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Abstract 

Evaluation of reliability and monitoring capability of multipurpose CNT-

CF cement composite sensor for concrete structures 

Million Tafesse, Bedso, M.Sc 

Advisor: Prof. Hyeong-Ki Kim, Ph.D. 

Department of Architectural Engineering  

Graduate school of Chosun University  

 

The long-established way of examining the concrete structure requires a professional 

inspection to analyze the damage through visual inspection. In most cases, when further 

investigations are necessary, a small part of the structure will be raked and tested. 

However, in the past few decades, the construction industry used structural health 

monitoring (SHM) to achieve a higher degree of serviceability and to cut the cost of 

maintenance through signals from the sensors for early maintenance.  

In this study, a cement composite based on carbon nanotube (CNT) and carbon fiber (CFs) 

were examined for its capability to act like a sensor by the change of electrical resistivity. 

This paper follows a sequential pattern to explore and advance the potential of 

CNT/cement composite sensors. To make a baseline, different case studies were 

undertaken as a pilot study to widen the understanding of the problems. Following the 

result of the pilot study, which is related to the unnecessary fluctuations, a reliability study 

was carried out to improve the properties of the CNT/cement composite using mortar-
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based CNT and CFs hybrid cement composite. In this part, a new approach was used to 

evaluate the self-sensing capabilities of different hybrid composites using the stress-strain 

cycle by drying and wetting the shrinkage samples. Afterward, the specimens set to dry 

for an additional six months exposing them to the outside environment to investigate the 

healing capability.  Furthermore, for detailed analyses, the mechanical properties, porosity, 

total deformation, and microcrack images were taken. From the result, most of the hybrid 

composite showed a substantial sensing capability with significant reliability. 

Once the reliability study was done, the hybrid cement composite, which showed the 

steadiest result was selected for further investigation. Of this investigation, chloride 

profiling was examined using a rapid chloride migration test to understand chloride 

concentration and conductivity relations. Moreover, the sensors were also embedded 

inside mortar specimens. Furthermore, cracking and relative humidity were also examined 

by embedding different types of hybrid cement composite sensors inside a mortar sample 

to show the multifunctionality. Cracking was done under a three-point bending test 

embedding several sensors in one reinforced mortar specimen while investigating the 

relationship between the crack width and location with the conductivity, including the 

healing capability of the cracks. In addition, for the first time the hybrid cement composite 

was used as an electrode to investigate the surrounding mortar resistivity. This will add a 

new approach to the research area. In general, the result of the hybrid cement composite 

to sense chloride and crack was good. However, even though the relationship between the 

moisture and resistivity was good, the sensing capability was very low. 
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Abstract in Korean (초록)  

벳소 밀리언 타페세  

지도교수: 김형기  

조선대학교 대학원 건축공학과   

콘크리트 구조물을 진단하는 가장 일반적인 방법은 전문적인 인력이 직접 방문해 

구조물의 상태를 육안 혹은 장비를 이용해 파악하는 것이다. 대부분의 경우, 

장기적인 조사가 필요할 뿐 아니라 경우에 따라 구조물이 일부 손상되는 경우도 

있다. 그러나 최근 몇 십년 간 건설분야에서는 구조물 안전성 모니터링 (Structural 

health monitoring, SHM) 기술이 개발되어 왔으며, 이를 통해 높은 정밀도의 결과를 

얻을 수 있을 뿐 아니라 진단과 관련된 사회비용을 줄이는 것이 가능해졌다.  

본 연구에서는 탄소나노튜브(Carbon nanotube, CNT) 및 탄소섬유(Carbon fiber, 

CF)를 혼입한 시멘트 복합재료의 전기저항 변화를 활용해 센서로서 사용이 

가능한지에 대해 확인 하였다. 이 논문에서는 CNT 시멘트 복합재료 센서의 활용 

가능성을 높이기 위해 다음의 순서에 따라 진행된 연구 결과를 정리하였다. 먼저 

기초적인 성능수준을 확인 하기 위해 다양한 변수의 파일럿 실험이 진행되었다. 

그리고 기초결과에서의 결과값의 편차를 고려해, 이 편차를 줄이기 위한 한 

방법으로 CNT 시멘트 복합재료 자체에 CF 를 같이 혼입하였으며 이에 대한 

신뢰성을 확인 하였다. 이 때, 시편을 반복하여 건조 및 포화 시켜 응력-변형률 

변화을 확인하였다. 이후 시편의 자기치유에 의한 전기전도도 변화를 검토하기 

위해 6 개월간 추가로 외부에 폭로되었다. 그리고 물리적인 특성 및 공극, 

최종변형률, 미세균열 발생여부들을 확인 하였다. 실험결과 대부분의 CNT-CF 

하이브리드 복합재료가 만족할만한 신뢰성, 즉 안정적인 전기전도도 특성을 갖는 

것으로 확인 되었다.  
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신뢰성 결과를 기반으로 가장 안정적인 하이브리드 복합재료를 이용해 추가 

연구를 진행하였다. 먼저 급속 침투시험을 이용해 염소 프로파일링을 수행 

하였으며, 염소농도와 전기전도도 간의 관계에 대해 검토 하였다. 또한 복합재료 

센서를 콘크리트 구조를 모방한 일반 모르타르에 매립해 실험 하였다. 매립된 

복합재료 센서가 모르타르 구조의 균열 및 상대습도 변화에 따라 전기전도도가 

변화하는 정도에 대해 검토하였으며 이를 통해 센서의 다목적성이 확인 되었다. 

3점 재하를 통한 휨에 의해 균열이 발생한 모르타르 내에, 매립된 복수의 복합재료 

센서가 그 자체 및 서로간의 전기전도도가 변화하는 형태를 확인 하였다. 이 때 균열 

폭과 균열 발생 후 자기치유에 의해 전기전도도가 변화하는 정도 역시 확인 하였다. 

실험결과, 염소침투 및 균열에 의해 복합재료의 전기전도도가 변화하는 정도가 

큼을 확인하였으며, 동시에 상대습도에 의한 변화는 없는 것을 알 수 있었다.      
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Chapter 1. Introduction 

1.1 Introduction  

Reinforced concrete is still the major construction material and widely known way of building 

infrastructures in almost all over the world, despite their very nature of permeability and 

deterioration over time. To develop sensors that could monitor these heterogeneous structures is 

a wise move and necessity, rather than to stick to the age-old methods of inspection using 

damages that are exposed to the outside surface (Clemente, 2017). In overall, the porous nature 

of concrete allows different substances to enter into the concrete, such as water, chloride, sulfate, 

and carbon dioxide (Lin, 1990; He and Shi, 2008; Miloud, 2005, de Mederios, et al., 2014).  

For instance, water and chloride use the permeability of concrete to get inside the pore structures 

to form ice during freezing temperatures and salt crystals to be build up over time inside the 

concrete to corrode the bars inside the concrete, respectively (Roberts, 1962; Cai and Liu, 1998). 

Eventually, the ice and corroded reinforcement initiate an outward force from the inside of the 

concrete, putting the concrete to a susceptible position of strain (Marchand, 1996; Bamforth, 

1997; Angst et al., 2009). Carbonation and sulfate attack also create the same expansive forces. 

In the case of carbonation, the reduction in passivation of the surrounding concrete leads to steel 

corrosion (Chang, 2006). During the sulfate attack, the intruded sulfate reacts with calcium 

aluminate hydrate or calcium hydroxide to form ettringite (Mindess, 2019; Delatte, 2009). Both 

the steel corrosion and ettringite formation, lead the concrete to be under a tensile force. It is a 

well-known fact that concrete is not good on strain forces. Therefore, for this and many other 

reasons monitoring concrete structures is essential to ensure early maintenance. 
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Early maintenance is one of the crucial things for concrete structural sustainability. Some of the 

benefits are safety, extend service lifetime, and also could save a large amount of money and 

resource (Ko, 2005). However, indifferent is not the problem for early maintenance; instead, it 

lays on the complexity and difficulty to detect the damages sooner. An expert personal 

investigation is required on the site based on a frequently timed mode, and in some cases, it 

could demand a downtime on the building or road. Overall, this is a time taking process, which 

involves a considerable amount of resources, workforce, and expertise on the area beside the 

extra outflow of cash just for the sake of investigation prior to the major cost of maintenance. 

With the advancements of technology Structural Health Monitoring (SHM) has evolved to detect 

degradation and damages due to internal and external factors (Song, 2017).  

In earlier times, SHM has been performed traditionally on a global scale, having a larger area to 

monitor with a limited number of sensors, which could pick only on severe damages (Rainieri, 

2011). Most of the SHM sensors provide the necessary information for the intended area since 

they are being done on a global scale using a limited number of sensors on fewer locations. 

However, for large-area data collection, they fall short because most sensors are not compatible 

with the surrounding concrete. To overcome the limitation, either a network of sensors should 

be embedded inside the structure, or the structure itself should be smart enough for self-sensing. 

The latter being uneconomical for its high volume of functional filler requirements. This 

dissertation will focus on fostering the development of embedded type functional fillers based 

on cement composite sensors. 
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Currently, the development of the SHM is going towards a more sophisticated sensor system 

demanding, large sensor grid networks, minute size sensors, and a way to monitor the overall 

system wirelessly. Therefore, researchers are working on the development of sensors that can 

be distributed in a large area and can be inspected remotely on a wireless network by mimicking 

the human nerve system (Lynch, 2006). These will help to detect any small defects as early as 

possible in real-time, which apparently will benefit from wasting too much time, money, and 

service that come from late inspection and maintenance. However, one of the major challenges 

in developing SHM systems for any structure is the quality of sensors and their versatility.  

In the construction industry, there are different types of sensors, such as piezoelectric ceramic, 

shape memory alloys, strain gauges, fiber optic sensors, half-cell electrolyte sensors, and many 

others. Most being embedded inside the concrete and some attached to the surface and few being 

destructive tests, which requires raking to examine the surrounding environment. Most of the 

sensors that are available in the current market are based on temperature and humidity 

measurement to assist on-site construction, mainly focusing on the early age of concrete during 

placing and curing. Besides, predicting the strength of the concrete using the mix proportion, 

temperature, and humidity of the concrete following the maturity concept. However, the sensors 

have their drawbacks on long term monitoring of major durability problems of reinforced 

concrete. In general, the majority of the sensors detect one or two specifically targeted problems. 

This helps the sensors to predict the damage accurately; however, due to the heterogeneous 

nature of concrete, the problem is complex, diverse, and interconnected to evaluate the durability 

through time, which requires the same solution as the problem, a multipurpose sensor.  
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In addition, most of the sensors are not easily compatible with their surroundings caused by the 

weak bond between the constituent material of the sensor and the concrete interfacial character 

(Lee et al., 2017). Furthermore, the cost of most sensors is expensive to use in a large area, and 

the metallic sensors capability to corrode and lose their sensitivity as a sensor is another problem 

that cannot be ignored since most of them are metal-based sensors (Han and Ou, 2007). To solve 

those major problems of sensors (Multipurpose, Compatibility, Cost, and Corrosion) for the 

construction industry, this dissertation paper recommends sensors, which are manufactured from 

cement by adding functional fillers.   

 The trend of looking for cement composite sensors is growing due to the ease of integrating the 

sensors with the surrounding concrete without any significant defects [Compatibility]. The 

research community is now trying to advance the cement-based composite sensors, thanks to 

nanomaterials and their property, with an overall low cost of production [Cost]. These functional 

fillers could change the property of the bulk cement composite, which is originally a non-

conductive material into a conductive and strain sensitive material giving the cement composite 

the ability to picking changes without the need for metallic elements [Corrosion] (Kim, 2014; 

Han and Ou, 2007). Carbon-based functional fillers inside cement composite sensors have great 

potentials for the future SHM system. Furthermore, unlike most sensors, rather than having a 

single or fewer goal to achieve, the carbon-based functional fillers could be able to monitor 

different conditions like carbonation, crack, chloride penetration, and moisture condition of their 

surrounding concrete [multipurpose].  
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1.2 Objective and scope of the dissertation 

The main objective of this dissertation is to develop a CNT/cement composite sensor with 

exceptional reliability and the ability to monitor different defects of concrete with multipurpose 

capability. The scope of this research includes: 1) a pilot study to pinpoint the major 

shortcomings of a CNT/cement composite sensors were carried out to lay the foundations of the 

research focus points, 2) the limitations discussed in the pilot study, especially in terms of the 

dimensional stability was studied by merging CNT and CFs using both functional fillers as a 

hybrid cement composite sensor by following a relatively new way of methodologies, 3) detailed 

investigations on the capability of the sensors to pick changes by using chloride profiling and 

cracking samples, additionally the ability of carbonation and moisture detection were also 

studied.   

1.3 Outline of the dissertation  

This dissertation is composed of 7 chapters, each of which are interconnected and follow a 

progression pattern until the end.   

Chapter 1 briefly describes the limitations of the traditional and current SHM systems and an 

overview of the benefits of cement composite sensors based on functional fillers. The objective, 

scope, and outline of the research are presented in this section.  

Chapter 2 A brief introduction on structural health monitoring is done, followed by a discussion 

on the pros and cons of the different types of sensors that are common on structural concrete 

monitoring. In addition, a short synopsis was written about functional fillers and also gives an 

idea about what has been done in previous literature reviews in detail, focusing on CNT and CFs 

based cement composite application for the SHM system.  
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Chapter 3 deals with the characteristics of CNT/cement composite by investigating the 

limitations they have based on various case studies using a diverse methodological approach for 

each study. This section will be treated as a pilot study, which will be counted as foundation 

work for the other chapters to come. 

Chapter 4 investigates the reliability of the CNT-CFs hybrid cement composite sensor using a 

unique approach form previous works. In this chapter, the dimensional stability and 

microcracking of hybrid cement composite sensors were studied using slender shrinkage 

samples through different phases of a stress-strain cycle in-depth.  

Chapter 5 presents the studies made on hybrid cement composites using a rapid chloride 

penetration test to evaluate the relationships between the conductivity of the matrix and its 

chloride concentration on the cement matrix following a novel approach. In addition, the hybrid 

cement composite sensors embedded inside mortar to detect chloride also included inside this 

chapter.  

Chapter 6 tries to shows the multifunctional capability of the hybrid cement composite sensors 

by embedded inside reinforced concrete to monitor cracks, moisture, and carbonation besides 

the chloride penetration, which is discussed earlier in chapter 5. Crack detection and location, 

including the healing properties in time, will be the focus area of this chapter while introducing 

only the potentials on monitoring carbonation and moisture.    

Chapter 7 summarizes the findings and core points of the dissertation with concluding remakes, 

including recommendations for future studies. 
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Chapter 2. An introduction to structural health monitoring: 

Literature review 

2.1 Introduction  

In this chapter, the main technical terms used in the paper will be discussed briefly, focusing on 

electrical terminologies and theory, which are outside of our field of study in order to highlight 

the main words in the dissertation.  

This study tries to overview different literature works based on what the sensors can actually 

detect. Some of the nanomaterials composites can help in picking problems such as chloride 

penetration, crack propagation, carbonation depth, moisture detection, traffic management and 

can be used for non-distractive testing as well on objects made of concrete. This paper also tries 

to evaluate each problem based on the literature available on the area and tries to see their 

limitations.  

2.2 Structural health monitoring 

2.2.1 Concrete and SHM 

The world has come far from the ancient Egyptian, and Roman Cement to the closest discovery 

of modern-day cement patented and named by Joseph Aspdin in 1824 as Portland cement, after 

a place in the United Kingdom where strong stones were found. Later in 1845, Isaac Johnson 

calcinated the Portland cement at a high temperature of 1400-1500 ℃ to improve and create the 

Portland cement we know today. The Portland cement is a strong binder and can be mixed with 

sand, aggregate, and water to produce concrete. All the materials used to create concrete are 

readily available in almost every part of the world, making concrete the most consumed material 

next to water in the world. However, concrete is weak when it comes to a tensile force to avoid 
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that in 1984 Ernest L. Ransome introduced the Reinforced concrete. His innovation leads to the 

world's first reinforced concrete skyscraper in Ohio, the USA showing an alternative material to 

mostly steel dominated construction at the time. Since then, the world is using concrete as a 

primary building material and has made many signs of progress through research and study by 

improving the strength and durability of concrete. Currently, preserving the concrete structures 

for a long time is a challenge. 

To curve the durability issues of concrete early maintenance is the key. It is almost not practical 

to avoid all kinds of defects in the concrete due to the heterogeneous and porous nature of 

concrete. All that can be done is to address the defects as soon as possible before severe damage 

has occurred. Since most concrete structures resist isolated damages, until these separate 

damages started to gather and bring colossal and sudden damage to the structure due to natural 

disaster or fatigue. To control that monitoring structural parts of the infrastructure is required, 

which also increases the serviceability and safety of the structures. To control or monitor the 

structure means to maintain the damage at an early age with minimum cost and possibly a short 

term or no interruption at all in the operation of the infrastructure.  Currently, the world is looking 

for much longer service life in concrete structures in terms of natural resource management, 

carbon footprint reduction, and cost-effectiveness.  

To control or monitor a concrete structure requires sensors to collect data and analyze it for 

decision making in real-time; this is called structural health monitoring (SHM). ASTM – E2983 

defines SHM as a field of engineering that deals with the diagnosis and monitoring of structures 

during their operation. Affirming the primary goal of SHM is to detect, identify, assess, and 

monitor the flaws that may occur and affect the structure. Figure 2.1 shows a typical flow chart 
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or algorithm that shows the SHM flow of a concrete structure should look like when it is under 

monitoring. Whenever a change in the surrounding environment is detected, the information will 

be stored as a benchmark, and the severity will be analyzed. If the damage is vast, it will be 

addressed automatically by identifying the kind of damage, and a response should be given for 

the maintenance call to solve the damage detected early.  

On the other hand, if the damage is minor, an assessment study will be done with additional 

already stored trivial damage information, based on the assessment the future impact in the 

structure will be categorized as likely and unlikely to have an impact on the structure. If it is 

“likely” the maintenance should be started soon. However, if the inspection personnel ignore the 

maintenance call or if the future impact is considered “unlikely,” the data will be stored in the 

“store information” section. When further new changes are detected, either minor or major, an 

assessment will run again, this time will run considering the new cases as well with the old stored 

information to make it more precise and to solve at the right time.    
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Figure 2-1 A typical algorithm for structural health monitoring   

SHM monitoring is not only bounded in civil engineering; instead, it is much advanced in the 

aerospace and mechanical engineering departments as well (Yuan, 2016). As a new and 

multidisciplinary field, SHM is a relatively new skill that started to grow, starting from the ’90s, 

gets its foundation from non-destructive testing (NDT). However, NDT and SHM have a distinct 

approach to the way the test is performed, in case of NDT, to examine a structure external 
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equipment will be used on a periodical base to assess the structure by an expert or skilled worker. 

In SHM, sensors will be embedded permanently to collect data on real-time bases, and analysis 

will be done based on an algorithm feed to a central brain-like system. The information will be 

used to assess the structures continuously without any human intervention, which makes SHM 

the best alternative over NDT. However, there are many difficulties in order to implement SHM, 

of this, the complexity to install the system in a structure, the kinds of sensors to use for data 

accusation, analyzing the data for damage detection, and to get a precise prediction in the future 

of the structure condition are some of the few obstacles to be addressed.     

2.2.2 Types of sensors  

There are different kinds of sensors each having their own pros and cons based on their way of 

response to a change in the surrounding they can be categorized in to: Piezoresistive, 

Piezoelectric, fiber optic Bragg gratings (FBG), accelerometer, micro-electromechanical system 

(MEMS), magnetostrictive and shape memory alloys (SMA) are the few from the different kinds 

of sensors.  

2.2.2.1 Shape Memory Alloys (SMA) 

SMA are sensors with a unique capability of reminding their previous shape after a change in 

shape while being heated or cooled. This can be done due to an inside molecular rearrangement 

of the SMA metals back and forth by either temperature or external forces having a higher and 

lower phase called austenite and martensite, respectively. They can be used as an actuator, 

energy dissipater, and microstrain for different applications. The sensors are made by an 

amalgamation of metals, for this reason it is also called smart metals.  
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The cost of the SMA sensor is relatively high, and most sensors have difficulty in retaining post-

tensioning force shapes. Besides, most of the applications of these sensors are suitable for steel 

structures. The Low ductility properties of cement-based materials make the application of SMA 

sensors to fail shortly for many applications on concrete based infrastructures. However, they 

are also highly corrosion resistance, and in some cases, they can be replaced in place of tendons 

and can be used as one, in addition to their primary work of strain sensing.   

A study made by Lee and Park showed that embedded SMA wires could be used to increase the 

ductility and recovery rate of reinforced concrete specimens in addition to deformation detection 

and monitoring of concrete structures (Lee and Park, 2017). A relatively modern and novel way 

of using magnetic sensing capabilities with SMA in order to monitor cracks that are internal or 

external on a local and global based magnetic field created using a permanent magnet was done 

by Davis et al. 2019. The results of the experiment showed great potential for detecting internal 

cracks and damages on the concrete structure, yet the study requires more detailed studies in the 

future (Davis et al., 2019). 

2.2.2.2 Magnetostrictive 

The same is true for magnetostrictive sensors made of ferromagnetic materials like nickel, cobalt, 

iron, and their alloys. The difference in magnetostrictive is that they change their shape 

mechanically when a magnetic field is exerted to the sensors, and the revers will occur whenever 

the magnetic induction of the material changed; this will help to monitor the material through 

the deformation. Furthermore, an alteration on the coil or magnet geometry will also affect the 

waves or signals that will be used for the damage analysis. These waves have an excellent 

potential for long-distance monitoring but, since they are applicable to the ferromagnetic 
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materials, only their wave is short-range and have low ultrasonic energy due to this measurement 

should be taken in a near distance to the specimens or infrastructures.  

The sensors can be used for detecting corrosion, debonding of steel interface from the 

surrounding concrete, curing of concrete, and strain measurement on cables were reviewed by 

Bartels et al., 1999. The study showed promising capabilities of magnetostrictive sensors in all 

the listed aspects. However, it also indicates that the performance of the sensors in reinforced 

concrete was low compared to other materials like suspension ropes (Bartels et al., 2019). 

Different studies have been made to monitor wire strands, especially for a suspension bridge. 

Khazem et al., 2001 made practical field evaluation studies on a sidewalk suspension bridge 

wire strands in New York. The result showed that defects could be monitored from a single 

location in the wire as far as a distance of 100 meters without using multiple sensors. 

Furthermore, the results indicated that magnetostrictive sensors could be cost-effective with a 

good performance to monitor strand wires (Khazem et al., 2001).    

2.2.2.3 Micro-Electromechanical System (MEMS) 

 MEMS are miniature sensors with exceptional sizes ranging from millimeters to micrometers 

having components of an electrical and mechanical system.  These can be used where many 

sensors cannot reach due to limitations of size or accessibility. The basic principle of MEMS 

lies in a tiny chip, which uses the standard integrated circuits technologies. MEMS have been 

used for decades in diverse sectors such as Automotive, military, electronics, communication, 

medical, aerospace, and many other industries for a different purpose. They have revolutionized 

most of the sectors by increasing data sensitivity and accuracy with minimum power 
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consumption and cost of production, including its operation. However, they have an intricate 

design and need different expertise to collaborate to make MEMS sensors.  

Saafi and Romine.,2001 studied the feasibility of embedding MEMS sensors in terms of 

durability and sensitivity inside concrete structures for a SHM purpose. The studies showed that 

the sensors have capabilities to changes of moisture, temperature, shrinkage, stresses, or any 

damages inside the concrete structure with high sensitivity. However, the sensors were affected 

by the moist and alkaline environment from the surrounding concrete, and furthermore, the 

stress-bearing capacity of the sensors should be improved more in order to integrate with 

structural concretes, which requires high strength (Saafi and Romine, 2001). The same studies 

have been done by many researchers in order to evaluate the capability of MEMS as a valuable 

sensor, and most studies should that this technology has the potential to be the cheapest way of 

monitoring in the future (Ribeiro and Lameiras, 2019). However, currently, the durability, 

frequency variation, water resistance, alkali resistance, and external power supply sources and 

the wireless monitoring range should be addressed (Lynch et al., 2003; Kavitha et al., 2012; Ham 

et al., 2015). In addition, even if the MEMS has already revolutionized many industries, it is still 

at the early stage for the construction sector (Oppenheim., et al 2000). Since MEMS have the 

potential to SHM, further studies should be done in detail.    

2.2.2.4 Fiber optics  

From fiber optics, the most used are the fiber optics sensors (FOS) and fiber Bragg grating (FBG). 

These kinds of sensors are relatively well known compared to the others and already have 

applications in many areas, including the construction sector. The sensors work based on a 

stranded metal wire in a tube to detect any change in strain or deformation on the surrounding 
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area. The principle is based on incident light interference, which detects the shift of the light 

spectrum from the source while going across a couple of intrinsic sensors deployed throughout 

the length of the optical fiber due to a shift in a specific wavelength (Mahdikhani and Bayati, 

2008). Fiber optic sensors are not affected by water and temperature so that they have good 

stability. They can be used as a temperature, crack, and corrosion indicator inside a concrete 

structure. In addition, the size of a typical sensor is very small, mostly in millimeters (2 to 10 

mm) and also lightweight. This gives plenty of advantages to distribute it in mass and assesses 

the concrete structure in-depth (Uva et al., 2014; Rajabzadeh et al., 2019; Fedorov et al., 2015). 

Furthermore, since they require no electric energy source for operation, this makes them very 

suitable for remote SHM system sensing. However, the cost of fiber optic sensors is 

comparatively high, and the understanding or knowledge about the sensors between experts in 

the construction sector is low. Leng and Asundi, 2003 used two kinds of fiber optic sensors, 

Fabry-Perot interferometer, and FBG, and measured real-time response of curing composite 

materials. From the result, both fiber optic sensors can be used to monitor the progress of curing 

and any damage while casting the composite material (Leng and Asundi, 2003). Another study 

by Lau et al., 2001 studied strain monitoring on composite-strengthened concrete structures 

embedded by FBG sensors, and real-time monitoring was done remotely. The results of the 

embedded FBG sensors in the experiment was compared to a conventional strain gauges, which 

were mounted on the surface. The compaction shows that the FBG sensors have a high accuracy 

in measuring strain and indicating any kind of microcrack or debonding (Lau et al., 2001).     
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2.2.2.5 Piezoelectric  

Piezoelectric sensors are one of the major types of sensors that have been discovered before a 

century, and now it is one of the most well-known sensors for different applications such as 

temperature, strain, pressure, and acceleration. The measurement is taken by the change in 

electrical charge or voltage due to the application of mechanical force or vibration on the sensor. 

And the reverse is true, which is by applying a voltage to the piezoelectric sensor, the shape of 

the sensor will change or have a different physical form. A typical example for this kind of 

sensors is a silicon crystal, which can be found mostly by nature and an artificial man-made 

ceramic. Shen et al., 2006 used commercially available plate-like ceramic piezoelectric sensors 

and bonded the sensor in between two hardened cuboid-shaped cement paste in order to reduce 

the interface problem and give it aggregate-like shape and performance. The sensors were tested 

for basic performance and have shown good compatibility with the surrounding concrete and 

have also picked any vibrations on the concrete structure (Shen et al., 2006). Wu and chang., 

2006 tried successfully to indicate a debond between the concrete and rebar. Also, the yielding 

of the rebar in a reinforced concrete structure was monitored using piezoelectric plate sensors 

and actuators together in a Pitch-catch mode (Wu and chang., 2006). A smart aggregate study 

for SHM using piezoelectric sensors was done by Hu et al., 2013. The study used embedded 

sensors to evaluate the effectiveness of crack detection in a concrete structure using a notch, 

hole, and three-point bending test. The result has shown the potential for piezoelectric sensors 

to detect cracks in a concrete structure as an SHM system (Hu et al., 2013).   



 

 

 

-17- 

2.2.2.6 Piezoresistivity  

A change in resistivity of material by mechanical distress or a pure strain is called as 

Piezoresistivity. Currently, piezoresistive sensors are getting recognition from the research 

community in the construction industry because of the nano-materials capability to change the 

bulk cement composite properties, if nano-materials are added in a small amount during the 

mixing. This technique helped piezoresistive sensors to come in different materials like metal, 

ceramic, polymer, and composite. In this study, the composite type piezoelectric sensors are 

used as a piezoresistive sensor, which is a variation of electrical resistivity due to strain, by 

adding different types of functional fillers inside the cement composites a detailed approach will 

be made in the next section of this chapter.  

2.2.3 Functional filler sensors  

Functional fillers will change the way we understand, make, control, and design materials over 

the nanoscale level. Nanotechnology is one of the most advanced and contemporary time science 

fields with enormous potential for the construction field (lelusz, 2014; Zhu et al, 2004).  Some 

of the nanomaterials are graphene oxide (GO), carbon nanotube (CNT), carbon nanofiber (CNF), 

nano-silica (NS), iron oxide (FO), titanium oxide (TO), aluminum oxide (AO) and many others 

are used for different purposes to modify construction materials (Norhasri, 2017). However, the 

interest of the paper is on nanomaterials that can enhance or change the electrical properties of 

cement composites such as graphene oxide, carbon nanotube, iron oxide, and carbon nanofiber, 

which can act as a sensor. Of those, the study of this paper will focus on the carbon nanotube 

due to their superior conductivity and higher aspect ratio to act as filler inside the cement matrix 

and carbon fiber. These properties have been used to boost both the physical and electrical 
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stability of the cement composite sensors (Kim, 2014; Han, 2015; Reales et al, 2017; Azhari & 

Banthia, 2012).  

To increase the life span of concrete SHM is getting acceptance in the research community as a 

way to indicate different types of defects in/on the concrete prior to colossal damage happened.  

There are different types of sensors develop to support the SHM in terms of how they work, 

some attached to the surface, embedded in the concrete, and some being self-sensing structural 

materials. The attached types of sensors are the usual type of non-destructive (NDE) techniques 

with some disadvantages like limited area coverage, complicated signal processing, and 

mechanical distortion due to the surrounding condition (Olivera, 2014). On the other hand, self-

sensing concrete structural members are relatively a modern way of monitoring concrete, having 

a massive advantage to assess on a large area. However, doing so would require a large amount 

of functional fillers (Han, 2015). With the current technology, most of the functional fillers are 

expensive to use in large amounts, especially carbon-based fillers. To ease these, using 

embedded types of sensors can give a reduction in the cost without affecting the mix design of 

the original concrete, unlike the self-sensing concretes. 

 Table. 2.1 shows the economic perspective of different carbon-based functional fillers with the 

amount required to achieve a higher conductivity (Lee et al, 2019). To understand the full picture, 

it would be necessary to compare the total volume needed for functional fillers to achieve the 

specific level of conductivity regarding the cost. It is possible to achieve higher conductivity 

with a minimal amount of CNT compared to other types of carbon fillers because of their 

nanoparticle size effect, which can avoid the electrical conductivity blocking effect of cement 

particles by ultimately reducing the cost. Currently, the research community is trying to develop 
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different types of embedded sensors from various kinds of carbon functional fillers to make the 

sensors smaller enough to be distributed in large areas without any major defect.   

Carbon-based functional fillers inside cement composite sensors have great potentials for the 

future SHM system. Since they are made from some of the basic ingredients of concrete itself 

with the addition of functional fillers this makes their production process extremely simple and 

reduces the cost the sensor in general compared to the sophisticated sensors that are currently 

available in the market. Moreover, due to their very nature, they are easily compatible with the 

surrounding concrete. Furthermore, unlike most sensors, rather than having a single or fewer 

goal to achieve, the carbon-based functional fillers could be able to monitor different conditions 

like carbonation, crack, chloride penetration, and moisture condition of their surrounding 

concrete, since the sensors are also cement-based materials.  
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Table 2-1 Summary of characteristics and cost of cement composites incorporated with 

carbon materials 

Characteristics and 

cost 

Conventional macro/micro 

materials 
Nanomaterials (CNMs) 

Required dosage  

(wt.% by cement)a)  

- Graphite powder (10-100 

μm): 30~50 % (Cao and 

Chung, 2003; Chung, 2004). 

- Graphite chip (100-2,000 

μm): 40~100% (Cao and 

Chung, 2003; Chung, 2004)  

- Coke particle (1~3 mm): 

70~120% (Son, 2010)  

- Carbon fibers: 1~10% (Wei et 

al., 2012; Laukaitis et al., 

2012; Wei et al., 2018) 

- Multiwalled Carbon nanotube 

(MWNT): 0.6-1.2 % (Li et al., 

2007; Han et al., 2012; Kim et al., 

2014a)  

- Graphene: 0.5-1.5 % (Jin et al., 

2017)  

- Graphite nanoplatelets: 2~5 % (Le 

et al., 2014) 

Cost of carbon 

materials for required 

dosage b) 

- graphite powder: 0.25-0.4 

USD/kg of cement  

- Carbon fiber 0.4-4.0 USD/kg 

of cement 

- MWNT: 0.6-1.2 USD/kg of cement  

Pressure sensing 

capacity 

(Piezoresistive 

sensitivity) 

- Carbon fiber: Low (electrical 

resistance change range by 

external service load: less 

than 2 %) (Chung, 2002; 

Chung, 2012)). 

- CNT case: High (resistance change 

range by external service load: 5-

20 %) (Jianlin et al., 2017; Han et 

al., 2012; Kim et al., 2014a) 

Mechanical strength 

of composite with 

required dosage  

- Powder type: decrease up to 

40~60 % (Cao and Chung, 

2003; Chung, 2004) 

- Fiber type: Less changed 

(Wei et al., 2012; Laukaitis et 

al., 2012; Azhari and Banthia, 

2017; Wei et al., 2018) 

- (Less than 1 %) Less changed or 

increased some cases (Konsta-

Gdoutos et al., 2010; Parveen et al., 

2013; Pan et al., 2015; Kim et al., 

2014b) 

- (Higher than 1%) Decreased (Pan et 

al., 2015; Kim et al., 2014b) 
a) Required dosages to achieve the electrical resistance of the composites lower than 103 Ω·cm 

b) Approximate costs in the local market (South Korea) – graphite powder: 0.8 USD/kg; carbon 

fiber: 40 USD/kg; multiwalled CNT 100 USD/kg (https://korean.alibaba.com, referred at 

2018.06.12)   
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2.4 Previous works on crack, chloride and carbonation-literature review  

2.4.1 Crack sensing 

Crack by itself is an indication of internal distress. Monitoring and detection of this internal 

distress in structural objects is crucial and also has multiple benefits beyond the reduction of 

maintenance cost and protecting the crack from widening. Sensors like strain gauges, Tiltmeter, 

Fiber Bragg grating (FBG), and LVDT can provide information about the crack only in a limited 

area and mostly surface conditions.  A crack, especially on the surface of a structure, can 

introduce external hazardous substances such as chloride, carbonation, and moisture that can 

affect the concrete reinforcement in general and put the whole structure in danger. For many 

reasons current SHM system on cracking is getting lots of attention for sensors based on cement 

composite.  

To detect the damage of a civil structure, Mohammed saffi, 2009 developed an in situ wireless 

and embedded CNT/cement composite sensor. By measuring the change in the electrical 

resistance of the composite sensor by applying a monotonic and cyclic tensile loading, while 

monitoring the initiation and progress of the crack in the study. The electrical resistance response 

of the embedded CNT/cement composite sensor for the deflection created by the tensile cyclic 

load showed good sensitivity, excellent repeatability, and low hysteresis (Saffi, 2009). A similar 

experiment using cyclic loading was done by Azhari and Banthia., 2012 while in this case, the 

loading being axial compression and the materials used as a sensor being hybrid CNT and CFs 

cement composite. Sensor response for both the cyclic and monotonic strain due to the 

compressive stress was good enough to identify the microcracks by the steady rise in resistivity 
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and the failure was identified by the unexpected and steep rise in resistivity (Azhari and Banthia., 

2012).  

Furthermore, the above studies were confirmed by Konsta-Gdoutos and Aza., 2014. The study 

showed the capability of nanocomposites reinforced by CNT and CNF to be piezoresistive using 

strain sensing under compressive cyclic loading (Konsta-Gdoutos and Aza., 2014). Mosavinejad 

et al., 2018 conducted a study on high-performance carbon fiber reinforced cement composite 

(HPCFRCC). The study on the piezoresistivity properties indicates that a higher percentage of 

CFs needs, which is about 0.6% by weight of cement. In addition, using the four-point bending 

technique a thin HPCFRCC specimen plate containing 0.8% CFs was cracked while measuring 

the resistivity simultaneously. Based on the study finding, it was possible to detect and monitor 

the cracks. However, for specimens containing a low amount of CFs the electrical resistance 

change was insignificant and highly variable (Mosavinejad et al., 2018).   

Lim et al., 2015, conducted a relatively direct study on crack sensing, and the research has 

systematically studied the feasibility of CNT/cement composite as a crack sensor. The study was 

mainly based on the electrical conductivity of the CNT/cement composite in relation to the crack 

width and moisture content. The experimental study was done after cracking the specimens and 

compressing them in a perpendicular direction to that of the crack path. The specimens, 

CNT/cement composite, and mortar embedded CNT/cement composite were compressed in 

stages while the crack gap was measured along with the conductivity and profiling were done. 

From the result, it was concluded that the composite sensor could detect the crack closure even 

though it cannot fully recover the initial conductivity. The Authors suggested that by increasing 
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the conductivity, dimensional stability, and by monitoring in real-time, the feasibility of the 

sensor can even get better (Lim et al., 2015).   

Naeem et al., 2017 studied experimentally the flexural stress sensing capability of CNT/cement 

composite embedded in a reinforced mortar beam and the effect of its location inside the mortar 

beam. The study has confirmed that the stress and crack sensing under a flexural load is possible, 

and with the increase in CNT content, the sensing capability was enhanced up to 0.6% by weight 

of cement. The collapse of the reinforced mortar was identified by the sudden change in the 

resistance value, and the study also pointed out that the location of the sensor has no effect on 

identifying the specimen failure (Naeem et al., 2017). 

In recent years, advanced and more in-depth researches are being done towards the self-sensing 

ability of cementitious composites. Al-Mufadi and Sherif., 2018, tried to investigate the crack 

initiation and a way to identify the cracks. In the study, they tried to use the temporal slope of 

the normalized electrical resistance derivative with respect to time. By doing so, the effect of 

polarization can be minimized since the slope of the polarization is much smaller than the cement 

composite electrical resistance change. This can easily help to identify and mentor the crack (Al-

Mufadi and Sherif, 2018).  

Siad et al., 2018 have studied enhancing the self-sensing capability of engineered cementitious 

composites (ECC) not only for the crack sensing ability but also on precracked specimens 

healing properties on different moisture condition and curing time making it a pioneer study. 

The study used different amounts of CNT and CFs to investigate each material individually. The 

result showed that the CFs have a lowering effect on the deflection and an increase in stiffness, 
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on the other hand, the CNT has no or negligible impact on the deflection and stiffness of ECC. 

After the initial crack of ECC specimens with CNT, an increase in the number of cracks and a 

decrease in the width of crack were seen, and the opposite was true, for ECC specimens with 

CFs. In general, it was possible to improve the sensitivity of ECC by increasing the conductivity 

and recovering of the specimens through self-healing. However, after healing the ECC 

specimens with CFs could not recover their sensing ability, unlike the specimens with CNT (Siad 

et al., 2018).  

CNT and CFs sensors or hybrid sensors of both materials have been shown in the above literature. 

Even though the research is growing, but it is far from being accurate to detect, locate, and tell 

the depth or width of the crack in both micro and macro level cracks. Some of the difficulties 

that should be addressed are the mechanical strength of the sensors itself, the effect of the 

electrodes, the effect of polarization during measurement, the self-healing capability study of 

the sensors and the high cost for the production is becoming an obstacle for the sensors to be 

real and commercialized. However, the progress in overcoming these problems is ongoing. For 

example, some researchers are focusing on changing the structural material itself to a conductive 

and self-sensing material without the need for an additional embedded sensor. This is referred 

to as Intrinsic self-sensing concrete (ISSC). However, this requires large amounts of functional 

fillers to be dispersed in the concrete, in this case, CNT and CFs, which would make it expensive. 

Furthermore, the addition of aggregate in the concrete has a blocking effect on the conductivity 

(Han, 2015).  

The other drawback of developing a sensor is the polarization effect. The simplest way to avoid 

this effect is to use AC rather than a DC resistance measurement (McCarter, 1995; Konsa-
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gdoutos., 2014; Cho 2004). However, this is not economical, accessible, and portable for easy 

use. On the other hand, almufadi and sherif, 2018 had used a mathematical way to eliminate the 

polarization before crack and used the increase of the polarization effect after once the crack 

occurred due to the capacitance properties developed by the micro cracks insulated by water or 

air in between. This will give a chance to systematically monitor the cracks inside the composite 

using the polarization effect as a parameter (almufadi and sherif, 2018). Chacko., 2007 study 

suggests a high volume of conductive fibers with low water to cement ratio can bypass the 

capacitance and induction effects by acting as a pure resistor (Chacko., 2007).  

Another major drawback of developing sensors is that there is little research on the self-healing 

properties of the sensors. As of known concrete cannot be hydrated fully even after many years, 

and the hydration products of the cement will change their form in time. This quality of concrete 

will sometimes help the concrete to heal after a crack. However, the properties of most sensors 

after a crack heals are not fully understood (Siad et al., 2018). Table. 2.2 shows the major review 

points in the literature review described in a convenient way for comparison and a better 

understanding.   

2.4.2 Chloride and carbonation Sensing 

Chloride and carbonation have their effect on corroding the reinforcement bars of concrete, and 

both prefer higher moisture conditions for in-depth penetration. However, carbonation needs 

carbon dioxide for its reaction to being initiated, and chloride penetration requires oxygen for 

the oxidation reaction to take place in the reinforcement. Both have a devastating effect on 

today's structural objects, where construction in the coastal area has increased, and the carbon 

emission of cities is getting worse every year.   
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If care were given to protect the concrete structures, the durability and service life of the 

structures would be longer. For that, the available sensors currently are not good enough in 

predicting and monitoring on a real-time base. Most of the sensors require a timely fashioned 

inspection, a professional to investigate. Furthermore, the test is mostly a destructive type of 

testing, especially to know the depth of the penetration, which makes this area still challenging 

for the research community until today to get a sensor that can pick the defects at an early age 

(Taheri, 2019). Some of the sensors types used are fiber optic, FBG, half-cell, rebar probes, 

acoustic emission, embedded electrodes, and may others (Taheri, 2019).   

A study made by Chacko, et al., 2007 using CFs as functional filler studied the effect of chloride 

content on the resistivity of carbon fiber reinforced cement paste (CFRC) as ISSC material. 

Water with and without chloride was used to prepare two different samples. From the result, the 

specimens without chloride showed an increase in resistivity in 28 days both for longer and 

shorter specimens, each by 52% and 26%, respectively. However, samples with chloride have 

shown a slight or negligible change in resistivity compared to the other specimens, which can 

be used as an indication for chloride ingression.  

Azhari and banthia., 2010 used different proportions of CFs to assess chloride ingress. 

Specimens fabricated with and without CFs were immersed in chloride solution for one month. 

The resistivity value before and after one month showed a reduction in resistivity, including a 

slight change in the control samples. Besides, to avoid the effect of the moisture, another 

resistivity measurement was done. The specimens were fully desiccated and dried to get a precise 

result on the chloride ingression (Azhari and banthia., 2010). Hoheneder et al., 2014 also faced 

the same challenge to separate the effect of moisture from chloride ingress while comparing 
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reference FRC and FRC mixed with 0.2% CNF by volume. For that, the identical specimens 

prepared and immersed in a water and chloride solution for 24 hours before measuring the 

conductivity response for each while applying four-point bending. Both samples subject to water 

and chloride showed almost the same electro-mechanical response. However, a change was 

observed between the water and chloride exposed specimens on their slope after differential 

conductivity was done, showing the capability to identify chlorides. Furthermore, the authors 

have suggested further studies to develop the method fully (Hoheneder et al., 2014).   

Kim et al., 2015 have made a detailed feasibility study on real-time chloride ingression 

monitoring in reinforced concrete structures using embedded CNT cement composite. In 

addition, the amount of chloride ingress inside the composite was estimated through regression 

analysis based on the electrical characteristics. In the study, different amount of NaCl solution 

and CNT was used to run experimental investigations.  Based on the results, the conductivity of 

CNT has increased as the chloride content increased, indicating chloride ingression, especially 

in the case of moist specimens since it increases chloride ion movement through the pores. By 

drying, the specimen loses some amount of their conductivity due to less ion movement while 

being capable of monitoring. However, as the CNT amount increases in the composite, the effect 

of chloride will be low due to the CNT cement composite higher conductivity over the chloride 

ions. Note that despite the monitoring capability, there was a higher fluctuation of data even 

between the identical specimen types. Some of the chloride content estimation formulas derived 

based on regression showed the corresponding R2 values to be lower than 0.6 due to the 

conductivity fluctuations. However, by combing different amounts of CNT composites together, 

the accuracy of the estimation improved profoundly (Kim et al., 2015).  
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Table 2-2 Literature review on self-sensing properties of cement composite sensors based on functional fillers  

 

Citation 
Functional 

fillers 

Cement 

Composite type 

and resistivity 

Research target Methodology Result 
Detection 

mechanism 

Mohammed 

saffi, 2009 

CNT (1%) Paste 

150-200 Ω-cm 

Crack monitoring monotonic and cyclic tensile 

loading 

0.5% swnt content failed to pick 

crack propagation whereas 1% 

shows good sensitivity until failure. 

Change in 

resistivity 

Azhari and 

Banthia., 2012 

CFs alone and 

Hybrid CNT 

and CFs  

 

Paste 

371 Ω-cm 

Piezoresistive 

sensing 

Cyclic loading with axial 

compression 

Hybrid sensors Provide quality 

signal, improved reliability and 

increased sensitivity than CFs 

sensors. 

Change in 

resistivity 

Mosavinejad et 

al., 2018 

CFs (0.2% to 

0.8%) 

 

High 

performance 

cement composite 

62 - 5 KΩ-cm 

Crack monitoring four-point bending technique Meaningful variations where 

observed for higher CFs content in 

the matrix. low CFs content show 

higher fluctuation 

Change in 

resistivity 

and current 

Lim et al., 2015 CNT (0.3% & 

0.6%) 

 

Paste 

 

1.8-250 kΩ-cm 

feasibility study as 

a crack sensor 

Crack closing using 

compression force while 

measuring crack width and 

resistivity  

Higher Recovery rate was obtained 

for higher initial conductivity 

composite (0.6% CNT). Moisture 

effect was high due to low 

conductivity.  

Change in 

resistivity 

Naeem et al., 

2017 

CNT (0.6%) Paste 

650 Ω-cm 

Effect of sensors 

geometry (relative 

position) inside RC 

mortar beam 

Crack sensing under a flexural 

load 

Dramatic and steep changes in 

resistivity was shown regardless of 

the sensor location in the mortar 

Change in 

resistivity 

Siad et al., 2018 CNT (0.5% & 

1%) & CFs 

(0.25% & 

0.5%) (tested 

individually) 

Engineered 

cementitious 

composites 

(ECC) 0.560 to 

36 KΩ-cm 

Pre-cracked 

specimens healing 

properties 

Curing cracked samples under 

different moisture condition 

Both ECC specimens (CNT and 

CFs) showed crack recovery by self-

healing but CFs specimens showed 

low self-sensing after healing unlike 

CNT specimens. 

Change in 

resistivity 

Chacko, et al., 

2007 

CFs (5%) Carbon-fiber 

reinforced cement 

paste 33 to 69 Ω-

cm 

Study the influence 

of chloride in-

filtration  

Two samples were mixed with 

and without NaCl and 

resistivity taken for 28 days   

Samples with NaCl showed lower 

resistivity compared to the 

equivalent samples without NaCl. 

Change in 

resistivity 

Azhari and 

banthia., 2010 

CFs (0%, 

3.5%, 7% & 

15%) 

Paste 

(1,400 to 10000 

Ω-cm) 

Chloride 

monitoring 

Samples were immersed in 

10% NaCl solution for 1 month 

Monitoring was possible to due to 

the decrease in the resistivity but 

requires further study 

Change in 

resistivity 

Kim et al., 2015 CNT (0%, 

0.3% & 0.6%) 

Paste 

(1.5 to 250 kΩ-

cm) 

feasibility study as 

a chloride sensor 

Mixing samples with different 

NaCl concentrations and 

estimating Chloride content 

were based on resistivity 

NaCl content not only shown by the 

decrease in resistivity but also the 

amount of chloride was estimated, 

even though, there is a fluctuation.    

Change in 

resistivity 
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Chapter 3. Unwanted electrical fluctuation of CNT/cement composite 

using CNT as a sole agent: Pilot experiment†  

3.1 Introduction  

This chapter is a preliminary study to investigate and shed light on the limitations of the 

CNT/cement composite for further studies. To do that, four different scenarios were considered: 

case 1) were conducted by direct mixing of sodium chloride together with the CNT/cement 

composite, case 2) is immersing the CNT/cement composites inside sodium chloride solution 

rather than mix together like case one, which is because of the different effects occurred by 

following both approaches, case 3) use the accelerated carbonation effect to study on the 

CNT/cement composites, and case 4) was conducted by embedding the CNT/cement composite 

inside reinforced concrete.   

3.2 Materials and methods  

3.2.1 Materials and mix proportion (orange)  

Type I Portland cement satisfying the specifications of ASTM C 150 and natural sand with 

specific gravity, water absorption, and fineness modulus of 2.64, 3.2 %, and 2.83, respectively, 

were used. Multi-walled CNTs were purchased from a South Korean firm Hanwha Nanotech 

with a product name HANOS MWCNT CM-130 having a diameter and length ranges of 12-

18nm and 15-25 μm, respectively. The CNT has a purity of around 90 %, and its production was 

done by an improved virtue method in the synthetic process following a catalytic CVD process. 

 
† This chapter has been published "Lee, H. K., Nam, I. W., Tafesse, M., & Kim, H. K. (2019). Fluctuation of electrical properties 

of carbon-based nanomaterials/cement composites: Case studies and parametric modeling. Cement and Concrete Composites, 102, 

55-70." 
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Silica fume a byproduct in the production of silicon metal and ferrosilicon alloys were applied 

in the mix for mechanical dispersion of CNT by using it as a mineral admixture due to their 

small size range (13,000-30000 m2/kg), which is 1/ 100th of an average single cement grain. 

Silica fume (EMS-970D, Elkem Inc.) satisfying ASTM C 1240 was utilized in the cement matrix. 

In addition, a high range water reducer, polycarboxylic acid-based, superplasticizer was used to 

help the dispersion of cement, silica fume, and CNTs in the mix.   

A case by case study is done for the pilot experiment the water to cement ratio (w/c) and the 

CNT ratio for each condition is shown in table 3.1 including mixture type, curing condition, type 

of electrode, and measurement condition. Silica fume was used in all the mixtures, 10% by 

weight of cement was added. In addition, the weight ratio of sand and cement was 1:1 for mortar 

mixtures. Furthermore, the dosage of superplasticizer was 1% by the weight of cement. The 

NaCl content and carbonation ratios used in each case is described for each case in table 3.1. 

Note that the mix proportions used in this study are almost similar to the previous studies made 

by Kim., 2015 except that the natural sand is added in mortar samples. In addition, further 

information on the mix design, mix procedure, and desperation techniques of CNT can be found 

in previous studies (Kim, 2015; Kim et al., 2016b; Lim et al., 2017). In addition, some CNT 

cement composite specimens were embedded inside a reinforced mortar, which has a weight 

proportion of water, cement, and sand ratio of 0.5: 1: 2.5, respectively.  
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Table 3-1 Summary of mix proportion and experimental procedure  

Study 
Mixture 

level 

Mix-ratio subject 

to change 
Curing condition 

Electrode 

used 

Measurement of 

resistance 

Case 

1 

Paste 

(Kim, 

2015) 

W/C CNT 
NaCl 

(%) Sealed curing for 5 

days from mixing, 

and water curing 

after then 

-stainless 

steel 

platelets 

- At 28 days from 

mixing (saturated) 

- After 7 days of 

air-drying from 

then (partially 

dried) 

0.3 

0 0, 0.5, 

1, 

1.5, 2 

& 2.5 

0.3 

0.6 

Mortar 0.3 

0 

0, 0.5, 

1, 

1.5, 2 

& 2.5 

Sealed curing for 3 

days from mixing, 

and water curing 

after then 

-stainless 

steel 

-silver 

paste 

- At 28 days from 

mixing (saturated) 

- At each air-

drying cycles (×5 

cycles) 

- After oven-

drying (110°C for 

1 day) 

0.3 

0.6 

Case 

2 

Paste 

W/C 
CNT 

(%) 
Sealed curing for 28 

days. After that 

immersed in a 10% 

NaCl solution for 

two years 

-stainless 

steel 

-polymer 

-At 28 days from 

mixing (saturated) 

-once every 

month (SSD) 

0.3 
0.6 

0.5 

Mortar 0.35 
0, 0.3 & 

0.6 

Sealed curing for 28 

days. After that 

immersed in a 5% 

NaCl solution for 1 

year 

-stainless 

steel 

-At 28 days from 

mixing (SSD) 

-every month 

once (SSD) 

-After vacuum 

drying (50°C for 1 

day) 

Case 

3 
Paste 

W/C 
CNT 

(%) 

Water curing for 28 

days. After were 

placed in a 

carbonation 

chamber with 10% 

CO2, 50% 

humidity, and 20°C 

temperature for 120 

days 

-stainless 

steel 

-polymer 

-At 28 days from 

mixing (SSD) 

- Measurement 

was taken at 1, 2, 

28, 56, 84 and 120 

days 

0.3 

0.6 
0.5 

Case 

4 

Mortar 

(embedde

d in a 

reinforced 

mortar) 

W/C 
CNT 

(%) 

Water curing for 28 

days. The 

specimens were 

placed in 3 d/f types 

of locations from 

the bar. 

-stainless 

steel 

-before pouring 

-after pouring  

-after oven-drying 

and cooling for a 

day inside the 

reinforced mortar. 

0.3 0.6 
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3.2.2 Experimental methodology 

3.2.2.1 CNT/cement mortar composite mixed with NaCl (Case 1) 

A 10-litter capacity Hobert type automatic mixer was used for mixing. After beaching all the 

solid ingredients, including the CNT and NaCl powder, dry mixing was conducted for 5 minutes, 

and then by adding the liquid ingredients, water, and superplasticizers, respectively additional 

10 more minutes were mixed. Note that the mixing procedure and time is typical for all cases in 

this section. The specimens were casted using a 2 × 2 × 8 cm mold and 1.5 × 1.5 × 0.1 cm 

stainless steel platelets were used as an electrode. The electrodes were embedded sidewise along 

the edges using a two-point method (Kim, 2015).  After casting, the samples were kept at a 

temperature of 20 °C and relative humidity of 50% chamber. Both times, during the first 3 days 

where the specimens are sealed by cellophane and after the removal of the plastic wrap and 

immersion of the specimens inside the water until 28 days.    

After 28 days of curing, the samples resistances were measured using a simple digital multimeter 

(SK-104, Samkwang Inc., South Korea) designated to measure the direct current (DC) of the 

samples. Measurement was first taken immediately after taking out the samples from the water 

after 28 days of curing in order to evaluate the moisture condition at a saturated condition. To 

understand the relation between the resistivity and moisture condition the samples were 

subjected to a step by step drying cycle for five times. A cycle contains a one-day air drying of 

the samples inside the curing chamber followed by two-day sealing of the specimen using 

cellophane inside the chamber. Two-day sealing is adopted in order to avoid resistivity 

fluctuation due to a moisture difference inside the specimen by depth. This will help to unify the 

moisture distribution of the samples after each air-drying cycle. After five cycles of drying, the 
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samples were vacuum-dried under the condition of a temperature of 50 °C and a pressure of 6 × 

10-5 atm.   

In addition, to evaluate the stainless-steel electrodes reliability after drying the specimens in 

vacuum chamber, the electrodes were removed from the edges of the specimens by cutting with 

a high-tech diamond saw having less disturbance less than 2 mm of both edges were removed. 

The Cutted-surface of the specimens were painted by a highly conductive silver paste having a 

resistivity lower than 10-2 Ω·m was brushed on both sides, and resistance measurement was 

taken. The reason is that by drying the specimen, dry shrinkage might occur, and this can have 

an effect on the interface of the electrode and the CNT/cement composite leading to debonding 

and leads to a fluctuated result of the measured data.  

Case 1 was conducted as one part for applying the CNT/cement composite as a chloride sensor 

in reinforced concrete structures, where the chloride penetration may yield corrosion of 

reinforcement steel bars. The electrical resistance of chloride solution, i.e., seawater, generally 

has a range of electrical resistivity of 10-2-102 Ω·m depending on the concentration of ions, which 

is lower comparing that the resistivity of the CNT/cement composite is 103-106 Ω·m (Rhoades, 

1996; Kim, 2015). Since the resistivity of ordinary water is 103-108 Ω·m, the resistivity of the 

composite seldom influenced by moisture contents in the matrix but was likely to be changed by 

chloride concentration (Rhoades, 1996). In our previous research results (Kim, 2015), NaCl 

powder was mixed with the fresh CNT/cement paste mixture. By increasing NaCl contents up 

to 5 wt.%/cement, i.e., 3.034 wt.%/cement of chloride ion, the resistivity of CNT/cement paste 

composites at 28 days was drop down up to 1/103-1/102 of control mixture without NaCl. This 

result was consistent with the study of Jin et al. (2017) that resistivity decreases of 
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graphene/cement paste composite by chloride contents. It was confirmed that the resistivity was 

decreased up to about 1/6 times when the chloride ion increased to 3 wt.%/cement in the cement 

paste containing 2 wt.%/cement of graphene (Jin et al., 2017).  

Lim et al., 2017 studied the effects of embedding CNT/cement composite inside a reinforced 

mortar lead to a high resistivity and loss of conductivity due to the cracks that occurred by dry 

shrinkage (Lim et al., 2017). In order to improve the dimensional stability in this study, the use 

of fine aggregate is evaluated. In general, the goal of this study is to assess the reliability of using 

a mortar type CNT/cement composite to improve the dimensional stability and overall sensing 

ability of the composite.  

3.2.2.2 CNT/cement composite immersed in chloride solution (Case 2) 

The mixing procedure used in the above section is typical, which is similar to all the sections in 

this chapter. After mixing the paste type mixtures, the specimens were casted using a 2 × 2 × 8 

cm prism mold, and electrodes were embedded, this time 50 mm apart from each other while 

keeping the center of the specimens. Two types of electrodes were used in this study a thin 

copper plate coated with a silver paste of 1.5 × 3 cm dimension and a conductive epoxy, which 

is a non-corrosable electrode. The conductive epoxy having a resistivity of about 8 Ohm·m was 

made by mixing the conductive epoxy with 5% CNT to the total weight and to make sure the 

blending was uniform a two steps ultra-sonication processes was used: bath-type sonicator for 

30 min followed by tip-type sonication for an hour. For the mortar mixtures, a stainless-steel 

electrode was embedded at the edges of the specimens having the same dimension with the paste 

mixtures.  
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After mixing, the specimens were kept in the mold for three days until all the specimens were 

hardened. After hardening, all the samples were kept inside a distilled water for 28 days. 

Completing the 28 days curing the paste composite samples were immersed in chloride solution 

with NaCl 10 wt.%, and the weight ratio of the specimen to chloride solution was fixed at 1.65.  

Measurements of resistance were done once every month for two years. For measuring the direct 

current, the same test equipment was used as of case 1. Note that the NaCl solutions were the 

specimens were immersed is not changed throughout the two years. However, for the mortar 

type specimen, the measurement was taken for a year while changing the 5% NaCl solution once 

a month while taking the measurement as well. The measurement was done twice: immediately 

after taking out of the NaCl solution and after drying the samples in a vacuum chamber at 50 °C 

for one day. This is done in order to evaluate the effect of moisture contents inside chloride-

penetrated CNT/ cement specimens. In addition, to avoid chloride binding in the cement matrix, 

vacuum-drying was adopted to minimize the effect of hydration acceleration by oven-drying, 

unlike the vacuum.    

The difference between case 1 and case 2 is that the NaCl was directly mixed inside the mix for 

case 1 and in this case (case 2) the specimens were immersed in a chloride solution. This is done 

to simulate the chloride diffuses into the cement matrix in actual environments, unlike direct 

mixing. The direct mixing introduces the sodium chloride into the cement mix, which is different 

from the situation of chloride attack on concrete structures in real conditions. And in order to 

apply electrical charges through specimens to drive the chloride ions in the concrete have their 

limitations for CNT/cement composite specimens. Methods like NT BUILD 492, or ASTM 

C1202 use electric charge; however, specimens having functional fillers could generate high 
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heat (Kim et al., 2016a). The heat could have a binding effect chloride ion on the chloride ion to 

the cement by increasing the degree of hydration during the test time. For this reason, the 

application of electrical charges through the specimens is complicated. In the next chapter of 

this dissertation, a detailed study will be made by a custom-made rapid chloride migration test.  

3.2.2.3 Accelerated carbonation of CNT/cement composites (Case 3) 

The paste-type mixtures were prepared for this experiment having 2 × 2 × 8 cm prism with a 

silver paste coated copper, and conductive CNT/epoxy plates were used as electrodes. After 

casting, the specimens were immersed inside water for 28 days for curing than to carbonate the 

samples 200 litter-capacity carbonation chamber was used.  The accelerated carbonation is done 

in a controlled environment were all the 6-faces of the specimens are exposed inside the chamber 

for 4 months at 10 % of CO2, 50 % of relative humidity (RH), and 20 °C of temperature. Since 

this study is a primary work to evaluate the effect of carbonation of the CNT/cement composite, 

the carbonation profile, pH, or ion concentration of pore solution of the samples is not evaluated 

in depth. The carbonation depth of cement composites with water to cement ratio of 0.5 and 10 % 

of silica fume, exposed in 3-10 % of CO2 for 100 days, was about 3-10 mm, which measured by 

1 % of phenolphthalein solution, and the composite with w/c of 0.3 and same silica fume content 

was almost zero (Papadakis, 2000; Sulapha et al., 2003). Note that, to measure the resistance of 

the samples the same instrument was used as the above sections.   
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It is a common problem for a reinforced concrete structure to be susceptible to corrosion by the 

carbonation effect. This is due to the carbon dioxide from the air penetrate the concrete surface 

by decreasing the pH of the surrounding alkali environment surrounding the rebars or in short 

by lowering the passivation properties of the concrete the rebars will be subjected to corrosion. 

The main goal of this section is to understand the effect of accelerated carbonation on the 

electrical properties of a CNT/cement composite.  It is expected that the calcium hydroxide, 

which is electrolyte dissolved in the pore solution of the cement, reacts with the carbon dioxide 

and precipitates in the form of calcium carbonate. This leads to a decrease in electrolytes 

concentration in the pore solutions, which decreases the conductivity. 

Furthermore, the formation of a crystal calcium carbonate might block the CNT network 

connectivity as well having the same decreasing effect. Based on this principle, the CNT/cement 

can be used as a sensor for carbonation following the change in the resistivity of the CNT/cement 

composite. To avoid any experimental error due to parallel results from a different problem, 

such as crack, moisture, or chloride, is necessary by quantitatively analyzing the results. 

However, for this study, accelerated carbonation is used in a controlled environment to avoid 

any kind of meddling.  

3.2.2.4 CNT/cement composites embedded in a reinforced mortar (Case 4) 

The same type of specimens, 1.5 × 1.5 × 8 cm prism CNT/ cement composite samples was used 

after curing for 28 days for this section. Measurement was done with the same instruments 

described in case 1. Stainless steel plates were used as electrodes, and an electric wire was 

welded on the surface of each electrode. Note that the initial resistivity measurement of all the 

CNT/cement composites was taken.  After curing, the CNT/cement specimens were placed in 3 
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different places inside a 15 cm cubic mold, as shown in Figure 3.1, including D10 rebar 

satisfying the ASTM A615 standard. The bar and the CNT/cement specimens were separated by 

a plastic-thin plate spacer to keep it in place while pouring the mortar.  A conventional mortar, 

0.5: 1: 2.5 ratio, was used to mix the water, cement, and sand, respectively, by weight ratio. 

Three types of geometries were prepared: Type 1 was the case where the CNT sensor was 

exposed only on one side of the mortar surface; Type 2 was the case where all sides of the 

composite are faced to the mortar, and Type 3 was the case where the composite is placed on 

the corner of the mortar. As shown in figure 3.1, rebar and composite were located with 1, 2, 3, 

and 4 cm of distances. After casting, all the specimens were cured by immersing inside water 

for 28 days for the mortar to get full strength. Then the second resistivity measurement was taken 

after 28 days of curing the mortars using the embedded wire, and the final measurement was 

taken after drying the samples inside an oven chamber at 100 ° C and cooling it in the air for one 

day.  

The experiment in the present section was carried out to evaluate the effect of rebars on the 

electrical resistance of the CNM/cement composite when both the rebars and the composite were 

embedded in the concrete. Similar studies have been done in the Kim (2015) and Lim et al. 

(2017) that the paste-type CNT/cement composites were embedded in the mortar with rebar 

having fixed distance, and their resistances were not affected by the existence of rebars. In the 

present section, the rebars and the mortar-type CNT/cement composites were embedded 

parallelly in the mortars having various positions with different distances, and the resistance of 

the composites was measured.  
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Figure 3-1 Schematic illustration of reinforced mortar embedded with the CNT/cement 

composite  

3.3 Results and discussion  

 3.3.1 CNT/cement mortar composite mixed with NaCl 

Figure 3.2 shows the resistance of the prism samples after 28 days curing, which was saturated, 

surface dried condition. It should be mentioned that, since this study dealt with some cases of 

the fluctuation of electrical properties and was not for establishing accurate guidelines of their 

properties, the results of resistance of bulk samples were not converted to the specific 

conductivity or resistivity. As mentioned above, in relevant previous studies (Kim, 2015; Jin et 

al. 2017), the resistivity of the paste composites with CNTs or graphene showed a very clear 

decrease with an increase in chloride content. However, in the case of mortar composite in the 

present section, such changes could not be found. The coefficients of determination, R2 results, 

for CNT 0.6% and 0.3% mixtures obtained from regression analysis were very low about 0.4 

and 0.01, respectively, which indicated that the influence of chloride contents on the resistance 

of composites was negligible. 
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Figure 3-2 Resistance of CNT/cement mortar composites mixed with various chloride 

contents: before drying  
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contents on the resistance of mortar composite was considered to be decreased compared with 

the case of the paste composites.   

However, the result which should be focused in this study was that some irregular fluctuations 

of resistances in Figure 3.3. Although the minimum values of resistances of the CNT 0.6% 

samples with NaCl 0% was quite constant, about 103.5 Ω·cm, regardless of drying states, some 

of the fluctuations for this mixture was found in the resistance range of 104-106 Ω·cm depending 

on the drying step. A similar phenomenon occurred even in the cases of other CNT and NaCl 

contents. It is worth mentioning that the samples for each mixture were fabricated with the 

identical procedure, including mixing time, compacting method, and curing process. These 

fluctuations will decrease the reliability of this cement composite sensor with CNMs.   

Moreover, measured values of resistances of the cement composites were also strongly 

influenced by electrode types. Figure 3.5 presents resistances of the composite after vacuum-

drying measured with embedded metal electrodes and those with silver paste after removing the 

metal electrodes. Note that both the metal plate and silver paste used as electrodes had much 

lower conductivity than the CNT/cement mortar composite, i.e., about 1/106 times so that the 

measured values of resistance of the composite should seldom be affected by the type of 

electrode. However, as shown in Figure 3.5, the resistances measured with a metal electrode was, 

in actual, higher about 101-102 times compared with those measured with brushed silver paste. 

This gap was relatively large range compared to the resistance change by NaCl contents (Figure 

3.4). 
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Figure 3-3 Change of resistance of CNT/cement mortar composites mixed with different 

chloride contents by drying cycles (1 cycle: 1 day of air-drying and 2 days of sealing)  
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In summary, the results of the experiments performed in this section indicate that the addition 

of chloride ions to the CNT/cement composite was expected to decrease in electrical resistance, 

but it was not clearly shown in mortar type samples. Moreover, although the drying of the 

composite samples without any restrained physical condition seldom influenced the resistance, 

the effect of electrode types on the resistance of the composites was significant compared to the 

effect of chloride contents.    

 

Figure 3-4 Saturation degree of CNT/cement mortar composites mixed with different 

chloride contents by drying cycles   
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Figure 3-5 Resistances of CNT/cement mortar composites mixed with various chloride 

contents after completely dried (measured with different electrode types) 

3.3.2 CNT/cement composite immersed in chloride solution 

Figure 3.6 shows the resistance change of the CNT/cement paste specimens immersed in NaCl 

10 wt.% solution for two years, while Figure 3.7 presents the resistance of mortar specimens 

stored under 5 wt.% NaCl and seawater for one year. The error bars in figures 3.6 and 3.7 

represent the standard deviations of the 6-8 numbers of samples, and the trend lines drawn here 

are based on the exponential function calculated by nonlinear regression. 
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Figure 3-6 Changes of resistance of paste composites with CNT 0.6 % immersed in 

chloride solution (measured with different electrode types) 
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increased, unlike the expectation that the resistance would decrease due to the increase in 

chloride contents in the pore solution of the cement matrix.  

 

Figure 3-7 Changes of resistance of mortar composites with different CNT contents 

immersed in chloride solution  
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If the electrical flow in the samples was just through the physical connection of CNT networks, 

this large increase in resistance would not have occurred. Moreover, considering general results 

of carbonation depths of cement composites with silica fume in previous studies having similar 

mix proportion with this study (Papadakis, 2000; Sulapha et al., 2003), the carbonated area might 

be concentrated on the surface in the case of w/c of 0.3, while, the carbonation was progressed 

throughout the cross-section of the samples in the case of w/c 0.5. Nevertheless, as shown in 

Figure 3.8, the fact that the range of increase in resistance did not depend on w/c. 

 

Figure 3-8 Changes of resistance of CNT 0.6 % paste composites by carbonation 

(measured with different electrode types) 
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did not lose their conductivity. It is worth mentioning that in the previous study (Lim et al., 

2017), the CNT/cement paste composite embedded in the reinforced mortar loosen their 

conductivity after air-drying.  

The difference of initial electrical conductivity of each composite before embedding (green bars 

in Figure 3.9) could be negligible because it can be considered as the deviation of the composites 

themselves. An interesting finding from the figure was that the gradual change in the resistance 

by steps of before and after embedding, and after drying was also very small. Comparing with 

those before embedding, the resistances of the composites for most cases increased by slightly, 

about 100.1-100.2 Ω after embedding, and this difference can be negligible, regardless of the 

distance between rebar and the composite. These results indicate that the surrounding mortar 

between rebars and the composite sensors, which has a much higher resistance than the 

composite about 104-106 times, was insulated the composite so that the electrical resistance of 

the composite was seldom fluctuated by the presence of the rebars. On the other hand, in the 

cases of x=1 cm in Type 2 and x=4 cm in Type 3 specimens, an exceptional slight decrease in 

the resistances after embedding was found.  
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Figure 3-9 Resistance of CNT/cement composites (CNT 0.6%) embedded in a mortar 

beam: before and after embedding. 
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In our previous paper (Kim et al., 2014d), it was reported that, even when the same amount of 

CNT was added, the electrical conductivity of cement composite can be increased from 101 to 

102 times by incorporation of the silica fume, which helped mechanical dispersion of CNTs. 

Note that the improved dispersion of CNTs by silica fume in the study was evaluated via SEM 

images. In Kim (2015), CNT/cement paste composite incorporating the silica fume for 

mechanical dispersion was prepared, and in some cases, it was found that the conductivity does 

not increase or even decrease accordance with some ranges of increase in the CNT content. A 

similar phenomenon was also shown in Figure 10 of D'Alessandro et al. (2016) that considerable 

decreases in the conductivity of the CNT/cement mortar (about 10 times Level) were found for 

some ranges of increase in the CNT content. Note that, in the study, the CNT was dispersed 

using the sonication process.  

If the dispersion is good, the probability of physical/electrical connection of the CNM network 

is greatly increased, and the conductivity of the composite with them thus should be increased 

(Jang et al., 2017). However, even if CNM/cement composites are fabricated under the same 

condition and process, it is still hard to control their electric properties as identical in actual.  

In addition, limited numbers of studies on the difference in dispersion according to the type of 

CNM in cement composites have been reported, and conclusions on this cannot be reached yet. 

Cracking of hardened cement matrix 

One of the factors affecting the electrical properties of CNM/cement composites is the cracking 

of cement matrix. Microcracking developed by various causes, such as drying, fatigue, and creep, 

leads to a partial disconnection of the conductive CNM network. This microcracking have a 

seldom influence on the bulk resistance of the composites when these cracks were dried. 
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However, when the microcracks were saturated with pore solution having high conductivity, the 

bulk resistance became decreased.  

Moreover, some case of increases in resistance under the conditions of drying was found in 

Experimental series 1 and 3, and this is considered to be due to that the microcracks were 

propagated by drying so grew to ‘macrocraks’. A clear example of resistance increase by the 

‘macrocracking’ was shown in the study of Lim et al. (2016). The CNT/cement paste composite 

was embedded in the reinforced mortar and then dried. After the oven-drying, the conductivity 

of the embedded composites was completely lost. Although macrocracks were not directly found 

visually in the study, the possibility of macrocracks can be fully estimated by considering the 

general knowledge of the cement technology, including shrinkage. 

Paste-type cement composite had relatively larger drying shrinkage compared with surrounding 

mortar due to lack of sand, which is a dimension-stable material. As the paste composites were 

embedded in the mortar, the surrounding mortar or concrete were physically acting as a fixed 

boundary condition for the composite, and thus microcracking in the paste composites became 

propagate and grow by the restrained stress, as described in figure 3.10. On the other hand, the 

mortar-type CNT/cement composite in Experimental series 4 in this study has lower shrinkage 

about 1/6-1/2 compared with paste composite, which was measured in the previous study 

(Tafesse and Kim 2016), and thus it has a low potential of microcracking (Hawreen et al., 2018). 

As shown in figure 3.9, the CNT/cement mortar composites embedded in reinforced mortar did 

not lose their conductivity even after drying. 
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Figure 3-10 A schematic illustration of generation mechanism of macrocrack in cement 

composite sensor embedded in concrete or mortar. 
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where e the quantum of electricity, m the mass of electron, h the Planck’s constant, deff the 

effective distance between conductive particles, λ the electrical height of the barrier, and Aeff the 

effective cross-sectional area of tunnel (Simmons, 1963)  

Since most of the geometrical parameters in the equation have stochastic values in the cement 

matrix, numerical modeling considering the tunneling effect have been adopted fitting 

parameters obtained by try-and-error process (García-Macías et al., 2017a; García-Macías et al., 

2017b). Even that, this equation represent the tendency that the resistance of CNT networks 

increases by an increase in distance between CNMs and decrease in values of tunneling area. 

When the hydration of cement and other hydraulic powders are progressed, the hydration 

products including calcium silicate hydrates having nano-sized particles became filled between 

CNMs (Kim et al., 2014b) and these may block the tunneling pathway (see Figure 3.11). This 

can be called the ‘tunnel blockage effect’. 
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Figure 3-11 A schematic illustration of blocking of tunneling region by hydration 

products 
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In the present study, CNTs are physically intermixed with the silica fume particles having similar 

size with the CNTs. In figure 4 in Kim et al. (2014), it was presented that silica fume particles 

were distributed between the CNTs in cement matrix. Thus, the silica fume between CNTs reacts 

with cement over time and it interferes with the electron tunneling between the CNTs. When 

carbonation proceeded as in the Experimental series 3, calcium carbonate crystals became filled 

in the existing pores of cement matrix, which can also prevent tunneling. From this reason, it 

was shown in figure 3.8 that the increase in resistance was up to 103-104 times as the carbonation 

and drying proceeded simultaneously.  

In addition, there is a potential that that results of the experiment series 2 and 3, i.e., resistance 

increase of CNM/cement composite by immersing period, was induced from change of electrical 

properties of the CNMs themselves. It was hard to find on date the effect of strong basic 

condition in cement matrix, i.e., pH range of 13-14, on the carbon-to-carbon bonds of CNMs, 

which may influence their conductivity. This should be studied in future study.  

Debonding of electrodes 

Type and shape electrodes for the conductive cement composites has already been discussed in 

Han et al., (2007), and it was confirmed that when the mesh-type electrodes were used, the 

measured resistance was reduced by about 10 %, and the deviation of the results was reduced to 

about one third compared with plate-type electrodes. It was supposed to be due to the larger 

contact area of mesh than plates. Similarly, in the Experimental series 1-3 in this study, it was 

able to confirm the effect of the electrodes on the measured resistances. In the figure 3.5, the 

resistances measured via metal plate electrode embedded in the samples was higher 

approximately 10 times than those with perfectly attached silver paste. In figure 3.6, for the case 
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of samples with w/c 0.5 embedding metal plate electrodes, much higher resistances was 

considered to be due to debonding of electrodes from the beginning of the test. The initial 

resistance measured in this case was higher about 102 times than that with polymer electrodes 

and also time-dependent change in resistance showed different tendency. 

In addition, mesh-type metal electrodes was not used in this study. Mesh-shaped electrodes 

having larger contact area than the plate possesses lower potential of debonding with cement 

matrix. In the case of plate, the debonding can easily grow because of its propagation direction 

is along with interface, while in the case of the mesh, the geometry of interface is more 

complicated. Even that, the metal mesh may also be corroded with time. Therefore, it was 

recommended to use carbon fiber mesh or conductive polymer mesh for cement composites 

considering long-term reliability of measurement results.   

Interfacial void around composite sensors embedded in concrete/mortar 

Although the CNM/cement composites themselves has no problem, but there is a possibility that 

the resistance of the composite may reduced owing to the surrounding voids in the composite-

concrete interface. The resistances of the composites embedded in concrete structures can be 

significantly affected even when the area of the void is only 2 % of the cross section of the 

composite. In actual construction field, these types of voids can be frequently generated between 

rebars by imperfect compaction and this was more easily developed when the distance of 

between the rebars was narrower. Therefore, if the CNM/cement composite sensors are first 

installed with rebars and the concrete is then poured over them, the interface voids may 

developed. Moreover, if the fresh CNM/cement composites were installed to existence concrete 
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structures in any methods and forms, it is also hard to completely avoid these interfacial voids 

or gap.           

It was difficult to find other papers reported on this phenomenon. Most of the test with 

conductive cement composites has been carried out in lab scale or test bed (Han et al., 2011; 

Naeem et al., 2017), and the fabrication of samples or specimens were carefully conducted to 

eliminate this void. However, as mentioned in the Experimental series 4 above, the case of 

resistance reduction with insignificant range was detected and the interfacial void was found. 

Although it cannot not be make the conclusion that the resistance reduction of the case of Figure 

3.9 (samples of Type 2 and x =1cm) was definitely induced by the interfacial void because of 

those the reduction range was within the acceptable deviation and the length of the void could 

not be measured, this supposition can be one possibility. 

Moisture content, polarization and ion flow in the cement composites 

Basically, hardened cement matrix contains connective pore networks between hydration 

products, which called as capillary pores. As mentioned above, even though the cracks induced 

by drying shrinkage do not occur, the volume of solid and liquid portions in cement matrix 

became reduced due to the phase transformation during hydration (Jennings et al., 2008). By the 

hydration, the water is changed to solid hydrates with cement, resulting the decrease in absolute 

volume of solid and liquid, while the volume of bulk hardened matrix was seldom changed 

(Powers, 1968). Thus, pore was generated by this and the water can be transfer through this. The 

electric properties of cement composites is strongly influenced by moisture content in the pore 

networks, as the pore solution contains high concentration of ions (Polder et al., 2000; Wei et 

al., 2017). 
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The CNT/cement composites used in this study showed insignificant changes in resistance by 

the moisture contents due to their low resistivity. For example, in the Experimental series 1, the 

resistance of the mortar composites under saturated condition was only 20-30 % smaller than 

that of the dried samples (Figure 3.3). Note that the resistances of samples exposed to accelerated 

carbonation and dry condition (the Experimental series 3) were increased about 103 for 120 days 

and this is more likely to be due to the tunnel blockage by carbonation, not by drying, considering 

the results of Experimental series 1. However, previous studies have shown that the electrical 

properties, including resistance and piezoresistivity (pressure sensitivity), of CNM/cement 

composites with high resistivity can be greatly influenced by amount of pore solution, i.e., 

moisture contents. For example, in Song and Choi (2017), it was found that the resistivity of 

CNT/cement composite was vary from 5×103 Ω·m to 80×103 ohm m depending on the moisture 

contents. It was due to that the composites in the study have much higher resistivity compared 

with that in the present work (1-3×10 Ω·m for CNT 0.6 % mortar composite in Experimental 

series 1, 2, and 4). In the numerical approach of Jang et al. (2017), the effect of the moisture 

contents on the resistance of CNT/cement composites was evaluated, and the computational 

results on this effect was agreed with the experimental results.  

The internal moisture affects not only to the change of resistance of the composite, but also to 

the polarization and ion flow. In Li et al., 2008, a conductive cement composite containing 120 

nm carbon black was prepared for deformation sensing. The measured values of resistance of 

the composite were not only influenced by water content, but also changed by the measurement 

time. The increases in resistance and reduced piezoresistive sensitivity according to the curing 

time shown in the study are thought to be caused by tunnel blockage. However, it was stated 
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that, when the composites was under electrical charging by DC for a period, the resistance 

measured was fluctuated due to dielectric polarization. It was considered that ion flow by DC 

charging occurred through the pore solution networks at the same time, even though this was 

not mentioned in the manuscript. Note that the polarization is a phenomenon in which dipole 

moments are generated in molecules and atoms without ions diffusion, while the ion flow differs 

slightly from the polarization that the cation and anions in the pore solution are diffused. Even 

that, both phenomena are correlated with the fluctuation of electrical properties by the DC 

charging.    

In Kim et al. (2014) and Kim (2015), it was found that the effects of moisture contents, 

polarization, and ion flow can be negligibly reduced when maximizing conductivity, i.e., 

minimizing resistivity, of the cement composite. The conductivity of the CNT/cement 

composites was maximized to the range of 101-102 mS/m (resistivity of 101-102 Ω·m), which 

brought the change of electric conductivity and piezoresistive sensitivity by DC charging less 

than 10 %. This range was negligible considering that the resistances of the composites with 

same mix proportion was varied about 10 times or more for each sample.  

The effects on polarization and ion flow can be ignored when using alternating current (AC) 

rather than DC. In Jin et al. (2017), the graphene/cement composite was attempted to be used as 

a chloride sensor, and the conductivities of the composites mixed with various chloride contents 

was measured using the AC. Although the measurement equipments for AC resistance are 

generally much more expensive than the equipments for DC resistance, it is necessary to use AC 

in order to increase the reliability of sensor for the practical application. 
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3.7 Conclusions  

A detailed investigation has been done on previous works and in the present study. In this study, 

different experiments have been conducted to assess the possible causes of CNT/cement 

composite sensors to fluctuate. The series of experiments carried out are mixing and immersing 

of CNT/cement composites with NaCl particles and chloride solution, respectively, to evaluate 

the chloride sensors. Accelerated carbonation tests for CNT/cement composites were designed 

to assess the carbonation effects. In addition, the effect of the rebar on the electrical behavior of 

the CNT/cement composite embedded in a mortar specimen was also investigated. Considering 

the experiments carried out including previous studies the causes for the fluctuation of electrical 

properties of CNM/cement composite sensor for the concrete structures can be summarized as 

follows:  

- Dispersion of CNMs: ununiformed dispersion of CNM in a cement matrix could 

influence the electrical properties of the composite.  

- Cracking: microcracking might lead to a partial disconnection CNM network affecting 

the electrical properties of CNM/cement composites and this will be worsen on paste 

composite. 

- Growth of hydration products: By the increase of cement hydration in time the 

hydration products could be filled between CNMs (tunnel blockage effect) creating 

fluctuations.  

- Debonding of electrodes: based on the electrode type debonding can grow between the 

interface of the composite and electrode affecting measurement results.    
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- Interfacial void around composite sensor embedded in concrete or mortar specimens 

can induce the possibility for resistance fluctuation. 

- Moisture contents in cement composite (also correlated with polarization and ion flow) 

have a strong influence on the electrical properties of CNMs composites. 

The fluctuation by these causes should be controlled in order to increase the reliability of the 

sensor, and thus future studies will be conducted to consider this. 

In addition, the electrical properties of CNM/cement composite sensors may be changed by the 

damage of the sensor itself, which induced by freezing and thawing, acid, and other chemical 

attacks from outside or ASR. However, when the cement composite sensors are damaged, the 

same problem also should occur in the surrounding concrete. By measuring the change of the 

electrical properties of the composites in this case, the damage of the surrounding concrete can 

be monitored, which means that the composites work as the sensors. 
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Chapter 4. Reliability of CNT-CFs hybrid cement composite on 

dimensional stability and electrical stress-strain sensing capability 

4.1 Introduction 

In light of the literature review, this study follows a different approach to investigate the 

reliability of the CNT-CFs hybrid cement composite sensor. Unlike most researches, to improve 

the dimensional stability, mortar specimens are used in this study, as indicated in chapter 3. 

Furthermore, to enhance the steadiness of the conductivity in terms of response time and 

dimensional stability, CFs were introduced in this study.  

To prove the reliability of the sensors slender shrinkage samples were prepared and put through 

a stress-strain cycle using drying and wetting. This done at 50◦c in a vacuum chamber to 

desiccate any moisture for drying  and wetting was done by immersing the samples in water at 

room temperature.  

4.2 Materials and methods  

4.2.1 Materials and mix proportions   

In this study, two types of functional fillers were used for the experiment. Multiwalled carbon 

nanotube and pitch-based carbon fiber manufactured by Hyosung Inc and GS Caltex Co, 

respectively, were used in the experiment. Detail properties of the functional fillers are shown 

in table 4.1. Further information on the CNT and carbon fiber can be found in Tafesse et al., 

2019, and Park et al., 2018, respectively (Tafesse et al., 2019; Park et al., 2018).  

Raman spectroscopy was taken to evaluate the presence and purity of the CNT and the effect of 

alkalinity on the CNT, as shown in figure 4.1. A JASCO NRS-5100 Micro-Raman spectrometer 
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with 532 nm laser (JASCO, Tokyo, Japan) (λexc = 532 nm) was used to conduct the experiment. 

The CNTs showed peaks at the D, G, and 2D bands around 1347, 1575, and 2922, respectively, 

including the derivative G’ band (Boncel and Koziol, 2014). While comparing the ID/IG ratio, 

which indicates the purity as the D band decreases. The D band indicates the presence of defects 

in the CNT (Kim et al., 2018). From the result, both CNT samples, pure one, and NaOH treated, 

showed a higher degree of crystallinity having lower defects with a ratio of 0.85 for both cases. 

This also indicates the higher conductivity capability of the CNT and also has no effect on the 

NaOH treated CNT as well (Skakalova et al., 2005). Note that the CNT was treated by NaOH in 

order to simulate the high alkaline nature of the surrounding composite and to understand its 

effect on the purity and conductivity.  

In addition, to check if there are no functional groups attached to the CNT, an FT-IR were taken 

using FT-IR/NIR spectrometer (Frontier™, PerkinElmer Inc.). Based on the analysis shown in 

figure 4.2 there was no functional groups attached to the CNT, except for the weak bonds around 

2000 cm−1 (Nguyen, 2015). Besides, the superplasticizer used in this experiment was also were 

analyzed. However, the SP itself contained polycarboxylate ethers, which exhibit multiple peaks 

at 2920, 1460, 1340, 1240, 1080, and 940 cm−1. The first three peaks correspond to C-H 

stretching in SP, and the peak at 940 cm−1 corresponds to C-H stretching in an alkene base; the 

remaining peaks indicate C-O stretching vibrations (Chen et al., 2018; Qian et al., 2017; Chen 

et al, 2018; Jun et al., 2015). Silica fume having a specific surface area of 19,620 m2/kg is used 

as a mechanical dispersal agent for the functional fillers with a specific gravity of 2.2, and type 

I Portland cement was used for the experiment with specific surface area and a specific gravity 
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of 3700 cm2/g and 3.17, respectively. The chemical compositions of both silica fume and cement, 

is demonstrated in table 4.2, which was originally from Kim et al., 2014 previous study. 

Table 4-1 Physical properties of the functional fillers (CNT and Carbon fiber)  

Functional fillers Diameter (nm) Length (mm) purity (%) Aspect ratio 

CNT 5 - 10 0.01 - 0.05 95 1000 - 500 

Carbon fiber 10000 - 20000 10 82.35 >500 

 

  

Figure 4-1 Raman spectroscopy analysis of Pure CNT and NaOH treated CNT 

The mix proportion in this study can be categorized into three parts the first being the preliminary 

study to select the fitting mix ratio for further research and the second mix design part is 

designated for the study of the shrinkage properties by drying and wetting cycle the final, and 

the third is chloride penetration depth study. Table 4.3 shows all the mix designs, in addition to 

that mechanical strength and electrical resistivity values. Mortar type conductive cement 

composite is used in this study, having 1:1 cement to sand ratio. Most of all, the water-cement 
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ratio for all mix designs in this study was 0.4 and the amount of silica fume and SP being 10% 

and 0.9% by weight of cement, respectively for all mix designs in this study. 

Table 4-2 Chemical composition of Portland cement and silica fume 

Oxide (%) OPC Silica fume 

SiO2 20.6 95.3 

Al2O3 5.0 0.1 

Fe2O3 3.4 0.4 

CaO 60.7 0.2 

MgO 2.6 0.8 

SO3 2.4 0.6 

K2O 1.0 - 

Na2O 0.2 0.2 

TiO2 0.3 - 

P2O5 0.1 - 

Others <0.3 - 

LOI 0.8 2.5 

 

Figure 4-2 FT-IR spectra of CNT and superplasticizer  
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Furthermore, all of the mix designs that contain CNT were 0.6% by weight of cement. Note that 

the naming of the specimens was done in order to represent the experimental variables (CNT & 

CF) with the corresponding percentage amount in the mix. For example, CCF0.5 implies that 

the first “C” stands for CNT, and the “CF0.5” stands for a 0.5% Carbon fiber in the mixture. 

However, the control sample is indicated as “plain” and mix “C” indicates the there is only 6% 

CNT in the mixture with no CFs. Note that all the mixtures have a fair consistency for good 

workability.  

Table 4-3 Mix proportion of mortar samples 
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 Plain 

1 0.4 1 0.1 0.9 

- - 106-107 55 1.98 33.5 

C 0.6 - 80-90 37 1.8 32.6 

CF2 - 2 105-106 60 2.02 32.8 

S
h

ri
n

k
ag

e 

CCF0.5 

0.6 

0.5 90-130 45 1.68 35.5 

CCF1 1 50-60 39 2.13 36.3 

CCF1.5 1.5 40-50 55 1.8 34.2 

CCF2 2 60-70 64 2 35.6 

* Note that the resistivity result only indicates samples having a dimension of 1.5cm × 1.5cm × 

8cm (W × H × L). 
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4.2.2 Experimental Methodology  

4.2.2.1 Preliminary study  

The preliminary study is required to understand the general properties like mechanical strength 

and electrical properties between different mix designs of the cement composites, which are 

indicated in table 4.3. Moreover, in this section, the electrical properties were evaluated based 

on AC and DC data at initial stage. And their effect due to hydration reaction in time on the 

conductivity of the specimens were also evaluated by boiling the samples at a temperature of 

70◦c for 1 month inside water using 1.5cm × 1.5cm × 8cm (W × H × L) specimen dimension. 

Note that AC and DC data measurements were taken using Agilent instruments E4980AL 

precision LCR meter and 34972A LXI data acquisition, respectively.  

The study has been performed mainly based on hybrid CNT-CFs cement composite sensors. For 

fabrication, dry materials mentioned above like sand, cement, silica fume, and CNT were placed 

in the exact order and mixed using a standard 6-liter Hobart mixer in accordance with ASTM 

C305 for 3 min. After a well dry mix, water was added slightly followed by superplasticizer 

within 4 min, and for mixtures containing the carbon fibers, once the water and SP were 

completely poured in the mix, the fiber was added to the mix bit by bit while mixing within a 3 

min range. Before completing the mix, two more minutes were given to combining it thoroughly, 

and then casting was followed based on the specified purpose of the mix. Note that the mixing 

procedure is similar for all cases in this research.     

4.2.2.2 Shrinkage 

To evaluate the stress-strain cycle with the electrical properties of the conductive cement 

composite, most researchers used tensile, compressive, and flexural forces or, in general, load-
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based measurements. On the other hand, there is a limited or no article that use shrinkage 

measurement to evaluate the stress-strain cycle in detail to compare with the electrical resistivity, 

to the best of the authors' knowledge. This article aims to fill the knowledge gap in the research 

community. 

Most studies use paste type cement composite to avoid the conductivity blockage by sand and 

aggregates. However, the dimensional stability of paste-type composite is low compared to 

mortar and concrete, making the conductive cement composite vulnerable to microcrack and 

eventually lead to losing their conductivity. Furthermore, the authors' previous study by Tafesse 

et al., 2019 shows the effect of shrinkage on a paste type CNT/cement composite is significant, 

even though it has a trivial effect for high water-cement ratio (0.4). However, for low water to 

cement ratio (0.25) mixtures, a significant increase in shrinkage from 3800 µm/m to 4500 µm/m 

was seen as the amount of CNT increase from 0% to 0.6% in the mixture. On the other hand, to 

show how reliable the conductive cement is in time the shrinkage measurement is a more 

significant and realistic way than the load base tests, which is done in a short period and has a 

limitation on the dynamic properties of concrete through time. In addition, mortar type 

conductive cement composite with carbon fibers is adopted for this study to enhance the 

dimensional stability of specimens for the cyclic tests and to enhance the stability of the 

conductivity. To do that, different mix ratios were tested by adding carbon fibers (0.5%, 1%, 

1.5% and 2%) with CNT (0.6%) using 0.4 water-cement ratio.  

The test samples were prepared in accordance with ASTM C490 using 2.5 cm × 2.5 cm × 30 cm 

(W × H × L) rectangular specimens for each mixture; three samples were prepared. Immediately 

after casting, the specimens were covered using cellophane for one day to avoid unnecessary 
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evaporation before demolding. After one day, all the samples were cured inside the water at 20 

± 1 ºC and 60 ± 4 relative humidity for 28 days. The cycle of drying and wetting also started 

after 28 days of casting, having three different phases over time.  

The first phase was measured every week/cycle. Measurement of one-cycle looks like this, the 

samples were vacuum saturated for 24 hours at 20 ºC then shrinkage, mass, and resistivity data 

of specimens were taken starting from the SSD condition on the first day to air-dried 2nd-day 

and 3rd-day measurement. After the 3rd-day measurement, the specimens will be vacuumed again, 

this time at 50 ºC for 3 days to desiccate water from the specimens. To avoid any errors from 

thermal expansion of specimens after vacuum drying due to the rise in temperature the samples 

were kept at 20 ºC for 1 day, then measurements were taken.  

The first phase was measured for 10 consecutive cycles or 10 weeks and then the second phase 

continued without any alteration on the processes of the first cycle only by changing the 

measurement frequency from every week to once in a month or in every 4 cycles one-time 

measurement, which was done for 24 cycles or for 6 months long. After completing almost 34 

cycles, first and second phase, the specimens were left to be exposed to the outside environment 

for 6 more months, experiencing a temperature as low as 10 ºC and as high as 28 ºC which is 

phase three. For this phase, the measurement was taken only at the end of the phase.   
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Figure 4-3 Flow chart showing the shrinkage cycle of Phase one (left), Phase two (mid), 

and Phase 3 (right) 

 

The spotted microcracks on the surface of the hybrid cement composite throughout the phases 

were investigated by visual inspection. In addition, some pictures were taken using 

AM3111/3113 series Dino-lite digital microscope, and in order to explain the effect more clearly, 

the mercury intrusion porosimetry (MIP) was taken after phase 3 using an AutoPore IV 9500 

series pore size analyzer. Note that shrinkage measurements were taken using a deformable 

mechanical gauge with a pin embedded inside the specimen, as shown in figure 4.4, and the 

electrical resistivity was taken using a simple digital multimeter (SK-104, Samkwang Inc., South 

Korea) for direct current measurement.  
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 Figure 4-4 Shrinkage measuring demec gauge with embedded pin setup 

4.2.3 Working principle of the hybrid cement composite sensor 

The two sections discussed above are mainly concerned with the conductivity and stress-strain 

sensing ability of the cement composites listed in section 4.2.2.1 and 4.2.2.2, respectively. 

Integrating the CNT inside a cement composite mix using a mechanical dispersion method is a 

common way to disperse the CNT throughout the mix with the aid of mineral admixture, silica 

fume (Sanchez and Ince, 2009; Kim et al, 2014). The same is done in this study in order to 

disperse the CNT fairly with a slight agglomeration inside the cement matrix, as previous 

morphological studies indicated (Kim et al., 2014).  

However, in this study pitch-based, carbon fiber was also included in some mixtures in order to 

reduce the resistance of the composite (Park et al., 2018). Furthermore, during DC measurement 

using a high-end multimeter, the mixture reinforced only with CNT has shown a significant 

fluctuation in reading for about 15±5 seconds before the reading gets stable. On the other hand, 

for mixtures with both CNT and carbon fiber can be stable within 3±2 seconds. This could be 

due to the voids inside the cement composite creating separate charges and helping the current 

to lead the voltage. However, note that the phase angle is much lower compared to the ideal 

capacitors, -90⁰ (Cseresnyés et al., 2013).  

Embedded pin
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The conductivity of the hybrid cement composite is a complex task, which requires multiple 

connections in order to pass a current from one end to the other. Some of the connections are, 

carbon fiber to carbon fiber, CNT to CNT, CNT to carbon fiber, pore to carbon fiber, pore to 

CNT and tunneling effects are the ways to pass current through. The carbon fiber and CNT 

connection to their correspondent materials is the common one, and much of the conductivity is 

done through this technique. In addition, the connection of the carbon fiber to the CNT and the 

vice versa will also enhance further the conductivity of the cement composite.  

Furthermore, when CNTs are encountered with small electrolyte pores in the hydration products, 

the electrons could easily jump by the tunneling effect (Park et al., 2018). This is not only in the 

pore solution but also inside the hydration products also the electrolytes from the portlandite will 

further boost the conductivity of the cement composite, which is the basic principle to sense 

carbonation in the cement composite due to the loss of the electrolytes like CaOH to a crystalline 

phase CaCO3 by carbon dioxide diffusion (Lee et al., 2019). However, when the CNTs 

encountered large size pores, the tunneling effect will be no use, this is where the importance of 

the carbon fiber comes in. The carbon fibers can easily intersect and pass this large size pore 

physically at the early stage during casting due to their length in millimeters. These carbon fibers 

can adhere to the CNTs on the surface throughout the length of the carbon fiber, which will have 

a major effect on the CNT dispersion and conductivity (Lee et al., 2017).  

On the other hand, the unhydrated cement particles and the fine aggregates are fully insulating 

points, including the micro cracks in some cases. However, the microcracks might also be 

governed by the tunneling effects, if microcracks are not larger enough. In case these 

microcracks are larger, it would create a dielectric part (air) between the direction of the current 
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flow. This has its pros and cons, the advantages being the cement composite could have a 

capacitive sensing ability, which could help on monitoring the chloride ingression, in different 

circumstances these microcracks could increase the capacitance nature by simultaneously 

increasing the reactance of the impedance, which creates a fluctuation.  And in case of direct 

current measurement, the steadiness of the resistance measurement will be lost and will take 

time. In order to show schematically, the above discussion is illustrated in figure 4.5.  

 
Figure 4-5 Schematic illustration of the hybrid cement composite and BSE-SEM image of 

CCF2 

4.3 Results and discussion  

4.3.1 Preliminary study 

The preliminary study was conducted with the main aim of finding a mixture having all the 

qualities required to produce a good piezoresistive sensor for structural concrete monitoring. So, 

the first problem would be the mechanical properties of the samples to bear the applied force 

while they are embedded inside a concrete structure as a smart concrete aggregate. And the 
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second problem is to enhance the conductivity of the specimens with great stability. In order to 

achieve the above goals, the pitch-based CFs were selected and used.  

All the samples have the same water to cement ratio of 0.4, and all are mortar samples with 

natural sand included in the mix to enhance the overall strength, as discussed in chapter 3 of this 

dissertation. Table 4.3 shows the mechanical and electrical properties for 181 days of specimens 

cured in water. The mechanical strength of the specimens was evaluated by using compressive, 

flexural, and dynamic Young’s modulus. The compressive strength for the plain specimen being 

55 MPa the strength mostly increases as the amount of CFs increase in the mixtures. The 

maximum strength was achieved by CCF2 specimens, 64 MPa. The same is true for the flexural 

result, as the amount of CFs in the mix increases the strength also increases. However, a 

maximum strength of 2.13 MPa is achieved by specimens with 1% of CFs in the mortar mix of 

CCF1. This mix, CCF1, also have attained the ultimate dynamic modulus of 36.3 GPa. From the 

result, it was clear that the C mixtures have shown almost the least performance in all the 

mechanical strength evaluation techniques. However, the electrical resistivity value of C 

specimens was as good as the specimens with both CNT and CFs combined. For the plain and 

CF2 samples, the resistivity was high, as expected. Even though the low resistivity was achieved 

by hybrid and C samples, the stability of the samples is one of the most important factors to 

manufacture a good sensor.  

Table 4.4 indicates the impedance result of all the preliminary specimens based on their resonant 

frequency and figure 4.6 shows the change in resistivity of the samples at dry and SSD condition. 

Measurement was taken after curing samples for 91 days and then boiling it for additional 28 

days, twice. This is done to investigate the late hydration reaction effect on the electrical 
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conductivity of the specimens. Furthermore, in both cases before and after boiling the samples, 

the dry and SSD conditions were measured to get a clue on the influence of moisture. From the 

results, the plain samples showed a very high resistivity, which can be categorized under an 

insulator.  

The CF2 also showed a high resistivity in kilo-ohms, and both the plain and CF2 samples showed 

a high resistivity decreased by the influence of moisture. For CF2, since it has a conductive and 

the reduction of resistivity due to water was around 51% and 23% before and after boiling of the 

samples, respectively being highly influenced among the conductive samples. For samples, 

which contain both the CFs and CNT or the hybrid samples, the moisture has slightly influenced 

the samples from a minimum of 6% to 20%. On the other hand, C samples were influenced the 

least by the moisture and by the hydration product increase after boiling the samples.  

Table 4-4 Resistivity of hybrid cement composite samples before and after boiling based 

on their resonant frequency (Dry and SSD) 

Sample condition 
Resistivity (Ω-cm) 

Plain C6 CF2 CCF0.5 CCF1 CCF1.5 CCF2 

New 

Samples 

Dry 67110.6 83.7 1327.8 97.7 48.9 31.4 49.2 

SSD 25312.9 81 641.7 103.6 39.6 36.9 55.3 

Boiled 

Samples 

Dry 24416.8 83.6 579.1 145.4 45.6 42.9 58.5 

SSD 17051.9 102.8 446.4 110.1 44.5 40.4 63 
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Figure 4-6 Change in resistivity by percentage of samples based on their resonant 

frequency (SSD condition and 7 day air dried) 

 

Figure 4-7 Phase angle Vs. frequency value of preliminary samples   
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are in a negative value, which means the phase shift under impedance measurement indicates 

that the current is leading the voltage, which shows that the material being measured has a 

capacitive reactance (Azhari, 2012). The same is true, when voltage leads the current, the 

reactance will show a more inductive value, which is positive. However, in this study, only the 

capacitive nature of the specimens was seen. This could be attributed to the porous and 

heterogeneous nature of the composite samples. CF2 and the plain samples both showed a high 

capacitive nature at low-frequency ranges below the 20 kHz. On the other hand, the rest of the 

specimens showed the reverse, which is the capacitance of the specimens was high at higher 

frequencies even though, the total range was not high, < -1degree. However, the increase was 

constant, and no fluctuations have occurred while the frequency increased. Note that to avoid 

the geometrical effect of frequency on the phase angle, the shapes of all specimens were kept 

identical.  

4.3.2 Dimensional stability 

In this experiment, only the hybrid samples were used this is done by considering the above 

results in the preliminary results. From the results, the remaining samples that are not hybrid 

have shown different performance that was a top and bottom performance for different cases. 

However, the hybrid samples have shown a constant and good performance in all the scenarios 

made in the preliminary study, unlike the other types of specimens. To see one by one, plain and 

CF2 samples have a good mechanical strength performance and have a high capacitive response 

at a lower frequency like the hybrid samples but in a reverse mode. However, their electrical 

properties are not under the required range, while the plain samples have almost no conductivity. 

The CF2 samples have a conductivity in Kilo-ohms, which makes them easily suspectable to 
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moisture influence. For C samples, even though the electrical resistivity was good enough for 

the proposed study, the mechanical strength performance was inferior compared to the 

remaining specimens. This could harm the dimensional stability of the specimen in general and 

could lead to microcracks and harm the conductivity of the specimens. Due to the above reasons, 

the hybrid samples were chosen to be investigated on the long-range study, which lasts for a 

year studying the stress-strain properties of the hybrid cement composite based on slender 

shrinkage samples by wetting and drying. This research will have an impact on the future 

development of cement-based composite sensors.      

4.3.2.1 Phase one (Initial Period) 

Phase one is introductory part for the early age of the wetting and drying cycle of the slender 

samples. In this part, two things will be discussed: one is the early age shrinkage effect, and the 

second is the effect of stainless-steel electrode and silver paste on the resistivity result. The first 

ten cycles/weeks recorded by the wetting and drying cycle are considered as phase one. One 

cycle/week has four steps, which looks like this, In the 1st step, the specimens were vacuum 

saturated for 24 hours in room temperature, and measurements were taken in SSD condition. 

Then after the specimen was left to be dried in air for two consecutive days while taking 

measurement on both days, which is the 2nd and 3rd step and for the final and 4th step the samples 

were dried in a vacuum in 50 ºC for three days, as shown in figure 4.3.  
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Figure 4-8 Shrinkage cycle of the hybrid cement composite for phase one 

 

Figure 4-9 Mass loss result of the hybrid cement composite for phase one  
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Figure 4.8 shows all the 4 steps with their respective deformation values. It is clear from the 

graph that all the specimens were in line with each other showing a great performance in all the 

steps. Approximately, a maximum of -1400 μm/m and 1300 μm/m shrinkage and expansion 

were seen in phase one, respectively. The deformation is consistent with the mass loss result 

shown in figure 4.9. Having a -6% and 8% mass loss while the sample was in shrinkage and 

expansion, respectively. Both the maximum results seen in the deformation and mass loss as a 

positive and negative value are for the SSD and vacuum dry condition that is for steps 1 and 4. 

In the case of steps 2 and 3, even though the shrinkage effect was clear but it was a slight 

difference, mostly less than 75 μm/m.  

The second intention in this phase is to isolate the performance of the electrodes. Figure 4.10 

shows a scattered graph of both electrode (stainless steel and silver paste) resistivity results on 

all the four steps. Even during the initial measurement, there was a slight difference in the initial 

resistivity values between identical specimens measured by the electrode and silver paste. 

However, the variation has increased during every cycle for the steel electrodes, especially for 

CCF0.5 specimens. The difference has reached around 600 Ω-cm with in the first ten cycles. 

On the other hand, for CCF0.5 specimens measured using the silver paste, the variance was as 

little as 6 Ω-cm. These results were also implicated in other hybrid samples, even though the 

gap was not as high as CCF0.5 specimens. This shows the reliability of the steel electrode is not 

as good as the silver paste, for this reason, all the upcoming phases in this chapter and next 

chapters will be conducted based on the silver paste electrode. 
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(a) 

 

(b) 

Figure 4-10 Scattered graph of the hybrid cement composite resistivity (a) stainless steel 

electrode (b) silver paste electrode 
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4.3.2.2 Phase two (Evaluation period)  

In this section, the shrinkage result that were taken for more than 6 months in two steps: 1st one 

is by wetting the specimens for 24 hours in a vacuum chamber and measuring the SSD condition 

and the 2nd step measurement were taken after vacuum drying the specimen in 50 ºC for 3 days. 

This phase has two main goals: (1) is to analyze and discuss the shrinkage cycle and (2) to 

investigate the sensing capability of the hybrid composite samples in detail based on their 

resistivity and shrinkage cycle. This evaluation stage is very important due to the most cycles 

during the whole experiment were conducted at this stage.   

 

Figure 4-11 Shrinkage cycle of the hybrid cement composite for phase two 
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Figure 4-12 Mass loss result of the hybrid cement composite for phase two 
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ratio of change in resistivity or resistance by the original value of the specimen resistivity or 

resistance, as shown in equation 4.1. The formula below is true for specimens having a uniform 

contact area, the distance between two electrodes and temperature, which is all true in our case. 

Even though the distance between the two electrodes was changed during the shrinkage and 

expansion by -0.0017 m and 0.0023 m, respectively, the change is too small and negligible to 

have an effect on the result.   

𝐹𝐶𝑅 =
∆𝜌

𝜌0
=

∆𝑅

𝑅0
……………………4.1 

Where FCR is the fractional change of resistivity, ∆ρ is the change in resistivity, ρ◦ is the initial 

resistivity of the specimen, ∆R is the change in resistance, and R◦ is the initial resistance of the 

specimen. 

Both the initial and evaluation period self-sensing capability during the stress-strain cycle will 

be discussed on this section for convenience. During the initial period, the shrinkage cycle shown 

in figure 4.8 is discussed with respect to the FCR. The results demonstrated in figure 4.13 shows 

high resemblances for all the hybrid cement composite specimens between the stress-strain cycle 

and FCR. The maximum ratio of FCR was seen in CCF2 samples, and the minimum change 

were for CCF0.5. The change was incremental based on the carbon fiber amount in the mix. 

However, note that all the hybrid cement composite samples have a great self-sensing capability 

in spite of their change in FCR. By comparing the average strain of the samples with the FCR 

of the samples, as shown in figure 4.15 by comparing the relation using linear regression.  
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Figure 4-13 FCR Vs shrinkage cycle of the hybrid cement composite for phase one 
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Figure 4-14 FCR Vs shrinkage cycle of the hybrid cement composite for phase two 
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The strain values have seen a negative value during their initial shrinkage stage, and a positive 

value is seen after microcracks were started, and the specimens were relaxed.  In addition, the 

slope indicated in the equation of the regression results indicates the gauge factor of the hybrid 

cement composite samples. Gauge factor (GF) is a common evaluation unit for the sensitivity of 

any strain sensor. Sensors made of metal have around 2-5 GF, and single crystal silicon and 

polysilicon-based sensors have -125 to 200 and ± 30 GF, respectively. For this case, the GF 

sensitivity was high around 60 to 170, with an R2 value of 0.7089 and 0.9366, respectively, 

which shows a linear relationship with the strain of the hybrid cement composites, as shown in 

equation 4.2 (Lee et al., 2017).  

𝐺𝐹 =
∆𝜌

𝜌0
⁄

𝜀
=

𝐹𝐶𝑅

𝜀
…………………………4.2 

Where GF and FCR is the gauge factor and fractional change of resistivity, respectively, ∆ρ is 

the change in resistivity, ρ◦ is the initial resistivity of the specimen, and ε is the strain of the 

specimen. 

In phase two, the relationship between the deformation of the samples and the respective FCR 

values was, to some extent, deflected, showing a less similarity between the cycles. This is 

because of the intense wetting and drying cycles (34-cycles) made in this phase. From figure 

4.14, it is evident that the CCF0.5 and CCF1.5 samples were showing much lower similarities 

than in phase one. On the other hand, sample CCF1 and CCF2 have shown a fair and good cyclic 

trend, respectively. Both samples have shown a GF of 101 and 151with an R2 value of 0.7414 

for CCF1and 0.8786 for CCF2, consecutively. While CCF0.5 and CCF1.5 showed a less linear 

relation having an R2 value of 0.4833 and 0.6738, respectively, as shown in figure 4.15. The 
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result discussed above were exceptional for the development of the self-sensing sensor in the 

future. Notably, the CCF2 specimens have shown a tremendous self-sensing capability even 

after all the 34 wetting and drying cycles.  

 

 

Figure 4-15 Relationship graph of FCR and strain for Phase one and phase two 
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4.3.2.3 Phase three (Dormant/ healing period) 

Phase 3, the Dormant period, is where the specimens were left in the air to be subjected to the 

outside condition of temperature 10 ºC minimum and 28 ºC maximum during the 6-month period. 

The objective in this phase is to analyze the MIP result, inspect the microcracks of the specimens 

using a portable microscope, and to analyze the total deformation of the hybrid cement 

composite samples until this phase in the exact order. Figure 4.16 and Table 4.5 shows the MIP 

results of the hybrid cement composite incremental pore volume, and the total intruded volume, 

respectively. The total intruded volume is divided based on the three main pore sizes, mesopores 

[5 to 50 nm], capillary pores [50 to 100 nm], and the large capillary pores [ > 100 nm]. The 

division was made in order to simplify and create a clear understanding.  

Table 4-5 The total intruded volume of hybrid cement composites 

Sample 

name 

Mesopores 

(Pores < 50nm) 

Capillary pores        

(Pores b/n 50 & 

100nm) 

Large capillary 

voids  

(Pores >100nm) 

Total 

intruded 

volume 

[mL/g]  

CCF0.5 0.0436 0.0021 0.0150 0.0607  

CCF1 0.0388 0.0014 0.0243 0.0646  

CCF1.5 0.0374 0.0017 0.0186 0.0578  

CCF2 0.0414 0.0022 0.0185 0.0621  

From the result, CCF2 has the largest total intruded volume of 0.0646 from those the large voids 

more than 100 nm are clearly seen in the incremental graph, and this explains the decrease in the 

compressive and flexural strength in table 4.3. CCF0.5 and CCF2 both showed a high pore 

volume of mesopore, which shows that further hydration occurred in the sample compared to 

the remaining samples. In addition, the maximum capillary pores, which are responsible for the 

shrinkage to occur, were seen for CCF2 and CCF0.5 samples with 0.0022 and 0.0021 mL/g, 
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respectively. However, even though the CCF0.5 sample had the lowest pores of more than 100 

nm, the strength was inferior compared with the remaining hybrid cement composite samples.   

  

(a)                                                                        (b) 

Figure 4-16 MIP result of the hybrid cement composites for shrinkage samples (a) 

incremental pore volume (b) cumulative pore volume in percentage by pore size 
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in the outside environment, the expansion has increased by about 1200 μm/m to 1560 μm/m as 

shown in figure 4.19 for the dry condition.  

 

Figure 4-17 Total deformations of phase one and two 
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(a) 

 

(b) 

Figure 4-18 Pictures of microcrack (a) cracks during phase two cycle (b) After healing on 

phase 3  

 

Figure 4-19 Deformation after end of phase two of the hybrid cement composite in phase 

three (dormant period) during air curing for 6 months  
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4.4 Discussion  

The main goal of this chapter is to get a reliable CNT based cement composite sensor. To do it, 

the first ground or base for the study was to enhance the mechanical characteristics of the cement 

composite. It is a well-known fact that by adding sand on the paste composite, the mechanical 

strength can be improved. However, the addition of fine aggregates like sand would have a 

negative effect on the conductivity of the CNT cement composite (Coppola et al., 2011). Note 

that the addition of fine aggregates could also enhance the conductivity by creating a pore in the 

ITZ area and increasing the conductivity indirectly (Chung, 2018).   To counteract on the effect, 

pitch-based carbon fiber was added to the CNT/cement composite besides the sand. This was 

done (addition of carbon fiber) for two reasons; (1) is that the carbon fiber can enhance the 

conductivity network inside the cement matrix and help to by-pass the effect of fine aggregate 

due to their longer size which is in millimeters, in this study 10 mm long carbon fiber were used 

(Park et al, 2018). And the second reason (2) is the cost of pitch-based carbon fiber compared to 

its relative types of fibers is economical and highly conductive (Park et al, 2018). By combining 

the carbon fiber with the CNT, a hybrid cement composite was manufactured as a mortar 

composite by introducing fine aggregates to the mix. Overall, by doing so, the strength of the 

sample has drastically increased from the previous study made in chapter 3, which is mortar 

without fiber having 37 MPa, and by adding about 2% carbon fiber in the mix, the strength has 

increased significantly, 64 MPa. As the amount of carbon fiber increased in the mix, compressive 

strength has also increased for most of the mixtures (Zuo et al., 2015). The same was also 

observed on the flexural and dynamic Young’s modulus. In a previous study made by Tafesse., 

2017, on a pure CNT cement composite the CNT has shown an adverse effect on the mechanical 

strength of paste mixtures as the amount of CNT increased. This could be attributed to the slight 
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agglomerations of the CNT due to their high Vander walls force creating weak points for crack 

nucleation inside the cement matrix (Tafesse., 2017). This was also observed in this study by a 

reduction in strength of CNT containing specimens compared to the plain samples. However, 

the addition of carbon fiber has reinforced the cement matrix and increased mechanical strength 

by further making the mortar denser.  In addition, the electrical conductivity of the hybrid cement 

composite was very steady, and also resistivity has decreased further by the carbon fiber 

introduction (Zuo et al., 2012; Park et al., 2018). Please note that much of the conductivity is 

from the distribution of CNT inside the cement matrix. Besides, the carbon fiber has increased 

the conductivity network inside the cement matrix due to the high aspect ratio having a length 

of 10 mm, which will help the carbon fiber to act as a bridge between the CNT particles (Park 

et al., 2018). Moreover, carbon fibers could help in dispersing the CNT following aliment of the 

carbon fiber by binding the CNTs to the hydration products that are already bonded to the surface 

of the carbon fiber (Lee et al., 2017). This gives the CNT network to disperse and have a pattern 

inside the cement matrix, which ultimately contributes to the stability and increase in conductive.   

Once the desired level of mechanical strength was achieved, the hybrid cement composites were 

further tested for the dimensional stability test using the dry shrinkage as stress and strain-

inducing mechanism. This is done by immersing the samples inside the water and drying it in 

the oven under 50 ⁰C temperature in a cyclic manner, as discussed earlier in this chapter for both 

phase one and two. During these cycles, a perfect stress-strain was recorded, which was 

confirmed by the mass loss results. By the end of both phases, the total deformation of specimens 

was decreased as the amount of carbon fiber increased, respectively (Tafesse et al., 2018), which 



 

 

 

-95- 

was also confirmed on the mechanical properties. This helped the CCF2 specimens to be superior 

in mechanical strength and to show a lower deformation compared to the remaining samples.     

Even though the metal electrodes capability to detach from the surrounding mortar paste was 

already studied in chapter 3.  However, in this study, a clear illustration of the effect debonding 

on the stress-strain measurement of the samples was seen in comparison with that the sliver paste 

painted on the side of the composite. The results were seen to be stable for the silver electrodes 

and quite low in resistivity. However, unlike the silver paste, the electrodes initial resistivity was 

high even before the cycle started. This shows the first week initial bonding between the 

electrode and the matrix was not good, which even gets worse as the cycle continues by 

increasing the resistivity drastically even at the very initial phase (Lee et al., 2019). For this 

cause, the silver paste was used for the rest of the studies in this dissertation.  

The relationship between the FCR and deformation by the stress-strain cycle is an indication of 

the hybrid cement composite sensing capability. In these continuous cycles, almost all the 

samples have shown an interesting result in both phases. Especially, CCF2 showed the highest 

coefficient of determination in both phases. This is due to the addition of fibers have a positive 

impact on the mechanical strength and deformation, which will indirectly help the conductive 

network to be stable throughout the cycle. Gauge factor is a common evaluation unit for the 

sensitivity of any strain sensor. Sensors made of metal have around 2-5 GF, and single crystal 

silicon and polysilicon-based sensors have -125 to 200 and ± 30 GF, respectively. For this case, 

the GF sensitivity was high around 60 to 170, with an R2 value of 0.7089 and 0.9366, 

respectively, which shows a linear relationship with the strain of the hybrid cement composites.   

This is supported by Lee et al., 2017 studies, they used a broad amount of carbon fiber 
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concentration in a different mixture in order to get the best sensing composite. Based on the 

multiple experiments conducted by applying three stages of axial force, which increases 

intensity on every stage using compressive load it indicates that to get an acceptable sensing 

capability, the amount of carbon fiber should be at list above 0.1% (Lee et al., 2017). However, 

in this study rather than evaluating the performance of a 28 days samples based on load-based 

experiment (compressive cycle, tensile cycle or flexural cycle) with in a short period of time, a 

slender sample were put under cyclic conditions of wetting and drying that can more or less 

reflect the real conditions. The first phase shows the initial reaction of the hybrid cement 

composite samples for about 2 months, which showed a higher coefficient of determination and 

phase two showed the durability effect of the hybrid cement composite for the next 6 months 

under a stress-strain cycle showing a fair coefficient of determination. In overall, the carbon 

fiber role is major in controlling both the dimensional stability and the resistivity through 

time(durability) for attaining a reliable sensor. Future studies should focus on the amount of the 

carbon fiber threshold and its effect on the composite and the mix proportions should be done 

considering packing density theory.    

The total porosity of the CCF2 specimen is relatively higher than the other specimens except for 

CCF1. On the other hand, the majority of the porosity around 65% on average from the total 

porosity is attributed to mesopores (< 50nm), which are mostly found on hydration products that 

also show a higher degree of hydration reaction. Note that this was seen in all samples including 

CCF2. In general, this small size pores have an insignificant effect on the mechanical strength 

of the specimens as shown on the result above. However, this small size pores have their own 

contribution for the conductive network since the electrolytic free electrons from the hydration 
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products could be found in this pore and it could facilitate the conductive network furthermore 

(Yoo et al., 2017; Park et al., 2018). Overall, the dimensional stability of the paste-CNT/cement 

composite is as high as 5600 μm/m for the exact same amount of CNT without any cycle, as 

shown in previous studies of Tafesse et al., 2018 (Tafesse et al., 2018). However, in this study, 

even with the cyclic condition, the maximum deformation achieved is 5400 μm/m, which is by 

far a lower considering the drying and wetting cycle. This result was achieved by the addition 

of carbon fiber and sand inside the cement composite mixture.    

Table 4-6 Comparison of the hybrid cement composite sensing capability results with 

previous literature reviews   

Reference 
Test 

mechanism 

W/C 

ratio 

CNT 

content 

(%) 

Carbon 

fiber 

content (%) 

R2 GF 

Phase 1 

Shrinkage 

(Drying & 

wetting) 

0.4 0.5 

0.5 0.7245 60.8 

1 0.7089 66.7 

1.5 0.9366 170.2 

2 0.9091 168.5 

Phase 2 

Shrinkage 

(Drying & 

wetting) 

0.4 0.5 

0.5 0.4833 150.7 

1 0.7414 101.54 

1.5 0.6738 226.06 

2 0.8786 151.03 

Azhari, 2008 

Compression 

(loading & 

unloading) 

0.4 1 15 0.9528 327751 

Lee et al., 

2017 

Compression 

(loading & 

unloading) 

0.35 

0.15 0.35 0.2464 32.1 

0.25 0.25 0.4273 79.5 

0.35 0.15 -0.682 74.2 

0.5 0.1 0.9274 160.3 

4.5 Conclusion  

From the reliability study by stress-strain sensing of CNT-CFs hybrid cement composite on the 

dimensional stability is concluded by drawing the following conclusions.  
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- The mechanical strength has shown a significant increase while the carbon fiber 

increase in the mixture, and on the other hand, a decrease for a specimen with CNT only 

were seen by comparing with the plain samples.  

- Besides the piezoresistive properties of the hybrid cement composite, a slight capacitive 

property was also observed on the composites.  

-  The comparison between the silver and stainless-steel electrode was unmatched even 

from the beginning to the end of the first phase. The steel electrodes were showing huge 

fluctuations and higher resistivity. Instead, the silver paste electrode showed the exact 

reverse, which is a steady and low resistivity. 

- The first two shrinkage cycle phases were done having maximum stress and strain of 

around -1700 μm/m and 2300 μm/m. and the shrinkage cycles match with the mass loss 

results. In addition, the total shrinkage recorded was around 5400 μm/m, which is very 

low compared to other studies. Furthermore, the CCF2 samples showed the lowest 

deformation of all the samples.   

- During the sensing capability study of the hybrid cement composite, most of the hybrid 

composites have shown an R2 of above 0.71 and 0.48 for phases one and two, 

respectively. The most noteworthy relationship was seen for CCF2, R2 of 0.9, and 0.87 

for both phases, consecutively.  

- Based on a visual inspection made on the cracked hybrid cement composite specimens, 

the samples were shown to heal within one month. This was confirmed by shrinkage 

reduction after wetting the samples.  
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Chapter 5. Chloride profiling and conductivity relation of CNT-CFs 

hybrid cement composite following the rapid chloride penetration 

test and monitoring evaluation   

5.1 Introduction 

In this chapter, the effect of chloride concentration inside the hybrid cement composite compared 

to its conductivity is tested using a unique way. The samples were exposed to a slightly adopted 

rapid chloride penetration test method. After the test, the samples were sliced perpendicular to 

the chloride penetration direction, and each slice was investigated based on the actual chloride 

content in the slice and the conductivity of the slice itself. The procedure followed in this paper 

makes this article one of its kind, to the best of the author's knowledge. In addition, the degree 

of hydration and porosity of each slice was also investigated. Furthermore, hybrid cement 

composites were also embedded inside reinforced concrete to see the practical effects of the 

sensors.     

5.2 Materials and method 

5.2.1 Materials and mix proportions 

The materials used for this study are the exact same materials, including the mixing procedure 

mentioned in chapter 4 of this dissertation. On the other hand, the mix proportions used to cast 

the hybrid cement composite were selected from the reliability study, which shows the steadiest 

conductivity and dimensional stability. In this case, the mix with 2% CFs content was chosen to 

be investigated for further experimental studies in chloride profiling. Since, the rapid chloride 

penetration test usually uses high voltage to pass the chloride ions from the cathode electrode to 

the anode electrode through the hybrid cement composite specimen the temperature will rise due 
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to the electrical conductive properties of the composite, as stated in Joule's first law and equation 

5.1 below (Kim et al., 2019).  

𝐻 = 𝑉2𝑇
𝑅⁄ ...........................................................................................5.1 

Where H is the heat produced, V is the voltage applied, R is the resistance of the specimen, and 

T is the time it takes to pass through the specimen.    

In addition, the CNT content has a direct effect on the temperature of the specimen due to its 

high thermal conductivity the effect will even raise more (Wang et al., 2004). To reduce the 

effect of temperature in the mix an additional mixture was used this time only half the CNT 

content (0.3% CNT) of the original mixture (0.6% CNT) was used. On the other hand, the mix 

used to embed the hybrid cement composite have water to cement ratio of 0.45 and cement to 

sand ratio being 1:2 by weight.  

Table 5-1 Mix proportion of chloride profiling samples and embedding mortars  

Category Mix-name 

ce
m

en
t 

W
at

er
 

S
an

d
 

S
il

ic
a 

fu
m

e Percentage (%) 

SP CNT CFs 

Chloride profiling 
CCF2 

1 0.4 1 0.1 0.9 
0.6 

2 
C3CF2 0.3 

Embedding 

mortar 

Plain 

Samples 
1 0.45 2 - 0.4 - - 

5.2.2 Experimental methodology  

5.2.2.1 Chloride profiling of hybrid cement composite  

Chloride profiling is carried out after selecting the most durable and better conductive mixture 

through the preliminary and shrinkage results. For these tests, two types of mixtures were used, 
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0.3% and 0.6% CNT content, both mixtures having the same water-cement ratio and the carbon 

fiber content of 0.4 and 2%, respectively. The reduction in the amount of CNT from 0.6% to 

0.3% was aimed to check the effects due to the increase in temperature by the CNT present (Kim, 

2019). Prior to profiling, the chloride penetration test was done on a cubic sample having 5 cm 

dimensions in all directions in accordance with ASTM C1202 using 50 mm thick specimens. In 

order to fit the test for a mortar level specimen, the amount of voltage applied was reduced from 

the standard 60 Volt to 10 Volt, while increasing the time for the test that was given to be 6 

hours to 24 hours. Keeping the other standards aligned with the regular procedures, including 

the 3% NaCl solution in one container and 0.3 M NaOH solution in the other container.  

Figure 5.1 shows the setup of custom-made rapid chloride penetration test that fits smaller 

specimens of the hybrid cement composite. Once the specimens were penetrated by the chloride 

ion, the samples were divided equally into four-portion parallel to the chloride penetration 

direction, and each portion was used for a different purpose. Again, each of the portions was 

sliced by 5mm thickness in a perpendicular direction from the chloride penetration. To examine 

the penetration depth of chloride ion in the hybrid cement composite AgNO3 was sprayed on the 

sliced samples, and a simple visual inspection was done. In addition, the sliced samples were 

grinded into powder to evaluate the concentration of Cl- content on each slice using ion 

chromatography method. The electrical resistivity of each slice was measured as well in order 

to compare with the concentration of chlorides in the slices. Furthermore, the degree of hydration, 

porosity, and loss on ignition for each slice was also measured for a better understanding.  
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Figure 5-1 Custom made rapid chloride penetration testing instrument setup 

  

5.2.2.2 Embedded hybrid cement composite  

In addition to chloride profiling, the hybrid cement composite was embedded inside a reinforced 

mortar specimen to reciprocate the real-world scenario in the experiment. Two rectangular 12 

cm × 80 cm × 180 cm (W × H × L) mortar specimens were reinforced using 2 ø10mm bars from 

the opposite side of the sensors, and all except one face of the mortar is coated with an average 

of 2 mm thickness epoxy layer to prevent any lateral diffusion of chloride ions from the side. 16 

sensors were embedded inside each mortar samples following a sequential pattern, as shown in 

figure 5.2. There are four rows of sensors in each, and every row contains four sensors, and the 

rows follow one another in line to the other without one blocking other. The nearest and distant 

sensors to the exposed outer surface are 1cm and 4 cm, respectively. The samples were cured 

for 28 days inside pure water at room temperature. After water curing a different cycle starts, 

the samples were immersed for one week inside a 10 % chloride solution and then let them dry 

in air for one week each step following the other in a repetitive manner. Data collection was 

Voltage testerCustom made mold

NaCl Solution (3%)

NaOH solution (0.3M)

Sample
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done after every two wet and two dry cycles for each case using both AC and DC measurements. 

Furthermore, to profile the mortar specimens for chloride ingression, additional samples were 

prepared with the same dimension but without the embedded sensors and follow the same 

immersion and drying cycle. These specimens were drilled up to 4cm to profile the mortar during 

the 6th and 12th cycles.         

 

Figure 5-2 Schematic diagram showing the embedded sensors inside a reinforced mortar 

for chloride monitoring 

5.3 Result and discussion  

5.3.1 Chloride profiling of hybrid cement composite  

As shown in figure 5.1, the rapid chloride migration was done by custom-made instruments. The 

main goal of the experiment is to have a result in a short period of time before conducting the 

main chloride immersion technique, which could take years before a valuable result are seen. 

However, by conducting the rapid chloride migration test, the samples can be penetrated within 

Hybrid cement

composite

Rebar
Mortar
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hours, which involve artificial acceleration of the process by using electrical voltage. In this 

study, the CCF2 hybrid cement composite sample was selected based on the studies done in 

chapter 4 due to its reliability. In addition, C3CF2 was prepared considering the adverse effect 

of temperature on CNT based mixtures during high voltage application. To avoid unwanted heat 

raise during the experiment, half the CNT content (0.3% CNT- content) was used compared to 

the original reliable mixture (0.6% CNT- content). Note that not only the CNT content was 

reduced but also the applied voltage was also decreased from 60 V to 10 V during the experiment 

for both mixtures to control the temperature.  

5.3.1.1 AgNO3 spry method 

After the test, the samples were sliced in a 5 mm thickness following the chloride ingression 

direction. The first test was done by spraying silver nitrate (AgNO3) 0.1M solution on the sliced 

samples as recommended by ASTM C1202 to check the depth of chloride penetration. The 

application of AgNO3 on chloride penetrated samples lead to the formation of AgCl, which is 

white precipitation signifying the existence of chlorides on the samples. If none of the chlorides 

penetrated the samples, the brown color would be seen on the surface, showing a free zone from 

chloride. As shown in Figure 5.3, both samples were penetrated by the chloride. However, the 

temperature has a great effect on the specimens as expected, even though both mixtures have the 

same mix design except the amount of CNT content and both passing through the same 

experimental procedures the result was different. The chloride penetration depth based on this 

test for C3CF6 was about 10 mm to 15mm top, as shown in figure 5.3(a). On the other hand, 

Figure 5.3(b) shows the CCF2 depth of penetration, which is almost throughout the full depth 

were the last two depths (25 mm & 30 mm) were partially affected. This could be due to the 
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high-temperature rise of the specimens were subjected to a microcrack affecting the chloride 

ingression to go simply through the specimens. Additional experiments were taken to cross-

check the result from AgNO3 spraying using ion chromatography.  

 

(a) 

 

(b) 

Figure 5-3 Hybrid cement composite samples sprayed by AgNO3 based on the profiling 

depth after the rapid chloride penetration test (a) C3CF2 (b) CCF2 

 

Sample 

No.

(C3CF2)

Chloride 

penetration 

Depth

Profiling depth (mm)

5 10 15 20 25 30

1
Up to

5 mm

2
Up to 

10 mm

3
Up to 

5 mm

Chloride penetrated 

(white part)

Chloride free

(Brown part)

Sample 

No.

(CCF2)

Chloride 

penetration 

Depth

Profiling depth (mm)

5 10 15 20 25 30

1
Up to

25 mm

2
Up to 

25 mm

3
Up to 

20 mm
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5.3.1.2 Ion chromatograph  

To get more meaning full data than proving evidence of chloride presence based on visual 

inspection like AgNO3 spry, an ion chromatography test was conducted. This is done to examine 

and quantify the chloride concentration on each layer or depth by taking powders based on parts 

per million (ppm) of the hardened cement composite. It is worth mentioning that the test is done 

twice to avoid any errors during the experiment or powder selection processes by using two 

different apparatus. Furthermore, the result presented here is the average of the two experiments 

done in different laboratories. Table. 8 shows the amount of chloride concentration on each depth.  

Table 5-2 Chloride concentration of the hardened hybrid cement composite based on ion-

chromatography 

Depth (mm) 5 10 15 20 25 30 

0.3% CNT 

sample(ppm) 

1046.77 1144.04 417.32 497.65 130.80 48.16 

Loss on ignition 

(%) 

11.90 10.20 11.90 9.52 10.42 8.51 

0.6% CNT 

sample (ppm) 

1602.16 1653.89 1677.29 1425.47 1263.77 593.62 

Loss on ignition 

(%) 

11.76 11.11 12.90 13.51 12.82 10.71 

 

The results of the experiments were aligned with the previous results made by visual inspection 

in the pictures shown above. The concentration of the C3CF6 samples was mostly high at the 

initial depth of the specimens 5 mm and 10 mm, which is 1046 ppm and 1144 ppm, respectively. 

Compared to their respective specimens (CCF2), even at the initial phase, the concentration is 

much lower by around 34.6 %, and 30.8 %  and the remaining depths were mostly lower than 

500 ppm interms of the chloride concentration. On the other hand, CCF2 specimens have shown 

a much higher and a relatively consistent number of concentration between 1602 ppm to 1263 
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ppm for most of the profiled depth except the final 30 mm depth having a lower concentration 

of chloride, 593.62 ppm. The loss of ignition results have shown diverse results and the relation 

with the chloride concentration on each profiling depth is low. This could be due to the higher 

percentage of carbon fiber by mass in the hardedend hybrid cement composite affecting the loss 

of ignition easily by the fiber concentration. The relationship between the conductivity and the 

chloride concentration will be discussed in the coming sections. 

5.3.1.3 Porosity  

In order to check the effect of chloride penetration on the porosity of the specimens, the total 

and incremental pore volume of the specimens were taken using MIP. Table. 5.3 shows the total 

intruded volume of the specimens. From the result, the total intruded volume of CCF2 before 

chloride penetration is as shown in the previous chapter (0.0621), which is much lower than the 

intruded volume after chloride penetration, which is in average 0.1159. The increase in total 

intruded volume is over 80 % due to chloride ingression in the hybrid composite. This effect is 

mainly attributed to the large capillary pores or pore sizes of more than 100 nm by comparing 

the results with none-chloride samples.  On the other hand, the capillary pores and mesopores 

have a negligible effect by comparison, as shown in figure 5.4 (b). This indicates the effect of 

the temperature during the experiment was too high and has influenced the porosity and has 

created microcracks.  

The same experiment was conducted on the C3CF2. From the result, except for the 5 mm sample  

that should a silight decrease on mesopores from the average 65% ,the remaining samples total 

intrusion was fairly equal. On average, it is around  0.0811mL/g. By relating it with the chloride-

free CCF2 samples, the total intrusion, which is 0.0621 the porosity of C3CF2 has increased by 
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30.5% by chloride ingression. Comparing it to the 80% chloride ingressed CCF2 samples, the 

amount is relatively low. Furthermore, the incremental pore volume in figure 5.4 (a) shows a 

very  dispersed results despite the chloride penetration depth direction. In general, the above 

discussion shows the amount of CNT in the experiment has a major role and will affect the rapid 

chloride test, and future studies should take a note from the above results. Note that even though 

the temperature has its own effect on the samples but since the chloride concentrations were 

known by ion chromatography and the effect of the temperature was uniform throughout the 

depth of the specimen, in overall, the resistivity data won’t be affected for both specimens. This  

was confirmed further by analysisng the relation ship between the porosity and the chloride 

concentration as shown in figure 5.5. The result indicates that the total introded volume in the 

hybrid cement composite has no direct relation to the amount of chloride penetrated the 

specimen this was true for both samples. Eventhough the samples have shown microcracks 

especailly for CCF2 samples by increase in large voids but it was diffcult to say there was a 

direct relation. This also extend to the resistivity effect due to porsity there was no relation 

especailly for the C3CF2 samples.  

Table 5-3 Total intruded volume of the hybrid cement composite samples with chloride 

ingress 

Sample 

name 
Depth 

Mesopores 

(Pores < 

50nm) 

Capillary pores 

(Pore b/n 50 & 

100nm) 

Large voids 

(Pore>100nm) 

Total 

intruded 

volume 

[mL/g]  

C3CF2 

5 0.0359 0.0032 0.0249 0.0640  

10 0.0497 0.0022 0.0295 0.0815  

15 0.0556 0.0016 0.0284 0.0855  

20 0.0637 0.0016 0.0114 0.0768  

25 0.0566 0.0017 0.0182 0.0765  

30 0.0564 0.0021 0.0266 0.0852  

CCF2 
5 0.0374 0.0027 0.0641 0.1042  

10 0.0392 0.0037 0.0960 0.1389  



 

 

 

-109- 

15 0.0181 0.0019 0.1300 0.1500  

20 0.0370 0.0031 0.0698 0.1098  

25 0.0326 0.0019 0.0630 0.0975  

30 0.0390 0.0050 0.0507 0.0947  

 

 

(a) 

 

(b) 
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Figure 5-4 Pore size distribution of chloride ingress samples following the profiling depth  

for (a) C3CF2 samples and (b) CCF2 samples 

 

 
Figure 5-5 Relationship of the total intruded volume and chloride concentration in the 

hybrid cement composite  

 

 

5.3.1.4 Profiling depth relation to Wne/b ratio 

The non-evaporated water to binder ratio (Wne/B) was compared  with the chloride pentration 

direction by profiling the sample by depth as shown in figure 5.6 This experiment were done 

previously by tafesse et al., 2019  for paste samples with non-chloride samples or samples free 

from chloride, and the result showed that a difference of less than 5% between both mixtures 

(C3CF2 and CCF2). On the other hand, on this experiment, a mortar based mixture was used 

and the difference between both mixtures was a minimum and maximum of 10.8 % and 40.2 %, 

respectively. In addition, both results showed a consistent increase in hydration as the depth of 

the specimen increases, especially for CCF2 samples. This could be due to binding of the 
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chloride in to Fridal’s salt chemicaly at the initial depth, which will increase the evaporable 

water.     

 

Figure 5-6 Non-evaporated water-to-cement ratio (Wne/C) of the hybrid cement 

composite based on the profiling depth of the chloride ingress samples 

 

5.3.1.4 Resistivity and chloride concentration relation  

To analyze the sensing capability of the hybrid cement composite specimens to the chloride 

ingression, the sliced samples were not only measured for the Cl¯ concentration, but also the 

resistivity of each sliced sample was measured. Figure 5.7 shows the relation of the chloride 

concentration with the resistivity clearly. For instance,  C3CF2 samples have low chloride 

ingression, which was also signified by a low resistivity result, especially as the depth of the 

specimen increased. On the other hand, at the front side were the chloride concentration is high, 

the resistivity was high as well.  The same is true for CCF2 samples were the concentration of 

chloride is above 500 ppm almost for all samples, which was also implied by a high resistivity 

mostly in kiloohms.  In addition, figure 5.8 showed an exponential relationship between the 
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concentration of chloride and the resistivity were the R2 value is 0.6776 and 0.5499 for C3CF2 

and CCF2 specimens, respectively. This result have showed even under the influence of the 

temperature and the microcrack the hybrid cement composite can be still used as a reliable means 

of chloride sensing. The above data can be improved highly by avoiding the surrounding effects 

and if the chlorides were allowed to be ingress inside the composite without any voltage 

application only through time. 

 

Figure 5-7 Chloride concentration and resistivity result of the hybrid cement composite 

by the profiling depth  
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Figure 5-8 Chloride concentration and resistivity realtionship of the hybrid cement 

composite sensing capability  

5.3.2 Mortar embedded hybrid cement composite sensors  

5.3.3.1 Ion chromatograph 

Figure 5.9 shows the chloride concentration in ppm based on the depth of the specimens. Three 

reinforced mortar specimens were fabricated without embedding the hybrid sensors inside the 

mortar. However, all three samples were subjected to all the conditions, which the mortar 

specimen with embedded sensors experienced. This was done in order to drill the samples 

without affecting the sensors. For the accuracy and homogeneity of the test throughout the cross-

sectional area, each of the specimens was drilled in 3 different places and profiled in 5 mm 

difference at a maximum depth of 40 mm.  

The ion chromatography result shows a lower concentration of chloride in general. The initial 5 

mm and 10 mm showed a higher concentration of chloride around 600 mg/kg to 800 mg/kg. 

Except for sample 3,  which showed oddly higher concentration in 10 mm depth that is around 
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1200 mg/kg. Below this depth, the concentration of chloride is mostly less than 600 mg/kg, and 

this gets lower while the depth increased having a minimum of 80 mg/kg approximately. In 

addition, in the previous section of rapid chloride penetration, the response of resistivity was 

low for most of the cases having low chloride concentration below 600 mg/kg.  

 

Figure 5-9 Chloride concentration of each profiling depth of the hybrid cement 

composites based on ion-chromatography test result  

 

Furthermore, the specimens are not yet at there full penetration depth, which is currently six 

months for all specimens. Until now, the chloride has reached at 10 mm depth where the sensors 

can pick the change; however, 10 mm is just the first sensors front side, which might take some 

time for the first sensors row to pick the change. Please note that this is a time taking experiment, 

which usually takes a year or two for specimens with 0.5 water to cement ratio to reach the full 

depth of the sensors.  
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5.3.3.2 Resistivity and chloride concentration relation 

Even though, the chloride concentration that have reached the sensors is very low to be picked 

by the sensors but here are some of the initial stages that are showing the capability of the hybrid 

cement composite sensors seen in the rapid chloride penetration test done earlier. Figure 5.10 a 

and b shows the resistivity of 10 mm, 20 mm, 30mm, and 40 mm depth sensors change in 6 

month period including the initial measurement before immersing the specimens inside the 

chloride solution. The most overwhelming and noteworthy to take note of is that of all the 32 

embedded sensors inside the mortar samples, not a single sensors have failed to do. This shows 

the high reliability and sustainability of the sensors during the 6-month cycle. On top of that, 

Since the chloride concentration that reached the sensors is low, the change was very low as 

well. In general, while comparing the initial resistivity with the last resistivity measurement 

taken, a slight and negligible increase was seen in the result clearly.  

On the other hand, a measurement was taken on a row of 4 sensors, which are connected in series. 

They are measured as a single circuit, as shown in Figure 5.2. The series combination of 4 

sensors as a single unit of measurement has given a more clear result on the initial stages. Figure 

5.10 (b) shows an increase in resistivity on each depth in general. The most change in resistivity 

was seen consecutively for 10 mm and 20 mm specimens having a change of  2137 Ω-cm and 

1807 Ω-cm, which is roughly two-fold of the initial measurement. For the 30 mm and 40 mm 

depth of the row sensors, the resistivity has increased as well by half the initial measurement 

during the last measurement. In addition, the rise in resistivity seen in both graphs was smooth 

and consistent in time, even if the numbers were quite small to make a conclusion.  
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(a) (b) 

Figure 5-10 Embedded sensors change of resistivity for chloride monitoring  (a) 

individual sensors result (b) seriously  conected sensors result  

  

(a) (b) 

Figure 5-11 Embedded sensors change of capacitance for chloride monitoring  (a) 

individual sensors result (b) seriously conected sensors result 

  

5.3.3.3 Capacitance and chloride concentration relation 

This experiment was conducted based on the result of the phase angle seen in the preliminary 

study of this dissertation. It was seen that the hybrid cement composite has a capacitive sensor 

property as well. And due to the heterogeneous nature of the concrete, the pores and microcracks 

might act as a dielectric inside the hybrid composite initiating the capacitance. The infiltration 
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of substances like water and chloride in the pore structures of the composite or the microcracks 

could lead to a decrease in the capacitance. In figure 5.11 (a), the results of individual sensors 

average based on their depth is shown. During the first month of curing the specimens inside a 

chloride solution, the capacitance has decreased the most from its initial value before curing. 

However, after that the individual sensors result were shown to increase slightly. Furthermore, 

during in a row measurement of sensors the same results were obtained like the individual 

sensors a decrease at the initial age. However, the capacitance further decreased consistently in 

the later ages, even though the decrease is very small and negligible.  

5.3.3 BSE-SEM, EDX, and EPMA analysis  

In order to check if the chloride have penetrated the sample the following analysis were taken 

by immersing the sensor for 3 months in a 10% NaCl solution. The sample were prepared by 

cutting the specimen in mid-section using a high precision diamond saw. Figure 5.12 and figure 

5.13 show the BSE-SEM, EDX, and EPMA mapping images of the CCF2 sample cross-sections. 

From the result, both hydrated and unhydrated products contain Ca-ion with a slight amount of 

Si and Al ion. The amount of Al-ion increases on the unhydrated products and the fine aggregate, 

the same is true for Si and Na, while a negligible amount of S and Fe ion were seen, in general. 

O-ions were seen all over the area inside the perimeter having higher concentration on fine 

aggregates. On the other hand, the C-ions were detected on both figures in a scattered pattern 

throughout the area having higher concentration in most spots in the area, but mostly the carbon 

fibers were visible. Another data was also seen on the BSE images, that the microcracks 

observed are uniformly distributed throughout the sample, as shown in appendix c. This will 

facilitate the chloride intrusion in the composite but, based on the mapping of the Cl-ion it is 
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clear that Cl- diffusion had taken place in a slight amount. Meanwhile, the EDX  also showed a 

similar result, giving a concentration of 1.72% from the total mass, as shown in figure 5.12.    

 

Figure 5-12 BSE-SEM, EDX mapping and element composition of CCF2 hybrid cement 

composite immersed in chloride for 90 days 
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Figure 5-13 BSE-SEM and EPMA image mapping of CCF2 hybrid cement composite 

immersed in chloride for 90 days 

 

The Cl-ion were also seen in the EMPA mapping all over the hydration products with a more or 

less constant intensity and images were taken on different levels to analyses the concentration 

by depth at each point, as shown in figure 5.14. Even though, the brightness is not that much, 

which shows that the chloride would not have any effect on the hybrid cement composite but the 

slight concentration that intruded the composite were distributed fairly all over the area of the 

hybrid cement composite. Furthermore, since the chlorides were intruded from all sides the 

uniformity was expected on the sides, however, observing the same result on the most center 

part would have a substantial implication on the sensing ability of the composite. The uniform 
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distribution of Cl-ion would help the chloride sensing ability by affecting the conductivity not 

only on the surface but also throughout the sample conductivity network, which will give a more 

reliable data.   

 

 

Figure 5-14 Chloride depth mapping in different levels using EMPA image of CCF2 

hybrid cement composite immersed in chloride for 90 days 

5.4 Discussion 

This chapter follows a different approach from most of the studies made earlier to monitor the 
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suitable. However, in order to fit the ASTM C1202 standard, the whole setup was redesigned, 

and the amount of the voltage was also regulated to 10 Volt from 30 Volt to reduce the heat 

evolution. Furthermore, as a control sample, C3CF2 was used by reducing the amount of CNT 

by half from the original CCF2 samples. In addition, Knowing how the composite conduct 

electricity will help to analyze the reaction of the hybrid cement composite for chloride 

ingression. The ingression of chloride ion and binding to the hydration products would reduce 

and block the existing highly conductive network of carbon fiber and CNT, which is much 

conductive than water and chloride solution conductivity. The results also indicate an increase 

in resistivity as the chloride amount in the matrix increased. Furthermore, as the chloride amount 

increase in the cement matrix, it would create cracks, which further decrease the conductivity. 

After the test, the samples were profiled in a 5 mm thickness perpendicular to the chloride 

penetration direction. Different approaches were taken in order to analyze the depth of the 

chloride in the specimen accurately. This is because it is a fundamental step before analyzing 

the relationship between the conductivity and the penetration depth. Initially, a simple visual 

inspection was done to check the penetration depth using AgNO3. In addition, the total chloride 

was analyzed using the crashed powder of each profiled depth of chloride penetration in the ion 

chromatography test, which gives the exact concentration in ppm. Both results have shown a 

similar result having 10 mm and 25 mm chloride penetration depth for C3CF2 and CCF2 

Furthermore, the loss of ignition, non-evaporated water to binder ratio, and porosity were 

measured with the intention of investigating the chloride effect by chloride penetration depth 

systematically. However, the loss of ignition was affected by the amount of carbon fiber inside 

the hardened hybrid cement composite. The high temperature for the ignition that is around 1000 



 

 

 

-122- 

⁰C will lead the carbon fiber to oxidation at about 400 ⁰C 9. However, the non-evaporated water 

to binder ratio was conducted using a 100 ⁰C. The result showed a consistent increase in Wne/B 

ratio for both specimens as the depth of the specimen increases, especially for CCF2 samples. 

This could be due to chloride binding and formation of Fridal's salt formation on the initial depth 

(Kim., 2013). The following statement can be seen by the total intruded volume decrease at 5mm 

and 10mm while showing the maximum intruded volume at 15 mm and decreased again for the 

remaining depth. This was seen on both C3CF2 and CCF2 samples. In addition, the total intruded 

volume increased by 80% due to the chloride ingression for CCF2 samples. However, this is not 

solely contributed to the chloride ingression rather the effect of the temperature was also another 

factor for creating microcracks. The formation of microcracks was proven through visual 

inspection, in addition, the drastic increase of large pores(>100nm) in the intruded volume was 

also another proof compared to the C3CF2 specimens having a regular porosity distribution 

throughout the depth. From the result, it was clear that the rapid chloride penetration test was 

sensitive for conductive fillers inside the composite (Stanish et al., 2001; Ahmad and Kumar, 

2013). However, since the effect was uniform through the depth of CCF2 samples, the 

conductivity was not affected by the microcracks. In addition, their were no relations between 

the porosity and chloride concentration, which gives an advantage to analysis the chloride 

concentration data in terms of the resistivity with minor effects. Note that microcracks were 

slight or insignificant for C3CF2, which showed a better relationship than the CCF2 having 0.68 

coefficient of determination. The following results can confirm that the results can be further 

improved more by lowering the voltage to reduce the resistance that creates heat evolution (Dalla 

et al., 2019).  
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The same is done for the reinforced specimens cured under 10% NaCl for six months. Three 

samples were tested for ion chromatography by digging three holes in each sample and averaging 

all. All most all of the profiled depth showed chloride concentration below 600 ppm except for 

the initial depth, 5 mm. It was clear from the above test, the rapid chloride penetration test, for 

the chloride samples to achieve major changes in resistivity the chloride concentration should 

be at list above 600 ppm. Based on this, the embedded samples are yet to sense the chlorides 

since there is a low concentration. However, based on a series method of measurement, the initial 

10 mm row of sensors have picked on the chloride intrusion by an increase in resistivity and a 

decrease in capacitance. 

Moreover, to check if the chloride is intruding the hybrid cement composite, the sample was 

sectioned in the mid by half, and then on the edge side, the chloride concentration was observed 

using BSE-SEM and EDX. It was proved that the chloride had penetrated the samples most 

exterior parts. This was also confirmed clearly through EPMA mapping. It was interesting to 

find out that the chloride was not only present on the outer part, but also through different point 

observations, the chloride was found fairly dispersed throughout the composite form the most 

exterior to the most interior part of the hybrid cement composite. This could be for two reasons, 

one is that due to the pore connectivity inside the matrix, even though it was not observed in the 

porosity relationship result and the other is the periodical measurement of resistance might help 

the ions to be distributed, however, this needs further research to conclude.   
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5.5 Conclusion  

The following conclusions are drawn from the profiling of CNT-CFs hybrid cement composite 

for sensing capability study using a rapid chloride penetration method, including chloride 

monitoring study embedding the hybrid cement composite inside a reinforced mortar.  

- The chloride depth analysis made using AgNO3 and ion chromatography has shown 

more or less very close results.  From the results,  the majority of chloride concentration 

was detected at about 10 mm for C3CF2 specimens, and the chloride depth goes as far 

as 25 mm for CCF2. It is worth mentioning that both the visual inspection and chemical 

analysis have given similar chloride penetration depth.  

- From the pore analysis, more than 80% of the total intruded volume increase as the 

chloride ingress in the hybrid composite majorly due to pore sizes over 100nm. On the 

other hand, the capillary pores and mesopores have negligible effects in comparison. 

This is especially true for CCF2 samples. This indicates the appearance of microcracks 

in the CCF2 samples during chloride penetration. 

- The non-evaporable water to binder ratio has for increased as the depth of chloride 

ingression increased, showing the effect of the chloride binding on the hybrid cement 

composite.      

- The effect of CNT concentration on the specimens during chloride penetration were 

seen in the experiments clearly. Even though both C3CF2 and CCF2 were conducted 

under the same condition, the chloride penetration depth was completely different. This 

is mainly due to the effect of temperature rise during current flow through the resistive 
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hybrid cement composite specimens, and it is also responsible for facilitating the 

microcracks observed in the porosity result. 

- During the relationship study for the sensing capability of chloride using hybrid cement 

composite, the resistivity the have increased as the chloride concentration increased. 

The sensing capability of the hybrid cement composite R2 value for C3CF2 and CCF2 

were 0.68 and 0.55, respectively. Even though the R2 value is fair, but the microcracks 

occurred during the experiment due to high temperature have influenced it to be low.  

- Embedded samples change in resistivity have shown a slight increase in resistivity 

through time. However, since the age of the samples is six months, the samples could 

change through time. This is true for the capacitance as well. On the other hand, sensors 

measured in a serious connection by row should clear results on the initial chloride 

penetration by depth on both the resistivity and capacitance by increasing and 

decreasing continuously in time.   
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Chapter 6. Multiple CNT-CFs hybrid cement composite sensors 

embedded in reinforced mortar for crack and moisture monitoring  

6.1 Introduction 

As discussed in section 1.1 of this paper, we can understand that most sensors are limited to a 

specific purpose. However, in this chapter, the capability of hybrid cement composite sensors 

multifunctional properties will be tasted in terms of crack and moisture. Note that for chloride, 

the study was discussed in chapter 5. Specifically, the crack sample detection and location, 

including their healing abilities, will be discussed in detail in this section. However, only an 

introductory study is done on moisture to show the capability in the area.      

6.2 Materials and method 

6.2.1 Materials and mix proportions 

The same materials and mix proportions will be used in this study, as shown in chapter 5, 

including the procedure of mixing mentioned in chapter 4. Table 6.1 shows the mix proportions 

in the chapter.  

6.2.2 Experimental methodology  

6.2.2.1 Moisture sample 

To investigate the moisture, four hybrid cement composite sensors with a cubic dimension (1 

cm × 1 cm × 1 cm) were embedded inside a rectangular mortar specimen of 120 cm × 110 cm × 

140 cm (W × H × L) as shown in figure 6.1. Each embedded sensor has equal distance from 

each other in a circular pattern having a small circular inlet in the center, 4 cm depth and 1.5 cm 

diameter, to measure the moisture level of the inside concrete. Measurement of the relative 
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humidity was taken using a Vaisala HNP40S probe and a Vaisala HN40 indicator. Before 

embedding, the sensors were cured inside water for 91 plus days, and after embedding the mortar 

was cured for another 91 days inside water. Initial measurements were taken at wet and dry state 

then the samples were placed inside water in a humidity chamber of 80%. This was done to get 

a higher humidity level inside the mortar specimens. On the other hand, to lower the relative 

humidity in the mortar silica gel was used due to their high moisture absorption capability. This 

process was done to decrease the relative humidity progressively from higher relative humidity 

range to the lower gradually while monitoring the change in the electrical properties 

continuously.   
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Figure 6-1 Schematic diagram of moisture samples showing the embedded sensors inside 

a mortar 

 

 

6.2.2.2 Crack samples  

For the crack sample preparation, 2.5 × 2.5 × 30 cm (W × H × L) hybrid cement composite 

specimens were prepared and embedded inside a reinforced mortar specimen with 1 ø10 mm 

bar, as shown in Figure 6.2. For each of the rectangular 130 × 130 × 340 (W × H × L) mortar 

specimens, six hybrid composite sensors were embedded inside, three exposed to the lower 

surface in the tension side and three on the compression side having 30 mm cover from the top 

surface. Before embedding the hybrid, cement composite was cured inside water for 28 days. 

After curing, the samples were air-dried to brush silver paste and attach a wire on both ends of 

the composite and to make the connection of the wire, and composite firm epoxy was applied 
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on top. Before applying any type of force on the reinforced mortar samples, it was cured for 91 

days until it gets its full maturity. Then the samples were tested for three-point flexural bending 

while monitoring the resistivity of the hybrid cement composites inside the mortar specimen. 

Furthermore, the samples were left for one month, one in air and one inside water to check the 

self-healing properties on the conductivity of the cracked samples measuring both AC and DC 

data.   

 

Figure 6-2 Schematic diagram of crack samples showing the embedded sensors inside a 

reinforced mortar  

6.3 Result and discussion  

6.3.1 Moisture monitoring  

The relative humidity measurement is conducted to show the capability of the CNT cement 

composite sensing ability beyond the common studies like chloride and crack sensing. Note that 

this is not a detailed study of moisture sensing and monitoring. In this study, the aim is to show 

the relationship between the CNT cement composite resistivity and the relative humidity, as 
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shown in figure 6.3. From the study, the sensors measurement has should a coefficient of 

determination about 0.7906 with a linear relationship. On the other hand, the mortar 

measurement between the sensors was fluctuating; however, the result was still straight forward 

with a coefficient of determination of 0.4197.  

In the upcoming studies made on this dissertation of saturated and dried specimens, the 

benchmark for the change in resistivity was 55 Ω-cm. Any specimen having a resistivity below 

the benchmark point the resistivity will increase by moisture, and the opposite is true for 

specimens having initial resistivity above 55 Ω-cm the resistive will decrease as the samples get 

wet. However, the same things were not observed in this study in both cases, the resistivity have 

increased as the humidity decreases. This effect is very low in a range of between 40 Ω-cm to 

45 Ω-cm for the sensor measurement. This makes it difficult to make a boundary on this small 

range. However, it is possible to do so, if the samples accuracy and stability can be pushed 

further from current ±0.5 Ω-cm precision to a very high ±0.001 Ω-cm sensitivity. In most 

literature reviews the CNT cement composite fluctuation is very high, as high as ±10 Ω-cm to 

±100 Ω-cm on measurements made on the single specimen at different times. In addition, the 

depth of the sensors used to monitor the moisture were 1cm, this have to be improved by 

increasing the depth of the hybrid cement composite to get a better result and use the samples as 

an electrode for the surrounding mortar sample measurement. Please note that this study is a 

relationship study, not the sensing capability of the hybrid cement composites. The sensing 

capability is very low, due to the small range between the fully dry sample and saturated sample. 

In addition, the fluctuation or low sensitivity have their contribution to the sensing capability.  
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Figure 6-3 Relative humidity and resistance relationship of the hybrid cement composite 

embedded in reinforced mortar for moisture monitoring 

6.3.2 Crack monitoring  

The goal of this study, crack monitoring, is not only to show the capability of the hybrid cement 

composite to detect crack but also to make sure that the sensor is a reliable, durable and above 

all, sustainable, which can be reliable even after large and multiple cracks were detected. In 

addition, the sensors would be able to locate the primary position of the crack, including the 

width of the crack. Furthermore, the effects of moisture and microcracks, which are difficulties 

in most cement-based composite sensor studies by creating fluctuations on the resistivity data. 

However, in this study, their effect was kept to the minimum so that the monitoring would not 

be affected easily.  

Note that the measurement methods used throughout the study are shown in figure 6.4. four 

different kinds of measurement were used: the first is measuring only the hybrid cement 
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composite, which is sensor measurement [S meas.] from one end to the other. The second is 

horizontal measurement [H meas.], measuring the conductivity of the surrounding mortar, which 

is between the two hybrid cement composite sensors used as an electrode. The third and fourth 

are basically similar to horizontal measurement on their approach but are made in a vertical [V 

meas.] and cross over [X meas.] directions, as shown in figure 6.4.  

 

Figure 6-4 Measurement directions of the hybrid cement composite and the mortar 

between the hybrid cement composites 

 

6.3.2.1 Before cracking (Initial resistivity) 

The initial resistivity has been measured in order to check the effect of moisture before cracking 

the samples. Figure 6.5 shows the change in resistivity by the number of the sensors embedded 

in the reinforced mortar while in SSD and dry conditions. This was conducted in order to check 

the effect of moisture and its relation with the initial conductivity of the composite. The 

measurement was taken in many ways: the first is by directly measuring the hybrid cement 
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composite sensor embedded inside the reinforced mortar [S meas.], the second and third 

measurement was done by using the embedded hybrid sensors as an electrode horizontally and 

vertically, respectively as shown in figure. 6.4 [H meas. & V meas.]. The results from the 

experiment show that most of the measurements with resistivity above 55 Ω-cm were affected 

by water inside the reinforced mortar, increasing the conductivity up to 32%. On the other hand, 

all initial resistivity measurements below 55 Ω-cm showed a decrease in conductivity by the 

effect of moisture. Note that the effect of the moisture on the sensors were very low that most of 

the conductivity loss is below 5% with an R2 of 0.073 showing very low relationship, unlike the 

vertical and horizontal measurements with an R2 of 0.614, which is an identical value for both 

measurements.  

 

Figure 6-5 Initial resistivity relationship measurement of crack specimens due to change 

in moisture  
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Figure 6-6 Three-point bending test setup and crack propagation directions 

 

6.3.2.2 During cracking (bending test) 

After the initial resistivity measurement, the samples were placed in a three-point bending test, 

as shown in figure 6.6. During cracking, the resistivity of all the six embedded sensors in the 

reinforced mortar was measured on a real-time basis simultaneously. After the crack, multiple 

shear and flexural cracks were seen in the specimens in different locations. These cracks were 

also investigated by measuring the horizontal and vertical resistivity measurement by using the 

sensors as an electrode.  

Figure 6.7 presents the sensors resistivity measurement while the samples were under crack. As 

shown from the graph, the resistivity was smooth before the crack happened. This shows the 

reliability of the sensors to not fluctuate under certain loads. Furthermore, even after the cracks, 

the conductivity of the sensors were not lost completely or were very high to the extent of that 

monitoring was not possible anymore, rather the sensors were working with a remarkable 

performance having only a reasonable resistivity increase due to the cracks. These results are 
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shown in figure 6.7 a and b with their corresponding width of the crack. For cracks with close 

to zero width of crack the overall increase in resistivity was very low and in some sample no 

change at all were recorded. And for the cracks with significant crack width, the resistivity has 

spiked high during the cracking time and slightly decrease in time and attained a constant 

resistivity in time after the cracks occurred. For cracks with crack width from 0.05 to 0.3, the 

resistivity has shown an increase from 100 Ω-cm up to 700 Ω-cm, respectively.  

 

(a) 

0

50

100

150

200

250

300

350

400

450

500

0 1 2 3 4 5 6 7

R
es

is
ti

v
it

y
 [
Ω

-c
m

]

Time [min]

1 2 3 4 5 6

Crack Width [CW]: mm

Cracking

Yielding

Unloading 

30

50

70

90

110

3 4 5

CW: 0

CW: 0.293

CW: 0.164

CW: 0

CW: 0.076

CW: 0.053



 

 

 

-136- 

 

(b) 

Figure 6-7 Real time monitoring of the resistivity change of sensors during a three-point 

bending test for crack monitoring 

  

Furthermore, the resistivity percentage increase graph in relation to the crack width has shown 

a tangible result, as shown in figure 6.8, with an R2 value of 0.825. The crack width has shown 

a linear relationship with the increase in resistivity due to the crack. This result indicates not 

only the crack width but also could locate the primary crack area by the number of the sensors 

location in the reinforced mortar. However, since the number of specimens used in this 

experiment is low (12 embedded sensors), a further experiment is required in the future with 

more sensors in order to get even a higher coefficient of determination and to understand the 

effects of cracks with their respective resistivity increase range.   
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Figure 6-8 Crack width Vs change of resistivity relationship of the hybrid cement 

composite during cracking 

 

6.3.2.3 After cracking 

The vertical, horizontal and cross over measurements of resistivity have also supported the 

cracking of the specimens by further investigating the dry and wet conditions of the specimens 
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cement composite sensors. Even though it was difficult to extract the crack width data between 

the sensors due to the multiple cracks and many surface fractures, however, a visual inspection 
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From the result, it was seen an increase in conductivity when the sample was in a wet condition 

for most of the cases with resistivity above 55 Ω-cm. The resistivity value for most of the 

measurements before crack either in dry or wet conditions is below 100 Ω-cm, which is very 

R² = 0.8254

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

1 10 100 1000

C
ra

ck
 w

id
th

 (
m

m
)

% Change in resistivity 



 

 

 

-138- 

conducive and stable. In addition, on locations were no cracks were observed, the fluctuation is 

slight and insignificant, as shown in figure 6.10 (b) on sample 2. This supports the data measured 

using only the sensors and the visual observation made on the cracks. It is worth to mention that 

the numerical data of these results and pictures on all sides of the specimens including the crack 

width observed are all included as supplementary data in appendix D.  

 However, once the crack is introduced through the bending test to the specimens, the dry state 

resistivity has increased significantly, showing the crack occurrence in the designated area in 

addition to the data spike increase seen while direct monitoring. And after saturating the cracked 

samples, the resistivity has shown a drastic decrease in resistivity due to water intrusion between 

the cracks, which will affect the monitoring for cases like underwater monitoring. However, it 

was possible to identify the cracks even under full saturation by using cross over measurement. 

During the initial cross over measurement before crack there was no conductivity between the 

hybrid composites but after the crack due to moisture diffusion through the crack the specimens 

have started to conduct each other. This result will indicate a crack has occurred and furthermore, 

it specifies that the crack has also reached the second sensors by indicating the depth of the crack.  

Furthermore, before cracking the effect of drying and wetting, the sensors were shown in figure 

6.5, having a coefficient of determination 0.0731, which was quite low and insignificant. On top 

of that, the percentage change is below 5%. Note that the percentage is a resistivity increase by 

the moisture intrusion, not a reduction in resistivity.   This means the effect of moisture on the 

hybrid cement composite is insignificant, or there was almost no effect on the hybrid cement 

composite, and also it shows that the sample is intact with no cracks. However, after the samples 

were subjected to cracks, the result on dry state and wet condition have been changed drastically 
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based on the crack width, as shown in figure 6.9. The changes have reached up to a maximum 

of about 80% in an opposite way from the original samples, which means the intrusion of water 

inside the hybrid cement composite decreases the resistivity of the composite. This indicates the 

occurrence of cracks in the sample with the respective magnitude of the crack in a change of 

resistivity by the water. The coefficient of determination has changed to 0.0731 to 0.699 after 

the samples have cracked.   

 

Figure 6-9 Relationship graph of the change on resistivity and crack width based on the 

effect of moisture 
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(a) 

 

(b) 

Figure 6-10 Resistivity measurement of the surrounding mortar using the hybrid cement 

composite as an electrode: (a) Sample 1 (b) Sample 2   
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6.3.2.4 Crack Healing   

 

After two months of water curing and air drying, the specimens were measured to check on the 

healing properties of the hybrid cement composite. The sample cured by air has shown a much 

better relationship compared to the one cured inside water, as shown in figure 6.11. The sensors 

measurement has shown a similar pattern for both curing conditions. For a higher initial crack, 

which indicates a large crack width, the healing response was by an increase in the resistivity. 

And the reverse was also true for low initial crack resistivity change, the healing change was not 

significant, or it has no effect on the conductivity of the sample.  

Furthermore, during the mortar measurement, which is the vertical and horizontal measurement, 

the lower the initial crack change the higher the resistivity after healing compared to the result 

showed by higher initial cracks were a low resistivity change after the healing period. Note that 

even though the result is consistent for both conditions but the change in resistivity seen on the 

mortar samples is quite low, especially for the air-dried samples. Based on the visual inspection 

made on the samples after the healing period, the water cured samples have shown a better 

healing capability than the air-cured samples. In overall, the healing of both the hybrid composite 

and the surrounding mortar has a very slight effect on the conductivity for both cases. This could 

be due to the higher initial conductivity of the hybrid cement composite before and after crack.      
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(a) 

 

(b) 

Figure 6-11 Relationship of the change in resistivity after crack and after healing (a) 

specimen placed underwater (SSD) (b) specimen placed in the air (Dry) 
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In this chapter, a detailed study was made to show the multifunctionality of the hybrid cement 

composite sensors. Especially, the multi-crack and chloride monitoring using numerous sensors 

in a single reinforced mortar sample, which is first in its kind, including moisture monitoring 

just to show the capability as shown in figure 6.12. The sensors were not only measured as a 

single resistive composite but also the sensors were used as an electrode to measure the 

resistivity of the embedded mortar between the two electrodes at a distance of 3 cm both 

vertically and horizontally. The most incredible thing is that the resistance between the hybrid 

cement composite electrodes was very low, a maximum measurement was 450 Ω, and the 

minimum goes as low as 100 Ω. This needs further detailed investigation on the electrochemical 

and potential difference study to make concluding remarks on how the current is passing through 

the insulative surrounding mortar and to analyze what factors contribute to high current passage. 

Details and full analysis of the following results will be published in an upcoming journal. The 

following results are very new and would contribute to a new way of approaches in the field. 

Based on the author's best knowledge, the following results have never been published anywhere 

else 

The crack samples were prepared in order to conduct a three-point flexural strength test for 

artificial crack creation. The initial moisture effect was investigated before cracking and also 

after cracking. The hybrid cement composite samples have shown low relation to the moisture. 

This could be due to the high stable conductivity network inside the cement matrix, mainly 

attributed to the carbon fiber length. However, the moisture relation that was low before cracking 

has increased dramatically from 0.07 to 0.7 coefficient of determination as a result of the crack 

formation and the conductivity network interruption, which indicate crack formation under the 
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saturated condition as well. On the other hand, while measuring the surrounding mortar (H meas. 

& V meas.) before cracking, the moisture effect was relatively high due to the insulating 

properties of the mortar, and the absorption of water by the mortar will increase the conductivity 

drastically, increasing the relationship. 

During cracking the hybrid cement composites inside the reinforced mortar were monitored on 

a real-time base (S meas.). The result indicated an apparent upsurge in resistivity with respective 

to the crack width showing a high degree of relation in between with 0.825 coefficient of 

determination. Moreover, even after crack the samples did not lose their conductivity completely, 

rather there was a significant amount of conductivity, which could help to tell even after crack 

during yielding of the reinforcement inside mortar. This could have great application in 

emergency exit location before a structure fully collapsed by analyzing the resistivity even after 

crack, one can identify safe exit way until the structure fully collapses. However, the downside 

of this study is that the piezo-resistivity is quite low and should be improved to identify cracks 

before formation as the stress and strain increases on the specimen. Future studies should tackle 

these problems in order to predict cracks before formation as well.   

After cracking the samples, a comparison was made to see the relationship between the crack 

width and the change in resistivity besides the monitoring done while the samples were under 

based on the moisture relationship from the initial dry state resistivity data (ground zero data) 

before embedding the samples, which were already discussed above. Furthermore, to check the 

crossover measurement was used to identify cracks inside saturated conditions. This would help 

for civil infrastructures, which are constructed under water or could frequently get saturated 

under heavy rain or flood. Under dry state, the V meas. and H meas.  have given a great 
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indication of crack formation inside the surrounding reinforced mortar with direct measurement, 

including the S meas. All the measurements showed a direct increase in resistivity as the crack 

widens, which was confirmed through visual observation. Furthermore, the healing properties 

of the crack after cured in water and air were also investigated. In overall, the healing of both 

the hybrid composite and the surrounding mortar has a very slight effect on the conductivity of 

both cases (saturated curing and dry curing). This could be due to the higher initial conductivity 

of the hybrid cement composite before and after crack making the healing products conductivity 

effect negligible. 

Unlike the crack monitoring study, the moisture study was done to show only the possibilities 

and to encourage future studies in this area. So, the study is only done as a kick-start for further 

studies and to show the multipurpose capability of the hybrid cement composite. In this study, 

the moisture result was compared with the change in the resistivity of the sensors having a 

coefficient of determination about 0.79, with only 18 Ω maximum variance. However, the 

relationship should be improved highly in order to commercialize the hybrid cement composite 

to the market as a sensor. This can be done by controlling the small range of fluctuation achieved 

in this research, pushing the fluctuation level furthermore to manipulate the small-scale changes 

accurately in a   0.1Ω level to quantify the resistivity easily with the corresponding moisture 

level with an overall 3 to 5 Ω variance in between 40% to 100% relative humidity. On the other 

hand, the surrounding mortar measurement should low relationship. This could be improved by 

increasing the size of the sensors, especially the length, which needs detailed studies in the future 

to analyze the effect.  
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Figure 6-12 Flow chart showing the multi-functionality of the hybrid cement composite to 

detect crack, chloride, and moisture.    

6.4 Conclusion  

The following conclusions are drawn from the moisture and chloride monitoring using multiple 

hybrid cement composites inside a single reinforced mortar.    

- The initial resistivity of the crack sensors was not affected by the moisture. However, 

the surrounding concrete showed a great interaction with the moisture and was easily 

affected by moisture, while measuring it using the composite sensors as an electrode. 
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After cracking the sensors exhibited a linear relationship with the saturation of the 

hybrid cement composite, this is due to the crack formation. The coefficient of 

determination has improved before and after the crack, 0.0731 and 0.699, respectively 

indicating crack formation. For the surrounding concrete, the percentage change (by 

drying and wetting) also gets high after the crack. Furthermore, by using the cross over 

measurement the cracks were identified even under complete water saturation.  

- During cracking, the real-time change was captured while each hybrid cement 

composite sensors were cracked. A spike was seen in each individual sensor as the load 

reaches its maximum, and the width of the crack have been correlated directly with the 

change in resistivity before and after the crack with a coefficient of determination of 

0.8254.  

- After two months of water curing and air drying, the healing products were observed 

visually on the samples. From the result, the sample cured under water showed a high 

rebound after crack, and for the air-dried samples, a relatively low healing properties 

were observed. However, the overall result is not satisfactory due to the high 

conductivity of the hybrid cement composite even after crack. It makes it difficult for 

the healing effect to be significant.  

- In general, this multi-crack study showed the capability to detect the width of the cracks 

in relation to the change in resistivity. The whole studies take more than 6 months, in 

this time, all the sensors were sound and reliable, not a single sensor has filed 

throughout the test. In addition, the rough location of the cracks can be done based on 

the position of the sensors, and using the sensors location the cracks between the sensors 
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were also identified by locating the crack areas including depth of crack. Unlike most 

studies, the effect of the microcracks and moisture was kept completely to the minimum 

with no significant effect.        

- For the relative humidity study, the sensors resistance has shown a good relationship 

with the moisture having a coefficient of determination of 0.7906. And the change in 

resistance for the surrounding mortar was fluctuated highly due to its low initial 

conductivity. However, currently, the sensing capability of the hybrid cement 

composite for the moisture is low, and the fluctuations, which are 0.5 Ω-cm, need to be 

regulated to a minimum of 0.01Ω-cm in future studies for a better performance of the 

sensors. 
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Chapter 7. Conclusions  

7.1 Summary  

The nano-science filed in material engineering has gained a new way of approach in determining 

the future through carbon allotropes. Of this, the construction industry is one of them capitalizing 

on researches that could change the properties of previously known cement composite properties 

for good. In this dissertation, analytical and experimental studies were made to investigate the 

characteristics of multi-walled carbon nanotube as a functional filler inside the cement 

composite. To do so, initially, a pilot study was made to pin-point and recognize the adverse 

effects through experimental works and previous literature reviews. The pilot experiments were 

used as a baseline for the preliminary test made to enhance the mechanical and electrical 

properties of the CNT/cement composite by introducing carbon fiber to the mix, creating a 

hybrid cement composite. Furthermore, successive tests were done to minimize and avoid the 

adverse effects proven during the pilot experiments. In general, the main aim of this dissertation 

is to enhance the CNT/cement composite sensors, reliability, sensing capability, and 

multifunctionality using pitch-based carbon fiber.   

The proposed hybrid cement composite eliminates most of the shortcomings that exist in current 

researches to develop reliable cement-based composite sensors. The following conclusions can 

be drawn from the studies made in this dissertation.     

Unwanted electrical fluctuation of CNT/cement composite using CNT as a sole agent: Pilot 

experiment. 
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- A series of experiments were carried out, mixing and immersing of CNT/cement 

composites with NaCl particles and chloride solution, accelerated carbonation test to 

assess the carbonation effects, and effect of the rebar on the electrical behavior of the 

CNT/cement composite embedded in a mortar specimen. In this study, different 

experiments have been conducted to assess the possible causes of CNT/cement 

composite sensors to fluctuate. Of this, the ununiformed dispersion of CNT in a cement 

matrix could influence the electrical properties of the composite, microcracking leads 

to a partial disconnection CNT network affecting the electrical properties of 

CNT/cement composites and this was worsened on paste type composites, due to 

cement hydration in time the hydration products could be filled between CNT (tunnel 

blockage effect) creating fluctuations, based on the electrode type debonding can grow 

between the interface of the composite and electrode affecting measurement results, 

Interfacial void around composite sensor embedded in concrete or mortar specimens 

can induce the possibility for resistance fluctuation, and moisture contents in cement 

composite (also correlated with polarization and ion flow) have a strong influence on 

the electrical properties of CNT composites. In addition, the electrical properties of 

CNM/cement composite sensors may be changed by the damage of the sensor itself, 

which induced by freezing and thawing, acid, and other chemical attacks from outside 

or ASR. 

Reliability of CNT-CFs hybrid cement composite on dimensional stability and electrical stress-

strain sensing capability 
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- The reliability study by stress-strain sensing of CNT-CFs hybrid cement composite has 

shown significant improvements. Besides the piezoresistive properties of the hybrid 

cement composite, a slight capacitive property was also observed on the composites. 

The mechanical strength has shown a significant increase while the carbon fiber 

increase in the mixture. A comparison made between the silver and stainless-steel 

electrode was unmatched even from the beginning. The steel electrodes have shown a 

huge fluctuation and higher resistivity than the silver paste electrodes, which showed a 

steady and low resistivity throughout the test. During the shrinkage cycle, the hybrid 

cement composites have shown lower deformation without any major defects compared 

to other studies. Furthermore, the CCF2 samples showed the lowest deformation of all 

the samples. During the sensing capability study of the hybrid cement composite, most 

of the hybrid composites have shown an R2 of above 0.71 and 0.48 for phase one and 

two, respectively. The most noteworthy relationship was seen for CCF2, R2 of 0.9, and 

0.87 for both phases, consecutively. Cracked hybrid cement composite specimens were 

seen to be healed within one-month water curing. (freeze-thaw) 

Chloride profiling and conductivity relation of CNT-CFs hybrid cement composite following the 

rapid chloride penetration test and monitoring evaluation  

- The chloride depth analysis made using AgNO3 and ion chromatography has shown 

more or less very close results. From the pore analysis, more than 80% of the total 

intruded volume increases as the chloride ingress in the hybrid composite majorly due 

to pore sizes over 100nm, and especially this is true for CCF2 samples. This indicates 

the appearance of microcracks in the samples during chloride penetration. The degree 
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of hydration for both samples increased as the depth of chloride ingression increased 

despite the chloride content. The effect of CNT concentration on the specimens during 

chloride penetration was seen in the experiments clearly. Even though both C3CF2 and 

CCF2 were conducted under the same condition, the chloride penetration depth was 

completely different. This is mainly due to the effect of temperature rise during current 

flow through the resistive hybrid cement composite specimens, and it is also responsible 

for facilitating the microcracks observed in the porosity result. During the relationship 

study for the sensing capability of chloride using hybrid cement composite, the 

resistivity the have increased as the chloride concentration increased. The sensing 

capability of the hybrid cement composite R2 value for C3CF2 and CCF2 were 0.68 

and 0.55. Even though the R2 value is fair, but the microcracks occurred during the 

experiment due to high temperature have influenced it to be low. Embedded samples 

change in resistivity have shown a slight increase in resistivity through time. On the 

other hand, sensors measured in a serious connection by raw showed clear results on 

the initial chloride penetration by depth on both the resistivity and capacitance by 

increasing and decreasing continuously in time. 

Multiple CNT-CFs hybrid cement composite sensors embedded in reinforced mortar for crack 

and moisture monitoring 

- The effect of moisture was insignificant for uncracked hybrid cement composite sensors; 

however, the surrounding concrete showed a great interaction with the moisture and 

was easily affected by moisture, while measuring it using the composite sensors as an 

electrode.  On the other hand, after cracking the sensors exhibited a linear relationship 
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with the saturation of the hybrid cement composite sensors due to crack formations. 

During cracking, a spike was seen in each individual sensor as the load reaches its 

maximum, and the width of the crack has been correlated directly with the change in 

resistivity before and after the crack with a coefficient of determination of 0.7775. After 

two months of water curing and air drying, the healing products were observed visually 

on the samples. From the result, the sample cured under water showed a high rebound 

after crack, and for the air-dried samples, a relatively low healing properties were 

observed. However, the result was not satisfactory due to the high conductivity of the 

hybrid cement composite even after crack makes it difficult for the healing effect to be 

significant and noticeable. In addition, the location of the cracks can be located based 

on the position of the sensor, and using the location of the sensor, the cracks between 

the sensors were also investigated by locating the crack areas. Unlike most studies, the 

effect of the microcracks and moisture was kept completely to the minimum with no 

significant effect. 

- For the relative humidity study, the sensors resistance has shown a good relationship 

with the moisture having a coefficient of determination of 0.7906. And the change in 

resistance for the surrounding mortar was fluctuated highly due to its low initial 

conductivity. However, currently, the sensing capability of the hybrid cement 

composite for the moisture is low and the fluctuations, which are 0.5 Ω-cm, need to be 

regulated to a minimum of 0.01Ω-cm in future studies for a better performance of the 

sensors.  On the other hand, the carbonation study has shown no change in resistivity, 

which can be contributed to the carbonation effect confidently. This could be due to the 

highly distributed conductive network using the CNT and carbon fiber networks, 
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making the electrolytes conductivity inside pores less significant compared to the 

previous study only on the CNT–based cement composite sensors without the carbon 

fiber. 

7.2 Recommendations  

These are some of the recommendations for using hybrid cement composite sensors.    

(i). Even though, the key for creating conductivity cement composite is CNT however, 

using CNT as a sole agent for the electrical conductivity would affect the stability due 

to weak conductivity network inside the cement matrix. This has been improved by 

using pitch-based carbon fiber inside the matrix and enhancing the conductive network, 

which will help in avoiding moisture and minor microcrack effects. Furthermore, it will 

boost the mechanical properties as well.   

(ii).  Due to the dynamic and heterogeneous nature of concrete, achieving a low resistivity 

is quite essential in order to control the hybrid cement composite inside concrete 

structures for a long period of time. The reliability of the hybrid cement composition 

has been proven to be satisfactory in this study. In addition, even after cracking the 

samples maintain to conduct electricity, which shows its sustainability. 

(iii). To enhance the sensing capability of hybrid cement composite, rather than increasing 

the conductivity, it would be better to control the fluctuation rate even further from the 

current ±2.5% in this study to at list less than ±1%. This will enhance the sensing 

capability and increase the coefficient of determination. Furthermore, this will open new 

opportunities by broadening the small ranges of change (like 0.05 Ω-cm) to significant 

data that can clearly indicate the moisture, carbonation or very minor microcracks. 
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7.3 Future studies  

In this dissertation, the reliability and monitoring capability of multipurpose CNT-CF cement 

composite sensor for concrete structures 

(i). The reliability and sensing capability of the hybrid cement composite in this study have 

been made very carefully with a limited number of specimens. However, this should be 

assessed by mass testing and practical filed tests.  

(ii). Most researchers claim the resistivity of their composite materials based on the samples 

they are testing at the moment. This can be true for homogenous materials like iron, 

gold, or silver. However, cement composite is a heterogeneous material, which has 

many constituents for its production, and its resistivity does not change linearly as the 

length of the cement composite specimen increases. For this reason, the author 

recommends for its standardization on future studies by using known length, width, and 

thickness for uniformity.              

(iii). In order to stabilize the conductivity measurements made on a single specimen, the 

accuracy should be a priority. To achieve that, the conductive network should be 

uniformly distributed, and the porosity of the specimens should also be controlled to 

reduce the reactance due to the capacitive properties of the composite using artificial 

admixtures.  

(iv). In this study, the hybrid cement composites have been used as an electrode, especially 

for crack and moisture monitoring to measure the surrounding mortar conductivity. This 

is a new approach in the area, which encourages vast future researches to be done for 

different applications.    
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(v). Overall, the following study target on crack monitoring is not only achieving a higher 

coefficient of determination, instead to show multiple ways of crack monitoring and 

data accusation from sensors to sensors communication as well. This could lead to 

enormous data collation from different sources, and by utilizing the vast information 

gathered, it is possible to increase the coefficient of determination furthermore with a 

high accuracy using Big data or/and data science on future studies. This would help our 

conclusion not to rely on a single data source or sensor.       
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Appendix 

Appendix A. Glossary of electrical terms and definitions 

Basic Law of AC and DC (Ohm’s Law) 

 One of the basic laws in electrical engineering is ohms law, which dictate the empirical 

relationship between the voltage, current and resistance as shown in equation 1and 2. The 

voltage is the electrical potential difference between two terminals, and the amount of electrical 

charge that past across the terminal is referred to us a current, and the ease or opposition that is 

faced by the current to flow through a conductive material is the electrical resistance.  

𝑉 = 𝐼𝑅 

𝑉 = 𝐼𝑍 

Where: V is voltage of in volt (v), I is the current measured in ampere (A), R and Z are the 

resistance and impedance, respectively of the material both having the same unit ohm (Ω)    

The ohms law has an effect on both direct current (DC) and alternating current (AC) circuit. DC 

is a current flow in one direction having a magnitude at a zero or no frequency. While in case of 

AC the resistance would have not only magnitude like DC but also has an alternating direction 

were current flows, which indicates the addition of the phase angle (ϕ) that can be expressed in 

terms of time for a designated frequency. Over all, the resistance in case of AC is called 

impedance (Z) both R and Z will be discussed in detail in the next section.     
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Resistivity (p) 

Resistivity is the resistance of a material by normalizing the geometry in order to avoid the effect 

of the material volume. In short, resistivity is the inverse of conductivity. Electrical resistivity 

plays a critical role in comparing and selecting a material for different purposes and it is denoted 

by phi (p).  

𝜌 = 𝑅
𝐴

𝐿
 

Where: R is the resistance in Ω, L is the length in meter (m), A is the area in meter square (m2) 

and p is the resistivity in ohm meter (Ωm) 

Polarization (P) 

By definition, it is a shift of positive and negative electric charges of ions or molecules in 

opposite direction within a dielectric material induced by an external electric field. This will 

create a slight potential difference in the material that will generate its own potential, which will 

be opposite to the applied external voltage. The opposing potential will increase the resistivity 

of material with time making the data collection problematic and tricky. In order to reduce the 

effect of polarization while measuring resistivity a 4-point DC measurement can be used or AC 



 

 

 

-170- 

measurement can also be an alternative, in addition, increasing the conductivity of the material 

that will be measured will reduce the polarization.               

Impedance (Z) 

It is an extension of DC resistance plus reactance, which is a vector quantity with both magnitude 

and phase change. Impedance is the ease or opposition of an AC current to flow through a 

conductive material at a specified frequency and it is denoted by ohm (Ω).  

Z = R + jX;  

R = /Z/ sin θ + /Z/cos θ  

Where, R is the resistivity in Ω, X is the reactance in Ω, j is an imaginary unit, θ is the phase 

angle shift in degrees (⁰), and Z is the impedance in Ω.   

Frequency (𝒇)  

The number of waves that can pass through a fixed place during a given period of time is called 

frequency. The effect of frequency has an impact on the AC measurement and none or zero for 

DC measurement. During resistance measurement using AC the reactance is highly affected by 

the change in the frequency, which implies a capacitance or inductive reactance. In order to 

lower the reactance effect, the materials should be classified as a capacitive or inductive before 

measurement of resistance is done to minimize the reactance to get a relatively constant 

resistance value by using high or low frequencies, respectively.         

Phase angle (θ) 
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 A phase angel is a shift by current or voltage sine waves in degrees (⁰), were one lag and one is 

ahead of the other. Note that although they reach their trough or crest at a different time, however, 

both oscillate under a similar frequency. The phase shift under impedance measurement 

indicates a negative value when the current is leading the voltage, which shows that the material 

being measured has a capacitive reactance. The same is true; when voltage leads the current, the 

reactance will show a more inductive value, which is positive. 

𝜃 = tan−1
𝑋𝐿 + 𝑋𝐶

𝑅
 

Where θ is the phase angle in degrees (⁰), R is the resistance in ohms (Ω), XL is the inductive 

reactance in ohms (Ω), Xc is the capacitive reactance in ohms (Ω).    

Reactance 

Reactance can be divided into two to, capacitive and inductive reactance. The reason why the 

capacitance and inductance are created in the reactance is due to the lead or lag of the current, 

which would be explained in detail under the phase angle section. A negative value is more 

capacitive reactance, and positive is more of inductive reactance since both arise by the presence 

of capacitance and inductance within the material being measured.  

𝑋 =𝑋𝐿 +𝑋𝐶 

𝑋𝐿 = 𝜔𝐿 = 2𝜋𝑓𝐿 

𝑋𝐶 =−
1

𝜔𝐶
= −

1

2𝜋𝑓𝐶
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Where; ω is the angular frequency in radians per second (rad/s), f is frequency in hertz 

(Hz), C is the capacitance in farads(f), L inductance in henrys (H) and  X, XL and XC are 

reactance, inductive reactance and capacitive reactance, respectively all in ohms (Ω).  
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Appendix B. Supplementary data of chapter 4  

 

Figure B-1 Phase angle Vs frequency value for new samples at dry state 
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Figure B-2 Phase angle Vs frequency value for new samples at SSD state 
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Figure B-3 Impedance Vs frequency value for new samples at dry state 
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Figure B-4 Real Vs imaginary Impedance measurement values for new samples at dry 

state 
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Figure B-5 Images taken after phase 2 and phase 3 during cracking and healing  
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CF to CF, CF Crack briging  

 
CF to CF, CF Crack briging 

(a) Surface image of hybrid cemnt composite take by portable microscope 

CNT to CNT, microcrack, tunneling 
 

CNT to CNT, CNT to pores 

CNT to pores 
 

Microcracks 

(b) Cross section image of hybrid cemnt composite take by SEM microscope 

Figure B-6 SEM images for the hybrid cement composite (CCF2)      
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Appendix C. Supplementary data of chapter 5 

  

  

  
Figure C-1 Backscattering images for the hybrid cement composite (CCF2)      
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Appendix D. Supplementary data of chapter 6  

Sample 1 

  
Front side  Top side  

  
Back side  Bottom side 

 

Sample 2 

  
Front side  Top side 

  
Back side Bottom side 

Figure D-1 Crack patterns of specimens cracked under three-point bending test   
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Table D-1 Flexural crack widths measured by portable microscope  

 

 

 

 

 

 

Sample Crack No. 
Front side Bottom side Back side Top side 

max ave min max ave min max ave min max ave min 

1 

1 0.0075 0.051 0.018 0.05 0.04 0.038 0.037 0.034 0.018 0.102 0.095 0.079 

2 0.164 0.151 0.108 0.293 0.249 0.186    0.098  0.077 

3 0.072 0.048 0.04 0.088 0.073 0.053    0.081 0.048 0.01 

4 0.1 0.074 0.07 0.109 0.107 0.105    0.065  0.05 

5 0.137 0.125 0.112 0.174 0.169 0.165    0.11  0.082 

6 0.11 0.107 0.095 0.065 0.052 0.04    0.105 0.105 0.063 

7 0.066 0.039 0.028 0.076 0.069 0.059       

8 0.262 0.262 0.248 0.053 0.034 0.029       

2 

1 0.079 0.077  0.102 0.089 0.087 0.079 0.077 0.076    

2 0.059 0.058 0.056 0.072 0.058 0.056 0.047 0.039 0.034    

3 0.105 0.1 0.056 0.046 0.046 0.046 0.059 0.046     

4 0.082 0.045 0.037 0.078 0.075 0.062       

5    0.053 0.047 0.033       
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Table D-2 Resistivity measurement before, during and after cracking of the sensors  

Sample 

No. 
Test condition 

Sensor 

number 

Initial conductivity   During cracking   After cracking 

Dry ∆% SSD Initial ∆%  Spike ∆% After Dry ∆% wet 

2 

Under 

compression 

1 44.3 3.3 45.8 48.0 -0.2 47.9 0.5 48.2 49.5 -9.4 44.8 

2 33.9 2.3 34.7 35.8 9.7 39.2 -1.1 38.8 38.4 -22.2 29.8 

3 46.0 5.0 48.3 44.9 130.1 103.3 -6.9 96.2 88.2 -43.3 50.0 

Under tension 

4 52.7 1.4 53.4 60.5 152.4 152.7 -43.9 85.6 68.2 -30.1 47.6 

5 32.9 2.2 33.6 37.8 194.3 111.1 -34.5 72.8 56.3 -42.0 32.6 

6 51.7 6.3 55.0 55.5 713.1 451.0 -21.7 353.3 263.5 -78.7 56.2 

  

3 

Under 

compression 

1 41.4 2.2 42.4   44.8 26.4 56.6 -14.1 48.6   51.2 -10.7 45.7 

2 38.2 2.2 39.1 42.8 5.9 45.3 -3.4 43.8 42.4 -11.7 37.4 

3 45.6 2.7 46.8 46.7 11.0 51.8 -0.6 51.5 48.0 -12.7 41.8 

Under tension 

4 38.5 4.1 40.1 40.2 213.1 125.8 -42.0 73.0 66.1 -32.6 44.6 

5 39.0 3.5 40.4 45.4 129.1 104.0 -42.1 60.3 53.5 -24.6 40.3 

6 44.4 10.6 49.1 48.0 328.2 205.6 -43.5 116.2 105.7 -57.1 45.3 
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Table D-3 Resistivity measurement before and after cracking of the surrounding reinforced mortar sample 

Sample No. measurement direction 
Sensor number 

Initial conductivity (IC)  After cracking  

Dry ∆% SSD Dry ∆% wet 

2 

Horizontal measurement 

12 112.66 13.11557 127.436 411.106 -47.2 216.871 

23 106.85 31.25877 140.25 1689 -84.1 267.993 

45 220.921 -27.0074 161.256 590.4 -65.9 201.115 

56 228.613 -20.5465 181.641 2020 -84.5 313.704 

Vertical measurement  

14 300.96 -18.1007 246.484 1488 -69.8 449.304 

25 91.738 22.57734 112.45 2319 -89.3 248.985 

36 426.568 -32.6588 287.256 1889 -80.7 363.715 

Cross over measurement  

14 

  

695.65 -52.8 328.678 

25 552.25 -54.7 250.223 

36 2151 -73.7 565.718 

3 

Horizontal measurement 

12 275.667 -6.56916 257.558 307.18 -25.2 229.711 

23 274.841 -17.7379 226.09 306.1 -16.7 255.106 

45 381.269 1.427076 386.71 557.2 -48.0 289.985 

56 376.571 0.172345 377.22 1067 -72.4 294.518 

Vertical measurement  

14 271.505 15.57172 313.783 1141.3 -71.6 324.182 

25 457.06 -11.421 404.859 420.587 -28.4 301.337 

36 261.322 18.88896 310.683 616.02 -47.9 321.061 

Cross over measurement  

14 

  

563.45 -44.6 312.02 

25 488.98 -41.6 285.511 

36 642.56 -49.7 323.352 
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Table D-4 Resistivity measurement before and after crack healing 

Measurement 

direction 

S
en

so
r 

n
u

m
b

er
 

Sample 1 (SSD condition) Sample 1 (Dry condition) 

b
ef

o
re

 

cr
a
ck

in
g
 

∆
%

 

a
ft

er
 

cr
a
ck

in
g
 

∆
%

 

A
ft

er
 

h
ea

li
n

g
 

b
ef

o
re

 

cr
a
ck

in
g
 

∆
%

 

a
ft

er
 

cr
a
ck

in
g
 

∆
%

 

A
ft

er
 

h
ea

li
n

g
 

Sensors 

measurements 

1 45.8 -2.0 44.8 10.8 49.7 41.4 23.5 51.2 6.1 54.3 

2 34.7 -13.9 29.8 8.8 32.4 38.2 10.9 42.4 1.4 43.0 

3 48.3 3.5 50.0 15.0 57.5 45.6 5.2 48.0 24.6 59.8 

4 53.4 -10.8 47.6 32.2 63.0 38.5 71.9 66.1 113.9 141.5 

5 33.6 -3.0 32.6 8.5 35.4 39.0 37.0 53.5 6.9 57.2 

6 55.0 2.3 56.2 137.1 133.3 44.4 137.9 105.7 329.2 453.5 

Horizontal 

measurements 

12 31.9 70.2 54.2 5.5 57.2 68.9 11.4 76.8 7.7 82.7 

23 35.1 91.1 67.0 19.7 80.2 68.7 11.4 76.5 51.5 116.0 

45 40.3 24.7 50.3 61.8 81.4 95.3 46.1 139.3 12.6 156.9 

56 45.4 72.7 78.4 49.7 117.4 94.1 183.3 266.8 -33.4 177.5 

Vertical 

measurements 

14 61.6 82.3 112.3 -12.2 98.6 67.9 320.4 285.3 -29.6 200.9 

25 28.1 121.4 62.2 16.5 72.5 114.3 -8.0 105.1 18.6 124.7 

36 71.8 26.6 90.9 61.1 146.5 65.3 135.7 154.0 29.6 199.5 
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