregates. However, these steel aggregates can lead to volumetric 

expansion and premature cracking in concrete structures due to corrosion. The existing 

literature presents conflicting results regarding the compressive strain-sensing behaviour of 

UHPC composites. Although some research has shown the potential for self-sensing 

capabilities in UHPC, the incorporation of complex and hybrid conductive materials often 

increases costs and complexity, making them impractical for field applications. Moreover, 

these materials typically have a high unit cost, which limits their scalability in real 

construction projects. Another significant challenge is the dispersion of fillers within the 

cementitious matrix. Many piezoresistive fillers exhibit substantial dispersion issues, which 

adversely impact both piezoresistive and mechanical performance. Achieving stable and 
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effective piezoresistivity requires proper dispersion techniques and treatments, as well as 

attention to the mechanical properties of the composite. 

Despite advancements in UHPC that incorporates various conductive materials for 

crack and damage sensing, effectively implementing strain sensing remains a significant 

challenge due to the material’s dense microstructure.  dditionally, some studies ha e claimed 

strain sensing capabilities using steel slag aggregates; however, these pose substantial risks 

of volumetric expansion and premature cracking due to corrosion. The solutions proposed in 

existing research are often hindered by the high costs and complexities associated with hybrid 

conductive mechanisms. Moreover, the dispersion of piezoresistive fillers within the 

cementitious matrix further complicates the situation, which adversely impacting both 

piezoresistive and mechanical performance. Therefore, there is an urgent need for effective 

strategies to improve the self-sensing capabilities of UHPC while addressing concerns related 

to material cost, complexity, and filler dispersion for practical field applications. 
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Chapter 3. 

Structure of Nanocarbon Black and its Effects on 

Piezoresistive Performance 

3.1 Abstract 

The utilisation of nanocarbon black (nCB) in cementitious composites has shown 

potential in developing self-sensing concrete for strain monitoring and damage detection in 

concrete structures with a low cost and enhanced mechanical and electrical properties. It has 

been used with different structures, morphologies, and surface areas to produce cement-based 

materials, which significantly varies results. There is a considerable knowledge gap in 

understanding how the structure of carbon black influences the mechanical and electrical 

properties of these smart composites. Therefore, this study investigates the effect of different 

structures of nCB on the mechanical and piezoresistive properties of the cementitious 

composite.  

The investigation concludes that the mechanical properties are nearly similar, and the 

compressive strength of all the nCBs has shown similar trends with a minor difference: 

initially, it increased, then it decreased. However, the nCB-290 showed a very low and distinct 

percolation zone compared to the other nCBs due to its branched structure. The lower 

percolation threshold is incredibly beneficial for achieving economical, stable, and durable 

piezoresistive behaviour for a field-deployable solution. The nCB-290 shows high 

repeatability and precisely synchronised behaviour to the corresponding stress/strain. It also 

shows the highest strain sensitivity among all, which is several times higher than conventional 

strain sensors. 
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3.2 Introduction 

Various types of piezoresistive materials (e.g., CFs, CNTs) have been used in SCCs to 

achieve piezoresistive behaviour, as reviewed in Chapter 2. Among the nanofillers, nCB is 

regarded as one of the most suitable candidates for sensing concrete because of its low cost, 

permanent electric conductivity, no critical dispersion issues, high chemical and thermal 

stability, and fine filler effect (Dong et al., 2020; Hussain et al., 2019; Leong & Chung, 2003, 

2004; Monteiro et al., 2015; Wen & Chung, 2007).  

The influence of nCB on the piezoresistive and mechanical properties of cementitious 

composites has been explored in numerous studies. The structure (the number of particles 

making up the primary aggregate (Sánchez-González et al., 2005)) of nCB is considered to 

be the most critical parameter which influences its electromechanical properties. According 

to ASTM D2414-21 (D2414-21, 2021), the oil absorption number (OAN) defines the 

structure, indicating that a higher particle count per aggregate corresponds to a higher 

structure. A study demonstrates that the high-structure nCB composites decrease compressive 

strength and, at the same time, improve sensitivity at lower percolation ranges from 0.7% to 

2.5% of the cement weight (Dai et al., 2010). The reduction in compressive strength was 

attributed to a higher number of aggregates, which leads to poor dispersion and ultimately 

reduces the strength. The high structure nCB has a high number of aggregates attached to 

each other to form a continuing structure, which is very difficult to disperse in a mix 

uniformly. Another study has achieved a low percolation zone of about 0.5-2.0% of nCB; 

however, the compressive strength decreased with the addition of nCB (Dong et al., 2019). 

Nevertheless, the lower carbon black structure maintains and improves the compressive 

strength of cementitious composites to some extent, but the sensitivity can only be achieved 

at a higher content of nCB. For instance, (Li et al., 2006) developed nCB-based cementitious 
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composites with a 15.0% nCB concentration showing the piezoresistive behaviour. Similarly, 

12.0% and 7.0% of binder mass have shown the percolation threshold in different studies, 

and the compressive strength is improved to a certain level with a particle size of 120 nm 

(Monteiro et al., 2017; Wu et al., 2005). While these studies did not specify the structure of 

the nCB, it is hypothesized that a low-structure nCB enhances mechanical properties up to a 

certain point, while the piezoresistive behaviour is achieved at a higher concentration of nCB. 

On the other hand, the high-structure nCB can reach the percolation threshold at a low nCB 

content but it may compromise the mechanical properties due to the high agglomeration. It 

can be summarized that nCB-based composites demonstrate a significant variation in the 

percolation zone, ranging from 0.50% to 20.0%. 

Despite the extensive range of structures of nCB available in the market, it is challenging 

to make any decision about a suitable candidate for practical applications. The mechanical 

and piezoresistive behaviour of the cementitious composites is directly associated with the 

structure of the nCB. Moreover, the cost of the composites is directly related to the percolation 

threshold which defines the amount of nCB needed to establish the conductive network.  

Against the above background, this chapter presents systematic investigations of 

different structures of nCBs for the mechanical and piezoresistive properties of cementitious 

composites. 

3.3 Experimental Program 

3.3.1 Raw Materials and Mix Design  

This study used EN 197-1 CEM I 52.5N ordinary Portland cement (OPC) manufactured 

by Green Island Cement Limited, Hong Kong, and Silica fume (SF) as a supplementary 

material. A polycarboxylate-based superplasticiser (SP) was used with a solid content of 
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22.0% by mass and a specific gravity of 1.05. Three different nCB were used, including super 

P Li from Timcal with dibutyl phthalate oil (DBP) absorption number 290ml/100gm (nCB-

290), nCB with DBP 245ml/100gm (nCB-245) from Henan Lebang Water Purification 

Technology Co., Ltd and VXC72 from CABOT with DBP 174ml/100gm (nCB-174). The 

physical and chemical properties of nCBs are given in Table 3.1. 

Table 3.1. Physical properties of nanocarbon black from the manufacturer 

Sample 
DBP 

(ml /100gm) 

Density 

(g/cm3) 

Resistivity 

(ohm-cm) 

Particle 

size (nm) 

Surface area 

(m2/g) 

nCB-290 290 0.160 0.18 ~40 62 

nCB-245 245 0.532 0.12 40-80 61 

nCB-174 174 0.240 0.05 30-60 254 

In this study, the base mix design plain concrete (PC) was obtained by adding cement, 

SF, and water. For nCB-based composites, a nCB of up to 5.0% of binder mass was used. The 

water-to-binder ratio was 0.33, and the SP was added according to nCB content to maintain 

the flowability. The mix design and the specimen IDs having a different dosage of nCB are 

detailed in Table 3.2. 

Table 3.2. The ratio of the mixed proportion of all specimens. 

Specimen No. Cement Silica fume w/b ratio SP (%) 

PC 0.9 0.1 0.33 0 

nCB0.5 0.9 0.1 0.33 0.25 

nCB1.0 0.9 0.1 0.33 0.50 
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nCB1.5 0.9 0.1 0.33 0.75 

nCB2.0 0.9 0.1 0.33 1.00 

nCB2.5 0.9 0.1 0.33 1.50 

nCB3.0 0.9 0.1 0.33 2.00 

nCB3.5 0.9 0.1 0.33 2.50 

nCB4.0 0.9 0.1 0.33 3.00 

nCB5.0 0.9 0.1 0.33 3.50 

Note: The water-to-binder ratio was 0.33, and the SP was added as a certain percentage of the 

weight of the binder. 

3.3.2 Structure of nCB 

The nanostructure of the nCB was revealed by transmission electron microscopy (TEM) 

(Talos F200S G2 TEM, Thermo Fisher Scientific Inc., USA), as shown in Figure 3.1(a-c). 

The morphology of the nCB was specified at three different levels, including particle, 

aggregate and agglomerate, as shown in Figure 3.1(d) (Youssry et al., 2013). It consisted of 

primary particles with sizes in the range of 20-80nm (Wang et al., 2020), which are covalently 

bonded to aggregates with sizes in the range of 100-300nm (Badot et al., 2009; Cadiou et al., 

2019; Endo et al., 2008). The high-resolution TEM images of the nCB sample show a distinct 

core-shell structure exhibited by the primary particles. The central regions of the particle 

contained amorphous nuclei, which were surrounded by layers of graphitic carbon. 

Additionally, the imaging technique provided a clear and detailed visualisation of 

agglomerates formed by multiple particles, offering a comprehensive understanding of their 

morphology. The inner core of primary particles was similar for all three types of nCB, but 
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their structure and agglomeration were different. The degree to which nCB particles aggregate 

is referred to as “structure” and is determined by the oil absorption capacity as measured by 

dibutyl phthalate (DBP) absorption (Pantea et al., 2003). Highly branched nCB refers to 

chain-like and highly branched aggregates, which consist of several primary particles, 

whereas aggregates with a lower number of primary particles demonstrate a less branched 

structure (Lin & Chung, 2007; Soboleva et al., 2010). Larger agglomerates are formed by the 

loose clustering of these nCB aggregates. 
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Figure 3.1. High magnification TEM images of nanocarbon black. (a) nCB-174 showing 

ellipsoidal and linear structure, (b) nCB-245 showing ellipsoidal and linear structure, (c) 

nCB-290 showing the branched structure, and (d) schematic diagram of nCB structures. 

From Figure 3.1, it can be seen that the nCB-174 showed an ellipsoidal and linear 

structure. Similarly, the nCB-245 had a spherical or ellipsoidal structure. Notably, nCB-290 

demonstrated a highly branched structure, which facilitates the formation of more conductive 

pathways. Some researchers called it a chain structure and a grape-like branch structure (Dou 

et al., 2022). As a result, it could exhibit a more distinct percolation at lower volume fractions 

compared to low-structure nCB. The structural characteristics are vital in selecting 

appropriate nCB for specific applications. The high structure of nCB offers several 

advantages, such as minimal impact on flowability due to the use of less amount of nCB, ease 

of fabrication, and reduced material unit cost. The high agglomeration would not be 

favourable for mechanical properties due to the creation of the stress concentration points. 

Interestingly, some level of aggregation is beneficial for the conductive behaviour of nCB. 

According to the literature (Soliman et al., 2020), achieving a high level of dispersion of nCB 

is not advantageous for conductive phenomena. It explains that excessive dispersion can 

disrupt the volumetric wiring structure responsible for conductivity. 

It can be summarized that the branching and linear structure of nCB tend to form a more 

conductive network at a lower critical volume than the spheroidal and ellipsoidal shapes. 

Therefore, the selection of nCB with appropriate structure is very crucial to achieve the 

reasonable electrical and mechanical properties of the composite, making it suitable for 

various applications. 

3.3.3 Specimen Preparation  
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Figure 3.2 explains the step-by-step preparation of the nCB-based smart cementitious 

composites. It started with a dry mixing of the cement, SF, and nCB, and then water and SP 

were added. The mixing continued until it reached an acceptable fluidity level. After that, it 

was poured into a mould for mechanical testing. Moreover, four copper meshes were 

embedded during the preparation of piezoresistive testing samples. After the casting, the 

samples were covered with a plastic sheet, left at room temperature for 24 hours, and then 

demoulded. After demoulding, the specimens were immersed in normal tap water for 28 days 

at 22℃ ±  ℃. 

 

Figure 3.2. Fabrication procedures of nCB-filled smart cementitious composites. 

3.3.4 Mechanical Tests 

Compressive strength tests were conducted using 50 mm cubic samples according to 

ASTM C109 (C109/C109M-21, 2021). For each mix, three specimens were tested to obtain 

an average value. The loading rate of 0.5 MPa/s was applied for the compression tests. 

3.3.5 Piezoresistive Tests 

A four-probe testing method was employed to avoid contact resistance for the resistivity 

measurement due to added contact resistance to the actual specimen resistance while applying 

the two-probe method (Chung, 2020).  fter 28 days of curing, the samples  ere dried at 50℃ 

for three days to minimise the moisture content. Before undergoing the monotonic and cyclic 
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compressive test, the samples were kept in an ambient environment to cool down because the 

temperature influences the electrical properties of the specimen (Dong et al., 2019; Dong et 

al., 2019; Lipscomb et al., 2009). The resistance of the samples was measured by the LCR 

meter U1733C (Keysight Technologies, Inc., USA). The measurement of piezoresistive 

behaviour during the compressive cyclic and monotonic loading was performed using the 

experimental setup, which can be seen in Figure 3.3, in which Vr is the voltage of the resistor, 

Vs is the voltage measured between the two inner electrodes, and Rf is the electrical resistivity 

of the resistor. The specimens were first subjected to cyclic compressive loading using a 

universal testing machine (Instron 5982, Instron Inc., USA) with a loading rate of 0.40 

mm/min (Ding et al., 2019; Han et al., 2015). Four compressive cycles were applied to 

examine the repeatability of the sensor with a stress amplitude of 15 MPa. The monotonic 

loading was continued to be applied to the samples up to failure to measure the maximum 

change in fractional change in resistivity (FCR) at failure. The axial strain was measured by 

the strain gauges attached to two opposite sides of the sample. The data logger recorded the 

stress and strain data.  



 

68 

 

 
 

Figure 3.3. Piezoresistive behaviour testing setup and circuit diagram of nCB-based SCC. 

Monotonic compression tests were conducted to evaluate the strain sensitivity for all the 

mixes. The strain sensitivity is generally indicated by the so-called gauge factor (GF) (Amjadi 
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where ε is the compressive strain while FCR is the fractional change in resistivity defined 

by the following equation: 

0

0

100%FCR
 



−
=       (3.2) 

where ρ0 is the initial resistivity of the material before being loaded, while ρ is the 

resistivity of the material subjected to loading. 

3.4 Results and Discussions 

3.4.1 Compressive Strength  

The compressive strength results of three different nCB composites with different 

dosages are illustrated in Figure 3.4. It can be observed that the compressive strength of nCB 

composites follows a similar trend, initially increasing with the nCB content up to a specific 

level and then decreasing. However, the turning point of reduction and its ratio is different 

for different nCB structures. For instance, the samples of nCB-290 and nCB-245 show an 

increasing trend of compressive strength up to 1.0% nCB, and the nCB-174 samples show an 

increasing trend up to 1.50% nCB with respect to PC. Generally, the compressive strength 

improvement is attributed to the pores-filling phenomena of the nCB. Nanoparticles of nCB 

can fill the nano-level pore to improve porosity and strength (Ding et al., 2019; Leong et al., 

2006; Li et al., 2008; Wen & Chung, 2007). It seems that the nCB-174 has a higher range of 

particle size than the other two types. Apparently, the high range of the particles has a higher 

capability to fill a high number of pores of different sizes. The increased compressive strength 

of nCB-174 demonstrated more filling effects than the other two nCB composites. The 

reduction in strength beyond a certain level is typically linked to the lower flowability and 

improper compaction of the matrix, caused by the absorption of the higher amount of water 
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and SP and the higher agglomeration due to the high nCB content. This generally leads to a 

more porous microstructure and decreases the compressive strength (Hussain et al., 2022). 

Moreover, the hydration process is essential for strength development. The absorption of a 

significant amount of water can slow down hydration, and the presence of nCB particles can 

hinder water molecules from effectively reacting with the cement particles (Hussain et al., 

2022; Lu et al., 2021). Furthermore, the agglomeration due to strong Van der Waal forces 

between the nCB particles creates weak stress concentration points that show less resistance 

to applied forces as compared to the C-H-S product (Dong et al., 2019; Han et al., 2017). 

 

Figure 3.4. Compressive strength of three different structures of nCB with respect to the 

different concentrations. 

3.4.2 Piezoresistive Behaviour 
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The percolation threshold is a crucial parameter for designing and optimising self-sensing 

properties. The percolation threshold is featured by a significant drop in resistance when the 

filler content reaches a certain level (Han et al., 2015; Sun et al., 2017). In cementitious 

composites, the basic phenomena of the conduction of the electrical charges are in two ways: 

ionic and electronic (tunnelling, field emission and direct contact) conduction (Han et al., 

2014). SCCs may be categorized into three zones, including an insulation zone, where the 

system behaves like an insulator. The composites are partially conductive in a percolation 

zone, where both ionic and electronic conduction are influenced. When the concentration of 

the conductive filler is low, ionic conduction takes part in the conduction mechanism through 

the pore solution of the cementitious matrix (acts as an electrolyte ( emircilioğlu et al., 2019; 

Han et al., 2020)), which is connected by capillary pores to form a conductive path. Lastly, 

when the composites are in the above percolation zone, they are fully conductive, and direct 

contact between the fillers is dominant and influences the conduction mechanism. Figure 3.5 

demonstrates the percolation threshold of the three different nCB composites. Each data point 

is an average of three specimen readings. It has been mentioned in the literature that the 

different fillers and matrix have a direct effect on percolation (Chiarello & Zinno, 2005; Dai 

et al., 2010; Li et al., 2006; Monteiro et al., 2017; Parvaneh & Khiabani, 2019; Sun et al., 

2017). However, the same matrix and nCB filler were used in this study but the nCB had 

different structures. It can be observed from Figure 3.5 that each nCB has a very different 

and distinct percolation threshold. 
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Figure 3.5. Resistance change of three different structures of nCB with respect to the 

different concentrations. 

For instance, nCB-174 has a percolation zone of 0.5% - 3.5% nCB. Whereas the nCB-
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percolation zone among all: the zone starts at 1.0%, and the resistance decreases steeply and 

reaches to a minimal value at 2.0%. When the nCB is above 2.0%, the cementitious composite 

is in the percolation zone, where the resistance change is minimal due to the stable conductive 

network formed by the particles of nCB. The reason behind the lowest and most distinct 

percolation zone of nCB-290 is its chain structure and the widespread volumetric wiring 

structure which are responsible for conductivity.  

Table 3.3 summarises the percolation threshold of the previous studies utilising the 

nCB as a conductive material, noting that a lower percolation zone is beneficial for developing 

the cementitious sensors in terms of cost, mechanical properties, and ease of handling. 
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Table 3.3. Comparison of the percolation threshold of the carbon black incorporated 

studies. 

Matrix 
Percolation 

(%) 

Particle size 

(nm) 

Compressive 

strength (MPa) 
Reference 

Paste 12.0-20.0 120 40 (Li et al., 2006) 

Mortar 0.7-2.5 33 50-60 (Dai et al., 2010) 

Mortar 7.0-10.0 120 14-15 (Monteiro et al., 2017) 

Mortar 6.50 120 18 (Monteiro et al., 2017) 

Mortar 8.0 20-30 9.87 (Nalon et al., 2020) 

UHPC 0.5-1.5 40 158-144 (Hussain et al., 2022) 

Paste 0.5-3.5 30-60 76-60 This study 

Paste 2.0-4.0  66-60 This study 

Paste 1.0-2.0 40 77-67 This study 

3.4.2.2 Cyclic Compressive Loading  

To better understand the repeatability of the nanocomposite within a matrix, it can be 

assessed through cyclic loading (Georgousis et al., 2017). The literature has mentioned that 

the endpoint of the percolation zone shows the highest strain sensitivity (Han et al., 2019; 

Han et al., 2015; Han et al., 2015; Hussain et al., 2022; Hussain et al., 2023; Sun et al., 2017; 

Zhang et al., 2018). The piezoresistive behaviour of nCB samples at the percolation threshold 

point was tested for repeatability and strain sensitivity.  
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Figure 3.6. FCR response to corresponding stress-strain of different structures of nCB 

during cyclic compressive loading at the percolation threshold. (a) nCB-290 at 2.0%. (b) 

nCB-245 at 4.0%. (c) nCB-174 at 3.5% nCB. 

It can be said that the results demonstrated in Figure 3.6 show a precise synchronisation 

of the FCR with uniaxial cyclic compressive stress and strain. When the load was applied, the 

resistance decreased, and it increased as it was unloaded. It is attributed to the fact that the 

distance between the nanoparticles of carbon black was reduced during the compressive 

loading, which facilitated reconstruction of new conductive pathways by quantum tunnelling 

mechanism. Likewise, the distance between nanoparticles increased and the interruption of 

the conductive paths occurred during the unloading, so the resistance increased again. The 

significantly enhanced piezoresistive response at the percolation threshold can be attributed 

to tunnelling conduction. This observation aligns with the understanding that changes in the 

tunnelling distance between conductive fillers play a crucial role in the piezoresistive 
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response of cement-based sensors within the percolation zone (Ding et al., 2019; Li et al., 

2024). The predominant conduction mechanism in car on  lack particles is electron 

tunnelling (Spahr et al., 2017; Xiao et al., 2010). According to the tunnel effect theory, the 

current density in a tunnel resistor formed by two adjacent CB particles at a low voltage region 

can be described by Equation 2.4. 

It can be concluded that the nCB-290 has the highest FCR at the percolation threshold, 

followed by the nCB-245 and nCB-174, with precise synchronised responses to the applied 

corresponding stresses and strains. The highest strain sensitivity of the nCB-290 is attributed 

to its chain-like structure, which has a high number of connected aggregates. As a result, the 

change in electrical resistivity in the nCB-290 samples was higher than the samples with other 

nCBs at the same strain. 

3.4.2.3 Strain Sensitivity or Gauge Factor 

The strain sensitivity or gauge factor (GF) of the samples was evaluated by using a linear 

fitting curve. The slope of the fractional change of electrical resistivity regarding the applied 

strain is considered the gauge factor of strain sensors (Amjadi et al., 2016). The strain 

sensitivity, the so-called GF of the three different nCB-composites, was obtained by applying 

monotonic loading to the cracking point. Figure 3.7 illustrates the GF of all three nCB 

structures at the percolation threshold point. Similar to cyclic response, it can be observed 

that the nCB-290 samples had the highest GF among all, following the nCB-245 and nCB-

174 samples. Moreover, the coefficient of determination (R2) value shows a high level of 

linearity for all three nCB samples. The high linearity indicates that the relationship between 

changes in resistance and strain is strong, suggesting that resistance variations can be reliably 

predicted by corresponding changes in strain. This reflects a robust and consistent connection 

between the two variables. 
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Figure 3.7. Experimental and fitting curves (FCR vs. strain) and the gauge factor of 

different structures of nCB during monotonic compressive loading at percolation threshold. 

(a) nCB-290 at 2.0%. (b) nCB-245 at 4.0%. (c) nCB-174 at 3.5%. 
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3.5 Summary and Conclusions 

This study aims to investigate the effects of nCB structure on the mechanical and 

piezoresistive behaviour of the cementitious composite. The use of nCB in cementitious 

composites has shown great potential in developing self-sensing concrete for monitoring and 

damage detection in concrete structures. However, the structure of nCB is a critical parameter 

in the development of economic and enhanced durability and electrical conductivity. This 

study has explored the potential of nCB with different structures and concentrations to 

optimise the performance and application of these innovative materials. After systematic 

investigations of three different nCBs, the following conclusions can be drawn from this 

study: 

The compressive strength of the cementitious composites incorporating the three different 

nCBs showed similar trends: initially, the strength increased with the nCB content, it then 

decreased with additional nCB due to high agglomeration and porosity. The nCB-174 led to 

better mechanical properties than the other two.  

The percolation zone of nCB-290 showed a very low and distinct behaviour compared to the 

other two nCB samples due to the branched structure of nCB-290. The lower percolation 

threshold is incredibly beneficial for achieving economical, stable, and durable piezoresistive 

behaviour for a field-deployable solution. 

The strain sensitivity and repeatable piezoresistive behaviour of all the samples at the 

percolation threshold showed a linear and precisely synchronised behaviour. The maximum 

strain sensitivity (GF) of 203.08 was achieved by the nCB-290, followed by 152.07 and 

139.03 with nCB-245 and nCB-174, respectively, all being several times higher than 

conventional strain sensors.  
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These highly strain-sensitive smart cementitious composites can be employed as a field-

deployable solution to monitor the health of the concrete infrastructure in the field. After the 

analysis of the testing results, nCB-290 was determined to be the most suitable nCB structure, 

which will be incorporated into a UHPC matrix in the next chapter to investigate the strain-

sensing capability of UHPC. 
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Chapter 4. 

Develo ment of Nanocarbon Black-Based Ultra-Hig -

Performance Concrete wit  Strain-sensing Ca abilit   

4.1 Abstract 

Ultra-high-performance concrete (UHPC) exhibits exceptional mechanical properties 

and durability. While the dense microstructure contributes significantly to the superior 

performance of UHPC, it limits the mobility of potential piezoresistive additives. Therefore, 

it is generally considered challenging to achieve the compressive strain-sensing capability of 

UHPC. This paper presents the development of a new type of UHPC with strain-sensing 

capability by incorporating chain-structured nanocarbon black (nCB-UHPC). Nanocarbon 

black is a highly conductive and low-cost material; when used as a filler material in a concrete 

mix, it makes the cementitious matrix conductive through a quantum tunnelling mechanism 

due to its chain structure.  

The present study involves comprehensive experimental investigations into various 

properties of the nCB-UHPC, including its mechanical and piezoresistive properties as well 

as its microstructure. The nCB content was taken as the key variable in the tests. The test 

results show that by incorporating nCB of a proper content (e.g., 1.0-1.5%), the resulting 

nCB-UHPC can have an ultra-high 28-day compressive strength (>140 MPa), sufficiently 

good  orka ility (slump spread ≥170 mm) and excellent strain-sensing capability (gauge 

factor >130) at the same time. 

4.2 Introduction 
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Ultra-high-performance concrete is the new high-class achievement in the field of 

concrete technology which provides a long-term, feasible and sustainable construction due to 

ultra-high mechanical properties, lower porosity and improved resistance against aggressive 

environments (Du et al., 2021; Soliman & Tagnit-Hamou, 2017). Although it exhibits 

exceptional performance, the durability and long-term performance evaluation techniques 

may bring a paradigm shift from strength-only performance to multifunctionality in the 

construction industry (Soliman et al., 2020). The intrinsic ability of UHPC to sense stress and 

strain offers a pathway towards more sustainable and cost-effective construction practices. 

However, the piezoresistive behaviour of the UHPC is not studied widely. It is mentioned that 

the compact and dense microstructure of the UHPC is unfavourable for compressive strain 

sensing, while using steel fibre and CNT (Lee et al., 2018; You et al., 2017). The immobility 

of the piezoresistive materials during elastic loading and unloading will lead to no 

piezoresistive synchronization. 

By contrast, (Lee et al., 2019) explored the use of fine steel slag aggregate to replace the 

normal sand in UHPC with steel fibres and reported that by doing so, the UHPC possesses 

the strain sensing capability despite its dense microstructure due to conductive matrix 

approach. However, the steel slag aggregates have high contents of free calcium oxides and 

magnesium oxide which tend to cause volume expansion of concrete, leading to premature 

cracking and diminishing the mechanical properties and long-term serviceability of concrete 

structures (Brand & Roesler, 2015; Feng et al., 2022; Wang et al., 2013). Therefore, this study 

aims to investigate the piezoresistive behaviour of the UHPC composite by incorporation of 

nCB (nCB-290, which was identified as most suitable among three nCB structures). nCB is 

regarded as one of the most promising candidates for cementitious composites because of its 

permanent electric conductivity, very low cost (130 times lower than CNTs), no critical 
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dispersion issues, high chemical and thermal stability, no corrosive and expansive behaviour 

and fine filler effect (Dong et al., 2020; Hussain et al., 2019; Leong & Chung, 2003, 2004; 

Monteiro et al., 2015; Wen & Chung, 2007; Youssry et al., 2013). The branched structure of 

nCB-290 is a critical factor that enables the formation of a conductive network within the 

UHPC matrix through a quantum tunnelling mechanism. It is ascribed that due to the strong 

Van der Waal forces, the nCB particles are firmly adhered to one another and form a chain 

structure (Hartley & Parfitt, 1985), which improves the overall conductivity of the matrix. 

In light of the above context, this chapter provides a comprehensive investigation into 

the development of nCB-based UHPC and examines its mechanical and piezoresistive 

properties. 

4.3 Experimental Program 

4.3.1 Raw Materials  

This study used EN 197-1 CEM I 52.5N ordinary Portland cement produced by Green 

Island Cement Limited, Hong Kong. The supplementary materials were silica fume (SF) and 

quartz powder (QP). The cement and supplementary materials were tested for their chemical 

composition by X-ray fluorescence (XRF), as detailed in Table 4.1. The chemical 

composition of the SF shows that it had a silica content of over 96%, and the quartz powder 

with a mean particle diameter of 7.47 µm. River sand was rinsed with tap water to remove 

clay, preventing negative impacts on UHPC workability and strength, and then oven-dried at 

105°C for 48 hours (Fernandes et al., 2007). Following Wille and Boisvert-Cotulio’s 

recommendation, particles of dried river sand larger than 1.18 mm were removed (Wille & 

Boisvert-Cotulio, 2015). A polycarboxylate-based superplasticizer (SP) was used with a solid 

content of 22.0% by mass and a specific gravity of 1.05. Nanocarbon black (Super P Li) was 
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used, which has a high dibutyl phthalate (DBP) oil absorption (i.e., 290 ml/100gm) and thus 

a high probability of establishing a conductive network (Pantea et al., 2003). The transmission 

electron microscopy (TEM) images in Figure 4.1 explain the branched structure of nCB 

particles. The physical and chemical properties of nCB are given in Table 4.2. 

Table 4.1. Chemical components of cement and supplementary materials. 

Oxides (%) SF Cement QP 

SiO2 96.950 14.900 97.700 

CaO 0.073 70.500 0.028 

K2O 0.143 0.886 0.606 

Al2O3 0.141 3.530 1.340 

P2O5 0.412 0.093 0.000 

SO3 0.004 3.000 0.000 

Fe2O3 0.643 0.000 0.204 

ZrO2 1.605 0.000 0.000 

NiO 0.037 0.049 0.000 

MgO 0.015 0.957 0.000 

Na2O 0.000 0.167 0.000 

TiO2 0.000 0.375 0.000 

 

Table 4.2. Physical properties of nanocarbon black. 
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DBP  

(ml /100gm) 

Pour density 

(g/cm3) 

Resistivity 

(ohm-cm) 

Particle size 

(nm) 

Surface area 

(m2/g) 

290 0.16 0.18 ~40 62 

 

  

  

Figure 4.1. Morphology of nanocarbon black particles by TEM at different scales. 
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The Zetasizer Nano ZS90 particle size and zeta potential analyser measured the particle 

size of all the raw materials, and the cumulative particle size distribution of various UHPC 

mix proportions is shown in Figure 4.2. 

 

Figure 4.2. Cumulative particle size distribution of UHPC mixes. 

4.3.2 Mix Design  

The present study prepared and tested nine mixes, including one control mix without nCB 

and eight with different nCB contents. The control mix was developed based on the UHPC 

mix reported in (Teng et al., 2019), with slight adjustments to address the differences in the 

raw materials. The constituents of the control mix included cement, SF, QP, sand, water, and 

SP. On the other side, eight mixes use nCB as a filler material. The mass of nCB ranged from 

0.25 to 2.00% of the binders (i.e., cement and silica fume). The nCB replaced an equal volume 

of non-conductive fillers (quartz powder and sand), while the proportions of cement, silica 

fume, water, and superplasticizer (SP) remained constant across all mixes. The quantities of 

the constituents in the nine mixes are detailed in Table 4.3. 
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Table 4.3. Base mix design of nCB-UHPC (kg/m3). 

Notation Cement SF QP  Sand Water* SP nCB# 

UHPC 842.0 210.5 210.5 926.2 169.4 42.1 0.00 

0.25nCB-UHPC 842.0 210.5 190.5 902.2 169.4 42.1 2.63 

0.50nCB-UHPC 842.0 210.5 170.5 878.2 169.4 42.1 5.26 

0.75nCB-UHPC 842.0 210.5 150.5 854.2 169.4 42.1 7.89 

1.00nCB-UHPC 842.0 210.5 130.5 830.2 169.4 42.1 10.53 

1.25nCB-UHPC 842.0 210.5 110.5 806.2 169.4 42.1 13.16 

1.50nCB-UHPC 842.0 210.5 90.5 782.2 169.4 42.1 15.79 

1.75nCB-UHPC 842.0 210.5 70.5 758.2 169.4 42.1 18.42 

2.00nCB-UHPC 842.0 210.5 50.5 734.2 169.4 42.1 21.05 

0.25nCB-UHPC means that 0.25% by binder mass nCB added into UHPC 

*The total amount of water includes the SP (i.e., 78% of SP), leading to a water-to-binder ratio of 0.19. 

#This column represents the mass ratio of nCB to the binders (i.e., cement and silica fume) 

4.3.3 Preparation of Specimens 

The nano size and large specific surface area of nCB particles absorb a significant amount 

of free water in concrete mixes, which leads to reduced workability and nCB dispersion (Wu 

et al., 2016). The high water absorption of nCB brings significant challenges to the UHPC, 

which has a relatively low water-to-binder ratio (e.g., 0.19 in the present study). On the other 

hand, the preparation process greatly affected the workability and electrical properties of self-

sensing concrete (Al-Dahawi et al., 2016). In this study, a series of preliminary tests were first 
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performed to identify a proper preparation process for good dispersion of nCB and an 

acceptable level of the workability of the nCB-UHPC.  

The preliminary tests led to the following preparation process for nCB-UHPC specimens, 

as can be seen in Figure 4.3. Step (1) is mixing of cement, silica fume and quartz powder for 

five minutes; (2) mixing water with SP and adding 75-85% of the mixture to the dry 

constituents in two phases, and then continuing mixing until a slurry of UHPC was ready; (3) 

mixing the nCB and sand with the remaining water and SP, adding them into the slurry, and 

continuing mixing until an acceptable fluidity level was reached; (4) casting the UHPC into 

cube moulds with a side length of 50 mm and embedding four copper meshes into each 

specimen for measurement of electrical resistivity (the embedment depth of the meshes was 

20 mm while their positions are shown in Figure 4.3, and (5) covering the specimens with a 

plastic sheet and leaving them at room temperature for 24 hours before demoulding. After 

demoulding, two different types of curing conditions were employed. One-day heat curing at 

90℃ ± 1℃ in a heat-curing chamber for 24 hours following similar existing studies (Meng 

& Khayat, 2016; Teng et al., 2019). The second curing is the 28-day water immersion curing 

in ordinary tap  ater at 22℃ ±  ℃.  
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Figure 4.3. Fabrication procedures of nCB-filled UHPC sample. 

4.3.4 Workability 

Workability is an essential property of fresh concrete, which directly affects the hardened 

properties of concrete (e.g., compressive strength). The mini-slump measured the workability 

of the nCB-UHPC spread in accordance with ASTM C1437/C1437M–20 (C1437-20, 2020) 

using a flow table specified in ASTM C230/C230M-21 (C230/C230M-21, 2021).  

4.3.5 Compressive Strength  

The UHPC samples are fabricated and tested by following (C1856/C1856M-17, 2017). 

Two different curing conditions were applied including one-day heat curing at 90℃ and 

samples are labelled as UHPC-1d, while the normal water immersion curing samples at the 

age of 28 days are labelled as UHPC-28d. The loading rate of testing samples was 1 MPa/s.  
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The remaining details are given in section 3.2.4. 

4.3.6 Piezoresistive Properties  

The resistance of the samples before loading is measured at the different curing ages up 

to 28d. The samples were removed from the curing tank, wiped off the water with a paper 

towel, and let the surface dry in the air for at least one hour. The samples for the drying 

treatment were placed in an oven at 80℃ following 28 days of water curing for 72 hours. 

Their resistance was measured after three days. The samples were cooled down for one hour 

after being removed from the oven and allowed to measure the resistance (Dong et al., 2019; 

Lipscomb et al., 2009). The monotonic compression tests loaded the specimens with a 0.4 

mm/min displacement control rate until failure using the MTS 815 rock mechanics test system 

(Ding et al., 2019; Han et al., 2015). In the cyclic compression tests, the same testing machine 

was adopted with the same loading rate; four loading/unloading cycles were applied to 

examine the repeatability of the resistivity results with a stress amplitude of 40 MPa, which 

is in the elastic range of the specimens. The testing method and circuit diagram are detailed 

in Figure 3.3.  

The remaining details are given in section 3.2.5. 

4.3.7 Microstructure Analysis 

A high-resolution FE-SEM (Tescan MAIA3) was used to investigate the 

micromorphology of the nCB samples and plain UHPC samples. The nCB-UPHC samples 

were obtained from the inner core of the cubic specimens, dried out treatment was applied, 

and then gold-coated was used before being investigated to ensure the quality of the images.  

4.4 Results and Discussions 
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4.4.1 Workability 

The workability of all nine mixes can be seen in Table 4.4, where they are measured by 

measuring their respective slump spreads using the flow table apparatus. The slump spread 

was taken as the average value of the measurements in two perpendicular directions (Wille et 

al., 2011), as seen in Figure 4.4(a-b). The slump spread values and the reduction ratio of the 

nine mixes are depicted in Figure 4.5. It is not a surprise to see that the workability decreases 

with the content of nCB, with the maximum value being 331 mm for the plain concrete (PC) 

mix while the minimum value being 143 mm for the mix with a nCB content of 2.0% 

(2.00nCB-UHPC). Besides the high water absorption of nCB, the increase of nCB content 

also led to increasingly high viscosity due to the strong interparticle van der Waals forces of 

nCB (Hartley & Parfitt, 1985; Wu et al., 2016). 

On the other hand, the rate of decrease in the workability appears to reduce as nCB 

content increases, which can be seen in Figure 4.5: the difference between the slump spreads 

of mixes PC and 0.25nCB-UHPC is about 15.0%, which is about three times that between 

mixes 1.75nCB-UHPC and 2.00nCB-UHPC. Nevertheless, the workability of all the mixes, 

including mix 2.00nCB-UHPC, was found to be satisfactory in terms of the ease of casting 

and the uniformity of concrete quality, as demonstrated by their various properties presented 

in the subsequent sections. Indeed, the slump spreads of all the mixes are higher than or close 

to the value representing good workability reported by the existing studies [e.g., 160 mm (Du 

et al., 2021)]. 
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Figure 4.4. Slump spread of UHPC and nCB-UHPC. (a) Plain UHPC and (b) 1.00nCB-

UHPC. 

 

Figure 4.5. Flowability and reduction ratio with respect to nCB content. 
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Table 4.4. Compressive strengths, workability, and density of nCB-UHPC. 

Notation 

fcu, UHPC-1d (MPa) fcu, UHPC-28d (MPa) 
Slump Spread 

(mm) 

Density 

Mean SD Mean SD Kg/m3 

UHPC 181.70 6.95 183.90 6.83 331.00 2380.7 

0.25nCB-UHPC 163.70 3.57 168.50 3.95 282.00 2339.8 

0.50nCB-UHPC 153.50 1.75 158.70 1.57 240.00 2301.3 

0.75nCB-UHPC 145.50 1.24 151.70 2.37 218.00 2262.6 

1.00nCB-UHPC 143.10 1.29 150.40 0.91 193.00 2221.6 

1.25nCB-UHPC 137.90 4.42 147.50 3.73 181.00 2182.8 

1.50nCB-UHPC 133.40 2.41 144.80 3.72 170.00 2144.0 

1.75nCB-UHPC 131.40 1.94 142.50 3.07 158.00 2102.9 

2.00nCB-UHPC 130.10 2.21 141.60 3.51 143.00 2045.6 

The test results and the improvement are shown in Figure 4.6, which explains that the 

strength of both curing conditions decreases as the nCB content increases (i.e., UHPC-1d and 

UHPC-28d). The maximum values of compressive strength are 181.7 MPa (UHPC-1d) and 

183.9 MPa (UHPC-28d) for mixed PC, while the minimum values are 130.1 MPa (UHPC-

1d) and 141.6 MPa (UHPC-28d) for mix 2.00nCB-UHPC. It is not difficult to understand that 

this observation is consistent with that of the workability of the mixes, as both the strength 

and workability are highly related to the particle packing density (Cai, 2017; Fennis & 

Walraven, 2012; Karadumpa & Pancharathi, 2021). With the increase of nCB content, the 

nanoparticles absorbed an increasing amount of free water and SP, which was detrimental to 

the hydration process and thus negatively affected the compressive strength. The decrease in 
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compressive strength with respect to nCB content may also be explained by the differences 

in the microstructure of the UHPCs, as illustrated by the FE-SEM images. Figure 4.7(a-b) 

shows the microstructure of a 0.50nCB-UHPC and 2.00nCB-UHPC specimen, while Figure 

4.7(c-f) shows a 2.00nCB-UHPC specimen. By observing the images, the following reasons 

contributing to the decrease in strength might be identified: (1) the porosity and nonuniformity 

of UHPC increased with the nCB content due to the decrease in workability. The 0.50nCB-

UHPC, which has lower porosity as compared to the 2.00nCB-UHPC, which can be seen in 

Figure 4.7(a-b), (2) the agglomeration of nCB particles due to strong van der Waal forces led 

to relatively large aggregates, and thus stress concentration points with relatively small 

resistance to the applied forces (Figure 4.7(c-d)) (Dong et al., 2019). Nevertheless, the 

strengths of all the mixes are considerably higher than 120 MPa and can be classified as 

UHPC according to the definition of ASTM C1856/C1856M-17 (C1856/C1856M-17, 2017).  

 

Figure 4.6. Compressive strengths of different curing systems and strengths improvement 

of UHPC specimens at different concentrations of nCB. 
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On the other hand, it can be easily observed that the UHPC-28d strength is consistently 

higher than the UHPC-1d strength for all the mixes, as can be seen from Figure 4.6, where 

these findings reported are consistent with the existing studies (Teng et al., 2019). It is also 

interesting to note that the difference between the UHPC-28 and UHPC-1d strength increases 

with the nCB content. The difference for mix PC is 1.0%, while that for mix 2.00nCB-UHPC 

is 8.8%. The higher strength of UHPC-28 compared to that of UHPC-1d is believed to be due 

to the improved hydration process of the former by the continuous provision of water over a 

relatively long period (Monteiro et al., 2017); this improvement appears to be more 

pronounced for the mixes with a higher nCB content whose hydration process was more 

significantly affected by the nCB particles. As mentioned by other researchers (Dong et al., 

2019; Taha, 2020), nCB particles may enclose some cementitious particles and may thus 

delay the hydration process by hindering the latter from interacting with water molecules. 

Moreover. the higher nCB content leads to greater water absorption during the fabrication 

process due to its high surface area. As a result, the 28 days of water immersion curing 

contributes additional water content to the sample, further promoting the hydration process. 
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Figure 4.7. Microstructure analysis shows the porosity and agglomeration of nCB-UHPC. 

(a) 0.50nCB-UHPC and (b) 2.00nCB-UHPC. (c-d) Agglomeration and larger aggregate size 

of nCB. (e-f) nCB particles embedded in hydration products. 

On the other hand, the fresh density of the samples decreased to 2045.6 kg/m3, which 

can be seen from Table 4.4. Lightweight concrete is a versatile construction material that 

provides numerous technical, economic, and environmental advantages. These benefits 

include reduced dead loads, leading to savings in foundation and reinforcement costs, 

enhanced thermal properties and fire resistance, and more efficient transportation and 

handling of precast units on construction sites (Ismail et al., 2004; Wang et al., 2022). 

Researchers have used a number of natural and artificial expensive and special materials to 

reduce the LWC, which has compromised many properties of the concrete (Elango et al., 

2021; Haque et al., 2004; Lu, 2023; Wang et al., 2022). The nCB-UHPC has an intrinsic lower 

density, which could be one of the biggest advantages along with sensing capability. The 

combination of lightweight properties and the built-in sensing capabilities of nCB-UHPC 

makes it an ideal choice for construction projects demanding both reduced structural loads 

and real-time monitoring of the concrete's condition and surrounding environment. 

4.4.3 Piezoresistive Behaviour 

4.4.3.1 Percolation Zone  

The percolation zone is a key parameter for designing and optimizing self-sensing 

concrete. It refers to a range of conductive filler (e.g., nCB) contents, within which resistivity 

decreases dramatically with conductive filler content (Han et al., 2015; Sun et al., 2017). Self-

sensing concrete relies on a percolation zone enabled by two primary electrical conduction 

mechanisms: ionic conduction and electronic conduction (via tunnelling, field emission, and 

direct contact) (Han et al., 2014). Ionic conduction is generally dominant for concrete with 
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relatively low conductive filler content, in which conductive routes between fillers cannot be 

established, and electrical charges are passed through the free water in the voids connected 

by capillary pores within the concrete matrix. On the other hand, electronic conduction can 

be achieved when conductive filler content is sufficiently high to breed conductive networks 

established by the quantum tunnelling effect and/or direct contact between conductive fillers. 

The percolation theory of the nCB incorporated in UHPC is described in Figure 4.8. 

 

Figure 4.8. Schematic diagram illustrating the mechanism of the percolation threshold of 

nCB before application of external load. 

As stated in the above section, the resistivity of normal water-immersed specimens was 

measured at various ages up to 28 days. The results are shown in Figure 4.9, where each data 

point represents the average result of three identical specimens. It is evident that the resistivity 

generally increases with the curing time for all the mixes, mainly due to the reduction of free 

water in the hydration process, which consumes water and forms new products (Qureshi & 

Panesar, 2020). It is also evident that the change of resistivity with time is much more 

pronounced for the mixes with a relatively low (or zero) nCB content than for those with a 

relatively high nCB content, suggesting that the ionic conduction, which depends mainly on 

the amount of free water ( emircilioğlu et al., 2019), plays a more critical role in the former. 
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As an example, the plain concrete specimens (PC) showed a lower resistivity than those of 

mix 2.00nCB-UHPC at early ages (i.e., Days 1 and 2), but the 28-day resistivity of the former 

became much higher than the latter in which electronic conduction routes by nCB played a 

dominant role. Further examination of the FE-SEM images (Figure 4.7(f)) of the specimens 

suggests that the increase of resistivity of nCB-UHPC might also be due to the change in the 

microstructure of the material. It can be seen that the hydration products may have encircled 

and trapped some nCB particles and thus broken some conductive paths between them. 

 

Figure 4.9. Variation of the electrical resistivities of nCB-UHPC specimens at different 

curing ages. 

To identify the percolation zone, the 28-day resistivities of all the mixes are further 

plotted in Figure 4.10(a-b). However, Figure 4.10(a). shows that the rate of resistivity 

decrease remains almost the same for the tested range of nCB contents, so the percolation 

zone cannot be clearly established. This may be due to the moisture content in the specimens, 

which facilitated the ionic conduction and made the resistivity change caused by the electronic 

conduction via nCB particles not clearly identified. The specimens were put in an oven at 80 
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℃ for three days to minimize the effect of moisture content. Their resistivities were then 

measured again, and the results are shown in Figure 4.10(b). It is evident by comparing that 

the resistivity of the specimens increased significantly due to the significant loss of ionic 

conductivity. The percolation zone can now be identified from Figure 4.10(b). to be from 

0.50% to 1.50% of the nCB content, within which the resistivity is seen to decrease 

dramatically. By contrast, the rate of decrease in resistivity is significantly lower for the nCB 

contents outside the percolation zone, especially for the higher nCB contents (i.e., 1.50% to 

2.00%) where the nCB particles have established a stable conductive path. 

 

 

Figure 4.10. Change in the electrical resistivity of nCB-UHPC specimens before and after 

oven-drying. 
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Compared to previous studies, the percolation zone obtained in the present study is 

relatively low compared with other studies. This may be due to the difference in the structure 

of nCB: the branched structure nCB used in this study has a relatively larger surface area for 

electron conduction than a low-structure nCB (Rwei et al., 2002). Furthermore, the concrete 

mixing procedure has been reported to significantly impact its electrical conductivity (Al-

Dahawi et al., 2016). The relatively low percolation zone is beneficial for practical 

applications of the self-sensing UHPC in terms of cost, ease of handling and mechanical 

properties.  

4.4.3.2 Cyclic Compressive Tests  

Cyclic compression tests were conducted to examine the repeatability and reproducibility 

of the piezoresistive behaviour of the nCB-UHPC developed in the present study, following 

the approach of similar previous studies (Georgousis et al., 2017). As stated in Section 4.2.6, 

four loading/unloading cycles were applied with a stress amplitude of 40 MPa, which is 

sufficiently large for examining the piezoresistive behaviour while still in the elastic range of 

the UHPC. This stress amplitude (40 MPa) is also significantly higher than those reported in 

similar previous studies, which are generally concerned with normal strength 

concrete/mortar/cement paste with nCB. The test results are presented in Figure 4.11, in 

which the following parameters are plotted against the time: (1) stress, (2) strain, and (3) FCR. 

The stresses were calculated using the applied load recorded by the machine; the strain gauges 

measured the strains, and the FCR was calculated using the equation. 3.2 based on the 

measured resistivities. 
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Figure 4.11. FCR response to corresponding stress-strain of nCB-UHPC specimens at 

different concentrations of nCB during cyclic compressive loading. 

It is evident that for the mixes with an nCB content of no less than 1.0%, there is a precise 

synchronization of the FCR with the compressive stress and strain during the 

loading/unloading cycles. The FCR of the nCB-UHPC specimens decreased proportionally 

with the compressive stress-strain in the loading stages while corresponding in the unloading 

stages. This is due to the change of conductive paths in this process, as illustrated in Figure 

4.12. The distance between the nCB particles was generally reduced with the compressive 

load, which led to the reconstruction of new conductive paths by the quantum tunnelling 

mechanism and decreased the resistivity; similarly, the distance between the nCB particles 

increased in the unloading stages, which led to an interruption to some of the conductive paths 

and thus increases in the resistivity.  
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Figure 4.12. Schematic diagram of the conductive mechanism of nCB before and after 

application of external load. 

According to tunnelling theory (Liu et al., 2022; Xiao et al., 2010), the tunnelling 

resistance exponentially correlates with the distance between adjacent conductive fillers 

(barrier width). The local tunnelling resistance (R) as a function of the distance between 

adjacent conductive fillers (d) can be expressed by equation 3.3 (Ding et al., 2019; Simmons, 

1963): 

In these figures, the peak values of FCR may be used to indicate the sensitivity of 

resistivity to stress-strain, so they are compared in Figure 4.13 for all the mixes. It can be 

seen that the peak FCR value increases with the nCB content until it reaches 1.50% and then 

decreases afterwards. This is consistent with the observation of the gauge factor and 

demonstrates again that mix 1.50nCB-UHPC has the highest stress-strain sensitivity. This 

observation is also consistent with the relevant existing studies, which repeatedly show that 

the highest FCR generally occurs in the mixes within the percolation zone and that the FCR 

may then decrease with the content of conductive materials when stable and pre-established 

conductive networks already exist before loading (Han et al., 2015; Han et al., 2015; Sun et 

al., 2017; Zhang et al., 2018). 
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Figure 4.13. Peak FCR values of UHPC and nCB-UHPC specimens. 

It can also be seen that the plain UHPC specimen did not exhibit any piezoresistive 

behaviour (Figure 4.11). For the specimens with a relatively low nCB content of 0.25-nCB 

and 0.50-nCB, the FCR varied with the stress-strain in the loading/unloading cycles. 

However, the synchronization of FCR with the stress-strain is not sufficiently clear. The FCR 

response is also noisy due to the lack of a stable conductive network by the nCB particles. It 

is not difficult to understand as the distance between nCB particles was relatively far from 

one another due to the relatively low content, making it relatively difficult to develop 

conductive paths during loading (Han et al., 2015). 

4.4.3.3 Strain Sensitivity or Gauge Factor 

Monotonic compression tests were conducted to evaluate the strain sensitivity of the 

system by resistivity to compressive strain (i.e., strain sensitivity) for all the mixes. The strain 

sensitivity is generally indicated by the so-called gauge factor (GF) (Amjadi et al., 2016), 

defined by equation 3.1. Fractional change in resistivity (FCR) is divided by compressive 

strain (ε).  
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Figure 4.14(a-i) shows the variation of FCR with compression strain for typical 

specimens in the nine mixes, respectively. It is evident that the plain concrete mix shows no 

strain sensitivity at all, with the FCR varying randomly with the strain Figure 4.14(a). By 

contrast, the FCR value appears to change almost linearly with the strain for all the mixes 

with nCB Figure 4.14(b-i). To evaluate the gauge factor of the mixes, a straight-line linear 

passing through the origin, which was obtained by a regression analysis of the test data, is 

plotted on each subfigure. By doing so, the slope of the straight line represents the average 

gauge factor of the specimen. The gauge factors of all the mixes that were obtained are 

summarized in Figure 4.15. It can be seen that the gauge factor increases with the nCB 

content until it reaches 1.5%, which is the upper limit of the percolation zone. The gauge 

factor of mix 1.50nCB-UHPC (i.e., 130.93) is over 12 times that of mix 0.25nCB-UHPC (i.e., 

10.67). After that, a further increase of nCB content leads to a decrease in gauge factor, as 

evident from those of 1.75nCB-UHPC (i.e., 110.25) and 2.00nCB-UHPC (i.e., 96.15). This 

is expected as the conductive network by nCB is believed to have been well-established and 

relatively stable in these mixes before being loaded (Li et al., 2006). It is also worth noting 

that the gauge factor of 1.50nCB-UHPC (i.e., 130.93) is significantly higher strain sensitivity 

of UHPC self-sensing studies.  
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Figure 4.14. Experimental and fitting curves (FCR vs. strain) along with the gauge factor of 

nCB-UHPC specimens at different concentrations of nCB during monotonic compressive 

loading. 

To further evaluate the correlation between the strain and FCR, the coefficient of 

determination of the fitting line in each subfigure was calculated; the R2 value was shown to 

be not smaller than 0.97 for all the mixes with nCB, demonstrating an excellent linear 

relationship between the strain and FCR.  

 

Figure 4.15. Gauge factors and R2 values of nCB-UHPC specimens at different 

concentrations of nCB.  
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4.5 Summary and Conclusions 

This chapter has presented a comprehensive experimental study on the development of 

UHPC with the strain-sensing capability by incorporating cost-effective chain-structured nCB 

(i.e., nCB-UHPC). The experimental program, including the formulation of new mix 

proportions, the preparation process, and the test methods, have been presented in detail, 

followed by the test results and discussions. The test results have shown that by incorporating 

nCB of a proper content (e.g., 1.0-1.5%), the resulting nCB-UHPC can have an ultra-high 

compressive strength (28-day compressive strength > 140 MPa), sufficiently good 

 orka ility (slump spread ≥ 170 mm) and excellent strain-sensing capability (gauge factor 

>130) at the same time. The effects of the nCB content on various properties of nCB-UHPC 

have also been examined. The results and discussions presented in the chapter allow the 

following conclusions to be drawn: 

1. The compressive strength of UHPC generally decreases with the nCB content. The 

strength of nCB-UHPC specimens subjected to 28-day normal water immersion 

curing is higher than their counterparts subjected to one-day heat curing at 90℃ ± 

1℃, and the difference between the two increases with the nCB content. 

2. The percolation zone of nCB in a UHPC matrix was found to be between 0.50-1.50%, 

which is significantly lower than those from the previous studies on normal-strength 

cement paste/mortar/concrete incorporating nCB.  

3. The strain sensitivity of nCB-UHPC, as demonstrated by both monotonic and cyclic 

compression tests, increases with the nCB content until it reaches the upper limit of 

the percolation zone (i.e., 1.50%), after which it starts to decrease. The highest gauge 

factor of the nCB-UHPC, which indicates its strain sensitivity, is >130. This value is 

several times higher than those of conventional strain gauges. 
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4. For the nCB- H    ith a proper n   content (i.e., ≥1.0 ), the resistivity is precisely 

synchronised with the compressive stress-strain during the loading/unloading cycles 

with a stress amplitude of 40 MPa. 

5. The density of the nCB-UHPC samples decreased up to 2045.6 kg/m3, which could 

be one of the biggest advantages along with sensing capability. The combination of 

lightweight properties and the built-in sensing capabilities of nCB-UHPC makes it an 

ideal choice for construction projects demanding both reduced structural loads and 

real-time monitoring of the concrete's condition and surrounding environment. 

With their excellent properties summarized above, it is evident that the nCB-UHPC 

developed in this study has great potential for practical applications serving as both a 

structural material and a health monitoring measure. The low percolation zone of nCB in the 

developed UHPC leads to reduced material costs. It is incredibly beneficial for ease of 

implementation, while its high strain sensitivity is an essential advantage for strain-sensing 

purposes. With the dense microstructure of UHPC, the newly developed smart material can 

be expected to have excellent durability.  

Nevertheless, for the field applications and long-term serviceability of this work, the 

effects of moisture content, harmful ions ingression, and other environmental factors on the 

piezoresistive behaviour of nCB-UHPC needs to be investigated. In particular, the 

development of a relationship between the moisture content and the resistivity and gauge 

factor of nCB-UHPC would contribute to this study for field applications, where moisture 

sensors can monitor the moisture content. The effects of moisture content and sea-salt solution 

exposure were studied by a comprehensive experimental programme which is presented in 

the next chapter.  
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Chapter 5. 

Effects of Moisture Content and Sea-Salt Solution 

Ex osure on Nanocarbon Black-Based Ultra ig -

Performance Concrete 

5.1 Abstract 

Self strain-sensing capability of UHPC is introduced by the authors by employing cost-

effective nanocarbon black (nCB-UHPC). Since it is known that the strain sensing 

performance of smart cementitious composites may be affected by various environmental 

factors and that the mechanical properties of UHPC depend significantly on curing condition 

and may deteriorate under environmental exposure, this paper presents a recent study aiming 

to investigate the properties of the new nCB-UHPC under different curing and working 

conditions.  

The test results indicate that the mechanical properties of the nCB-UHPC can be 

improved by prolonged curing duration, and also by dry curing at 105 ℃ due to the 

accelerated hydration activity at an elevated temperature. However, exposure to sea-salt 

solution is shown to decrease the mechanical properties due to the formation of cracks by 

secondary hydration products. On the other hand, the fractional change in resistivity of the 

nCB-UHPC exhibits a distinct synchronization to the applied compressive stress. 

Nonetheless, the strain sensitivity decreases with an increase of moisture content due to 

increasing contact resistance between nCB particles. Furthermore, exposure to the sea-salt 

solution increases the strain sensitivity of fully saturated nCB-UHPC specimens, thanks to 
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the high mobility of the dissolved ions from the saline solution – an important finding in the 

context of marine construction. This study lays a foundation for the large-scale 

implementation of the nCB-UHPC as a field-deployable solution for monitoring the condition 

of concrete structures. 

5.2 Introduction 

Introducing an intrinsic self-sensing capability to UHPC could revolutionize the 

construction industry by providing a cost-effective real-time structural health monitoring 

solution. Interestingly, our previous study has successfully developed a UHPC possessing 

strain-sensing functionality through the integration of low-cost nCB (Hussain et al., 2022). It 

shows a very low percolation threshold that helped to decrease the overall cost, reasonable 

mechanical properties and stable piezoresistive behaviour. Despite the advanced 

characteristics of UHPC, various working environments affect the self-sensing performance 

of cementitious smart materials during their service life, which may limit their large-scale 

application in concrete structures ( emircilioğlu et al., 2019; Dong et al., 2019; Han et al., 

2010; Le et al., 2021; Wen & Chung, 2008). Many studies have explored various 

environmental conditions, demonstrating that moisture content and harmful ions not only 

impact the durability of cementitious composites but also directly influence their sensitivity. 

Thus, investigating the strain sensitivity of SCC with different moisture contents would give 

a better understanding of the material. Furthermore, different aspects such as water 

absorption, different curing conditions and long-term exposure to aggressive environments 

are essential factors to consider for the field applications of SCC (Ahlborn et al., 2011; Li et 

al., 2020). Therefore, this study aims to investigate the properties of nCB-based self-sensing 

UHPC (referred to as nCB-UHPC hereafter) under different curing and working conditions. 

This study focuses on the UHPC with 1.50% of nCB content, which demonstrated the highest 
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sensitivity in the previous work (Chapter 4). The mechanical and microstructural properties 

of the nCB-UHPC under different curing conditions and long-term exposure to high-salinity 

sea-salt solution for up to 180 days were investigated. 

5.3 Experimental Program 

5.3.1 Mix Design and Raw Materials 

This study uses similar raw materials used in section 4.2.1. Detailed information 

regarding the mixture design and the quantities of each material can be found in Table 5.1. 

The mixes have a water-to-binder ratio of 0.19, a superplasticizer content of 5% cement, and 

a nCB content of 1.5% binder. Figure 5.1 (a) describes the TEM image of the nCB and (b) 

describes the X-ray diffraction (XRD) patterns of the nCB and SF, illustrating the amorphous 

nature of the two materials.  

  

Figure 5.1. TEM micrographs of nCB particles and XRD patterns of SF and nCB. 

Table 5.1. Mix design of nCB-UHPC (kg/m3). 

Notation Cement SF QP Sand Water* SP nCB 

UHPC 840.0 210.0 210.0 924.0 169.0 42.0 0.0 
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1.50nCB-UHPC 840.0 210.0 90.0 781.5 169.0 42.0 15.75 

The water-to-binder ratio is 0.19, including 0.78% water of superplasticizer. 

5.3.2 Sorptivity Test 

The water sorptivity of UHPC and 1.50nCB-UHPC was assessed to evaluate their 

resistance to water infiltration. Cylindrical specimens (Φ100 mm × 50 mm) were used to 

perform the measurements in accordance with ASTM C1585-20 (ASTM, 2020). The 

specimens were oven-dried for 72 hours at 80 ± 2 ℃ (Han et al., 2013; Hussain et al., 2022; 

Hussain et al., 2023) and then placed in an environmental chamber at of 50 ± 2 ℃ and 80 ± 

3% relative humidity for 3 days. Afterwards, the specimens were placed into a sealable 

container at 23 ± 2 ℃ for 15 days  efore tested. Epoxy resin was used to seal the side surface 

of each specimen. The samples were put on a supporting device in a testing setup as seen in 

Figure 5.2. The water uptake was measured as a function of time. The measurements were 

taken for up to 49 days because the specimens had a dense microstructure and a slow water 

absorption rate (Lu et al., 2021). The average test results were obtained from at least three 

specimens. The amount of water absorbed by a specimen per unit area (I) is measured by 

/

tm
I

a d
=       (5.1) 

I = the absorption, 

mt = the change in specimen mass in grams at the time t, 

a = the exposed area of the specimen, in mm2, and 

d = the density of the water in g/mm3. 
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Figure 5.2. Sorptivity testing setup of UHPC and nCB-UHPC specimens. 

5.3.3 Moisture Content Test 

Moisture content (w) was calculated as the mass of water contained in the sample (m) per 

mass of its 105 °C oven-dried states (md) (Wu et al., 2017), expressed as a percentage: 

100%d

d

m m
w

m

−
=       (5.2) 

w = moisture content, 

m = mass of water 

md = mass of its 105 °C oven-dried state 

5.3.4 Curing Conditions  

After demoulding the specimens, different curing conditions and durations were studied 

for compressive strength. The curing conditions are 28 days of water immersion curing, 90 

days of air curing at 22℃ ±  ℃ and dry cured at 105℃ ± 5℃ for one day (after 90 days of 

air curing).  

Sealing Material

50mm

 lastic sheet

Specimen Support

100mm
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The remaining testing details for compressive strength are given in section 4.2.5.  

5.3.5 Sea-salt Solution Exposure 

Two sets of samples were put in a sea-salt solution with a 16.5% salinity (165 g/l, normal 

seawater 35 g/l) for 90 days and 180 days to investigate the mechanical and microstructure of 

the plain UHPC and 1.50nCB-UHPC samples.  

5.3.6 Microstructure Analysis  

5.3.6.1 X-ray Diffraction 

An X-ray diffractometer (Rigaku SmartLab, Japan) equipped with a 9-kW rotating anode 

X-ray source (λ: ~1.54 Å) under Bragg-Brentano mode was used for analysis. Powder samples 

obtained by grinding dried concrete were scanned using a semiconductor detector (Rigaku 

HyPix-3000, Japan) at a 5°/min speed and a 0.01° step size over a 5° to 70° range. 

5.3.6.2 Scanning Electron Microscopy and Energy-dispersive X-ray 

Spectroscopy  

The micro-morphology of nCB-UHPSSC was examined using a high-resolution 

scanning electron microscope (TESCAN VEGA3, Czech Republic) equipped with energy-

dispersive x-ray spectroscopy. Samples were taken from the inner cores of specimens, dried 

out, and then coated with gold before testing. For backscattered electron observation, epoxy-

filled samples were polished using sandpapers with various degrees of fineness (180 grit, 9.0 

μm,  .0 μm and 0.05 μm). Su sequently, the samples  ere cleaned  ith ethanol in an 

ultrasonic bath for 5 minutes to eliminate any residual suspensions. Afterwards, the samples 

were dried out, and then coated with gold before testing (Lu et al., 2021). 

5.3.6.3 Mercury Intrusion Porosimeter 
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A mercury intrusion porosimeter (MicroActive AutoPore V 9600, USA) was adopted to 

analyze the porosity and pore size distribution. The samples were smaller than 5 mm in 

particle size and were collected from crushed specimens following compression tests. The 

smallest pore size that can be detected is 3 nm. 

5.3.6.4 X-ray Microtomography 

The microporosity and 3D structures of plain UHPC and 1.50nCB-UHPC were 

characterized using a micro-CT scanner (Bruker SKYSCAN 1276, USA). 10 mm cubic shape 

samples were employed. During initial observation, the current and voltage of the X-ray tube 

were kept at 200A and 100 kV, respectively. Micro-CT scanning was performed at 8 µm 

resolution to examine the distribution of pores. The size of the reconstructed images was 

chosen to be 2.5 mm × 2.5 mm × 2.5 mm (Ahmad et al., 2023). 

5.3.7 Effect of Moisture Content on Piezoresistivity  

The piezoresistive behaviour of the 1.50nCB-UHPC was examined with different 

moisture levels, ranging from fully dried to fully saturated, including 10%, 20%, 50%, 80%, 

and 100% moisture content. Initially, the mass of the dried samples was recorded, after which 

each sample was immersed in water, and the wet mass was measured for each saturation level. 

It is further explored to establish a relationship between the moisture content and the 

piezoresistive behaviour. The samples were loaded by displacement control with a loading 

rate of 0.6 mm/min, and four cycles of repeated compressive loading were applied with a 

stress amplitude of 38 MPa. The compressive strain was measured by the strain gauges 

attached to two opposite sides of the sample. The specimens were subjected to cyclic 

compressive loading using a universal testing machine (Instron 5982, Instron Inc., USA). The 
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resistivities were measured with a digital multimeter (DMM6500 Keithley Instruments Inc., 

USA). The detailed circuit diagram is plotted in Figure 3.3. 

5.3.8 Effect of Sea-salt Solution Exposure on Piezoresistivity  

The 1.50nCB-UHPC samples are further explored for piezoresistive behaviour after 

exposure to a high salinity sea-salt solution for the duration of 90 and 180 days. The samples 

are tested for repeatability (cyclic loading response) and sensitivity (monotonic loading 

response) at saturated and dry states.  

The remaining details are given in section 4.2.6. 

5.4 Results and Discussions  

5.4.1 Sorptivity Test 

The sorptivity of both plain UHPC and 1.50nCB-UHPC was determined following 

ASTM C 1585-20 (C1585-20, 2020) (see Supplementary Information for the test method). 

Three cylindrical specimens (Φ100 mm × 50 mm) were employed to obtain the average value. 

The absorption process involved two phases: initial absorption and secondary absorption. For 

normal-strength concrete, the initial absorption typically occurs from 0 to 6 hours, while the 

secondary absorption typically runs from 1 to 8 days. However, Ref. (Lu et al., 2021) extended 

the secondary absorption phase to 49 days due to the highly dense microstructure and low 

absorption rate of UHPC. The water absorption rate of a specimen is defined as the slope of 

the amount of water absorbed per unit area plotted against the square root of time. The water 

absorption rate of unsaturated concrete indicates its capacity to absorb and transport water, 

which directly affects its durability. A low sorptivity is a strong indication of excellent 

durability. The amounts of water absorbed per unit area by plain UHPC and 1.50nCB-UHPC, 

as well as the total amounts of water absorbed, are presented in Figure 5.3. The water 
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absorption rates in the initial and secondary phases are obtained by the least-square linear 

regression method, with R2>0.98 (C1585-20, 2020). 

 

 

Figure 5.3. Sorptivity of plain UHPC and 1.50nCB-UHPC. (a) The amounts of water 

absorbed per unit area in the initial and secondary phases. (b) The total amount of water 

absorbed. 

In the initial phase, the water uptake of plain UHPC and 1.50nCB-UHPC was fast, with 

the maximum water absorption rates being 0.0836 mm/h0.5 and 0.0992 mm/h0.5 after 6 hours, 

respectively; 1.50nCB-UHPC exhibits 15.73% higher sorptivity than plain UHPC. After 49 

days of testing, the water absorption rates of plain UHPC and 1.50nCB-UHPC became 0.0097 

mm/h0.5 and 0.0138 mm/h0.5, respectively; the water absorption rate of plain UHPC is 29.71% 

lower than that of 1.50nCB-UHPC during the secondary absorption phase. The results 
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indicate that 1.50nCB-UHPC has higher sorptivity than plain UHPC in both the initial and 

secondary absorption phases, while the sorptivity of either UHPC mix is much lower than 

that of normal-strength concrete. According to the RILEM Technical Committee for 

Performance-Based Specifications and Control of Concrete Durability (RILEM TC 230-

PSC), concrete with sorptivity lower than 6 mm/h0.5 after 28 days is considered to be of 

excellent quality (Beushausen & Luco, 2016). The amounts of water absorbed by plain UHPC 

and 1.50nCB-UHPC after 49 days were 0.484% and 0.669%, respectively, merely 8-12% of 

what is observed in normal-strength concrete after 9 days (Lu et al., 2022). 

It is well known that water transport is largely controlled by capillary suction, and low 

sorptivity corresponds to dense microstructure and low capillary porosity. Although the total 

amount of water absorbed by 1.50nCB-UHPC is 27.67% higher than that by plain UHPC, it 

is still much lower than that by normal-strength concrete. Nonetheless, the reasons behind the 

higher sorptivity of 1.50nCB-UHPC are: (1) the increased porosity due the agglomeration of 

nCB particles, as o ser ed in the authors’ previous study (Hussain et al., 2022; Hussain et al., 

2023); (2) nCB particles absorbing a significant amount of water due to their high surface 

area, which reduces the flowability of the matrix, in turn negatively affecting the compaction 

of the matrix and leading to a more porous microstructure. 

5.4.2 Effect of Curing Conditions on Mechanical Properties 

Following ASTM C109/C109M-21 (C109/C109M-21, 2021), 50 mm cubic specimens 

were prepared for compressive strength test. After demoulding, the specimens were subjected 

to various curing systems, which include: 28 days of water immersion curing, 90 days of air 

curing at 22 ℃ ±   ℃ after 28 days of water immersion curing, and one day of oven-dry 

curing at 105 ℃ ± 5 ℃ after 90 days of air curing. For each curing system, three specimens 

were tested to obtain an average value. The compressive loading rate is 1 MPa/s. 
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Figure 5.4(a) shows that after 28 days of water immersion curing, plain UHPC and 

1.50nCB-UHPC had compressive strengths of 160.5 MPa and 138.5 MPa, respectively. After 

another 90 days of air curing, the compressive strengths of plain UHPC and 1.50nCB-UHPC 

increased by 0.91% and 5.86%, respectively. Further oven-dry curing at 105 ℃ for 24 hours 

had increased the strength of plain UHPC and 1.50nCB-UHPC by 8.35% and 14.70%, 

respectively. The improvement of the compressive strengths of the dried specimens is 

attributed to the pozzolanic reaction, which produced additional calcium silicate hydrate 

(CSH) by utilizing calcium hydroxide (Ca(OH)2. 
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Figure 5.4. Mechanical properties and microstructures of plain UHPC and 1.50nCB-UHPC 

cured under different systems. (a) Compressive strengths. (b) XRD patterns. (c-d) SEM 

images of plain UHPC cured for 90 days in air (c) and oven-dry cured for 24 hours at 105 

℃ (d). (e-f) BSE images showing unhydrated cement clinkers and porosity in plain UHPC 

cured for 90 days in air (e) and oven-dry cured for 24 hours at 105 ℃ (f). (g-i) Cumulative 

pore structures, incremental pore structure and pore size distribution ratios. (j-k) X-ray 

microtomography results of plain UHPC (j) and nCB-UHPC (k) cured for 90 days in air. 

The improved compressive strength can be explained through Figure 5.4(b), which 

shows the XRD patterns obtained under different curing systems (see Supplementary 

Information of the test method). The addition of nCB in a mix did not result in the formation 

of any new chemical phases, as observed from the peaks of specimens with and without nCB. 

It is known that nCB is an inert nanomaterial and does not undergo any chemical reactions 

with cementitious materials (Li et al., 2024; Zhang et al., 2022). The specimens cured under 

28 days of water immersion possessed portlandite and ettringite, but no considerable 

secondary reaction was observed. The peaks of unhydrated cement clinkers, such as alite and 

belite, can be detected, which may be due to the extremely low water-to-cement ratio of the 

UHPC matrix (Lu et al., 2021). The presence of calcite, a carbonate phase, is likely attributed 

to carbonation during specimen preparation (Fehervari et al., 2020; Zhang et al., 2022). With 

another 90 days of air curing, the intensities of the ettringite and portlandite peaks weakened 
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due to the acceleration of the pozzolanic reaction. Additional oven-dry curing at 105°C for 

24 hours further lowered the ettringite and portlandite peaks, since Ca(OH)2 was consumed 

to form more CSH (Shen et al., 2019). 

QP with finely ground particles may have pozzolanic reactivity depending on the particle 

size. Otherwise, it would only offer filler effect. There is no agreement on the critical size 

required for quartz to have pozzolanic reactivity (Khan et al., 2021; Qing et al., 2006; Seo et 

al., 2022; Tavares et al., 2020). However, Benezet and Benhassaine (Benezet & Benhassaine, 

1999) determined using the Chapelle test that quartz particles with a diameter smaller than 5 

μm ha e po  olanic reactivity, providing fine silicate surfaces to react with portlandite to 

form additional CSH. It can further be explained through Figure 5.4(c-d), which shows the 

SEM-EDX micrographs of plain UPHC cured under different systems (see Supplementary 

Information of the test method), that the calcium to silicon (Ca/Si) ratio of hydrates decreased 

with increasing curing duration and temperature, as reported in Ref. (Ya ıcı et al., 201 ). The 

Ca/Si ratio of the specimen cured in air for 90 days was 1.78. After being exposed to an 

elevated temperature, the ratio decreased to 0.97. This observation suggests that some silicates 

from QP had taken part in secondary hydration during oven-dry curing. Furthermore, it 

explains why the oven-dry cured specimen had a high compressive strength without further 

adding a source of silica. 

The backscattered electron (BSE) images in Figure 5.4(e-f) (see Supplementary 

Information of the test method) show that the quantities of unhydrated cement particles in 

plain UHPC decreased as curing extended from 90 days of air curing to an additional 24 hours 

of oven-dry curing at 105°C. These images also indicate that the fineness of pores increased 

during this process, meaning that the equivalent diameter of pores decreased. Previous 

research has reported that, after 36 years, normal concrete can still contain up to 25% 
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unhydrated cement clinker (He et al., 2022). This unhydrated cement content could be even 

higher in UHPC due to its low water-to-cement ratio (Du et al., 2021). The elevated 

temperature helps to accelerate the cement hydration in UHPC and also promotes the 

secondary hydration reactions between portlandite (Ca(OH)2) and SF, as well as fine silicates 

from QP, leading to the formation of additional CSH (Abdulkareem et al., 2021; Benezet & 

Benhassaine, 1999; Khan et al., 2021; Ya ıcı et al., 201 ). QP would typically be non-reactive 

during standard curing at lower temperatures. The elevated temperature, therefore, helps to 

facilitate and speed up these beneficial hydration processes in UHPC. 

It can be observed that 1.50nCB-UHPC generally had a lower compressive strength than 

plain UHPC. Previous investigations have shown that nCB particles absorb free water, which 

decreases the flowability and compaction of the UHPC matrix, resulting in higher porosity 

and reduced compressive strength (Hussain et al., 2022). Additionally, the strong van der 

Waal force between nCB particles leads to the formation of large aggregate size and 

agglomeration of nCB particles, which create stress concentration points in concrete and make 

it less resistant to applied forces, as compared to CSH products (Dong et al., 2019). Moreover, 

nCB particles, which have high surface energy, surround cement particles, in turn delaying 

the hydration process is delayed by obstructing the water molecule from reacting with 

unhydrated cement (Hussain et al., 2022). However, despite the initial reduction in 

compressive strength as compared to plain UHPC, 1.50nCB-UHPC showed greater 

improvement in compressive strength than plain UHPC with continuing air curing and further 

heat curing, during which the hydration process of unhydrated cement particles occurred. 

The porosity and pore size distribution of the matrix are investigated by MIP (see 

Supplementary Information of the test method). The cumulative pores, incremental pores, and 

pore size distribution ratios of plain UHPC and 1.50nCB-UHPC are presented in Figure 
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5.4(g-i). Figure 5.4(g) shows that the maximum porosity of plain UHPC and 1.50nCB-UHPC 

after 28 days of water immersion curing was 6.28% and 7.09%, respectively. Moreover, the 

90-day air curing and 24-hour oven-dry curing at 105 ℃ reduced the porosity by up to 44% 

as compared to the situation after 28 days. Dry curing at high temperatures is beneficial for 

microstructure densification as it amplifies the pozzolanic reactivity, which helps to produce 

more CSH (Lu et al., 2022). Furthermore, the pore size distributions are illustrated in Figure 

5.4(h), where the pores are divided into harmful (>200 nm), less harmful pores (20-200 nm) 

and harmless (<20 nm) (Ali et al., 2023; Li, 2021; Wang et al., 2018). The harmful pores are 

primarily responsible for the reduction in the strength and durability of materials. It can be 

observed from Figure 5.4(i) that the harmful pores of 1.50nCB-UHPC had a 12.89% higher 

concentration than plain UHPC at 28 days of water immersion curing, which was 

subsequently reduced by the prolonged air curing and elevated curing temperature. 

X-ray microtomography was used as an additional technique to investigate the porosity 

and obtain the complete 3D microstructures of the cementitious materials (see Supplementary 

Information of the test method). In this study, the plain UHPC specimen and 1.50nCB-UHPC 

specimen selected for the test were cured in air for 90 days. The results are presented in Figure 

5.4(j-k). It is important to note that X-ray microtomography is primarily used to detect 

macropores and mesopores in specimens, while nanopores are challenging to observe using 

this technique (Zhang et al., 2022). The analysis shows that the plain UHPC specimen had a 

cumulative porosity of 0.68%, with the pore size ranging between 10 and 380 microns, as 

indicated by the scale showing the equivalent pore diameters. In contrast, the 1.50nCB-UHPC 

specimen had a higher porosity of 3.10%, and the pore size ranged from 10 to 490 microns. 

This indicates that the 1.50nCB-UHPC had a higher percentage of pores, and its pores were 

also larger in diameter than the plain UHPC specimen. This is likely due to nCB particles 
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increasing the overall porosity and pore size in the 1.50nCB-UHPC specimen. The X-ray 

microtomography results cover the range of 10 to 500 microns, while the MIP results cover 

up to 100 microns. Therefore, the combined use of the two sets of results could provide the 

total porosity of the material. 

5.4.3 Effect of Sea-salt Solution Exposure on Mechanical Properties 

Plain UHPC and 1.50nCB-UHPC specimens cured for 28 days in water were immersed 

in sea-salt solution with a 16.5% salinity (salinity of normal seawater: 3.5%) for 90 days and 

180 days of accelerated exposure. The mechanical and durability properties of the specimens 

were investigated. The results show that the compressive strengths of both plain UHPC and 

1.50nCB-UHPC decreased after the sea-salt solution exposure, as seen in Figure 5.5(a). 

Compared to the 28-day strengths, the compressive strength reductions for plain UHPC and 

1.50nCB-UHPC, after 90 days of exposure, were about 13.31% and 10.24%, respectively; the 

compressive strength reductions after 180 days of exposure were 18.64% for plain UHPC and 

14.79% for 1.50nCB-UHPC. The reasons for these compressive strength reductions were 

explored further through the analysis of the XRD patterns shown in Figure 5.5(b). The 

reductions are attributed to secondary ettringite formation, also known as delayed ettringite 

formation (DEF) (Taylor et al., 2001), as it has been shown by the XRD peaks and the SEM 

micrographs in Figure 5.5(c-d). The formation of DEF can induce volumetric expansion and 

create microcracks within the cementitious matrix, leading to a decrease in the overall 

mechanical strength of the materials. Comparing the specimens with and without nCB, no 

secondary hydration products were detected in either case due to the inert nature of the carbon 

nanoparticles (Han et al., 2017; Li et al., 2024; Zhang et al., 2022). 



 

127 

  

  

  

28d 90d-SS 180d-SS
0

50

100

150

200

 Compression-UHPC

 Compression-nCB-UHPC

 Improvement-UHPC

 Improvement-nCB-UHPC

C
o
m

p
re

ss
iv

e 
S

tr
en

g
th

 (
M

P
a)

-50

-40

-30

-20

-10

0

10

20

 I
m

p
ro

v
em

en
t 

(%
)

(a)

10 20 30 40 50 60 70

In
te

n
si

ty

2 Theta (°)

Q

APE Q A
A

C Q QP B P

P
A

28-nCB

28-PC

SS-90-nCB

SS-90-PC

SS-180-nCB

SS-180-PC

A-Alite, B-Balite, C-Calcite, 

E-Ettringite, P-Portlandite, Q-Quartz

C

(b)

               
         

(c) (d)

       

10 100 1000 10000 100000
0.00

0.01

0.02

0.03

0.04

C
u
m

u
la

ti
v
e 

In
tr

u
si

o
n
 (

m
L

/g
)

Pore size Diameter (nm)

 28d-PC

 28d-nCB

 90d-SS-PC

 90d-SS-nCB

 180d-SS-PC

 180d-SS-nCB

(e)

10 100 1000 10000 100000
0.000

0.001

0.002

0.003

0.004

0.005

In
cr

em
en

ta
l 

In
tr

u
si

o
n
 (

m
L

/g
)

Pore size Diameter (nm)

 28d-PC

 28d-nCB

 90d-SS-PC

 90d-SS-nCB

 180d-SS-PC

 180-SS-nCB

(f)
>200 nm20-200 nm<20 nm



 

128 

 

Figure 5.5. Mechanical properties and microstructures of plain UHPC and 1.50nCB-UHPC 

under different exposure durations. (a) Compressive strengths. (b) XRD patterns. (c-d) SEM 

images showing expansion and cracks after 90 days and 180 days of sea-salt solution 

exposure. (e-g) Cumulative pore structures, incremental pore structure and pore size 

distribution ratios. 

It has been established that high salt contents in pore solution can lead to the formation 

of secondary compounds and the crystallization of salts within the pore structure. The growth 

of salt crystals can exert pressure on the surrounding concrete matrix, leading to internal 

damage, cracking, and reduced strength (Ting et al., 2021; Yang et al., 2022). As the exposure 

time increases, the sulphates in the high-salinity sea-salt solution can react with tricalcium 

aluminate (C3A) to form secondary ettringites and gypsum (Zhao et al., 2021). Another reason 

contributing to the compressive strength reductions after sea-salt solution exposure is that the 

ions between the interlayers of CSH may reduce the bonding capacity and the cohesiveness 

of CSH, so that the mechanical attributes of CSH decrease remarkably and become more 

easily damaged, as evidenced by a molecular dynamics study (Sun et al., 2021) and also 

mentioned in Ref. (Zhang et al., 2022). 
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Moreover, as shown in Figure 5.5(e-g), the pore population of the specimens increased 

after exposure. The specimens exposed in sea-salt solution for 90 days and 180 days exhibited 

higher porosity compared to those cured for 28 days. Specifically, the porosity of plain UHPC 

and 1.50nCB-UHPC increased by about 12.02% and 10.56%, respectively, after 90 days; after 

180 days of exposure, the porosity increased by 19.33% and 18.38%, respectively. This 

increase in porosity is believed to be due to the high salt contents in seawater, which can 

trigger chemical reactions that dissolve CSH, form secondary minerals, and cause expansion 

and cracking, resulting in a more porous microstructure. The degradation of strength can also 

be linked to the alteration of CSH, leading to the dissolution of calcium hydroxide (CH) and 

an increase in the overall pore volume. It has been reported that in concrete exposed to 

seawater, the pore volume increase is approximately 22% (Zhang et al., 2022). Furthermore, 

Figure 5.5(g) shows that the population of harmful pores increased with exposure time. It has 

been mentioned that secondary compound formation leads to volume expansion and 

formation of microcracks, and eventually, the population of harmful pores increases. 1.5nCB-

UHPC had a higher porosity than plain UHPC, and the population of harmful pores in 

1.50nCB-UHPC increased more significantly than that in plain UHPC. These observations 

are again due to the relatively low workability, poor compaction, and the agglomeration of 

nCB in 1.50nCB-UHPC. 

5.4.4 Effect of Moisture Content on Piezoresistive Behaviour 

The piezoresistive behaviour of the smart cementitious composite is calculated by the 

repeatable cyclic response of FCR to the corresponding stress-strain. The strain sensitivities 

are evaluated using a linear fitting curve. The strain sensitivity is also called the gauge factor 

(GF). The slope of the fractional change in electrical resistivity regarding the applied 

compressive strain is considered a gauge factor of strain sensors (Amjadi et al., 2016), which 
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is evaluated by Equation 3.1. The fractional change in resistivity (FCR) is calculated by 

Equation 3.2. The piezoresistive behaviour of 1.50nCB-UHPC specimens was examined 

under different moisture contents, ranging from fully dried to fully saturated, including 10%, 

20%, 50%, 80%, and 100% moisture contents (see Supplementary Information for the test 

method). The moisture content of a specimen (w) is calculated by Equation 5.2. 

Figure 5.6(a-f) shows that the dried specimen had the highest strain sensitivity compared 

to the specimens with moisture. The GF of the dried specimen was 105.4, and the coefficient 

of determination (R2) was 0.999. When load was applied, the resistance of the specimen 

decreased, and it increased during unloading. This behaviour can be explained by the 

reduction of distance between nCB particles under loading, which leads to the formation of 

new conductive pathways through quantum tunnelling. Conversely, the distance between 

nCB particles increases during unloading, interrupting the conductive pathways and causing 

the resistance to rise again. Additionally, it is observed that the sensitivity of the specimens 

decreased as the moisture content increased. Specifically, the GFs were reduced by 7.50%, 

20.8%, 25.9%, 33.7%, and 39.9%, respectively, under 10%, 20%, 50%, 80%, and 100% 

moisture contents, as compared to the dried specimen. However, the coefficients of 

determination (R²) for specimens with varying moisture contents remained above 0.99, 

indicating a strong correlation between the compressive strain and FCR. As depicted in 

Figure 5.6(g-l), the cyclic FCR responses of specimens with various moisture levels, ranging 

from fully saturated to fully dried, demonstrate precise synchronization between FCR and 

applied compressive stress. As with the trend of the GFs, the dried specimen exhibited the 

highest FCR compared to those with different moisture contents. The FCR for the dried 

specimen was 13.97, whereas that for the fully saturated (100% moisture) was 8.76. A 

summary of the GFs and FCRs under different moisture contents is presented in Figure 
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5.6(m-n). The results indicate that the piezoresistive response decreased with increasing 

moisture content, with the fully saturated specimen showing a reduction in FCR of up to 

37.3% compared to the dried specimen. 
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Figure 5.6. Piezoresistive behaviours of 1.50nCB-UHPC specimens at dry state, and 10%, 

20%, 50%, 80% and 100% saturation state. (a-f) Monotonic compressive loading. (g-l) 

Cyclic compressive loading. (m) GFs under monotonic loading. (n) FCRs under cyclic 

loading. 

Apparently, the dominant conduction mechanism of 1.50nCB-UHPC is electronic 

conduction, which relies on nCB particles to improve the overall conductivity of the matrix. 

However, introducing moisture content into the cementitious material decreased its 

piezoresistive behaviour. The reason behind the reduction is believed to be the contact 

resistance between nCB particles: a layer of water molecules was formed around each nCB 

particle, which increased the resistance to the movement of electrons between nCB particles. 

Figure 5.7 illustrates the water molecules around nCB particles, which introduce a resistive 

layer between two neighbouring particles and work as an insulating barrier. As moisture 

content increases, the lamination degree increases, meaning that the hindrance of the 

movement of electrons between nCB particles is also increased. In other words, the number 

of conductive paths may be reduced as moisture content increases. It has also been mentioned 

in Ref. (Dong et al., 2022) that while the numerous water channels in the microstructure 

amplify the overall electrical conductivity, they reduce piezoresistivity due to contact 

resistance. The moisture content decreases the connectivity of nCB particles by layering up 

around nCB particles. It can be concluded from the test results of this study that the sensitivity 
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of a specimen is directly related to the moisture content: when moisture content increased to 

100%, sensitivity decreased by 39%. 

 

Figure 5.7. Schematic diagram of the relationship between moisture content and the contact 

resistance between nCB particles. 

5.4.5 Effect of Sea-salt Solution Exposure on Piezoresistivity 

1.50nCB-UHPC specimens were subjected to sea-salt solution exposure for 90 days and 

180 days. Some were then subjected to drying treatment for 72 hours at 80℃ ± 2℃ (Hussain 

et al., 2022), but others were not (100% saturation state). The monotonic and cyclic sensing 

responses of these specimens can be seen in Figure 5.8(a-h). It is evident that the dried 

specimens after sea-salt solution exposure still exhibited excellent piezoresistive behaviour, 
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although their GFs appeared to be slightly smaller than that of the specimen without exposure 

(Figure 5.6(a)). The smaller GFs could be caused by the microcracks produced by the 

secondary hydration products induced by the exposure, which discontinue some of the 

conductive pathways. It can also be observed from the results that the GFs of the specimens 

without drying treatment were higher than that of the dried specimen. The GF of the saturated 

specimen after 90-day exposure was 110.84 (R2 = 0.99), while the GF of the dried specimen 

after 90-day exposure was 99.10, which was about 10.60% lower. Similarly, the GFs of the 

saturated and dried specimens after 180-day exposure were 94.48 and 85.87, respectively, 

with a difference of 9.10%. The above observation is opposite to that presented in Section 3.4 

on the effect of moisture content and is believed to be due to the high salinity of the sea-salt 

solution with high ionic mobility. 
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Figure 5.8. Piezoresistive behaviours of 1.50nCB-UHPC specimens after 90 days and 180 

days of exposure, with and without post-exposure drying treatment. (a-d) Monotonic 

compressive loading. (e-h) Cyclic compressive loading. (i) GFs under monotonic loading. 

(j) FCRs under cyclic loading. 

Furthermore, Figure 5.8(e-h) shows that the saturated specimens after sea-salt solution 

exposure had a higher FCR than their corresponding dried specimens. After 90-day exposure, 

the cyclic FCR of the saturated specimen was 14.10%, and the FCR of the dried specimens 

was 12.55%, which was about 11.0% lower, as seen in Figure 5.8(j), suggesting that about 

11.0% of the piezoresistivity of the saturated specimen was contributed by the moisture 

content and ingress of ions during the exposure. It should be noted that the salinity of the 

solution used in this study is five times that of normal seawater. The higher FCR of the 

saturated specimen owes to the higher ionic activity due to the ions from the high-salinity sea-

salt solution. The free ions, such as Na+, Mg2+, and Cl-, increased the ionic activity and 
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concentration of the pore solution (Dong et al., 2022). Similarly, the saturated specimens after 

180-day exposure had a higher FCR (i.e., 12.34%) than the corresponding dried specimen 

(i.e., 10.17%). It is also noted that the specimens after 180-day exposure had lowers FCR than 

those after 90-day exposure, although their FCRs still had perfect synchronization to the 

applied stress. Moreover, it is observed the cyclic FCR responses of the specimens after 180-

day exposure showed slight fluctuation. This might be due to the polarization effect (for 

saturated specimens) as well as damage to the bond between conductive materials during the 

exposure (Fu & Chung, 1997). Nevertheless, the overall piezoresistive behaviours of these 

specimens are still considered to be excellent. 

Furthermore, the FCR response after 180 days of exposure has shown slight fluctuation 

after drying. It has been mentioned in the literature that apart from the polarization, damage 

to the bond between the conductive materials and cementitious matrix may cause fluctuation 

(Fu & Chung, 1997). It means the formation of the microcracks in a matrix in case of more 

prolonged exposure to an aggressive environment. As observed from the microstructure 

analysis in Figure 5.5 (b-d), the sea salt solution exposure has formed secondary ettringites, 

which produce microcracks, which would be the critical factor of this fluctuated response of 

the FCR during loading and unloading. 
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5.5 Summary and Conclusions 

This chapter has presented a comprehensive study on the effects of curing and working 

conditions on the properties of a new breed of self-strain sensing UHPC, namely, nCB-UHPC, 

which was presented in previous chapter. By incorporating nCB as the conductive filler, nCB-

UHPC possesses excellent sensing capability while being cost-effective. In this study, the test 

variables include curing condition, moisture content and period of exposure to high-salinity 

sea-salt solution, while the properties of concern include microstructure, compressive 

strength, and piezoresistive behaviour. The following conclusions can be drawn from this 

study: 

1. The compressive strength of nCB-UHPC improves with extended curing duration and 

oven-dry curing at 105℃, as compared to standard 28-day water immersion curing. 

However, exposure to high-salinity sea salt solution for up to 180 days reduces the 

compressive strength in both plain UHPC and 1.50nCB-UHPC due to the formation of 

secondary hydration products. Additionally, 1.50nCB-UHPC exhibits a lower 

compressive strength than UHPC because of the high water absorption capacity of nCB. 

2. The fractional change in electrical resistivity (FCR) responses of 1.50nCB-UHPC 

specimens with different moisture contents all perfectly synchronized with the applied 

compressive stress, though their strain sensitivities decreased as moisture content 

increased, thanks to increasing contact resistance between nCB particles. 

3. 1.50nCB-UHPC specimens dried after sea-salt solution exposure still exhibited excellent 

piezoresistive behaviour, although their GFs appear to be slightly smaller than those of 

the specimens without exposure. The reduction in GF could be caused by the microcracks 

produced by the secondary hydration products. 



 

141 

4. After exposure to high-salinity sea-salt solution, the saturated 1.50nCB-UHPC specimens 

exhibited higher sensitivity than the dry specimens due to the high concentration of 

dissolved ions in the pore solution. This is contrary to the effect of normal water 

saturation, which decreases piezoresistivity. 

The results presented in this paper demonstrate that this new multifunctional nCB-UHPC 

exhibits excellent durability and well-synchronized responses in various working conditions. 

This study laid a foundation for the large-scale implementation of nCB-UHPC as a field-

deployable solution for monitoring the condition of concrete structures. 
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Chapter 6. 

Develo ment of Nanocarbon Black-based Seawater Sea-

sand Ultra-Hig -Performance Concrete wit  Strain-

Sensing Ca abilit   

6.1 Abstract 

Using seawater sea sand concrete (SSC) in marine infrastructure offers significant 

sustainability benefits that minimize energy consumption and carbon emissions associated 

with transportation activities. Furthermore, it helps mitigate the environmental impact caused 

by excessive sand mining in riverbeds and using fresh water. This study aims to contribute to 

this growing area of research by introducing self-strain sensing capabilities to ultra-high-

performance seawater sea sand concrete (UHPSSC) by incorporating nCB as a functional 

filler. Mix designs with different concentrations of nCB are formulated and tested for impact 

on the material's properties, including mechanical strength, microstructure and piezoresistive 

behaviour under different curing conditions.  

The study concludes that adding nCB generally decreases the compressive strength of 

UHPSSC, and dry curing at high temperatures improves the strength compared to normal 

water curing. The percolation threshold determined for the nCB-UHPSSC in both saturated 

and after-drying treatment samples is 1.40% of nCB, which corresponds to a compressive 

strength of 131 MPa. The highest strain sensitivity of the nCB-UHPSSC composite is 

achieved at 1.40% of nCB, both in saturated and dry conditions. Notably, the saturated 

samples demonstrate 18% higher sensitivity than the dry samples, indicating that moisture 
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content and high dissolved ions from seawater contribute to the additional sensitivity. 

Moreover, the repeatable cyclic response demonstrates a well-synchronized fractional change 

in resistivity (FCR) corresponding to the stress-strain relationship. 

In summary, the newly developed nCB-UHPSSC exhibits excellent mechanical and 

piezoresistive properties, making it a promising material for monitoring concrete 

infrastructure conditions in the field. 

6.2 Introduction 

Concrete is a widely used construction material in the world (Miller et al., 2018), known 

for its durability, strength, and versatility. Its production relies on natural resources like 

freshwater, aggregates, and river sand, which are increasingly becoming scarce in many areas 

today. According to the World Health Organization (WHO), water scarcity affects more than 

two billion people, and climate change and population expansion will likely worsen it in some 

areas (WHO, 2022). The construction industry is a major consumer of freshwater, accounting 

for approximately 18% of global annual industrial water use (Ebead et al., 2022; Miller et al., 

2018). Likewise, the river sand crisis has also emerged exponentially, and its usage has 

reached up to 50 billion tons annually (UNEP, 2022). The heavy extraction of the river sand 

damages the river ecosystem and affects navigation, leading to flood disasters in many regions 

(Zhao et al., 2021). Furthermore, the extraction and transportation of these materials 

contribute to environmental degradation and carbon emissions. Therefore, alternate 

abandoned resources like seawater and sea-sand would be a reasonable choice for sustainable 

and economical construction, especially offshore construction. It can also save billions of 

dollars in energy in terms of transportation and contribute to lower carbon emissions. 

However, seawater with 3.5% average salinity, which typically around 78% is sodium 

chloride (NaCl), is generally considered to be unsuitable for steel-reinforced concrete 

https://www.sciencedirect.com/topics/materials-science/sodium
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structures because of the steel corrosion problem (Antonov et al., 2010; El-Reedy, 2007). The 

damage and crack formation due to corrosion of reinforcement will lead to structure failure 

and, as a result, loss of human life, infrastructure and billions of dollars to economies (an 

estimated investment of $3.6 trillion was required by 2020 to address the infrastructure issues 

(Wille & Boisvert-Cotulio, 2015)).  

SCCs have emerged as a new real-time monitoring technology that has a low cost, is 

compatible with concrete structures, and has a long service life. Different piezoresistive fillers 

have been extensively explored, while their use still faces many challenges including 

dispersion issues and the relatively high costs (Azhari & Banthia, 2012; Kashif Ur Rehman 

et al., 2018; Konsta-Gdoutos et al., 2010; Sun et al., 2017). Furthermore, recent studies have 

explored steel fibres, carbon nanotubes (CNTs), and steel slag aggregates to develop self-

strain sensing capability of UHPC, and they have achieved success to different extents (Dong 

et al., 2020; Dong et al., 2016; Dong et al., 2024; Lee et al., 2018; Yoo et al., 2018). However, 

steel fibres and slag are generally not suitable for use with seawater concrete due to potential 

corrosion issues, while CNTs are known to be costly.  

Built upon the successful development of the nCB-UHPC, this study aims to develop 

ultra-high-performance seawater sea-sand concrete (UHPSSC) with sensing capability by 

incorporating nCB as conductive fillers, which is a very suitable piezoresistive material by 

considering cost and potential corrosion issues. Therefore, this chapter sets out to explore the 

feasibility of introducing the self-sensing capability to seawater sea-sand ultra-high-

performance concrete (UHPSSC) by incorporating the nCB. 

6.3 Experimental Program 

6.3.1 Raw Materials 
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This study used raw materials similar to those detailed in section 4.2.1. Washed sea-sand 

was soaked in a commercial sea salt solution with a dosage of 35 g/L for 48 hours following 

Ref. (Teng et al., 2019) and was then dried for 48 hours in an oven at 105 °C. Furthermore, 

dried sand particles with a size smaller than 0.75 µm (i.e., clay) or larger than 1.18 mm were 

removed as they may adversely affect the properties of UHPC (Fernandes et al., 2007). A 

polycarboxylic polyether-type superplasticiser (SP) with a specific gravity of 1.07 and a solid 

content of 44.0% was used. 

The artificial seawater used was made by dissolving commercial sea salt in tap water. 

The chemical compositions and ion concentrations of the artificial seawater and the lixivium 

of sea-sand were calculated by ion chromatography, as presented in Table 6.1. 

Table 6.1. Comparison of chemical compositions of average, natural and artificial seawater, 

tap water and sea-sand lixivium (in g/L). 

Ions 
Avg. Seawater (Dickson 

& Goyet, 1994) 

Artificial 

Seawater 

Tap 

water 

Sea-sand 

Lixivium 

Na+ 10.783 10.8024 0.1014 0.8707 

NH4+ - 0.3134 0.0149 0.0496 

K+ 0.3991 0.6783 0.0101 0.0055 

Mg2+ 1.2837 1.0717 0.0137 0.1161 

Ca2+ 0.4121 0.4838 0.0187 0.1898 

F- 0.0013 0.0854 0.0276 0.1748 

Cl- 10.3524 15.7835 0.0951 1.6264 

NO2- - 0.3932 0.0000 0.0126 
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Br- 0.0673 3.5667 0.0000 0.3118 

NO3- - 0.0281 0.0089 0.2860 

SO2-
4 2.7123 0.2450 0.0092 0.2590 

Salinity 35.0119 33.4515 0.2996 3.9023 

6.3.2 Mix Design and Specimen Preparation 

nCB was used as a conductive filler in this study to improve the piezoresistive properties 

of UHPSSC details in Table 4.2 and Figure 4.1. Typically, UHPC utilises a low water-to-

binder ratio of around 0.20 (Shi et al., 2015). While producing UHPC is already challenging 

with such a low water-to-binder ratio, the addition of nCB makes it more difficult due to the 

high surface area and water-absorbing nature of nCB. Therefore, preliminary experiments 

were performed to finalise the mix design with desirable fresh and hardened properties. The 

mix proportions of the nCB-UHPSSC design are detailed in Table 6.2. In all the mixes, the 

contents of cement and SF were the same, and the water-to-binder ratio, which included the 

water from SP (i.e., 66% of the mass of SP), was consistently 0.19. The nCB content varied 

in different mixes and was up to 1.80% of the mass of the binder. 

Table 6.2. Mix proportion of nCB-filled cementitious composites (kg/m3). 

Notation Cement SF QP Sand Water SP nCB 

UHPSSC 842.0 210.5 210.5 926.2 172.6 42.1 0.00 

0.20nCB 842.0 210.5 194.5 907.2 172.6 42.1 2.11 

0.40nCB 842.0 210.5 178.5 888.2 172.6 42.1 4.21 

0.60nCB 842.0 210.5 162.5 869.2 172.6 42.1 6.32 
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0.80nCB 842.0 210.5 146.5 850.2 172.6 42.1 8.42 

1.00nCB 842.0 210.5 130.5 831.2 172.6 42.1 10.53 

1.20nCB 842.0 210.5 114.5 812.2 172.6 42.1 12.63 

1.40nCB 842.0 210.5 98.5 793.2 172.6 42.1 14.74 

1.60nCB 842.0 210.5 82.5 774.2 172.6 42.1 16.84 

1.80nCB 842.0 210.5 66.5 755.2 172.6 42.1 18.95 

0.20nCB means that 0.20% nCB by binder mass added into UHPSSC 

6.3.3 Mechanical Properties 

The detailed specimen preparation procedure, workability, and compressive strength 

testing methods are detailed in sections 4.2.3, 4.2.4 and 4.2.5, respectively. The compressive 

strength of additional curing conditions is dry curing, where samples are set out at 105℃ for 

24 hours in an oven after 28 days of water immersion are tested.  

6.3.4 Microstructure Analysis 

The details of the microstructure analysis are listed in section 5.2.6, including SEM-EDX, 

XRD and MIP, respectively.  

6.3.5 Piezoresistive Properties 

For piezoresistive testing, 40 mm cubic samples with four copper meshes inserted are 

prepared. After demoulding, the specimens were put in a normal water immersion curing for 

28 days at 22℃ ±  . The piezoresistive behaviour test of the samples is done under two 

different conditions, including before and after drying treatment. For drying treatment, the 

samples  ere dried out at 70 ℃ for six days to eliminate the moisture content  efore 

undergoing the cyclic compressive test. During all piezoresistive tests, plastic sheets were 
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used as electrical insulation between the specimen and the contact points of the load cell to 

remove electrical interference. The specimen was loaded by displacement control at a rate of 

0.6 mm/min. At first, four cycles of compressive loading were applied to a stress amplitude 

of 30 MPa, and then, monotonic loading was applied all the way to the cracking point.  

The remaining details are listed in section 4.2.6. 

6.4 Results and Discussions 

6.4.1 Flowability of nCB-UHPSSC 

A series of preliminary experiments and investigations were conducted to enhance the 

flowability of nCB-UHPSSC to an acceptable level. Due to the very small size and high 

specific surface area of nCB particles, they absorb more free water and SP than other fillers 

(Wu et al., 2016), leading to a decrease in flowability. It was also found in previous studies 

that the incorporation of nanomaterials in cementitious composites dramatically affected their 

workability (Al-Dahawi et al., 2016). In this study, the mixing technique, water-to-cement 

ratio, and SP content were finalised after preliminary investigations to achieve desirable 

properties in nCB-UHPSSC. Plain UHPSSC and nine groups of UHPSSC with different nCB 

contents were cast. The flowability of the mixes was measured using a flow table apparatus 

and based on the mean value of the horizontal and vertical sides, as exemplified in Figure 6.1 
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Figure 6.1. Slump spread of UHPSSC and nCB-UHPSSC. (a) Plain UHPSSC and (b) 

1.00nCB mix. 

The flowability of the UHPSSC samples is plotted in Figure 6.2. The flow spread of the 

UHPSSC mix without nCB was 295 mm (Figure 6.1(a)), while the flowability significantly 

decreases with an increase in nCB content due to the excessive water absorption capability, 

high surface area, and agglomeration of nCB (Hartley & Parfitt, 1985). As a result, the 

flowability of the 1.00nCB mix was found to be 203 mm (Figure 6.1(b)), while the number 

was reduced to 141 mm for the 1.80nCB mix, which is about 52% lower than plain UHPSSC. 

This observation is consistent with the findings of previous studies (Hussain et al., 2022; 

Hussain et al., 2023). It is generally agreed that a flow spread of over 160 mm may be 

considered good for UHPC (Du et al., 2021). All the mixes tested in this study have a flow 

spread higher than 160 mm, except for the 1.80nCB mix. 



 

150 

 

Figure 6.2. Flowability of UHPSSC mixes with different nCB contents. 

6.4.2 Compressive Strength  

Figure 6.3 illustrates the results of the compression tests, showing that a plain UHPSSC 

specimen achieves a compressive strength of approximately 145 MPa after undergoing heat 

curing for one day (hereinafter referred to as 1d-heating strength). The 1d-heating strength 

gradually reduces with increasing nCB content, reaching 119.6 MPa for the 1.80nCB 

specimen, with the cumulative reduction being about 17.50%. 
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Figure 6.3. Compressive strength achieved under different curing conditions for all 

UHPSSC specimens with different nCB content. 

The decrease in compressive strength with nCB content can be attributed to a number 

of reasons. First, when nCB particles are added to a mix, they decrease flowability, causing 

improper compaction of the matrix, a relatively high number of voids, and thus a reduction in 

the compressive strength. Another possible reason is the agglomeration of the nCB particles, 

which creates stress concentration points in the matrix. It can be seen from Figure 6.4(a) that 

the 1.80nCB specimen has a porous microstructure. 

UHPSSC 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80
0

20

40

60

80

100

120

140

160

180

1d  28d  105°C  28d vs. 1d  28d vs. 105°C 

nCB (%)

C
o

m
p

re
ss

iv
e 

S
tr

en
g

th
 (

M
P

a)

-20

-15

-10

-5

0

5

10

15

20

 P
er

ce
n

ta
g

e 
D

if
fe

re
n

ce
 (

%
)



 

152 

  

  

Figure 6.4. Microstructure showing the porosity and formation of the secondary products. 

(a) Pores and nCB agglomeration in the 1.80nCB specimen. (b) Formation of Mg(OH)2. (c-

d) Formation of Friedel’s salt, secondary products and cracks. 

On the other hand, the plain UHPSSC specimen under 28-day water immersion curing 

has a compressive strength of 140.49 MPa (hereinafter to as 28d-strength). Similar to the 

trend of the 1d-heating strength, an increase in nCB content also leads to a decrease in 28d-

strength by up to 13.84% for the 1.80nCB specimen. By comparing the two groups of 

specimens under different curing conditions (i.e., one-day heat curing and 28-day water 

immersion curing), it is noted that: (1) for the same nCB content, the 28d-strength is lower 

than the 1d-heating strength; (2) the strength difference between the two groups of specimens 
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decreases with an increase in nCB content until the nCB content reaches 1.40%; and (3) at 

relatively high nCB contents (i.e., 1.60% and 1.80%), the 28d-strength is higher than the 1d-

heating strength. The strength difference between the two groups of specimens is further 

illustrated in Figure 6.3 by the black line, which shows the percentage difference between 

the strengths at the same nCB content under two different curing conditions. 

An interesting thing to note from the above observation is that the 28-day water 

immersion curing appears to be more beneficial for nCB-UHPSSC than for plain UHPSSC. 

This could be due to the fact that the 28-day water immersion provides an additional source 

of water to boost hydration reactions, which is particularly important for nCB-UHPSSC due 

to the excessive water absorption capability of nCB. This might also be due to the more porous 

microstructure of nCB-UHPSSC, which allows more room to accommodate the expansive 

hydration products of seawater-mixed concrete (e.g., magnesium hydroxide Mg(OH)2, 

ettringites and Friedel’s salt, as shown in Figure 6.4(b-d) and Figure 6.5); these hydration 

products may otherwise cause formation of cracks and thus the reduction of compressive 

strength. 
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Figure 6.5. SEM images and EDX spectrum points (highlighted with yellow circle) 

showing Mg(OH)2 and Friedel’s salt. 

Furthermore, some specimens  ent through dry curing at 105℃ for 24 hours after 28 

days of water immersion curing. It is not a surprise to see that the compressive strength 

improved due to the additional dry curing process, as illustrated by the red line in Figure 6.3, 

which shows the percentage increase. It appears that the percentage increase grows with nCB 

content, possibly attributed to the fact that more unhydrated cement particles exist in a 

specimen with a higher nCB content due to the high water absorption capability of nCB. 

When being subjected to heat treatment, these unhydrated cement particles undergo further 

hydration. It has also been established that in UHPC, an elevated temperature not only helps 

   

   



 

155 

to speed up the hydration process but also promotes the secondary hydration between 

cementitious materials and portlandite (Abdulkareem et al., 2021; Hamada et al., 2022; 

Hiremath & Yaragal, 2017). The heat treatment facilitates the pozzolanic activity between the 

portlandite and SiO2 of SF and fine silicates from QP, which are typically non-reactive with 

water during standard curing (Ya ıcı et al., 201 ) and may only react  ith  a(OH)₂ in the 

alkaline environment of cement hydration products to produce C-S-H gel (Khan et al., 2021). 

On the other hand, MIP was employed to investigate the pore structure of the plain 

UHPSSC specimens and the 1.40nCB specimens obtained under different curing conditions. 

Figure 6.6 illustrates the pore structures of the UHPSSC mix and 1.40nCB mix with the 

curing condition being 28-day water immersion with or without one-day 105℃ dry curing. 

Figure 6.6(a) describes the cumulative pore concentration of each sample, represented by the 

area under the curve, while the distributions of pores with different sizes are detailed in Figure 

6.6(b). According to Ref. (Ali et al., 2023; Li, 2021; Wang et al., 2018), pores in cement-

based materials can be divided into three categories, including harmless pores (< 20 nm), less 

harmful pores (20-200 nm) and harmful pores (> 200 nm). The harmful pores include the 

capillary and meso pores, which are mainly responsible for the reduction in strength and 

durability. 

https://www.sciencedirect.com/topics/materials-science/cementitious-material
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Figure 6.6. Cumulative and intrusion pore structures of the plain UHPSSC mixes and 

1.40nCB mixes obtained under different curing conditions. 

The total porosities of the plain UHPSSC specimen and 1.40nCB specimen after 28-

day water immersion curing were 8.59% and 10.89%, respectively, slightly higher than those 

reported in the literature for typical UHPC obtained under heat curing (Matos et al., 2021; 

Vande Voort et al., 2008). The 1.40nCB specimen is 26.72% more porous than the plain 

UHPSSC specimen. On the other hand, the porosities of the plain UHPSSC specimen and 

1.40nCB specimen after an additional one-day 105 ℃ dry curing reduced to 7.69% and 

9.01%, respectively, with a 17.16% difference between the two. The results presented above 
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suggest that the effect of additional heat curing on reducing porosity is more pronounced for 

nCB-UHPSSC than for plain UHPSSC, consistent with the compressive strength results 

(Figure 6.3). It should be noted that previous literature also discussed that dry curing benefits 

microstructure densification by amplifying pozzolanic reactivity and the polymerization of 

C-H-S gel (Lu et al., 2022). 

The quantitative analysis of pores presented in Figure 6.7 shows the impact of different 

curing regimes on pore size distribution. The data indicate that both the plain UHPSSC 

specimen and 1.40nCB specimen after 28-day water immersion curing have more pores in 

the harmful and less harmful categories compared to those undergoing additional 105 ℃ dry 

curing. The 1.40nCB specimen has more harmful pores than the plain UHPSSC specimen, 

but this difference became smaller after they were subjected to an additional 105 ℃ dry 

curing. It is evident that dry heat curing is beneficial for the densification of microstructures, 

and this effect is more pronounced for nCB-UHPSSC than for plain UHPSSC. 

 

Figure 6.7. Pore size distributions of the plain UHPSSC mixes and 1.40nCB mixes obtained 

under different curing conditions. 
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Additionally, Figure 6.8 depicts the X-ray diffraction (XRD) patterns of different 

specimens under different curing conditions. The prominent quartz peaks are associated with 

the QP used in UHPSSC. As observed from the patterns of the 1.40nCB specimen and 

1.80nCB specimen, the incorporation of nCB in a mix does not result in any new chemical 

phases. The peaks of the unhydrated cement clinkers, including alite and belite, which are at 

least partially due to the extremely low w/b ratio of the UHPC matrix (Lu et al., 2021), can 

be identified from Figure 6.8; for nCB-UHPSSC, the inclusion of inert nCB may also retard 

cement hydration (Li et al., 2024; Zhang et al., 2022). Moreover, the formation of Friedel’s 

salt and Mg(OH)2, as a result of using seawater as the mixing water, is evident in Figure 6.8. 

Furthermore, compared to 28 days of curing, the additional dry curing at 105 °C facilitated 

hydration, as evidenced by the reduced intensities of the ettringite, portlandite and quartz 

peaks. The reduction of the quartz peaks was due to the consumption of QP in the pozzolanic 

reaction at the elevated temperature, as mentioned by Ref. (Shen et al., 2019; Tavares et al., 

2020). 
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Figure 6.8. XRD patterns of A-Alite, B-Belite, C-Calcite, E-Ettringite, F-Friede’s Salt, 

MH- magnesium hydroxide, P-Portlandite and Q-Quartz. 

6.4.3 Piezoresistive Behaviour 

In this study, the piezoresistive behaviour of nCB-UHPSSC was investigated under two 

different conditions: (1) testing directly after 28-day curing (i.e., saturated state); and (2) 

testing after 6 days of drying treatment at 70℃ in an o en (i.e., dried state). 

6.4.3.1 Piezoresistive Behaviour at Saturated State  

The electrical resistances of saturated nCB-UHPSSC specimens are shown in Figure 6.9, 

from which it can be inferred that the percolation threshold was achieved at 1.4% nCB 

content, while 1.6% and 1.8% nCB contents are in the above-percolation zone. 
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Figure 6.9. Electrical resistances of UHPSSC specimens with different nCB contents at 

different curing ages. 

The piezoresistive responses of the saturated nCB-UHPSSC specimens during cyclic 

loading are presented in Figure 6.10. It is evident that the plain UHPSSC specimen already 

possesses piezoresistivity, although the FCR response is not well synchronized with the 

applied stress/strain. The piezoresistivity of plain UHPSSC purely comes from ionic 

conductivity in which the free ions in the pore solution act as an electrolyte for the electrical 

conductivity (Fulham-Lebrasseur et al., 2020; Hussain et al., 2022; Xie et al., 1996). Ionic 

movement is more pronounced in UHPSSC than in freshwater UHPC due to the high number 

of dissolved ions, which can be visualized in Figure 6.11. Notably, the dissolved ions (Na+, 

K+, OH−, Ca2+, SO2
4 , and Cl-) in the pore solution of seawater concrete can increase ionic 

strength by three to four times compared to their deionised water counterpart and reduce 

resistivity by 50% (Ebead et al., 2022; Montanari et al., 2019; Snyder et al., 2003). However, 

it is worth noting that the noise level in the piezoresistive response of the plain UHPSSC 

specimen is high, attributed to the polarization effect (Hong et al., 2018). 
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Figure 6.10. Piezoresistive responses of saturated UHPSSC specimens with different nCB 

contents during cyclic loading. 

 

Figure 6.11. Schematic diagram of ionic conductivity in nCB-filled UHPC mixed with 

freshwater and seawater. 

With an increase in nCB content, both the value and the repeatability of FCR response 
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is observed that FCR values reach the highest at 1.4% nCB content and then gradually 

decrease with a further increase in nCB content. It can be explained by the fact that at the 

above-percolation zone, the conduction network of nCB is well-established: even without 

loading, the neighbouring particles are already very close to, or in direct contact with, each 

other, so the conductive network is relatively stable. Therefore, the change in resistivity may 

not be as pronounced as those of specimens with less nCB.  

Nevertheless, it is evident that perfect synchronization between FCR response and 

applied stress/strain can be achieved by all nCB-UHPSSC specimens with a nCB content of 

1.40% and greater. From Figure 6.12, it can be observed that the FCR responses of all 

saturated UHPSSC specimens show an approximately linear correlation with the applied 

strain. The 1.40nCB specimen has the highest GF of 161.98 with a high coefficient of 

determination (R2) of 0.99. The result aligns with the understanding that the highest sensitivity 

is usually achieved at the endpoint of the percolation zone (Han et al., 2019; Han et al., 2015; 

Hussain et al., 2022; Sun et al., 2017; Zhang et al., 2018). 
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Figure 6.12. Piezoresistive responses of saturated UHPSSC specimens with different nCB 

contents during monotonic loading. 

6.4.3.2 Effect of Drying Treatment 

The piezoresistive behaviours of the dried specimens that underwent drying for six days 

at 70℃ after completing the 28-day curing period were examined with a view to understand 

the impact of moisture content. The changes in electrical resistance during the drying process 

are depicted in Figure 6.13(a). After drying, a significant increase in resistance is observed 

for plain UHPSSC and nCB-UHPSSC with relatively low nCB contents. The change in 

resistance is not as pronounced for nCB-UHPSSC with relatively high nCB content, as its 

resistance has a relatively weak dependence on ionic conductivity. 
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Figure 6.13. Changes in the electrical resistance of UHPSSC specimens with different nCB 

contents at different drying stages. 

Furthermore, Figure 6.13(b) illustrates the variation in resistance change during the 

drying process. It is observed that from Day 1 to Day 2, resistance increases for all the 

specimens, but in later days, resistance actually decreases for the specimens at the above-

percolation zone. This decrease in resistance can be attributed to the dominance of electronic 

conduction in these specimens, where conductivity comes from movement of electrons rather 

than movement of ions. In fact, drying treatment enhances conductivity by reducing the 

contact resistance between nCB particles induced by the moisture around the nCB particles 
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(Dong et al., 2019; Hussain et al., 2022). Furthermore, the dispersion of nCB in the 1.40nCB 

specimen (percolation threshold) was explored by using EDS mapping image of carbon 

element, which describes the distribution of nCB particles within the hardened 1.40% nCB-

UHPSSC matrix, as illustrated in Figure 6.14. The red dots seen in the SEM-EDX image 

represent carbon, which enhances the piezoresistive sensitivity of the matrix by facilitating 

the formation of a highly stable and well-connected conductive network. 

 

Figure 6.14. SEM-EDX mapping of carbon element (red dots) showing the dispersion of 

carbon in 1.40nCB-UHPSSC. 

6.4.3.3 Piezoresistive Behaviour after Drying Treatment 

The cyclic piezoresistive responses of the dried samples are displayed in Figure 6.15. It 

can be observed that the plain UHPSSC specimen shows no piezoresistivity. In Figure 6.16, 

FCR responses are plotted against the applied strain, again showing that the plain UHPSSC 

specimen has no strain sensiti ity.  his is consistent  ith the o ser ation of the authors’ 

previous study on freshwater nCB-UHPC (Hussain et al., 2022). Although UHPSSC has a 

higher ionic strength in its pore solution compared to normal UHPC, the drying treatment 

eliminates the ionic conductivity, which was the primary source of the conductivity of 

saturated plain UHPSSC. 
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Figure 6.15. Piezoresistive responses of dried UHPSSC specimens with different nCB 

contents during cyclic loading. 

-200 0 200 400 600 800 1000120014001600
-40

-30

-20

-10

0

10

20

30

40

S
tr

e
s
s
 (

M
P

a
)

 Stress (MPa)

 Strain (%)

 FCR-1.60-D (%)

Time (Sec)

-0.12

-0.09

-0.06

-0.03

0.00

0.03

0.06

0.09

0.12

S
tr

a
in

 (
%

)

-16

-12

-8

-4

0

4

8

12

16

F
C

R
-1

.6
0
-D

 (
%

)

-200 0 200 400 600 800 1000120014001600
-40

-30

-20

-10

0

10

20

30

40

S
tr

e
s
s
 (

M
P

a
)

 Stress (MPa)

 Strain (%)

 FCR-1.80-D (%)

Time (Sec)

-0.12

-0.09

-0.06

-0.03

0.00

0.03

0.06

0.09

0.12

S
tr

a
in

 (
%

)

-16

-12

-8

-4

0

4

8

12

16

F
C

R
-1

.8
0
-D

 (
%

)



 

170 

  

  

  

0.0 0.1 0.2

-6

-4

-2

0
 UHPSSC-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

R2 = 0.363
GF = 15.03x

R2 = 0.915

GF = 19.027x

R2 = 0.920
GF = 27.70x

R2 = 0.945

0.0 0.1 0.2 0.3
-8

-6

-4

-2

0  nCB0.20-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2
-8

-6

-4

-2

0  nCB0.40-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2 0.3
-10

-8

-6

-4

-2

0  nCB0.60-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2

-6

-4

-2

0
 UHPSSC-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

R2 = 0.363
GF = 15.03x

R2 = 0.915

GF = 19.027x

R2 = 0.920
GF = 27.70x

R2 = 0.945

0.0 0.1 0.2 0.3
-8

-6

-4

-2

0  nCB0.20-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2
-8

-6

-4

-2

0  nCB0.40-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2 0.3
-10

-8

-6

-4

-2

0  nCB0.60-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2

-6

-4

-2

0
 UHPSSC-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

R2 = 0.363
GF = 15.03x

R2 = 0.915

GF = 19.027x

R2 = 0.920
GF = 27.70x

R2 = 0.945

0.0 0.1 0.2 0.3
-8

-6

-4

-2

0  nCB0.20-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2
-8

-6

-4

-2

0  nCB0.40-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2 0.3
-10

-8

-6

-4

-2

0  nCB0.60-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2

-6

-4

-2

0
 UHPSSC-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

R2 = 0.363
GF = 15.03x

R2 = 0.915

GF = 19.027x

R2 = 0.920
GF = 27.70x

R2 = 0.945

0.0 0.1 0.2 0.3
-8

-6

-4

-2

0  nCB0.20-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2
-8

-6

-4

-2

0  nCB0.40-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2 0.3
-10

-8

-6

-4

-2

0  nCB0.60-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2 0.3

-15

-10

-5

0  nCB0.80-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

GF = 45.22x

R2 = 0.994

GF = 78.87x

R2 = 0.983

GF = 99.61x

R2 = 0.990

GF = 137.22x

R2 = 0.993

0.0 0.1 0.2 0.3
-20

-15

-10

-5

0  nCB-1.00-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2 0.3
-32

-24

-16

-8

0  nCB-1.20-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2 0.3
-40

-32

-24

-16

-8

0  nCB-1.40-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2 0.3

-15

-10

-5

0  nCB0.80-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

GF = 45.22x

R2 = 0.994

GF = 78.87x

R2 = 0.983

GF = 99.61x

R2 = 0.990

GF = 137.22x

R2 = 0.993

0.0 0.1 0.2 0.3
-20

-15

-10

-5

0  nCB-1.00-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2 0.3
-32

-24

-16

-8

0  nCB-1.20-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)

0.0 0.1 0.2 0.3
-40

-32

-24

-16

-8

0  nCB-1.40-D

 Linear Fit

F
C

R
 (

%
)

Strain (%)



 

171 

  

  

Figure 6.16. Piezoresistive responses of dried UHPSSC specimens with different nCB 

contents during monotonic loading. 
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stress/strain. With 1% nCB content and higher, the FCR responses of the specimens may be 

considered precisely synchronized with the applied stress/strain. Among all, the 1.40nCB 

specimen possesses the highest GF of 137.22 with a high R2 value of 0.99. Furthermore, 

Figure 6.17 compares the GFs of all the saturated and dried samples, showing that the GF of 

the saturated 1.40nCB specimen is around 18.0% higher than that of its dried counterpart. 
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above. However, at the above-percolation zone, GF decreases with nCB content for both 

saturated and dry specimens. 

 

Figure 6.17. Strain sensitivities of saturated and dried UHPSSC specimens with different 

nCB contents. 

  

UHPSSC0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
0

20

40

60

80

100

120

140

160

180

200

GF-Satu   GF-Dry   R2-Satu   R2-Dry

nCB (%)

G
au

g
e 

F
ac

to
r

0.0

0.2

0.4

0.6

0.8

1.0

1.2

R
2



 

173 

6.5 Summary and Conclusions 

This chapter has presented a study aiming to develop a novel type of intrinsic self-strain 

sensing concrete by utilising UHPSSC with the addition of cost-effective nCB as a functional 

filler (i.e., nCB-UHPSSC). A comprehensive experimental program and extensive test results 

have been presented, including the formulation of new mix designs, mechanical properties, 

microstructure analysis, as well as the piezoresistive behaviour and conduction mechanism of 

the developed nCB-UHPSSC with different nCB contents (up to 1.80%). The following 

conclusions can be drawn from this study: 

1. Although the addition of nCB generally decreases the workability and compressive 

strength of UHPSSC, nCB-UHPSSC with reasonably good properties (i.e., slump spread 

> 160 mm, compressive strength > 140 MPa) was successfully achieved. The compressive 

strength of nCB-UHPSSC can be considerably increased by one-day dry curing at 105℃ 

± 1℃ after 28-day water immersion. 

2. Both the saturated and dried nCB-UHPSSC specimens showed very well-synchronized 

FCR responses with the applied stress/strain when the nCB content is equal to or higher 

than 1.0%. Although the dried plain UHPSSC specimen does not show any piezoresistive 

behaviour, the saturated specimen possesses piezoresistivity due to the large quantities of 

dissolved ions in seawater. 

3. The strain sensitivity of the nCB-UHPSSC increases with nCB content up to 1.40%. The 

highest GFs of the nCB-UHPSSC with 1.40% nCB content are 161.98 and 137.22 for 

saturated and dried samples, respectively. 

In summary, the newly developed nCB-UHPSSC exhibits outstanding mechanical and 

piezoresistive properties, making it a promising candidate for the practical monitoring of civil 

infrastructure in the field. Its low percolation threshold (i.e., 1.4%) and stable piezoresistive 
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behaviour are particularly advantageous for field applications, while the use of low-cost nCB 

as conductive fillers makes the new concrete highly cost-effective. Additionally, the use of 

sustainable materials such as seawater and sea-sand contributes to achieving the development 

of sustainable infrastructure with reduced energy consumption and carbon emissions. 

Therefore, nCB-UHPSSC is an economically viable and environmentally friendly option for 

marine and coastal infrastructure applications.  
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Chapter 7. 

Effects of Tem erature and Accelerated Ex osure on 

Seawater and Sea-sand-based Nanocarbon Black-

reinforced Ultra-Hig -Performance Concrete 

7.1 Abstract 

Our previous study developed UHPSSC by incorporating nCB, demonstrating reasonable 

mechanical and piezoresistive performance at 1.40% nCB content (1.40nCB). Therefore, this 

study aims to explore its durability parameters by investigating the compressive strength and 

microstructural characteristics of UHPSSC with 1.40nCB under different curing conditions 

and exposure durations. Additionally, it explores the influence of in-situ temperature 

variations on the piezoresistive properties to gain insights into the sensitivity and reliability 

of the self-sensing capabilities. 

The results demonstrate that the compressive strength of samples subjected to normal 

water curing (NWC) is higher than that of samples with seawater curing (SWC) for both 

UHPSSC and 1.40nCB. However, exposure to sea salt solution for up to 90 days decreased 

compressive strength. Furthermore, the study reveals that the fractional change in electrical 

resistivity (FCR) increases with rising temperature. The piezoresistive response at cyclic 

loading exhibited a well-synchronized relationship with stress-strain under all tested 

conditions. However, the strain sensitivity at elevated temperatures initially decreases and 

then increases compared to ambient temperature, thanks to the increasing strain response with 
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temperature. Additionally, the sensitivity at freezing temperatures and exposure to sea salt 

solution decreases relative to ambient temperature.  

7.2 Introduction 

Chapter 6 has presented the development of nCB-based ultra-high-performance seawater 

sea-sand concrete (nCB-UHPSSC) with self-sensing capabilities (Hussain et al., 2024). This 

chapter presents further investigations on the mechanical and piezoresistive properties of 

nCB-UHPSSC under various working conditions. The experimental programme focused on 

nCB-UHPSSC with 1.40% nCB, which is the optimum content found in Chapter 6. The 

compressive strength and microstructural characteristics under different curing conditions and 

exposure durations were examined. Additionally, the influence of in-situ temperature 

variations on the piezoresistive properties was examined to gain insights into the sensitivity 

and reliability of the self-sensing capabilities of nCB-UHPSSC.  

7.3 Experimental Program 

7.3.1 Raw Materials and Mix Design 

This study utilised the raw materials described in section 6.2.1. The mix design and 

quantities of materials are detailed in Table 7.1. 

Table 7.1. Base mix design of UHPSSC and 1.40nCB-UHPSSC (kg/m3). 

Notation Cement SF QP Sand Water SP nCB 

PC 842.0 210.5 210.5 926.2 172.6 42.1 0.00 

1.40nCB 842.0 210.5 98.5 793.2 172.6 42.1 14.74 

7.3.2 Curing Conditions  
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After demoulding the specimens, different types of curing conditions and duration were 

studied, including 28 days of normal water immersion curing (NWC), 28 days of seawater 

immersion curing (SWC) and 90 days of exposure in seawater after the 28 days of NWC for 

durability consideration. 

The remaining testing details are given in section 4.2.5.  

7.3.3 Sea-salt Solution Exposure 

After 28 days of curing, the samples were put in a sea-salt solution with a salinity of 3.5% 

for 90 days to investigate the mechanical properties of the plain UHPSSC and 1.40nCB 

samples. The 1.40nCB samples were further explored for piezoresistive behaviour after 

exposure to a sea-salt solution for the duration of 90 days. The samples were tested for 

repeatability (cyclic loading response) and sensitivity (monotonic loading response). Before 

testing, the samples were air-dried for one day after taking out from the exposure unit. 

7.3.4 Microstructure Analysis 

The details of the microstructure analysis are the same as those listed in section 5.2.6, 

including SEM-EDX, XRD and MIP, respectively.  

7.3.5 Piezoresistive Properties 

For the piezoresistive testing, all the 40 mm cubic samples were dried after 28 days of 

normal water curing in an oven at a temperature of 70°C for a period of five days before 

conducting the test to minimize the impact of water content on the piezoresistive properties. 

After the drying process, different temperature ranges were selected to test what the material 

may encounter during its service life. This is because extreme temperatures can significantly 

impact the structural integrity and performance of the concrete. The samples were tested to 
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investigate the piezoresistive behaviour under different temperatures including, -25℃, 0℃, 

ambient temperature (25℃ (2 ℃±2℃)), 50℃ and 75℃. The specimen was placed in an 

environmental chamber for one hour at each temperature before testing to ensure thermal 

equilibrium between the external and internal temperatures. The load was then applied while 

the sample remained in the environmental chamber to maintain equilibrium at the respective 

temperature. The experimental setup can be seen from Figure 7.1. The specimens were 

subjected to using a universal testing machine (Instron 5982, Instron Inc., USA). The cyclic 

compressive loading test was performed by using a universal testing machine (Instron 5982, 

Instron Inc., USA) with an environmental chamber to achieve a minimum temperature of -

150 °C using a liquid nitrogen cooling module. This setup allowed for the evaluation of the 

concrete's performance under controlled temperature conditions. A temperature was recorded 

separately by a thermocouple. Before loading, 15V DC power was applied to the samples to 

minimize the influence of the polarization for about 20 minutes  (Hussain et al., 2019).  

The remaining testing details are the same as those listed in section 4.2.6. 
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Figure 7.1. Experimental setup and circuit diagram to measure the piezoresistive behaviour 

of nCB-UHPSSC samples under different temperatures. 

7.4 Results and Discussions 

7.4.1 Sorptivity Test 

The sorptivity test of both plain UHPSSC and 1.40nCB was conducted according to 

ASTM C 1585-20 (C1585-20, 2020). The testing setup and details are the same as those 

detailed in section 5.2.2. The absorption rate of the sample is described as the slope of the line 
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that best fits water uptake (I) plotted against the square root of the time (h1/2). There are two 

phases, called initial absorption and secondary absorption, described in the code. For normal 

concrete, the initial absorption is from 0 to 6 hours, and the secondary absorption is from 1 

day to 9 days. According to (Lu et al., 2021), this study adopted a 49-day cycle of secondary 

absorption because of the highly dense microstructure and low absorption rate of the 

UHPSSC. The water absorption rate of unsaturated concrete quantifies its ability to absorb 

and transport water, which directly influences its durability. A lower sorptivity is a strong 

indication of durability improvement. The sorptivity measurement of the 1.40nCB and plain 

UHPSSC is presented in Figure 7.2. 
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Figure 7.2. Sorptivity of plain UHPC and 1.40nCB. (a) The amounts of water absorbed per 

unit area in the initial and secondary phases. (b) The total amount of water absorbed. 
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The 1.40nCB had 7.65% higher absorption rate than UHPSSC. Similarly, in the secondary 
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and 1.40nCB after 49 days is 0.923% and 1.138%, respectively, about 8-12% for normal 

strength concrete after nine days (Lu et al., 2022). The water absorption of the 1.40nCB is 

about 18.87% higher than the UHPSSC, and the reason behind this is believed to be its higher 

porosity by lower flowability, improper compaction and the agglomeration of the nCB 

particles (Hussain et al., 2022). 

7.4.2 Effect of Curing Conditions on Mechanical Properties 

After demoulding the specimens, different types of curing conditions were studied for 

the compressive strength of the UHPSSC and 1.40nCB samples: 28 days of normal water 

immersion curing and 28 days of seawater immersion curing. According to ASTM C109 

(C109/C109M-21, 2021), 50 mm cubic samples were prepared for the compressive strength 

tests. Three specimens were tested for each curing system to obtain an average value. The 

loading rate was 1 MPa/s applied for the compression test. Figure 7.3 illustrates that the 

samples subjected to normal water curing (NWC) exhibit higher compressive strength than 

the seawater curing (SWC). 
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Figure 7.3. Compressive strengths of the UHPSSC and 1.40nCB at different curing 

conditions and exposure durations. 

The lower compressive strength of SWC over NWC is attributed to higher concentrations 

of salts in seawater that can react with the cementitious components of concrete, leading to 

the formation of secondary compounds and altering the hydration process. Notably, the 

amount of ettringite formed in seawater systems is 67% greater than that produced in 

freshwater after 28 days of curing. The increased le els of portlandite, ettringite, and Friedel’s 

salt may reduce the volume fraction of C-S-H gel relative to the total hydration products over 

time (Zhao et al., 2021). A molecular dynamic study also found that the ions of NaCl ingress 

in C-S-H nanochannels change the interfacial bonding and also cause the leaching of Ca, 

which leads to reduced strength (Hayat et al., 2024). These mechanisms can affect the 

development of the microstructure of the concrete and result in the reduction of strength. 

Moreover, sulphate ions can react with the hydration products of cement, forming expansive 

compounds like secondary ettringite or gypsum. These expansive compounds can generate 

internal stresses within the concrete, resulting in cracking and reduced compressive strength. 
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In addition, it can be seen in Figure 7.4(a-b) that the formation of magnesium hydroxide 

Mg(OH)2 and cracks formation by expansion of the volume of the system. 
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Figure 7.4. Microstructure showing the formation of the secondary products, expansion and 

cracks. (a-d) the formation of Mg(OH)2, and cracks (e) SEM-EDX formation of Friedel’s 

salt at sea-salt solution exposure. 

On the other hand, the 1.40nCB had a lower compressive strength than the UHPSSC. 

The difference between UHPSSC and 1.40nCB at NWC and SWC is 10.90% and 10.26%, 

respectively. It could be articulated that the nCB particles absorbed a high amount of water 

content at the initial stage, and also, the low w/b ratio of the UHPSSC matrix resulted in 

slowing down the hydration process and left many anhydrous cement clinker phases (Lu et 

al., 2021; Zhang et al., 2022). Similarly, with the high surface energy of nanofillers, the 

cement particles were surrounded by these nCB which delayed the hydration process by 

obstructing the water molecule from reacting with unhydrated cement (Hussain et al., 2022). 

Moreover, the lower flowability, improper compaction, and a high number of agglomerations 

of nCB created a more porous microstructure (Hussain et al., 2023). Additionally, it can be 

observed that the reduction ratio between the NWC to SWC of the 1.40nCB is lower than that 

of the UHPSSC. This can be attributed to the greater pore volume of 1.40nCB, which 

effectively dissipated the pressure generated by the volumetric expansion of the 

microstructure, suggesting that the larger pore volume could contribute to its ability to 

withstand expansion-induced pressure. 

7.4.3 Effect of Sea-salt Solution Exposure on Mechanical Properties 

The samples cured with normal water were exposed to the 3.5% sea salt solution for 90 

days. The compressive strength of 1.40nCB and UHPSSC after 90-day exposure is lower than 

the 28-day NWC samples, as seen in Figure 7.3. Similar to other curing systems, the 

1.40nCB-90d had a lower reduction ratio than the UHPSSC-90d. The reduction in strength is 

attributed to the formation of secondary hydration products, which can induce the expansion 

https://www.sciencedirect.com/topics/engineering/cement-clinker
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of volume and microcrack formation, leading to reduced mechanical strength. It is evident 

from the SEM micrographs shown in Figure 7.4(c-d) that the formation of ettringites has led 

to the formation of the crack due to the expansion of the matrix (Taylor et al., 2001). It can 

also be found in the literature that the high salt content in the solution can lead to the formation 

of secondary compounds and the crystallization of salts within the pore structure, and the 

growth of salt crystals can exert pressure on the surrounding, leading to internal damage and 

cracking (Ting et al., 2021; Yang et al., 2022). When concrete is exposed to sea salt solution, 

chloride ion reacts with calcium aluminate (C3A) and monosulphoaluminate (AFm) to form 

Friedel’s salt (  aO  l2O3 CaCl2·10H2O) (Baroghel-Bouny et al., 2012; Birnin-Yauri & 

Glasser, 1998; Lubelli et al., 2006; Rocha et al., 2015). 

On the other hand, a Mercury Intrusion Porosimeter (MIP) was employed to investigate 

the pore structure of the UHPSSC and 1.40nCB with different curing conditions and exposure 

durations. The cumulative and incremental pores of the UHPSSC and 1.40nCB are presented 

in Figure 7.5(a-b) under various conditions. Figure 7.5(a) describes the cumulative pore 

concentration of the different samples, representing the area under the curve. The pore 

distribution with different diameters is detailed in Figure 7.5(b). According to the literature 

(Ali et al., 2023; Li, 2021; Wang et al., 2018), the pores in cement-based materials are divided 

into three distinct categories, including harmless pores (<20 nm), less harmful pores (20-200 

nm) and harmful pores (>200 nm). The harmful pores include the capillary and meso pores, 

which are mainly responsible for reducing strength and durability.  

https://www.sciencedirect.com/topics/engineering/calcium-aluminate


 

188 

 

 

Figure 7.5. Cumulative and intrusion pore structures of the plain UHPSSC mixes and 

1.40nCB mixes obtained under different curing environments and exposure duration. 

The total porosity of UHPSSC cured with seawater and normal water at 28 days was 
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(Matos et al., 2021; Vande Voort et al., 2008). The difference in porosity between UHPSSC-

NWC and UHPSSC-SWC indicates that the samples cured with normal water had a less 

porous microstructure compared to those cured with seawater. On the other hand, the porosity 

of the 1.40nCB-SWC and 1.40nCB-NWC was 10.986% and 10.890%, which is about a 0.87% 
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difference in the porous microstructure. The higher porosity of 1.40nCB would help to 

dissipate the pressure generated by volumetric expansion. Moreover, the 1.40nCB exhibited 

a more porous microstructure than UHPSSC due to its lower flowability and compaction and 

higher water absorption capacity of nCB nanoparticles. Furthermore, the reduction ratio of 

UHPSSC to 1.40nCB with SWC was more significant than that with NWC. Interestingly, 

after 90 days of exposure, UHPSSC and 1.40nCB exhibited a less porous microstructure 

compared to 28 days of SWC, indicating that the curing conditions have a greater impact than 

the exposure (cured in normal water and exposure to seawater). 

 

Figure 7.6 Pore size distribution ratios of UHPSSC and 1.40nCB at different curing 

environments and exposure duration. 

Moreover, further analysis of the pore size distribution data in Figure 7.6 shows that 

UHPSSC-SWC had a higher number of harmful pores than UHPSSC-NWC. Similarly, the 

1.40nCB sample had a similar trend with UHPSSC in that the 1.40nCB-SWC had a higher 

ratio of harmful pores than 1.40nCB-NWC. However, the effect of SWC appears to be less 

pronounced for 1.40nCB, which could be attributed to a larger room for expansion in 1.40nCB 
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UHPSSC and 1.40nCB, it is observed that both exhibited a higher proportion of harmful pores 

compared to the specimens after 28d curing. 

Additionally, Figure 7.7 provides the X-ray Diffractometer (XRD) patterns of various 

chemical compositions found in different samples under different curing conditions. The 

patterns indicate the presence of distinct peaks associated with quartz, a component of the 

quartz powder utilized in UHPSSC. Notably, no new chemical phases are visible due to the 

inclusion of nCB, as nCB is an inert nanomaterial (Li et al., 2024; Zhang et al., 2022). Inert 

nanofillers, such as nCB, do not actively participate in the cement hydration process but can 

serve as nucleation sites and potentially slow the cement hydration process (Han et al., 2017). 

The absence of new chemical phases in the XRD patterns suggests that incorporating nCB 

does not introduce significant changes in the chemical composition of the UHPSSC.  

 

Figure 7.7. XRD patterns of the A-Alite, B-Belite, C-Calcite, E-Ettringite, F-Friedel's Salt, 

G-Gypsum, MH-Mg(OH)2, P-Portlandite, Q-Quartz. 

The detectable peaks are associated with unhydrated cement clinkers, alite and belite. 

These peaks can be attributed to the low water-to-binder (w/b) ratio employed in the UHPSSC 

matrix and the presence of the 1.40nCB with a high surface area. Moreover, the XRD pattern 
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of the UHPSSC sample indicates the formation of Friedel's salt and magnesium hydroxide 

(Mg(OH)2). Magnesium hydroxide is a relatively weak compound compared to cementitious 

phases, which can potentially reduce the overall strength of the concrete. It has an expansive 

behaviour and contributes to increased porosity, which leads to the formation of less dense 

regions by changing the pore structure and microstructure of the UHPSSC (Cao et al., 2018). 

The Mg(OH)2 content in UHPSSC-SWC samples was 16% higher than in UHPSSC-NWC 

samples. This can affect the durability of the material, including its resistance to chemical 

attack, carbonation, and freeze-thaw cycles, which can compromise the long-term durability 

of the concrete (Zhang et al., 2022). 

Furthermore, Friedel's salt can accelerate the early strength development of concrete by 

acting as a source of calcium ions, which can promote the formation of calcium silicate 

hydrates (C-S-H). However, the formation of excessive amounts of Friedel's salt through 

dissolution and precipitation can potentially cause damage through two distinct mechanisms. 

The first mechanism involves hydraulic pressure, wherein stress occurs due to volume 

expansion during the phase transition. The second mechanism involves internal crystallization 

pressure, which leads to damage and potential cracking, irrespective of volume changes 

associated with the crystallization, which can compromise the long-term durability and 

strength of the concrete (Qiao et al., 2018; Saxena & Baghban, 2023). Identifying unhydrated 

cement clinkers and observing Friedel's salt and magnesium hydroxide in the XRD analysis 

provide valuable insights into the mineralogical composition and the hydration behaviour of 

the UHPSSC sample.  

7.4.4 Electrical Properties 

All the 40 mm cubic samples were dried after 28 days of normal water curing in an oven 

at a temperature of 70°C for a period of five days before conducting the test. The electrical 
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properties of 1.40nCB samples with different temperatures are presented in Figure 7.8. The 

fractional change in electrical resistivity (FCR) was calculated using Equation 3.2. 

 

Figure 7.8. Change in resistance with respect to different temperatures (-25℃ to 75℃). 

It can be observed from the figure that as the temperature rose, the resistance of the 

sample decreased due to enhanced ion mobility at higher temperatures (Chang et al., 2013; 

Dehghanpour & Yilmaz, 2020; Lee et al., 2019; Vlachakis et al., 2020). Compared to room 

temperature (≈25℃), the F   of samples at 50℃ and 75℃ increased  hile those at the 

freezing temperatures of -25℃ and 0℃ exhi ited a reduction. The results indicate that the 

increase ratio of FCR at elevated temperatures was several times higher than the reduction 

ratio of FCR at freezing temperatures, compared to room temperature. As temperature 

increases, the thermal energy in the material rises, resulting in enhanced charge mobility and 

greater conductivity. This allows electric current to flow more easily, leading to a decrease in 
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barriers, further facilitating the movement of charges and improving current flow. This 

thermally activated motion of charges could be an effective mechanism in the case of 
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cementitious composites as their conduction mechanism is the combined movement of the 

electron and ions in the matrix (electron from the nCB and ions from the pore water solution 

in a cement matrix) (Ding et al., 2021).  

On the other hand, a quick door open test was performed at 75℃. The samples with a 

temperature of 75℃ were subjected to FCR testing to assess the impact of a rapid temperature 

drop. This was achieved by opening the door of the environmental chamber for a brief period. 

The variation in FCR in response to the corresponding temperature drop is illustrated in 

Figure 7.9. While the drop ratio is not substantial, the FCR demonstrated a strong correlation 

and synchronization with the temperature changes. Based on the results, it can be inferred that 

the 1.40nCB sample exhibited favourable characteristics as a temperature-sensitive 

cementitious composite. The synchronization of FCR to temperature suggests that the 

material is highly sensitive to temperature changes, which could be one of the important 

parameters to include when designing the nCB-based cementitious composites for practical 

applications. 
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Figure 7.9. Change in FCR response with respect to temperature during a rapid open-door 

test. 

7.4.5 Piezoresistive Behaviour 
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cyclic response of FCR to the corresponding stress-strain and gauge factor (GF). The GF of 
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applied compressive strain (Amjadi et al., 2016) by Equation 3.1.  
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The piezoresistive behaviour during repeated cyclic loading can be seen in Figure 7.10. 

It can be said that the results clearly show the synchronisation of the FCR with uniaxial cyclic 

compressive loading. When the load was applied, the resistance of the sensor decreased, and 

it increased as it was unloaded. It can be explained that the distance between the nCB particles 

decreased when a load was applied, which reduced the particle-to-particle distance and 

facilitated the reconstruction of new conductive networks through quantum tunnelling 

mechanism and direct connections between the particles. Likewise, the distance between 

nanoparticles increased and the interruption of the conductive paths occurred during the 

unloading, so the resistance increased again.  
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Figure 7.10. FCR response to corresponding stress-strain of 1.40nCB-UHPC specimens 

during cyclic compressive loading at different temperature ranges from -25℃ to 75℃. 

The FCR, in response to temperature, exhibits a highly synchronized behaviour with the 

applied stresses and strains across all the samples. The sample subjected to -25℃ 

demonstrated precise synchronization with the applied stress-strain. However, it is noticeable 

that on each cycle, the FCR decrease incrementally, corresponding to the stresses and strains, 
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accompanied by some level of noise in the signal. It can be attributed to thermal contraction, 

which induced volumetric changes and led to microcracks and damage. Although the freezing 

process contributed to the damage, it was reported that the primary cause of damage at -20°C 

was thermal contraction during cooling rather than the freezing process itself (Cao & Chung, 

2002). It has also been reported that the electrical resistivity increases after one cycle of 

temperature change, especially after experiencing the freezing procedure (Azhari, 2008). This 

indicates that the freezing temperature plays a crucial role in causing permanent changes in 

cracks, pores, and the associated irreversible resistivity (Dong et al., 2019). 

On the other hand, the sample at 0℃ shows a high degree of synchronization and an 

increasing trend in FCR  in response to the applied stresses and strains. However, the signal 

at 0℃ appears smoother, with minimized noise levels compared to the -25℃ sample. It is 

evident that by comparing these results to the room temperature (25℃), the freezing 

temperatures of -25℃ and 0℃ led to a substantial reduction in FCR by 46.9.2% and 40.9%, 

respectively. On the other hand, the FCR response improves with heating temperatures of 

50℃ and 75℃, showing an increase of 8.9% and 33.2%, respectively. Elevated temperatures 

may activate additional conductive pathways within the material, facilitating the movement 

of charge carriers and reducing resistivity. This phenomenon can increase FCR as the material 

becomes more conductive under elevated temperature conditions. 

7.4.5.2 Strain Sensitivity or Gauge Factor 

The strain sensitivity of the samples subjected to different temperatures is presented in 

Figure 7.11. The GF of the 1.40nCB samples tested at freezing temperatures (-25℃) 

exhibited the lowest GF among all the temperatures. Nevertheless, it still achieved a high 

coefficient of determination (R²). As the temperature increased, the FCR rose. However, the 

strains of the samples at higher temperatures also increased. The combined effects of 
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increasing F   and strains lead to a decrease in the GF for the samples at 50℃ and 75℃ 

compared to those under room temperature (see Figure 7.11). Nonetheless, it's noteworthy 

that all samples exhibit exceptional linearity, with R2 value of 0.99. 

 

  

Figure 7.11. Experimental and fitting curves (FCR vs. strain) and the gauge factor of 

1.40nCB specimens during monotonic compressive at different temperature ranges from -

25℃ to 75℃. 
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The 1.40nCB samples were further explored for piezoresistive behaviour after exposure 

to a sea-salt solution for 90 days. The samples were tested for repeatability (cyclic loading 

response) and sensitivity (monotonic loading response). The samples were air-dried for one 

day after taking out from the exposure unit. The samples were tested at room temperature 

after being taken from the exposed environment. It can be seen from Figure 7.12 that the 

cyclic response of the FCR corresponding to the stress-strain is precisely synchronised. It can 

be observed from the results that the samples after sea-salt solution exposure had lower strain 

sensitivity than the samples at room temperature with a high R2 value. 

Conversely, it is stated that exposure to seawater could lead to higher conductivity due 

to the high number of ions, such as Na+, Mg2+, and Cl-, which increased the ionic activity and 

concentration of the pore solution (Dong et al., 2022; Montanari et al., 2019; Snyder et al., 

2003). However, the microstructure deterioration and crack formation, which can be seen 

from the microstructure analysis, led to increasing FCR behaviour. The FCR response on each 

cycle has an irreversibly increasing behaviour corresponding to its stresses and strains. The 

fluctuation and noise in signals are also observed. The reason for these fluctuations would be 

a polarization effect from the pore solutions, where movements of ions occur in the electric 

field until reaching the electrical potential balance (Hong et al., 2018). Additionally, the 

interaction of nearby pore solutions during loading may lead to increased instability in the 

curve (Dong et al., 2019). However, the irreversible increasing behaviour may be attributed 

to the microstructure changes of the matrix, where the seawater and sea-sand can cause the 

formation of secondary hydration products and microcracks. As evident from the SEM 

micrographs and the MIP results, the higher porosity indicates the formation of the 

microcracks due to the volumetric expansion of the matrix, while the microstructure is directly 

linked to the conductive network.  
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Figure 7.12. Piezoresistive behaviour of 1.40nCB specimens at seawater exposure for 90 

days. (a) Cyclic compressive loading. (b) Monotonic compressive loading. 
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7.5 Summary and Conclusions 

The study presented in this chapter represents a continuation of the study presented in 

Chapter 6, which successfully developed an ultra-high-performance self-sensing concrete 

(UHPSSC) by incorporating a cost-effective nanocarbon black (nCB) at a minimal dosage of 

1.40%. A comprehensive investigation was conducted, encompassing mechanical properties 

under various curing conditions and exposure durations, as well as the analysis of 

microstructure. Furthermore, the impact of temperature variations and sea-salt solution 

exposure on the piezoresistive properties was explored to gain insights into the sensitivity and 

reliability of the self-sensing capabilities of nCB-UHPSSC. The following conclusions have 

been drawn from this study: 

1. The compressive strength of the samples cured in normal water was higher than those 

cured in seawater for both UHPSSC and 1.40nCB. However, after exposed to sea-salt 

solution for up to 90 days, the compressive strength decreased in both UHPSSC and 

1.40nCB due to the formation of secondary products and the volumetric expansion. 

It is worth noting that the reduction ratio of compressive strength was lower for 

1.40nCB compared to UHPSSC. 

2. The resistivity of the samples decreased with rising temperature, and its response was 

well-synchronized with the corresponding stresses and strains under all conditions. 

However, at elevated temperatures, the strain sensitivity initially decreased before a 

subsequently increase compared to that at the ambient temperature. In contrast, the 

strain sensitivity was reduced at freezing temperatures than at the ambient 

temperature and continued to decrease as the temperature dropped further.  
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3. After 90-day exposure to sea-salt solution, the sensitivity response to applied strain 

decreased. Nevertheless, the high coefficient of determination (R2 > 0.98) 

demonstrated that the linearity of the responses was still strong. 

The findings of this study will offer decisive insights for optimizing the design and 

performance of the nCB-UHPSSC composite. These insights will facilitate the reliable and 

durable application of nCB-UHPSSC in various civil engineering projects.  

  



 

203 

Chapter 8. 

Conclusions and Future Work 

8.1 Summary and Conclusions 

This thesis has presented a comprehensive study on the development of a new class of 

ultra-high-performance (UHPC) with strain-sensing capability by incorporation of cost-

effective nanocarbon black (nCB), referred to as “nCB-UHPC”. A suitable nCB was first 

determined after systematic investigations of the mechanical and piezoresistive properties of 

cementitious composites using different structures of nCB, noting that the structure of nCB is 

the crucial factor influencing the piezoresistive behaviour of the system. The suitable nCB 

identified was then utilised to develop nCB-based UHPC. A comprehensive experimental 

program was constituted with a conductive matrix approach. Due to the low water-binder 

ratio of UHPC, it is not easy to produce the UHPC by incorporation of nanoparticles. 

Therefore, several preliminary investigations with different approaches were designed and 

tested. As a result, a new mix design for nCB-UHPC was formulated, which has desirable 

fresh and hardened properties. The study examined the mechanical properties, microstructure, 

and piezoresistive behaviour of nCB-UHPC, including aspects such as percolation, 

repeatability, and sensitivity. 

Moreover, the performance and serviceability of the nCB-UHPC at different curing and 

environmental conditions were investigated. Long-term exposure to aggressive environments 

and their effects on the microstructure and mechanical properties were examined. Considering 

the field environment, the effects of different moisture contents and exposure to high salinity 
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solution on the piezoresistive behaviour were thoroughly investigated to establish a 

relationship between the working environment and strain sensitivity.  

Furthermore, nCB-based ultra-high-performance seawater sea-sand concrete (UHPSSC) 

with self-sensing capabilities (i.e., nCB-UHPSSC) was developed, considering the many 

benefits that seawater sea-sand UHPC offers including significant environmental and 

sustainability benefits and reduced carbon footprints, especially for marine infrastructure. In 

addition, it is worth noting that seawater and sea-sand may contribute to the conductivity due 

to the high number of dissolved ions. The mix designs with different concentrations of nCB 

were formulated and tested to investigate its effects on the properties of the material, including 

mechanical, microstructure and piezoresistive behaviour. With highly promising findings on 

the developed nCB-UHPSSC, the PhD study further assessed the durability performance of 

the new material for practical applications. nCB-UHPSSC samples were investigated under 

different curing conditions and exposure conditions, as well as freezing and elevated 

temperatures and the effects of these conditions on the piezoresistive behaviour of the nCB-

UHPSSC were studied. Through comprehensive investigations, this PhD study has provided 

significant insights into the effects of different scenarios on self-sensing properties and shed 

light on developing strategies to mitigate potential inaccuracies caused by environmental 

variations. 

The specified and brief conclusions of each chapter are given below: 

1. The PhD study explored three different structures of the nCB with various 

concentrations to optimise the performance and application. It was found that the 

compressive strength of all the nCBs showed similar trends with minor differences: 

initially, the compressive strength increased with the nCB content, and it then 

decreased. Concerning the piezoresistive behaviour, a high-structure nCB showed a 
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very low and distinct percolation zone compared to the other nCBs due to its branched 

structure. The lower percolation threshold is incredibly beneficial for achieving 

desirable mechanical properties and piezoresistive behaviour at a low cost for a field-

deployable solution. All three nCBs showed good strain sensitivity, high repeatability 

and precisely synchronised behaviour to the corresponding stresses and strains. The 

high-structure nCB demonstrated the highest strain sensitivity, which is several times 

higher than conventional strain sensors.  

2. The high-structure nCB was then utilised to develop nCB-UHPC, which was 

investigated for its fresh and hardened properties. It was demonstrated that the 

flowability and compressive strength generally decreased with increasing nCB 

content. The strength of nCB-UHPC specimens subjected to 28-day normal water 

immersion curing was higher than their counterparts subjected to one-day heat curing 

at 90℃ ± 1℃ due to additional water provided by immersion curing. The percolation 

zone was found to be between 0.50% - 1.50% nCB, which is significantly lower than 

those reported in the existing studies. Moreover, the repeatability with highly precise 

synchronization and excellent strain sensitivity (>130) with a coefficient of 

determination > 0.99 was achieved at the percolation threshold (1.50nCB-UHPC). On 

the other hand, the density of the samples decreased with the increase of nCB, which 

could be one of the most significant advantages along with sensing capability. The 

combination of lightweight properties and the built-in sensing capabilities of nCB-

UHPC makes it an ideal choice for real-time monitoring of construction projects. 

3. Furthermore, 1.50-nCB-UHPC was investigated for the durability of self-sensing 

behaviour under different working and environmental conditions. The results indicate 

that the mechanical properties of nCB-UHPC were improved by prolonged curing 
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duration and dry curing at 105℃ due to the accelerated hydration acti ity at ele ated 

temperatures. However, exposure to high salinity sea-salt solution for up to 180 days 

decreased the mechanical properties due to the formation of cracks by secondary 

hydration products. A relationship between the moisture content and the strain 

sensitivity has been established, which shows that strain sensitivity decreased with the 

increase of moisture content due to the contact resistance of the nCB particles by 

moisture content. Exposure to the sea-salt solution, however, increased strain 

sensitivity with fully saturated samples due to the mobility of a high number of ions 

from high-salinity sea-salt solutions. This is an interesting finding in the case of 

marine construction.  

4. nCB-UHPSSC has been successfully developed using seawater and sea-sand and nCB 

fillers. It concludes that using seawater sea-sand with the addition of nCB led to 

decreases in flowability and the compressive strength of UHPSSC after 28 days of 

curing. Interestingly, the piezoresistivity was observed in plain concrete (without 

nCB) in the saturated state, which is attributed to high dissolved ions in seawater. The 

highest strain sensitivity of the nCB-UHPSSC composite was achieved at 1.40% of 

nCB, which is the percolation threshold determined for the nCB-UHPSSC matrix in 

both saturated and dry samples. Additionally, the strain sensitivity of saturated 

samples was 18% higher than that of the dried samples, indicating that dissolved ions 

from seawater contribute to the additional sensitivity. 

5. The UHPSSC with 1.40% nCB were further investigated for the effects of various 

curing and working conditions on its mechanical and piezoresistive properties. The 

results demonstrate that the compressive strength of the samples cured in normal water 

conditions (NWC) was higher than that of samples cured in seawater conditions 
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(SWC) for both plain UHPSSC and 1.40nCB. However, exposure to sea-salt solution 

for up to 90 days decreased the compressive strength compared to 28 days NWC, 

attributed to the formation of secondary products and volumetric expansion. Notably, 

the reduction ratio of compressive strength was lower in 1.40nCB compared to plain 

UHPSSC. Furthermore, the study reveals that the FCR increases with rising 

temperature, exhibiting a well-synchronized relationship with stresses and strains 

under all tested conditions. However, the strain sensitivity at elevated temperatures 

initially decreased with the temperature and then increased, reflecting the increasing 

strain response with temperature. Additionally, the sensitivity at freezing temperatures 

and exposure to sea-salt solution decreases relative to that at the ambient temperature.  

With their excellent properties summarized above, it is evident that the two types of 

newly developed UHPCs (nCB-UHPC and nCB-UHPSSC) in this study have great potential 

for practical applications serving as both a structural material and a health monitoring 

measure. The low percolation zone of nCB in the developed UHPC leads to reduced material 

costs and is incredibly beneficial for ease of implementation, while its high strain sensitivity 

is an essential advantage for strain-sensing purposes. The durability parameters examined also 

show very encouraging and excellent results. Therefore, the new materials could be an 

appropriate solution for concrete structures, especially for those in harsh environments such 

as marine and coastal structures.  

8.2 Recommendations for Future Work 

Smart cementitious composites (SSC) have been developed for more than three decades. 

Different piezoresistive materials and matrix have been utilized to improve the sensitivity and 

repeatability. While the nCB-UHPC and nCB-UHPSSC developed in this PhD study 
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represent a significant advancement in this area, to make it a practical and field-deployable 

solution, some potential fields of studies are recommended for future work, as elaborated. 

1. Most of the available literature shows the development of new SCCs, but there is a 

lack of studies in terms of their durability and serviceability. It could be a magnificent 

contribution to focus now on the durability and serviceability of the SCC so that it 

could step up for field applications. To achieve this, the pilot application of nCB-

UHPC in some small-scale projects may be first explored. 

2. With the vision of carbon neutrality by 2050, incorporating geopolymers into nCB-

UHPC would be an attractive approach that has the potential to further enhance the 

performance and viability of these strain-sensing materials. As an alternative to 

traditional Portland cement-based matrices, geopolymers offer several advantages, 

including improved durability, sustainability, and being environmentally friendly. 

Geopolymers can facilitate the movement of alkaline ions due to their alkali-activated 

nature, which creates a highly alkaline environment that enhances the mobility of 

alkaline ions (like  a⁺ and  ⁺)  ithin the geopolymer matrix.  he high concentration 

of these ions promotes their ionic movement and allows the material to respond more 

effectively to mechanical stress. The most important is its inherent electrical 

properties, along with its compatibility with piezoresistive additives, which may lead 

to enhanced strain-sensing capabilities, improved signal stability, and cost-

effectiveness and environmental friendliness in the applications of nCB-UHPC. 

3. Nanocarbon black has been used in energy storage devices like batteries and 

superconductors for many years. With the rise of electric vehicles (EVs), the need for 

efficient and convenient charging infrastructure has become increasingly important. 

The concept of utilizing the road system itself as a means of energy storage and 
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charging for EVs holds great potential. Integrating nCB-based composites into the 

road infrastructure may revolutionise the road system by generating energy for 

vehicles and storing it for later use. 

4. Conventional sensors employ a wireless system and mobile APP to monitor the 

structure's health in real-time. SCCs typically employed a wiring system to measure 

the response of the structure. It could be a revolution in SCC to produce a wireless 

system that can sense the response of the structure.  

5. The incorporation of steel fibres into UHPC has significantly improved its mechanical 

properties, including compressive and flexural strength, as well as its energy 

absorption capacity. Additionally, steel fibres enhance the material's electrical 

conductivity, potentially impacting its piezoresistive characteristics by creating a 

conductive network within the microstructure. Therefore, integrating steel fibres into 

nCB-based UHPC may lead to distinct piezoresistive properties, which need further 

research. 
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