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Summary 

Summary 

As the demand for smart infrastructure grows, researchers and engineers are seeking 
innovative solutions to enhance the safety, reliability, and durability of concrete 
structures. Traditional cement-based materials have been fundamental to 
construction due to their strength and versatility. However, their inability to provide 
real-time health and performance data has limited their potential. In response, self-
sensing cement-based composites have emerged as revolutionary technologies, 
combining the strengths of traditional materials with the ability to sense and respond 
to environmental changes. Sensing cement-based composites are advanced materials 
that possess the ability to measure various physical and chemical parameters. 
Achieved through the incorporation of conductive fibers i.e., carbon nanofibers 
(CNFs), carbon nanotubes (CNTs), and graphene nanoplatelets (GNPs) into standard 
cementitious matrixes, these composites enable the phenomenon of self-sensing. This 
self-sensing is grounded in the conductive material's capacity to undergo changes in 
its electrical properties. 

The primary aim of this research is to pioneer the development of an innovative self-
sensing cement-based composite, designed to function as a sophisticated sensory 
system within the framework of a structural health monitoring (SHM) system for 
concrete structures. The research focuses on nanomodified Portland cement 
(SmartCem) as a key component in these self-sensing composites. The SmartCem 
material is composed of particles with attached CNFs that are synthesized in situ 
through the chemical vapor deposition (CVD) technique. SmartCem improves the 
dispersion of conductive materials within the cement matrix, enabling its use as a 
sensing material. The investigation reveals that SmartCem composites exhibit robust 
piezoresistive behavior, reacting to mechanical stresses and indicating structural 
stress or strain. These composites not only respond to mechanical stress but also 
variations in humidity and temperature, making them versatile for various 
monitoring applications. The concentration of SmartCem within the composite 
material emerges as a crucial factor determining sensitivity. Optimal concentrations 
result in a well-established conductive network, enhancing the composite's ability to 
detect changes in parameters like stress, strain, temperature, and humidity. 
Additionally, SmartCem mortar proves effective in monitoring the hydration process 
and tracking stress-strain changes in concrete structures, contributing to their 
integrity and safety. The study substantiates these findings through modeling and 
substantiates the sensing properties linked to several possible mechanisms within the 
SmartCem composite. The research further extends to preliminary field testing, 
showcasing the possibility of using SmartCem composites as a sensor in real-world 
scenarios. These validations underscore the potential of SmartCem composites to be 
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utilized in the development of integrated monitoring systems for concrete structures 
and mark a significant step forward in structural health monitoring technology. 

Keywords: Sensing cementitious composites, Nanomodified Portland cement, 
SmartCem, Carbon nanofibers, CNF, Piezoresistive materials, sensor, Cement-based 
sensor, Self-monitoring, Sensing capability 
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Sammanfattning 

Sammanfattning 

I takt med att efterfrågan på smart infrastruktur växer, söker forskare och ingenjörer 
innovativa lösningar för att förbättra betongkonstruktioners säkerhet, tillförlitlighet 
och hållbarhet. Traditionella cementbaserade material har länge utgjort basen för 
byggande på grund av deras hållfasthet och mångsidighet. Deras oförmåga att 
tillhandahålla realtidsdata om konstruktionens tillstånd och prestanda har däremot 
begränsat deras potential. För att lösa problematiken har självkännande 
cementbaserade kompositer utvecklats till en revolutionerande teknologi som 
kombinerar de traditionella materialens fördelar med förmågan att känna av och 
reagera på förändringar i omgivningen. Självkännande cementbaserade kompositer 
är avancerade material som har förmågan att mäta olika fysiska och kemiska 
parametrar. Detta uppnås genom att införliva konduktiva fibrer, såsom kolnanofibrer 
(CNFs), kolnanorör (CNTs) och grafennanoskivor (GNPs), i cementmatrisen, vilket 
möjliggör kompositens självkännande. Självkännande bygger på det ledande 
materialets förmåga att genomgå förändringar i sina elektriska egenskaper. 

Den främsta målsättningen med denna forskning är att vara en pionjär inom 
utvecklingen av en innovativ självkännande cementbaserad komposit, utformad för 
att fungera som ett sofistikerat sensorsystem inom ramen för ett strukturellt 
tillståndsövervakningssystem (SHM) för betongkonstruktioner. Forskningen 
fokuserar på nanomodifierad Portlandcement (SmartCem) som en nyckelkomponent 
i de självkännande kompositerna. SmartCem-materialet består av partiklar med 
bundna CNFs som syntetiseras på plats genom tekniken för kemisk avlagring i 
gasfas (CVD). SmartCem förbättrar spridningen av ledande material inom 
betongmatrisen, vilket möjliggör dess användning som ett sensormaterial. 
Undersökningen visar att SmartCem-kompositer uppvisar ett robust piezoresistivt 
beteende, reagerar på mekaniska påfrestningar och indikerar strukturella spänningar 
eller töjningar. Dessa kompositer reagerar inte bara på mekanisk belastning utan 
också på variationer i luftfuktighet och temperatur, vilket gör dem mångsidiga för 
olika övervakningsapplikationer. Koncentrationen av SmartCem inom 
kompositmaterialet framträder som en avgörande faktor som styr känsligheten. 
Optimala koncentrationer resulterar i ett väletablerat ledande nätverk, vilket 
förstärker kompositens förmåga att upptäcka förändringar i parametrar som 
spänning, töjning, temperatur och luftfuktighet. Dessutom visar sig SmartCem-bruk 
vara effektivt för övervakning av hydratationsprocessen och uppföljning av 
spännings-töjningsförändringar i betongkonstruktioner, vilket bidrar till ökad 
integritet och säkerhet. Studien bekräftar resultaten genom modellering och bevisar 
de sensoriska egenskaperna som är kopplade till flera möjliga mekanismer inom 
SmartCem-kompositen. Forskningen sträcker sig även till preliminära fälttester som 
demonstrerar möjligheten att använda SmartCem-kompositer som sensorer i verkliga 
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scenarier. Dessa valideringar understryker potentialen att använda SmartCem-
kompositer vid utvecklingen av integrerade övervakningssystem för 
betongkonstruktioner och markerar ett betydande steg framåt för teknologierna inom 
tillståndsbedömning. 

Nyckelord: Självkännande cementbaserade kompositer, Nanomodifierad 
portlandcement, SmartCem, Kolnanofibrer, CNF, Piezoresistiva material, Sensorer, 
Cementbaserade sensorer, Självövervakning, Avkänningsförmåga 
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สรุปงานวจิัย (Summary in Thai) 

สรุปงานวจิัย (Summary in Thai) 

เนื�องจากความตอ้งการโครงสร้างพื�นฐานอจัฉริยะมีมากขึ�น นักวิจยัและวิศวกรจึงมองหานวตักรรมเพื�อเพิ�ม

ความปลอดภยั ความน่าเชื�อถือ และความทนทานของโครงสร้างคอนกรีต แมว้า่วสัดุซีเมนตท์ั�วไปที�ใชใ้นการก่อสร้าง

มีความแขง็แรงและใชง้านไดห้ลากหลาย แต่มีขอ้จาํกดัในการตรวจสอบสถานะและประสิทธิภาพแบบเรียลไทม ์วสัดุ

ซีเมนตค์อมโพสิตรับรู้และตรวจสอบตนเองเป็นเทคโนโลยีปฏิวติัวงการที�ผสมผสานความแขง็แกร่งของวสัดุซีเมนต์

แบบดั�งเดิมเขา้กบัความสามารถในการรับรู้และตอบสนองต่อการเปลี�ยนแปลงทางสิ�งแวดลอ้ม  วสัดุซีเมนตค์อมโพสิต

รับรู้และตรวจสอบตนเองมีความสามารถในการติดตามตวัแปรต่างๆ ทั�งทางกายภาพและทางเคมี โดยเกิดจากการ

รวมกนัของเส้นใยนาํไฟฟ้า เช่น เส้นใยนาโนคาร์บอน, ท่อนาโนคาร์บอน และแผน่นาโนกราฟีน ฯลฯ เขา้กบัซีเมนต์

เมทริกซ์มาตรฐาน  ทาํให้เกิดความสามารถในการรับรู้และตรวจสอบตนเองขึ�น ซึ� งหลกัการพื�นฐานของการรับรู้และ

ตรวจสอบตนเองดงักล่าว สามารถอธิบายไดจ้ากการเปลี�ยนแปลงคุณสมบติัทางไฟฟ้าของวสัดุซีเมนตค์อมโพสิต  

วตัถุประสงคห์ลกัของงานวิจยันี� คือการพฒันานวตักรรมวสัดุซีเมนตค์อมโพสิตรับรู้และตรวจสอบตนเอง เพื�อ

ทาํหน้าที�เป็นเซ็นเซอร์ที�ใช้ในระบบการตรวจสอบสุขภาพของโครงสร้างคอนกรีต งานวิจยันี� มุ่งเน้นไปที�การนํา

ปูนซีเมนตป์อร์ตแลนดที์�ผา่นการดดัแปลงระดบันาโน หรือที�เรียกวา่ สมาร์ทซีเมนต ์มาใชเ้ป็นส่วนประกอบสาํคญัใน

การสร้างวสัดุซีเมนตค์อมโพสิตรับรู้และตรวจสอบตนเอง อนุภาคสมาร์ทซีเมนตป์ระกอบดว้ยเส้นใยนาโนคาร์บอนที�มี

การสังเคราะห์ในแหล่งกาํเนิดโดยใชก้ระบวนการทางเคมีในการสร้างชั�นเคลือบผิวที�มีความบริสุทธิ< สูง หรือเทคนิค

การเคลือบซีวีดี  (Chemical Vapor Deposition) ซึ� งสามารถช่วยปรับปรุงการกระจายตวัของวสัดุนาํไฟฟ้า

ภายในซีเมนตเ์มทริกซ์ และยงัช่วยเพิ�มระดบัการรับรู้และการตอบสนองของคอมโพสิตที�พฒันาขึ�น 

จากผลงานวิจยัแสดงให้เห็นว่าการใชส้มาร์ทซีเมนต์ในการสร้างวสัดุซีเมนต์คอมโพสิตรับรู้และตรวจสอบ

ตนเอง ห รือตลอดงานวิจัยนี� เรียกว่า สมาร์ทซี เมนต์คอมโพ สิต มีพ ฤติกรรมต้านทานเพี ยโซที� แข็งแกร่ง 

(piezoresistive) ตอบสนองต่อความเคน้เชิงกล อีกทั�งยงัแสดงพฤติกรรมการตอบสนองต่อการเปลี�ยนแปลงของ

ความชื�นและอุณหภูมิอีกดว้ย ทาํใหส้มาร์ทซีเมนตค์อมโพสิตมีความหลากหลายสาํหรับการใชง้านในการตรวจสอบตวั

แปรต่างๆ ปริมาณของสมาร์ทซีเมนตเ์ป็นปัจจยัสาํคญัปัจจยัหนึ�งในการกาํหนดความไวในการรับรู้ต่อการเปลี�ยนแปลง 

โดยปริมาณของสมาร์ทซีเมนต์ที� เหมาะสมที�สุด (percolation threshold) ส่งผลให้เกิดโครงข่ายนําไฟฟ้าที�

มั�นคง ทั�งยงัเพิ�มความสามารถของสมาร์ทซีเมนต์คอมโพสิตในการตรวจจบัการเปลี�ยนแปลงของตวัแปรต่างๆ เช่น 

ความเคน้, การเสียรูป, อุณหภูมิ และความชื�น นอกจากนี�สมาร์ทซีเมนตค์อมโพสิตยงัสามารถทาํหนา้ที�เป็นเซนเซอร์ที�มี

ประสิทธิภาพในการติดตามกระบวนการไฮเดรชั�นและติดตามการเปลี�ยนแปลงของความเค้น-ความเครียด ซึ� ง

ความสามารถดงักล่าวดงักล่าวมีส่วนช่วยเพิ�มความสมบูรณ์และความปลอดภยัในโครงสร้างคอนกรีต ผลการศึกษายงั

สนับสนุนผลลพัธ์เหล่านี� ผ่านการสร้างแบบจาํลองและพิสูจน์คุณสมบติัในการตรวจสอบโดยเชื�อมโยงกบักลไกที�

เป็นไปไดห้ลากหลายประการที�เกิดขึ�นภายในสมาร์ทซีเมนตค์อมโพสิต งานวิจยัยงัขยายไปถึงการทดสอบภาคสนาม

เบื� องต้น โดยผลงานวิจัยแสดงให้เห็นถึงความเป็นไปได้ของการใช้สมาร์ทซีเมนต์คอมโพสิตเพื�อทําหน้าที�

เปรียบเสมือนเซ็นเซอร์ตรวจสอบในสถานการณ์จริง ทั�งนี� การตรวจสอบดงักล่าวยงัเน้นย ํ�าถึงศกัยภาพของสมาร์ท
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ซีเมนตค์อมโพสิตในการพฒันาระบบการตรวจสอบแบบบูรณาการสาํหรับโครงสร้างคอนกรีต และถือเป็นกา้วสาํคญั

ในการกา้วไปขา้งหนา้ของเทคโนโลยกีารตรวจสอบสุขภาพของโครงสร้างคอนกรีตอีกดว้ย 

คําสําคัญ: การตรวจจบัวสัดุผสมซีเมนต์, วสัดุซีเมนต์ตรวจสอบตนเอง, ปูนซีเมนต์ปอร์ตแลนด์ดัดแปลงนาโน, 
สมาร์ทซีเมนต์, สมาร์ทซีเมนต์คอมโพสิต, เส้นใยนาโนคาร์บอน, วสัดุเพียโซรีซิสทีฟ, การตรวจสอบตนเอง, 
ความสามารถในการตรวจสอบตนเอง 
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1 Introduction 

he majority of civil infrastructure is made of concrete structures. While 
engineering accidents occurring during the service period of concrete 
structures can be avoided by good structural design, some unexpected 

extreme situations are still threatening their safety and durability. Deterioration of 
concrete structures can be caused by a number of factors, including corrosion of 
reinforcing bars (Cabrera, 1996), cracking (Basheer et al., 1996), freeze-thaw attack 
(Hobbs, 2001), carbonation (Chi et al., 2002), alkali-silica reaction, etc. (Boyd & 
Skalny, 2007; Darwin et al., 2008). In some cases, the absence of condition assessment 
tools and timely maintenance caused concrete structures to fall into an ultimate state 
of disrepair. That requires a significant effort to restore them to a safe or functional 
condition. Therefore, it is desirable that the condition of concrete structures be 
assessed or monitored throughout their service life. Early evaluation of the health of 
concrete structures to mitigate deterioration or prevent abrupt catastrophes is crucial 
for extending the service life and ensuring the safety of lives and property. 
Structural health monitoring (SHM) is a process for monitoring changes in structures 
and providing real-time information on structural conditions for safety evaluation 
and subsequent maintenance planning. The components of a typical SHM system 
include a sensory system and an evaluation system. The fundamental part is to 
establish a stable and reliable sensing system. The SHM system uses various types of 
sensors to determine a number of crucial parameters, for instance, stress, strain, crack 
formation, humidity, and temperature (S. Ding et al., 2019). Most of the sensors used 
in SHM for concrete structures are metallic. Therefore, there is no material 
compatibility between these sensors and the concrete, as well as poor durability, a 
high cost, and a short lifespan (Monteiro et al., 2017), The growing global demand for 
smart infrastructure has prompted researchers, engineers, and policymakers to 
explore novel solutions that can enhance the safety, reliability, and durability of 
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buildings, bridges, highways, and other civil engineering structures. Traditional 
cement-based materials have long been the backbone of construction due to their 
strength, versatility, and cost-effectiveness. However, the inability of these 
conventional materials to provide real-time health and performance data has limited 
their potential. Therefore, self-sensing cement-based composites have been 
developed as the latest option for SHM sensing technology.  

Self-sensing cement-based composites have emerged as groundbreaking technologies 
with the potential to revolutionize the construction industry. Combining the essential 
properties of traditional cementitious materials with the capability to sense and 
respond to environmental stimuli, these intelligent composites open a new frontier in 
the creation of resilient, sustainable, and efficient infrastructure. 

At the macroscopic level, self-sensing cement-based composites generally consist of 
non-conductive cementitious matrix and conductive fibers, Figure 1-1.  

Figure 1-1 Structure of a self-sensing composite 

Carbon-based materials have been predominantly used due to their excellent 
mechanical and electrical properties. However, achieving a sufficiently even 
distribution of these phases within the hydrated binder matrix has been one of the 
main obstacles to achieving strong self-sensing capability. The dispersibility depends 
on several factors, such as the concentration of conductive phases, their geometrical 
shape, applied processing methods, or surface functionalization. The hydrophobic 
nature of carbon-based materials results in a strong tendency for agglomeration, 
especially at higher pH values of the pore solution, typical for Portland cement-based 
concretes. A common procedure to spread conductive fillers in cementitious matrixes 
is to use a water dispersion with surfactants wrapped around nanomaterials to make 
a homogeneous water dispersion (Hilding et al., 2003). The produced dispersion is 
then added to the mix as part of the mixing water. 

An alternative to water dispersion is the synthesis of nanomaterials (carbon 
nanofibers and carbon nanotubes) directly on Portland cement particles using a 
chemical vapor deposition (CVD) reactor (Nasibulin et al., 2009; Nasibulina et al., 
2010). The nanomodified Portland cement can partly replace regular Portland cement 
during the production of mortars or concretes. The solution enabled an even 
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distribution of nanomaterials. The research presented in this thesis is a continuation 
of scientific work that was initiated in 2009 at the Helsinki University of Technology 
in Finland, where the synthesis technology was invented. However, the focus was on 
the electrical properties and self-sensing capabilities of mortars containing various 
amounts of nanomodified Portland cement. 

1.1 Aim and objectives. 

Aim:  
To develop a novel self-sensing cement-based composite that can be used as a 
sensory system in the structural health monitoring system of concrete structures that 
will be reliable, have high sensitivity, easy to install, robust, and durable. 

Objectives: 

• Evaluate the effects of nanomodified Portland cement (SmartCem) on the
sensing capabilities of cementitious composites.

• Understand what the sensing mechanism in different exposures is.

• Verify the self-sensing capability of full-scale concrete elements and
structures.

1.2 Scientific approach 

This study focused on the sensing capability of SmartCem composites. Initially, this 
work started with a review of the relevant literature to acquire fundamental 
knowledge related to the sensing properties of cement-based composites containing 
different types of conductive materials. This part was followed by the evaluation of 
the sensing capabilities of SmartCem composites exposed to various types of external 
loading, variable ambient temperature, and humidity. The sensing mechanisms and 
prediction models were studied in the last part of this research using a combination 
of theoretical, experimental, and mathematical approaches. 

1.3 Research questions 

I. Is it possible to create a self-sensing composite based on Portland cement?
What material combinations give the best results, and what are the most
common problems? (Paper I)

II. Can nanomodified Portland cement (SmartCem) be used to induce a self-
sensing capability in Portland cement-based composites? (Paper II, III, IV,

V)
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III. What are the mechanisms controlling the self-sensing capabilities of the
SmartCem composites? (Paper VI)

IV. What is the threshold amount of SmartCem for a self-sensing composite?
(Paper II, III, IV, V)

V. Can the SmartCem composites be used as sensors in a structural health
monitoring system for concrete structures? (Paper V)

VI. What is the most influential parameter for the sensitivity of the SmartCem
composite? (Paper II, III, IV, V, VI)

1.4 Limitations 

The research conducted exhibited certain limitations: 
 Only two types of SmartCem were used in this study. The optimized

synthesis parameters that were set in a pre-study (unpublished test results).

 Experiments were performed on small test specimens due to the limited
amount of synthesized SmartCem.

 The focus of this doctoral thesis was on experimental research. The full-scale
onsite monitoring tests have been ongoing while preparing this thesis;
therefore, only some results are presented.

1.5 Chapter overview 

This is a compilation thesis based on six scientific articles. The thesis is presented in 
six chapters, which are briefly described below. 

Chapter 1 provides an overview of the context information of this work, including 
the formulated research question, aims, objectives, and limitations. 

Chapter 2 describes the background of this work and contains a literature review 
focusing on the sensing capability of cement-based composites. 

Chapter 3 provides a description of the materials and methods used in this work. 

Chapter 4 describes the test outcomes, analyses, and discussions regarding the test 
outcomes. Highlighted the most important aspects of the research. 

Chapter 5 proposes equations for predicting the electrical properties of SmartCem 
composites based on a combination of theoretical, experimental, and mathematical 
approaches. 
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Chapter 6 summarizes the research findings, formulates conclusions, and briefly 
discusses the possibility of future work. 

1.6 List of appended papers 

Paper I 

“State of the art on sensing capability of poorly or nonconductive matrixes with a 
special focus on Portland cement–based materials”, Buasiri, T., Habermehl-Cwirzen, 
K., Krzeminski, L., & Cwirzen, A., Published in Journal of Materials in Civil 
Engineering, 31(11) on 22 August 2019. 

Paper II 

“Piezoresistive load sensing and percolation phenomena in Portland cement 
composite modified with in-situ synthesized carbon nanofibers” Buasiri, T., 
Habermehl-Cwirzen, K., Krzeminski, L., & Cwirzen, A., Published in Nanomaterials, 
9(4) on 10 April 2019. 

Paper III 

“Role of carbon nanofiber on the electrical resistivity of mortar under compressive 
load”, Buasiri, T., Habermehl-Cwirzen, K., Krzeminski, L., & Cwirzen, A., Published 
in Transportation Research Record: Journal of the Transportation Research Board, 1–
6 on 10 September 2020. 

Paper IV 

“Novel humidity sensors based on nanomodified Portland cement” Buasiri, T., 
Habermehl-Cwirzen, K., Krzeminski, L., & Cwirzen, A., Published in Scientific 
Reports, 1–10 on 14 April 2021. 

Paper V 

“Monitoring temperature and hydration by mortar sensors made of nanomodified 
Portland cement”, Buasiri, T., Kothari, A., Habermehl-Cwirzen, K., Krzeminski, L., & 
Cwirzen, A., Submitted. 

Paper VI 

“Sensing mechanisms of nanomodified Portland cement composite” Buasiri, T., 
Habermehl-Cwirzen, K., Krzeminski, L., & Cwirzen, A., Submitted. 
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1.7 Additional publications/conferences 

Other publications/conferences (not included in the thesis) 

Paper VII 

“Eco-uhpc as repair material—bond strength, interfacial transition zone and effects 
of formwork type”, Kothari, A., Rajczakowska, M., Buasiri, T., Habermehl-Cwirzen, 
K., Cwirzen, A., Published in Materials 2020, 13, 5778 on 17 December 2020. 

Paper VIII 

“Piezoresistive behavior of electric arc furnace slag and graphene nanoplatelets 
asphalt mixtures for self-sensing pavements”, Gulisano, F., Buasiri, T., Apaza, F.R.A., 
Cwirzen, A., Gallego, J., Published in Automation in Construction, Volume 142 in 
October 2022. 

Paper IX 

“Early age performance of OPC-GGBFS-concretes containing belite-CSA cement 
cured at sub-zero temperatures”, Kothari, A., Buasiri, T., Cwirzen, A., Submitted. 

Conferences participation: 

The 1st International Conference on Smart Materials for Sustainable Construction 
(SMASCO), Luleå, Sweden, on December 10-12, 2019. 

4th RILEM Annual Week And 40th Cement and Concrete Science Conference on 
August 31- September 4, 2020 (Online). 

ACI Concrete Convention (The World’s Gathering Place for Advancing Concrete) in 
San Francisco, CA, USA, on April 2-6, 2023. 
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2 Literature review 

2.1 Sensing cement-based composites 

he term “self-sensing cement-based composite” refers to a type of smart or 
functional composite that has the capability to sense its condition and 
environment. These composites are also known as self-monitoring, or self-

diagnosing cement-based composites (Han et al., 2017). The categorization of sensing 
cement-based composites can be divided into two main types: nonintrinsic and 
intrinsic self-sensing cement-based composites. In the case of nonintrinsic, external 
sensors or actuators, such as strain gauges, which have been commonly used since 
the 1930s (Benmokrane et al., 2007), optical fiber sensors (H. Wang et al., 2019), 
piezoelectric ceramics (H. Zhang et al., 2016), electrochemical sensors (Muralidharan 
et al., 2008), shape memory alloys (SMAs) (Song et al., 2006), and conductive polymer 
composites (Ou & Han, 2009) are either embedded, attached, or interfaced to develop 
self-sensing cement-based composites for structural health monitoring. The concept 
of intrinsic self-sensing concrete and structures was proposed in 1993 (P.-W. Chen & 
Chung, 1993). The intrinsic self-sensing cement-based composite is fabricated by 
mixing conductive fillers into conventional cement-based composites to increase 
their ability to sense while maintaining or even improving their mechanical 
properties. This composite can sense itself, eliminating the need for additional 
external sensors. Note that the concept of sensing cement-based composites 
mentioned in this work refers to the intrinsic self-sensing. 

Generally, the sensing cement-based composite consists of two main phases: matrix 
materials and conductive fillers. The matrix materials, including cement paste, 
cement mortar, and concrete serve as a binder as well as provide structural functions. 
Apart from Portland cement-based composites, the use of sulfoaluminate cement 
(Cheng et al., 2011), geopolymer cement (Saafi et al., 2013), and asphalt concrete (X. 
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Liu & Wu, 2011) as matrix materials for sensing cement-based composites has been 
reported. Since a saturated and dried cementitious composite always behaves like a 
poor semiconductor or insulator due to its high resistivity, the conductive fillers play 
an essential role in providing sensing capability as well as improved structural 
performance. The conductive fillers, which can range in size from macroscale to 
nanoscale, fibrous to particle, single to hybrid, and carbonaceous to metallic should 
be electrically conductive and chemically stable. Carbon-based materials such as 
carbon nanotubes (CNTs), carbon nanofibers (CNFs), carbon blacks (CBs), and 
multilayer graphene (MLG) are considered highly favorable conductive fillers. This 
is primarily due to their exceptional mechanical, thermal, and electrical properties 
(Georgakilas et al., 2015; Mendoza Reales & Dias Toledo Filho, 2017). 

Sensing could be defined as monitoring changes in electrical properties occurring in 
the matrix as a response to the application of external force, the development of 
stress, deformation, or strain due to loading, or ongoing deterioration processes. The 
self-sensing cement-based composite is a composite material having complex 
electrical properties, i.e., electrical resistance, electrical capacitance, and dielectric 
characteristics in varying degrees. The types of sensing signals are different for the 
measurement of the electrical properties of the composite depend on the selected 
methods and equipment. 

2.2 Electrical signal 

2.2.1 Electrical resistivity 

Electrical resistivity is a fundamental material property that characterizes the 
intrinsic resistance of a material to the passage of electrical current. The sensing 
capability of self-sensing cement-based composites arises from alterations in the 
conductive network present within the composite’s matrix. Consequently, the 
volumetric electrical resistivity can be used as a comprehensive indicator of their 
sensing behavior. In accordance with Ohm’s law, the electrical resistivity  can be 

expressed as:  

RA

L
  (1) 

where: R is the electrical resistance of the sensing composite, A  is the cross-section area, and 

L is the distance between two electrodes. 
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2.2.2 Impedance or Electrical Reactance 

Impedance ( Z ) is the total opposition that an electrical circuit shows to the flow of 
alternating current (AC). It combines both resistance ( R ) and reactance ( X ) in a 
complex form, while the electrical reactance specifically refers to the opposition 
caused by reactive elements (capacitors or inductors) in the circuit (Han et al., 2014c). 
Impedance is a complex quantity that has both magnitude and phase angle. It can be 
calculated using the following formula: 

Z R iX                                                               (2) 

2.2.3 Electric Capacitance or Relative Dielectric Constant 

Electric capacitance is defined as the ability of a capacitor to store an electric charge 
when a voltage is applied across its terminals. It is denoted C and measured in 
farads (F). One farad represents the capacitance of a capacitor that can store one 
coulomb of charge when a one-volt potential difference is applied across its 
terminals. Electric capacitance (C ) can be expressed as: 

0SC
l


     (3) 

where:  and 0 are the relative dielectric constant and the vacuum dielectric constant,

respectively, S  is area of the conducting samples and l is the distance between the electrodes. 

2.2.4 Percolation theory 

The relationship between the concentration of functional filler and the electrical 
property of a composite is determined by the percolation process (L. Wang & Aslani, 
2019), as shown in Figure 2-1. This process shifts materials properties from insulating 
to semiconductive and conductive (H. Li et al., 2006; X. Wang et al., 2002; Xie et al., 
1996). Three zones are usually formed while increasing the amount of conductive 
filler: insulation, percolation, and conduction.  

In the insulation zone, the electrical resistivity of the composite is very high and 
shows little or no change with increasing concentrations of the filler. Its amount is 
too low to create conductive paths. The average distance between the conductive 
particles is too large for an effective movement of electrons.  

In the percolation threshold zone, the adjacent conductive particles start to touch 
each other. This leads to the formation of conductive networks, which lower the 
resistivity by many orders of magnitude (Chung, 2002a). The resistivity will decrease 
with increasing filler content until the shortest conductive pathway is formed. The 
significant decrease in resistivity has been described as a percolation threshold.  
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In a conductive zone, the conductive filler concentration is higher than the 
percolation threshold, and fillers can be regarded as fully contacting each other. A 
further increase in the amount of filler does not alter the resistivity of the composite. 

 Figure 2-1 Electrically conductive mechanisms for sensing cement-based composites during the 

percolation process. (Buasiri et al., 2020) 

2.3 Measurements of electrical properties 

The electrical properties could be explained by resistance, resistivity, or conductivity. 
At present, there is no specific standard for the electrical resistance testing method. 
The measured resistance should be converted to resistivity by using an appropriate 
correction factor. Different specimen geometries, configurations, electrode types, and 
methods all affect the electrical resistivity of cementitious composites (Tian & Hu, 
2012), which causes the electrical resistivity to vary (Dehghanpour et al., 2020). 
Therefore, the selected method is crucial to ensuring the reliability and repeatability 
of the test measurement. This chapter presents an overview of the various methods 
for measuring electrical resistance in the literature as well as a selection of methods 
specifically for evaluating SmartCem composites. 

The electrical resistance measurement methods can be classified based on the 
electrode arrangement, which is the two-probe method and the four-probe method. 
In the four-probe method, the outer two electrodes are used to apply the current, and 
the inner two electrodes measure the potential difference, while in the two-probe 
method, the two electrodes are used to both supply the current and measure the 
voltage difference. Direct current (DC) and alternating current (AC) are typically the 
current sources for electrical resistance measurement. However, the polarization 
effect occurs when using DC. The polarization effect is caused by a chemical reaction 
at electrodes that liberates hydrogen and oxygen, which are deposited around the 
electrodes in the form of a thin film and make the electrical resistance go up 
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exponentially (Banthia et al., 1992). The electrical resistance measurement of cement-
based composites should not be determined by a single measurement in order to use 
DC. Drying the specimens can be used to limit polarization (Payakaniti et al., 2017).
Another way is to record the change in resistance measurement for the unloaded
specimen and/or apply the DC until reaching the stabilized resistance measurement
(pre-charge) ahead of conducting the actual test. In addition, AC is recommended to
lessen the polarization effect to an acceptable range by increasing the applied AC
frequency (Hou & Lynch, 2005).

According to Figure 2-2, the electrode can be attached to or embedded in the tested 
composites. For attached electrodes such as endplates, tape, or wire electrodes, it is 
necessary to apply a conductive adhesive in order to minimize the contact resistance 
between the specimen and the electrodes. According to (Han et al., 2007), the 
embedded electrode is considered more appropriate for conducting resistivity 
measurements in cementitious materials when compared to the electrode that is 
attached externally. This preference is primarily attributed to the embedded 
electrode’s superior durability and lower polarization. An appropriate choice for 
electrodes necessitates possessing excellent electrical conductivity, exerting minimal 
influence on the mechanical and electrical characteristics of the composite, 
exhibiting high resistance to corrosion, and demonstrating commendable durability. 
Copper is an ideal material for an embedded electrode that meets all the 
requirements mentioned above (Azhari & Banthia, 2017). 

Figure 2-2 Electrode configurations for electrical resistance measurement of cementitious composites a) 

two-probe embedded b) two-probe attached, c) four-probe embedded, d) two-probe embedded and two-

probe attached, e) four-rod attached, and f) four-rod embedded. 

The methods used in the electrical measurement of cement-based are available in the 
literature, as summarized in Table 2-1. 
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Table 2-1 The electrical measurement methods. 

Matrix Paste 

Test method 2-probe method 4-probe method

Reference 
(Sasmal et al., 

2017) 
(X. Li et al., 

2018) 

(Konsta-
Gdoutos & 
Aza, 2014) 

(Yoo et al., 
2017) 

Electrode 

configuration 

& 

Specimen 

size 
1 

50x50x50 mm 
2 

15x15x110 mm 
3 

20x20x80 mm 
4 

50x50x50 mm 

Test power DC (5-15 V) AC (1000 Hz) DC - 

Test 

instrument 

Digital 
Multimeter 

Resistivity meter 
Digital 

Multimeter 
LCR meter 

Matrix Mortar 

Test method 2-probe method 4-probe method

Reference (Kim et al., 2014) 
(Y. Liu et al., 

2018) 
(Q. Liu et al., 

2016) 
(Liang et al., 

2022) 

Electrode 

configuration 

& 

Specimen 

size 
5 

25x26x150 mm 
6 

40x40x160 mm 
7 

50x50x150 mm 
8 

40x40x160 mm 

Test power - AC - DC 

Test 

instrument 

Digital 
Multimeter 

Digital 
Multimeter 

Electrical 
resistance 

collection device 

Digital 
Multimeter 
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Table 2-1 Continue. 

1. Reprinted from Composites Part A: Applied Science and Manufacturing, Vol. 100, Sasmal et al., “Electrical 
conductivity and piezo-resistive characteristics of CNT and CNF incorporated cementitious nanocomposites under
static and dynamic loading”, pp. 227-243, © 2017, with permission from Elsevier. 

2. Reprinted from Cement and Concrete Composites, Vol. 92, Li et al., “Dispersion of graphene oxide agglomerates in 
cement paste and its effects on electrical resistivity and flexural strength”, pp. 145-157, © 2018, with permission from 
Elsevier. 

3. Reprinted from Cement and Concrete Composites, Vol. 53, Konsta-Gdoutos & Aza, “Self sensing carbon nanotube 
(CNT) and nanofiber (CNF) cementitious composites for real time damage assessment in smart structures”, pp. 162-
169, © 2014, with permission from Elsevier. 

4. Reprinted from Yoo et al., 2017 ©MDPI under CC-BY 4.0, https://creativecommons.org/licenses/by/4.0/. 
5. Reprinted from Composite Structures, Vol. 107, Kim et al., “Enhanced effect of carbon nanotube on mechanical and

electrical properties of cement composites by incorporation of silica fume”, pp. 60-169, © 2014, with permission from
Elsevier. 

6. Reprinted from Composites Part A: Applied Science and Manufacturing, Vol. 115, Y. Liu et al., “Ohmic heating curing 
of electrically conductive carbonnanofiber/cement-based composites to avoid frost damage under severely low 
temperature”, pp. 236-246, © 2018, with permission from Elsevier. 

7. Reprinted from Construction and Building Materials, Vol. 127, Q. Liu et al., “Experimental investigation on 
mechanical and piezoresistive properties of cementitious materials containing graphene and graphene oxide 
nanoplatelets”, pp. 565-576, © 2016, with permission from Elsevier. 

8. Reprinted from Construction and Building Materials, Vol. 357, Liang et al., “Measurement and simulation of electrical 
resistivity of cement-based materials by using embedded four-probe method”, © 2022, with permission from Elsevier. 

9. Reprinted from Construction and Building Materials, Vol. 75, Wu et al., “Three-phase composite conductive concrete
for pavement deicing”, pp. 129-135, © 2015, with permission from Elsevier. 

10. Reprinted from Gao et al., © 2011, with permission from IOP Publishing Ltd., http://iopscience.iop.org/0964-1726. 
11. Reprinted from Construction and Building Materials, Vol. 270, Y. (Dong et al., “Mechanical and electrical properties of 

concrete incorporating an iron-particle contained nano-graphite by-product”, © 2021, with permission from Elsevier. 
12. Reprinted from Construction and Building Materials, Vol. 281, J. Sun et al., “The effect of graphite and slag on 

electrical and mechanical properties of electrically conductive cementitious composites”, © 2021, with permission 
from Elsevier. 

Matrix Concrete 

Test method 2-probe method 4-probe method

Reference 
(J. Wu et al., 

2015) 
(Gao et al., 

2011) 
(Dong et al., 

2021) 
(J. Sun et al., 

2021) 

Electrode 

configuration 

& 

Specimen 

size 
9 

150x150x150 mm 
10 

ø 6”x12” 
11 

ø 50 x 100 mm 
12 

100x100x400 mm 

Test power DC (3 V) DC (1.5 V) DC - 

Test 

instrument 

Digital 
Multimeter 

Ammeter and 
Voltmeter 

Digital 
Multimeter 

Digital 
Multimeter 
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2.4 Sensing mechanisms 

The sensing mechanism is based on changes in the electrical properties of materials 
due to the action of external or internal factors or forces. The following factors can be 
considered (S. Ding et al., 2019; Han, Ding, et al., 2015):  

(I) Change in the intrinsic resistivity of conductive fillers. This change can be
attributed to the deformation of local bonding caused by stress.

(II) Change in bonding between conductive fillers and matrix. This change in
resistivity is primarily attributed to the phenomena of filler push-in and
pull-out, which occur during compression and tension.

(III) Change of contact between conductive fillers. The application of an external
force results in the reorganization and alignment of conductive fillers, which
subsequently causes the formation and/or destruction of conductive
pathways.

(IV) Change in tunneling resistance between functional fillers. This change is
attributed to the change in interparticle properties.

(V) Change in capacitance. The presence of conductive fillers can be considered
a capacitance plate. The application of an external force induces changes in
both the distance between the capacitance plates and the relative dielectric
constant, thereby causing fluctuations in the capacitance.

The aforementioned factors may work together to contribute to sensing properties. 
However, it is important to note that only one or a few of these factors dominate in 
specific regions of the conductivity curve. In the insulation zone, even when an 
external force is applied to the composite, a conductive path is difficult to form. 
Changes in capacitance are the primary factor. As a consequence, the composite has 
no or minimal sensing capabilities. At the initial stage of the percolation zone, the 
change in capacitance, the change in intrinsic resistance of fillers, and the change in 
bonding between filler and matrix are the dominant factors. Near the percolation 
threshold, the primary factors are the variation in tunneling distance between fillers, 
the variation in contact between fillers, the variation in bonding between filler and 
matrix, and the variation in the intrinsic resistance of conductive fillers. At the end of 
the percolation zone, the change in contact between fillers, the change in tunneling 
distance between fillers, and the change in intrinsic resistance of fillers play leading 
roles. Multiple variables influence the sensing properties of the composite in each 
section of the percolation zone. Therefore, the sensing composites in the percolation 
zone have good sensing properties. In the conductive zone, the change in contact 
between fillers and the change in intrinsic resistance of fillers become the dominant 
factors. The conductive network inside the composite stabilizes and becomes hard to 
change under loading. As a result, the composite will have more stable sensing 
properties and low sensing sensitivity (S. Ding et al., 2019; Han, Ding, et al., 2015). 
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2.5 Factors affecting sensing properties. 

2.5.1 Concentration and dispersion of conductive fillers 

The concentration of conductive filler plays a crucial role in the formation and 
density of the conductive network. As such, it is an important parameter that 
significantly affects sensing properties. Based on the percolation theory, it is 
generally observed that the electrical resistivity tends to decrease as the 
concentration of conductive filler increases. The formation of conductive networks 
inside the composite is improved by increasing the concentration of conductive 
materials (L. Zhang, Han, et al., 2017). The resistivity of sensing composites will be 
the lowest when the formation of the shortest conductive pathway occurs. However, 
higher concentrations of conductive fillers do not always result in lower electrical 
resistance. Due to the large specific surface area of functional fillers, especially 
nanofillers, the high-water absorption of conductive fillers will result in poor 
workability, which will lead to higher resistance. Besides that, functional fillers tend 
to agglomerate, which affects the formation of conductive networks. Therefore, it is 
crucial to determine the optimal concentration of conductive materials used in the 
sensing cement-based composites. The dispersion uniformity of conductive fillers 
greatly affects the sensing behavior of self-sensing cement-based composites. Ideally, 
it is important for conductive fillers to be evenly distributed within the composites to 
establish an efficient conductive network. The use of ultrasonication combined with 
surface treatment using surfactant enabled the production of matrixes with well-
dispersed nanomaterials (Cwirzen et al., 2008; Yazdanbakhsh et al., 2010). Increasing 
the amount of surfactants can improve the dispersion; however, excessive amounts 
can result in the formation of air bubbles. This can interrupt the formation of a 
conductive path and ultimately lead to the bleeding and segregation of the 
composites (W. Zhang et al., 2018). The ultrasonic treatment is necessary to disperse 
nanomaterials. In addition, process parameters must be optimized, including the 
used frequency, energy as well as the duration of sonication. Too high ultrasonic 
energy can damage or shorten the conductive filler, such as CNFs or CNTs (W. 
Zhang et al., 2018). 

2.5.2 Curing process 

The sensing capability of cement-based composites is influenced by the applied 
curing process due to its effects on hydration and thus on the formed microstructure 
of the binder matrix. This process leads to the filling of internal pores with additional 
hydration products (Z. Liu et al., 2013). At an early age, the amount of chemically 
unbound-free water is higher, which enables the development of ionic conduction 
(M. Sun et al., 2002). Over time, the porosity and moisture content decrease, leading 
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to an increase in resistivity (Al-Dahawi, Öztürk, et al., 2016; Yildirim et al., 2015). In 
addition, it is probable that the hydration products will wrap the conductive phases 
and disrupt the conductive network, leading to a substantial increase in electrical 
resistivity (Al-Dahawi, Sarwary, et al., 2016a). 

2.5.3 Temperature 

A rise or decrease in temperature can result in expansion or contraction of the 
sensing cement-based composites, which would change the distance between the 
adjacent conductive fillers. Moreover, a change in temperature will also cause an 
increase or decrease in the transition energy of the electrons in conductive fillers. As 
the temperature increases, some electrons will gain additional energy and will act as 
charge carriers. They will transfer this energy between conductive fibers due to the 
tunneling phenomenon. It will result in decreased electrical resistivity (Bing et al., 
2006). Therefore, temperature has a significant impact on the electrical conductivity 
and sensing properties of composites. 

2.5.4 Ambient humidity 

The water content of the sensing composite depends on many factors, including the 
environmental humidity. Exposing sensing composites to low ambient relative 
humidity causes the moisture to evaporate. While exposure to high humidity causes 
condensation and a gradual filling up of the capillary pores (Rajabipour & Weiss, 
2007a). This results in the formation of additional connections between the already 
existing electrically conductive paths. Consequently, the ultimate electrical resistivity 
varies and depends on the exposure and its history (S. Ding et al., 2019). 

2.6 Conductive fillers 

2.6.1 Steel fibers 

Steel fibers (SFs) are widely used as reinforcement (Berrocal et al., 2018). They have 
high tensile strength and modulus of elasticity, which can improve the flexural 
strength and ductility of composites and limit drying shrinkage and cracking 
(Buasiri, Habermehl-Cwirzen, & Cwirzen, 2019). SFs are good electrical conductors, 
thereby enabling their use as conductive fillers in cement-based sensing composites.  

(Banthia et al., 1992) showed that inclusion of 5 wt.% SF in the cement paste resulted 
in a significant 40% increase in flexural strength and a nearly 90% reduction in 
electrical resistivity. (Wen & Chung, 2003) developed a cement paste containing steel 
fibers at a volume fraction of 0.36 vol%. It was observed that the resistivity of the SFs-
reinforced matrixes increased in tension and decreased in compression. (Teomete & 
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Kocyigit, 2013) added 0.20-1.50 vol.% of 6-mm-long fibers to test mixes and observed 
an increase in the electrical resistivity in tension, which was associated with the 
formation of microcracks. (You et al., 2017) argue that the incorporation of 3 vol.% of 
SF into concrete has a negligible effect on the electrical resistivity as the fiber content 
exceeds the percolation threshold. However, as the curing time increases, the 
formation of rust on steel fibers will block the conductive networks, resulting in a 
significant increase in the resistivity. Consequently, it is impractical to use SF as the 
primary conductive material as it requires the application of a rust inhibitor (J. Wu et 
al., 2015). Furthermore, the variation in resistivity of SF-reinforced conductive 
concrete at different electrode positions can be attributed to the sedimentation of SF 
due to its high density (Fiala et al., 2016). Large aspect ratios facilitate the 
agglomeration of long fibers, which can result in higher resistivity (Berrocal et al., 
2018). Therefore, it is recommended to combine a small amount of SF with a variety 
of other functional additives (L. Wang & Aslani, 2019). 

2.6.2 Graphite powder 

Graphite (GP) is a carbon polymorph that exhibits a layered and planar structure. 
The carbon atoms are arranged in a hexagonal lattice, forming a honeycomb pattern 
(Ribeiro et al., 2005). The softness of graphite can be attributed to the relatively loose 
arrangement of covalent bonds between its constituent atoms. The classification of 
this phenomenon is based on its mode of occurrence and origin, resulting in three 
distinct forms: flake, crystalline (lumpy), and cryptocrystalline (amorphous) (Han et 
al., 2014b). Graphite has excellent thermal and electrical conductivity properties, a 
high level of refractoriness, and consistent chemical stability. 

For example, (El-Dieb et al., 2018) incorporated 7 vol.% of graphite powder into 
concrete. The obtained results indicated that the conductivity was increased 
threefold. In order to attain a high level of conductivity, a large number of graphene 
particles (GP) are required. However, an excessive amount of GP will lead to 
increased porosity, thereby negatively impacting strength.  

2.6.3 Graphene nanoplatelet 

Graphene nanoplatelets (GNPs) belong to the family of graphene-based materials. 
Graphene, the parent material, is a single layer of carbon atoms arranged in a two-
dimensional honeycomb lattice. GNPs are essentially small platelet-like structures 
composed of multiple layers of graphene stacked on top of each other, forming a 
nanoplatelet structure (S. Sun et al., 2017). The unique properties of graphene include 
exceptional mechanical strength, high thermal and electrical conductivity, a large 
surface area, and low cost (Q. Liu et al., 2016). 
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For example, (S. Sun et al., 2017) investigated the piezoresistive properties of 
cementitious composites filled with graphene nanoplatelets (GNPs). The purpose of 
that study was to examine changes in the electrical properties of GNP-cementitious 
composites subjected to cyclic compressive stress under different quasi-static and 
dynamic loading conditions. The findings indicate that the electrical resistivity 
decreased as the GNP content increased until it reached the percolation threshold, 
which was approximately 2 vol.%. The piezoresistive effect was stable and repeatable 
within the elastic regime. However, at high loading rates, the amplitudes of change 
in the electrical resistivity decreased with time, demonstrating a slight dynamic 
loading rate dependence. 

2.6.4 Carbon black 

Carbon black (CB) is an amorphous form of carbon with a high ratio of surface area 
to volume. Several commercially available CBs are typically nanosized. The benefits 
of carbon black are its lightweight, high chemical and thermal stability, good 
electrical conductivity, and low cost (Wen & Chung, 2007). CB is one of the 
electrically conductive particulates that can reduce electrical resistance, improve 
aggregate interface durability, and increase the density of cementitious composites 
(Y. Ding et al., 2013). Carbon black is currently one of the most widely used 
functional fillers to incorporate sensing capabilities into cementitious matrixes. 
For example, (H. Li et al., 2006, 2008) developed a cement paste containing CB for 
strain sensing. During loading, the resistivity showed a linear decrease with an 
increase in the compressive strain until the point of failure was reached. The 
occurrence of crack formation marked a bump in the otherwise nearly linear 
correlation. The percolation threshold of CB was between 12 and 20 wt.% of cement.  

2.6.5 Carbon fiber 

Carbon fiber (CF) is primarily composed of carbon atoms and has a diameter 
typically between 7 μm and 15 μm (Chung, 2001). The carbon content usually 
exceeds 92 wt.% (Huang, 2009). The utilization of CF as reinforcement in 
cementitious matrixes is attributed to its remarkable tensile strength and elastic 
modulus. This property allows CF to effectively impede the formation and 
propagation of microcracks, thereby improving both the flexural strength and 
flexural toughness of the cementitious matrix. Additionally, CF reinforcement 
contributes to the reduction of drying shrinkage and enhances the overall durability 
of the material (Chuang et al., 2017). Another area of application is the production of 
self-sensing cementitious composites.  
For example, (Al-Dahawi, Sarwary, et al., 2016b), produced 50-mm cubic sensing 
mortars that contained 12-mm long CFs to assess their self-sensing capabilities when 
subjected to compressive loading. The results indicate that it was possible to detect 
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even small levels of deformation, starting from the initiation of the loading. Upon 
evaluating the percolation thresholds, mechanical properties, and piezoresistive 
properties, the findings showed that the percolation threshold was approximately 1 
wt.%. Other studies demonstrated that carbon fiber-reinforced concrete (CFRC) has 
piezoresistive properties when subjected to cyclic loading (Chung, 2002b; Wen & 
Chung, 1999, 2003). In the elastic regime, the fractional change in electrical resistance 
decreased during loading and increased upon unloading. The study also showed 
irreversible piezo resistivity when the applied strain exceeded 0.2%. Therefore, it can 
be concluded that the CFRC was not appropriate for the purpose of stress-strain 
sensing when subjected to heavy loads. 

2.6.6 Carbon nanofibers 

Carbon nanofibers (CNFs) consist of cylindrical layers of graphene arranged in 
cones, plates, or cup shapes (Guadagno et al., 2013; Mo & Roberts, 2013; Rana et al., 
2016). These layers form a cylindrical nanostructure. The stacking of these layers 
results in CNFs having a larger surface area, and the fiber's edges can enhance its 
bonding with the matrix material (Mo & Roberts, 2013). CNFs have diameters of up 
to 200 nm and lengths ranging from 50 to 200 μm (Yazdani & Mohanam, 2014). The 
incorporation of CNFs into cement-based composites not only enhances electrical 
properties but also improves other properties, i.e., tensile and flexural strengths, 
tensile ductility, flexural toughness, and reduced drying shrinkage (Cwirzen, 2021; 
Han, Sun, et al., 2015). A large number of studies showed that CNFs induced strong 
sensing capabilities.  
For example, (Gao et al., 2009) observed that an increase in the concentration of CNFs 
decreased the electrical resistance, which can be attributed to the tunnel CNF 
conductivity effect. Excessive CNF amounts appeared to have limited impact on the 
sensing capabilities when exposed to the increasing strain. (Konsta-Gdoutos & Aza, 
2014) examined the piezoresistive behavior of a cementitious matrix containing CNF 
subjected to cyclic compression loading within the elastic range. The resistivity 
tended to decrease during loading and increase during unloading. The resistivity of 
the sensing composite containing 0.1% by weight of CNF showed an average change 
in the electrical resistivity of 5.0%. This response is sufficient for application in strain 
sensors. 

2.6.7 Carbon nanotubes  

Carbon nanotubes (CNTs) have a cylindrical structure consisting of rolled hexagonal 
graphite sheets. (Iijima, 1991) was one of the first to observe CNTs. CNTs can be 
synthesized as single-walled carbon nanotubes (SWCNTs) or multi-walled carbon 
nanotubes (MWCNTs). That exhibit extraordinary physical, mechanical, and 
electrical properties (Cwirzen, 2021). They are nanosized, have high strength and 
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Young's modulus, a strong deformation response, high ductility, a high aspect ratio, 
excellent electrical (Bhatia et al., 2010; Guadagno et al., 2011; Thostenson et al., 2009) 
thermal (Guthy et al., 2007; Thostenson et al., 2009; Yang et al., 2008), and 
conductivity (Thostenson et al., 2001). Many researchers have conducted studies on 
the potential use of CNT/cement composites as sensors. A self-sensing 
MWCNT/cement composite used to monitor traffic showed remarkable 
responsiveness to loads generated by passing (Han et al., 2009). As shown by (Nam 
et al., 2016), the percolation threshold of the cement-based matrix containing 
MWCNT was 0.25% by weight. With this amount, the largest change in electrical 
resistance was recorded. The efficacy of a sensor using 0.2 wt.% MWCNT was 
validated via a vehicle-loading experiment, demonstrating its capability to accurately 
detect variations in load.  

2.6.8 Cement with synthesized in-situ CNFs 

One of the largest obstacles to creating strong, electrically, or thermally conductive 

CNT/CNF composites is the difficulty of obtaining a good dispersion of the carbon 
nanomaterials in the hardened binder matrix. Typically, time-consuming steps of 
carbon nanomaterial purification, functionalization and mixing with matrix are 
required. An alternative solution, which is also the core of this PhD thesis, is to 
synthesize CNTs/CNFs directly on Portland cement particles using chemical vapor 
deposition (CVD) (Nasibulin et al., 2009; Nasibulina et al., 2010). The composites 
based on such modified Portland cement showed a uniform dispersion, resulting in 
increased compressive strength and a decrease in the electrical resistivity of the 
hardened paste by one order of magnitude. (Cwirzen et al., 2009). The present PhD 
thesis aims to use these materials for sensing applications using piezoresistive 
properties. 

2.6.9 Hybrid 

Promising outcomes were observed in hybrid fiber systems that contained two or 
more types of fiber. A combination of micro- and nano-sized fibers leads to enhanced 
mechanical properties, an increased interfacial area between adhering fillers, and 
improved electrical conductivity. Research findings have indicated that hybrid 
conductive fillers improve sensing capabilities, i.e., greater accuracy and sensitivity 
(Luo et al., 2011). Moreover, it has been observed that hybrid functional fillers exhibit 
better sensing properties compared to single fillers. (Han, Ding, et al., 2015). In 
addition, hybrid fillers can form conducting networks at lower concentrations (S. Wu 
et al., 2005). 

Numerous studies have focused on hybrid fillers to enhance their self-sensing 
capability, sensing reliability, and sensitivity. For example, (Ou & Han, 2009) 
demonstrated that cement-based strain sensors have strong piezoresistive properties. 
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This was achieved by adding 0.18 vol.% of CF and 15 vol.% of CB into the 
cementitious matrix. The strain sensors were subjected to compressive strain, and 
their performance was shown to be consistent and replicable. The detection of 
compressive strain in concrete beams and columns under field conditions was 
possible. (Rovnaník et al., 2017) showed that the use of CNTs and GP enabled them 
to achieve high electrical conductivity and mechanical strength. The electrical 
resistivity decreased by up to 80% by using 0.1 wt.% CNT with 2 wt.% GP. Similarly, 
the incorporation of 15 wt.% CF and 1 wt.% MWCNTs significantly enhanced the 
electrical conductivity and sensing capability (Azhari & Banthia, 2012). Compared to 
composites containing only CF, the hybrid composite showed enhanced signal 
quality, improved dependability, and greater sensitivity when subjected to both 
monotonically and cyclically applied strain. The insertion of 0.1 vol.% CF and 0.5 
vol.% MWCNTs resulted in composites exhibiting the highest strain-sensing 
property. The gauge factor (GF) achieved a value of 160.3. The sensing capabilities 
shown by the GF were comparable to those seen in cement composites containing 1 
vol.% MWCNTs (Lee et al., 2017). 

2.7 Example applications of sensing cement-based composites 

2.7.1 SHM 

The real-time monitoring and structural health assessment of concrete structures are 
of crucial importance due to the extensive utilization of concrete as a construction 
material and the still-growing use of concrete structures in various applications. 
Severe structural failure can occur because of the cumulative damage caused by 
exposure to aggressive environments. The concept of SHM offers a means by which 
the safety and durability of a structure can be assessed throughout its operational 
lifespan, with the aim of ensuring its functional performance and long-term viability. 
Sensing cement-based composites used for SHM possess the capability to readily 
monitor alterations in stress or strain occurring within the compromised sections of 
structures, ensuring the normal operation of structures. Typically, it can be used in 
various configurations, such as bulk, coating, sandwich, bonded, and embedded 
forms, Figure 2-3.   

The term bulk form refers to the configuration in which all structural elements, such 
as beams and columns, are constructed entirely from sensing cement-based 
composites. (W. Wang et al., 2006) evaluated the relationship between the fractional 
change in electrical resistance and fatigue life for carbon fiber reinforced concrete 
(CFRC) four-point bending columns subjected to cyclic flexural loading. Monitoring 
the damage condition in CFRC can be achieved through the measurement of the 
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electric resistance. Residual resistance is observed during the progression of load 
cycling. It is noted that as the stress ratio increases, the strain develops at a faster 
rate, leading to greater fatigue damage. Consequently, the irreversible increase in 
residual resistance is also greater. The test results indicated that carbon fiber concrete 
can be used to monitor fatigue damage and anticipate its fatigue life. 

Figure 2-3 Typical application arrangements of self-sensing cement-based composites for SHM (the red, 

gray, and white parts represent the sensing composites, cementitious matrix, and adhesive, respectively) 

The term coating form refers to the condition where a single surface of a component 
is covered by a layer of sensing composites. (Wen & Chung, 2001) were the first to 
apply a carbon fiber cement paste coating to either the tensile or compressive side of 
cement paste beams subjected to three-point bending. The electrical resistance of the 
strain-sensing coating showed a reversible increase on the tension side and a 
reversible decrease on the compression side.  

In the sandwich arrangement, both the top and bottom surfaces of a component are 
covered with layers of sensing composites. This arrangement was used, for example, 
by (S. Wu et al., 2007) who applied carbon fiber reinforced concrete (CFRC) layers on 
both the top and bottom of reinforced concrete (RC) beams. The location and 
thickness of the CFRC layer impacted the initial electrical resistance and other 
electrical properties of the beam. The identified relationships between electrical 
resistance, loading, deflection, and crack formation enabled monitoring of the extent 
of damage to the designed beams. 
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Another application is to fabricate sensing composites as sensors with dimensions of 
coarse aggregate (Han & Ou, 2007). These sensors can be attached to a concrete 
component using adhesive, a technique commonly referred to as bonded form. 
(Baeza et al., 2013) studied the strain-sensing and damage-sensing functional 
properties of such a solution. They bonded either self-sensing carbon fiber or carbon 
nanofiber composites on the top, bottom, and sides of the RC beam. The results 
indicated that both CF and CNF cement-based sensors were capable of measuring 
strains on the surface of a conventionally reinforced concrete beam. The cement paste 
containing 2% CNF (by mass of cement) was the most sensitive dosage. Moreover, 
thinner sensors showed higher sensing capability when attached to an RC element. 
The concept of the embedded form uses premanufactured, sensing cement-based 
sensors for monitoring concrete structures. For example, (Xiao et al., 2011) embedded 
carbon black cement-based sensors (CBCC) into three different stress zones (i.e., 
uniaxial compression, combined compression and shear, and uniaxial tension zones) 
of RC beams and investigated the strain sensing properties under four-point 
bending. The results showed good sensing properties under uniaxial tension and 
compressive strain and nearly no sensitivity to shear stress. The reduced shear stress 
sensitivity was related to the decreased maximum compressive strain.  

2.7.2 Traffic detection 

Traffic detection is a crucial aspect of managing traffic flow. Factors such as traffic 
flow rate, vehicle speeds, vehicle categorization, and traffic density have become 
increasingly vital for effective traffic management and road pavement design. 
Nowadays, traffic sensors are typically installed beneath the road surface or 
positioned alongside the road. However, these embedded sensors suffer from a 
limited lifespan and can even contribute to pavement deterioration due to their 
material incompatibility. Moreover, traditional sensors are prone to producing 
unreliable data due to their susceptibility to the effects of external environmental 
factors (Han et al., 2014a). Additionally, conventional sensors have a restricted 
detection range, rendering them impractical for broad implementation (Shi & Chung, 
1999).  

The implementation of sensing cement-based composites for traffic detection could 
address some of the listed problems. Sensing cement-based composites can 
accurately gauge traffic flow and vehicle speeds and even conduct weigh-in-motion 
measurements (Han et al., 2009). (Shi & Chung, 1999) studied concrete containing 
carbon fiber, 5 mm long, 0.5 or 1.0 wt.% of cement, for traffic monitoring and 
weighing in motion, which was done in the laboratory. The resistance decreased 
reversibly with increasing stress up to 1 MPa and was independent of the vehicle’s 
speed up to 55 mph. A novel self-sensing CNTs containing concrete pavement 
system for traffic detection was proposed by (Han et al., 2013). The CNT concrete 
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sensors can identify the front wheel and the rear wheel of the vehicles passing by the
changes that occur in the voltage signal. The integrated system has the advantages of 
high detection precision, high anti-jamming ability, easy installation and 
maintenance, a long service life, and good structural properties. The road test results 
showed that the new system performs very well and can be applied to real-time 
online detection.  
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3 Materials and methods 
3.1 Materials 

3.1.1 Portland cement 

rdinary Portland cement (CEM I 42.5N) supplied by Cementa Sweden was 
used as a substrate for synthesizing carbon nanofibers (CNFs) on the 
nanomodified Portland cement, the so-called “SmartCem”, and for all 

studied mortar samples. The chemical compositions of CEM I 42.5 N are shown in 
Table 3-1. 

Table 3-1 The chemical composition of CEM I 42.5N. 

Oxides 

(%) 

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 LOI 

63.30 21.20 3.40 4.12 2.20 0.18 0.56 2.70 2.50 

3.1.2 Nanomodified Portland cement (SmartCem) 

The SmartCem material is composed of particles with attached CNFs that are 
synthesized in situ through the chemical vapor deposition (CVD) technique, Figure 
3-1. The CVD method is one of the commonly used techniques to grow carbon
nanomaterials (Bajwa et al., 2008; MacKenzie et al., 2010). The process uses a high-
temperature furnace where a catalyst is present and exposed to a continuous flow of
gaseous carbon feedstock. The CVD method is simple and can be used in large-scale
manufacturing  (Qi et al., 2010).
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Figure 3-1 SmartCem as produced. 

The used CVD reactor was manufactured by the CVD Equipment Corporation. The 
SmartCem was produced on ordinary Portland cement (CEM I 42.5N) from 
Cementa-Sweden. The cement particles naturally contain efficient catalysts, 
including iron (III) oxide (Fe2O3). 

The synthesis of SmartCem in the present work used high-purity ethylene as the 
main carbon source, and the synthesis temperature was 750 °C with a synthesis time 
of 120 min. Hydrogen gas (H2, 99.99999%) was used as the reducing agent and argon 
(Ar) as the transportation medium. All of the gases used were industrial-grade.  

The synthesis process started with placing 10 grams of cement powder (CEM I 
42.5N) on four quartz boats made of tube halves, Figure 3-2.  

Figure 3-2 Placement of Portland cement in quartz tube halves in the CVD reactor. 

The quartz tube of the CVD reactor had 70 mm in diameter and 50 cm in length. In 
the first step, samples were subjected to a degassing process at a low pressure of 
0.001 mbar and a temperature of 90 °C for 60 minutes. Next, the temperature was 
increased to 110 °C and maintained for 20 minutes in order to eliminate gaseous 
pollutants and moisture. After that, the cement samples were subjected to a heating 
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process, reaching a maximum temperature of 740 °C. This heating was carried out in 
an argon atmosphere, maintaining a pressure of 1,010 mbar. The rate of heating was 
5 °C per minute. Once the temperature was stabilized, the cement samples 
underwent a reduction reaction for 15 minutes. This reaction took place in an 
atmosphere consisting of a mixture of hydrogen and argon, with flow rates of 500 
standard cubic centimeters per minute (sccm) and 200 sccm, respectively. Following 
the reduction of the catalyst surface, the reactor temperature was maintained at 750 
°C with a flow rate of 1 standard liter per minute (SLM) of argon. Then, a 
combination of reactive gases was introduced for synthesis, consisting of 100 sccm of 
ethylene, 400 sccm or 500 sccm of hydrogen for SmartCem I and SmartCem II, 
respectively, and 600 sccm of argon for 120 minutes. After that, the cement samples 
required purification to remove the amorphous carbon phases, which are by-
products of the synthesis. This purification process was carried out in an atmosphere 
consisting of a mixture of hydrogen and argon, with flow rates of 100 sccm and 1,000 
sccm, respectively. The last stage included cooling down to 200 °C at a rate of 12 °C 
per minute under an inert atmosphere, followed by degassing under vacuum and 
further cooling to 20°C in argon. Figure 3-3 shows a schematic diagram of the CVD 
process of SmartCem synthesis, and Figure 3-4 presents a flow chart that outlines the 
various steps involved in the synthesis processes. 

Figure 3-3 Schematic diagram of the SmartCem synthesis using the CVD reactor (Buasiri et al., 2019). 
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Figure 3-4 The synthesis procedure of the SmartCem. 

3.1.3 Aggregates 

Quartz sand (B15), having a maximum particle size of 150 μm was used to produce 
mortar and concrete samples. Natural granite aggregates with particle sizes of 0–4 
mm and 4–8 mm provided by Jehander HeidelbergCement were used as fine and 
coarse aggregates, respectively. The particle size distribution of used aggregates is 
shown in Figure 3-5. 
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Figure 3-5 Grading curve of aggregates. 

3.1.4 Admixture 

Polycarboxylate-based superplasticizer (SP) type MasterGlenium produced by Grace 
Chemical was used to control the workability of fresh mixes. 

3.1.5 Mixing machines 

Two types of mixers were used to prepare test samples, Figure 3-6. A Bredent 
vacuum mixer was used to prepare mortar samples, while a Hobart mixer was used 
to produce concrete samples. 

Figure 3-6 Mixers a) Bredent vacuum mixer and b) Hobart mixer-10L 
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3.1.6 Mix designs 

The water-to-binder ratio (w/b) for all mortar samples was 0.35, while the sand-to-
binder ratio (s/b) was 1. Additionally, each sample contained 0.8 wt.% of the 
superplasticizer. SmartCem was used to replace the cement in different proportions, 
namely: 0 wt.% (Ref), 2 wt.% (S2), 4 wt.% (S4), 6 wt.% (S6), 8 wt.% (S8), and 10 wt.% 
(S10) by the total weight of the binder. Mortars were used to produce sensors. 

Two types of concrete were used for the laboratory study. Normal concrete (NC) was 
produced in the laboratory, while self-compacting concrete (SCC) was produced and 
delivered by the local ready-mix concrete distributor, Snells Betong och Ballast, 
Luleå, Sweden. NC and SCC were used for semi-large-scale tests. 

The mix compositions of mortar and concrete samples are shown in Table 3-2 and 
Table 3-3, respectively. 

Table 3-2 Mix proportions for mortars. 

Mix w/b s/b 

Superplasticizer Cement SmartCem I 

Calculated 

quantities 

of CNFs 

(wt.% of binder) 

Ref 0.35 1 0.8 100 0 0.000 

S2 0.35 1 0.8 98 2 0.054 

S4 0.35 1 0.8 96 4 0.108 

S6 0.35 1 0.8 94 6 0.163 

S8 0.35 1 0.8 92 8 0.217 

S10 0.35 1 0.8 90 10 0.271 
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Table 3-3 The concrete mix composition. 

Materials 
Self-compacting 

concrete (SCC) 

Normal concrete 

(NC) 

(kg/m3) (kg/m3) 

Portland Cement (CEM I 42.5N) - 400 

Portland Cement (CEM II/A-V 52.5N) 340 - 

Limestone filler—KM200 160 - 

Fine aggregate (B15) - 179 

Fine aggregate (0–4) 1,021 1,075 

Coarse aggregate (4–8) - 537 

Coarse aggregate (8–16) 802 - 

Superplasticizer - 3.0 

MasterGlenium SKY 823 3.4 - 

Water 187 180 

3.2 Methods 

3.2.1 Sample preparation 

The nanomodified Portland cement composites were prepared as mortar beams. The 
mortars were mixed using a Bredent vacuum mixer and subsequently cast into Teflon 
molds made in-house. The dimensions of the mortar specimens used in this study 
were 12 mm × 12 mm × 60 mm. Each mortar sample contained copper electrodes, 
which had a thickness of 0.25 mm, a width of 5 mm, and a length of 15 mm. The 
number of electrodes depended on the studied method. After casting for 24 hours, 
mortar samples were demolded and connected with soldered copper wires to the 
measuring devices. With the objective of mitigating the oxidation of electrodes, heat 
shrink tubes were used to isolate the ends connected to wires. All specimens were 
cured in different conditions until further testing. A schematic diagram of sample 
preparation and mix proportions used for the test mortars is shown in Figure 3-7 and 
Table 3-2, respectively. 
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Figure 3-7 Preparation of mortar samples. 

The laboratory-manufactured normal-strength concrete (NC) was prepared using a 
10-liter Hobart mixer. The specimens of NC were cubic in shape, measuring 100 mm
on each side, Figure 3-8. SCC beams had dimensions of 300 mm x 300 mm x 2500
mm. All specimens were cured under laboratory conditions. The mix compositions
for concrete are shown in Table 3-3.

Figure 3-8  Concrete specimen a) 100 mm cube and b) semi-large-scale beam. 

3.2.2 Mechanical properties 

The mechanical properties of mortar samples were limited to compressive and 
flexural strengths. A Wykeham Farrance 50 kN UCS loading machine (Figure 3-9) 
with the Catman Easy version 5.2 software was used to record the applied force to 
the mortar specimens.   

The SCC beam was tested for three-point bending with the setup following the SS-
EN 12390-5:2009 standard (EN, 2019). The used displacement rate was 0.03 mm/s. 
The distance between supports was 1500 mm.  



33 | P a g e

Materials and methods 

Figure 3-9 Compression machine. 

3.2.3 Temperature gradient 

The temperature development recorded was measured by embedding a 
thermocouple in the test specimens and connecting it to a TC-08 device type using 
Pico technology with the PicoLog6 software, Figure 3-10. 

Figure 3-10 Thermocouple and TC-08 device. 

3.2.4 Humidity development 

The humidity measurements were taken using a commercial humidity sensor of type 
SHT85 from Sensirion.  

3.2.5 Morphology and microstructure 

3.2.5.1 SEM -EDS 

The morphology of the SmartCem particles and the elemental composition of 
SmartCem I were determined using a Jeol JSM-IT100 scanning electron microscope 
(SEM) combined with a QUANTAX energy dispersive X-ray spectrometer (EDX) 
from Bruker Corporation, Billerica, MA, USA, Figure 3-11. The images were acquired 
utilizing the secondary electron detector (SED) at magnifications of 3,000x and 
12,000x. The accelerating voltage was 7 kilovolts (kV), while the accelerating current 
was 30 microamperes (μA). 
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Figure 3-11 Scanning electron microscopy (SEM-EDS) 

3.2.5.2 TGA test 

Thermogravimetric (TG) analysis was performed using a thermal analyzer type 
NETZSCH STA 449F3 Jupiter® with a temperature increase rate of 10 °C/min and an 
operating temperature range between 20 and 1,000 °C in an atmosphere of air 
flowing at 50 mL/min. 

3.2.6 Electrical resistivity measurements 

The measurements were carried out using a digital multimeter of type Keysight 
34465A, Figure 3-12. In order to determine the best method to measure changes in 
the electrical resistivity of the studied mortars, three different configurations (EM I, 
EM II, and EM III) were studied, Figure 3-13. 

Figure 3-12 Digital multimeter. 

All samples were made from mortar mix S10. Copper plate electrodes (5mm x 15mm 
x 0.25 mm) were used, and their number depended on the tested configuration.  
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. 

Figure 3-13 The studied configurations and the electrical diagrams of a) the four-probe method (EMI), b) 

the two-probe with four wires (Kelvin) method (EMII), and c) the two-probe method (EMIII). 
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For the EM I configuration, the electrical resistance was measured using the four-
probe method. The direct current was applied between the two outer electrodes, and 
the potential was measured between the two inner electrodes. The distance between 
the inner electrodes was 30 mm, and the distance between the outer electrodes was 
50 mm. The EM II configuration was a 4-wire Kelvin resistance measurement. The 
electrical measurement was done by connecting two wires on each HI and LO side. 
The test current flows between the two outside wires and the two wires inside to 
measure the potential difference. The two electrodes are at a distance of 30 mm. In 
the EM III configuration, which is set up similarly to EM II, the electrical 
measurements were done using a two-probe method. Two wires were connected to 
the electrodes. The current and potential difference measurements were made on the 
same wire.   

Table 3-4 shows the comparison of average electrical resistance measurements, 
standard deviation, and percentage of coefficient of variation (CV) for all three 
configurations. The results show that the EM I configuration (the four-probe method) 
has the lowest variation coefficient and a small scatter of the data. The EMI 
configuration was used to measure the electrical resistance of SmartCem composites 
for all studies. To limit the polarization effect of SmartCem composite, the 
measurements were done after a stable electrical resistance reading was observed.  

Table 3-4 Comparison between the results obtained using the proposed configurations. 

Configuration Average resistance (Ω) Standard deviation, sd (Ω) CV (%) 

EM I 229856.229 6971.216 3.033 

EM II 732502.550 76008.888 10.377 

EM III 778297.891 81266.813 10.441 

The electrical conductivity ( e ) can be calculated using an equation (4):

1
e

L

RA



  (4) 

The fractional change in electrical resistivity ( FCR ) can explain the sensitive 
behavior of the composites by using the following equation (5): 

0

0 0

(%) 100 100FCR
 

 


      (5) 

where:   is the electrical resistivity (Ω∙m), 0 is the initial electrical resistivity (Ω∙m), L is 

internal electrode distance (m), A is electrode area (m2), and R is the measured resistance (Ω). 
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3.2.7 Sensing properties in small-scale testing 

3.2.7.1 Load sensitivity 

The piezoresistive properties of SmartCem composites were examined under varying 
loading conditions. The electrical resistance was measured at the same time as the 
load was applied. The mortar specimen was tested 28 days after casting. The stress 
was applied using a Wykeham Farrance 50 kN UCS loading machine, and the 
electrical measurement was conducted following the procedures outlined in Section 

3.2.6.  

For compressive stress sensing, the compression load was applied to the SmartCem 
mortar specimens placed vertically with a loading rate of 0.05 cm/min. During the 
bending test, a flexural load was applied to the SmartCem mortar specimens until 
they reached the point of failure. The specimens under investigation were positioned 
in a horizontal orientation. The load rate used in the experiment was 0.0001 cm/min. 
The test setups are shown in Figure 3-14. 

Figure 3-14  The electrical measurement setup under a) compression load and b) flexural load. 

The stress sensitivity ( S ) was calculated as follows: 

(%)
(% / )

FCR
S MPa 
 





  (6) 

where: 0      is the change of stress between the stress   and the initial

stress 0 . 
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3.2.7.2 Humidity sensitivity 

The humidity chambers were prepared to study the humidity-sensitive properties of 
SmartCem composites. The custom-made chambers consisted of sealed glass 
containers containing various types of saturated salt solutions. These included 
lithium chloride (LiCl), potassium carbonate (K2CO3), sodium chloride (NaCl), and 
potassium sulphate (K2SO4), which can maintain relative humidities of 11%, 43%, 
75%, and 97%, respectively (Young, 1967). A commercial humidity sensor of type 
SHT85 produced by Sensirion was installed in each container as a reference. The 28-
day SmartCem mortars were kept in the controlled humidity chambers, and the 
electrical resistance was measured after 24 hours. Figure 3-15 shows the test setup for 

humidity-sensitive properties. The humidity sensitivity ( HumidityS ) was calculated as 

follows (Tang et al., 2011):  

 
 0 100

% / %
%

HumidityS RH
RH

  



(7) 

where:  is the change of electrical resistance, 0 is initial resistance and %RH is the

change in relative humidity. 

Figure 3-15  The test setup for humidity-sensitive studies of SmartCem mortar. 

3.2.7.3 Temperature sensitivity 

The temperature-sensitive property of SmartCem composites was studied across four 
distinct temperature conditions: -20°C, 0°C, 20°C, and 40°C. Prior to the start of the 
experiment, a protective layer of thin plastic sheeting was applied to the 28-day 
specimens in order to mitigate the potential influence of extraneous variables, such 
as humidity. All specimens were placed within a chamber that maintained a 
controlled temperature for a duration of 24 hours, and then the electrical resistance 
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measurements were started, Figure 3-16. The temperature sensitivity ( TemperatureS ) 

was calculated as follows: 

 
 0 100

% /TemperatureS
T

C
  

 


(8) 

where:  is the change of electrical conductivity, 0  is initial resistivity and T  is

the change in temperature. 

Figure 3-16  The test setup for temperature-sensitive studies of SmartCem mortar. 

3.2.8 Semi-large-scale testing 

Two types of concrete were produced for this study: NC 100 mm cube samples and a 
SCC beam, Figure 3-17. The SmartCem mortar containing 4 wt.% of SmartCem (S4) 
was embedded in the concrete immediately after casting to monitor the hydration 
processes (both temperature and humidity). The commercial humidity sensor type 
SHT85 produced by Sensirion and a thermocouple were also embedded near the 
SmartCem sensor as a reference. Following the casting process, a plastic sheet was 
applied to the upper surface of the specimens. The electrical measurements were 
continuously conducted over a period of 7 days, as shown in Figure 3-17. 

After approximately four months, the SCC beam was tested with 3-point bending. 
Within this section, the SmartCem sensor functions as a stress or strain sensor. The 
stain gauge and Linear Variable Differential Transformer (LVDT) sensors were 
positioned in a close position to the SmartCem sensor as a reference. The test setup 
and the location of the embedded sensor are shown in Figure 3-18.  
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Figure 3-17  Arrangement of embedded sensors for hydration monitoring of a) the NC and b) the SCC 

beam. 

Figure 3-18  The test setup for SCC beam stress and strain monitoring. 
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3.2.9 Full-scale on-site monitoring 

The SmartCem monitoring system was developed with the purpose of monitoring 
the condition of concrete structures through the implementation of SmartCem 
sensors. In the present work, the monitoring of a newly built bridge in Saittarova, 
Sweden, was selected to implement the SmartCem monitoring system to monitor the 
hydration process of the bridge deck and later to monitor the stress or strain and 
freeze-thaw cycles. The full-scale onsite monitoring tests have been ongoing while 
preparing this thesis; therefore, only some results are presented. 
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4 Experimental study - results and discussion 
4.1 Characterization of SmartCem 

4.1.1 Morphology 

The morphology of the SmartCem particles was examined using the Jeol JSM-IT100 
scanning electron microscope (SEM). The images were acquired utilizing the 
secondary electron detector (SED) at magnifications of 12,000x. The accelerating 
voltage was 7 kilovolts (kV), while the accelerating current was 30 microamperes 
(μA). Figure 4-1 shows carbon-based nanomaterials deposited on the cement 
particles for SmartCem I and SmartCem II. Based on the SEM images, it can be 
observed that the predominant type of carbon nanomaterial present is carbon 
nanofibers (CNFs). The formed CNFs were very curly. The diameter was 10-50 nm, 
whereas the length, as estimated from the obtained images, varied between 3 μm and 
20 μm for both types of SmartCem. 

Figure 4-1 SEM images of SmartCem I (left) and SmartCem II (right) (Buasiri et al., 2019) 
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4.1.2 Energy Dispersive Spectrometry (EDS) analysis 

The elemental composition of SmartCem I was determined using EDS spectroscopy 
from Bruker (Bruker Corporation, Billerica, MA, USA). The carbon content of 
SmarCem I was determined at three different locations where CNFs were observed. 
The results, presented in Table 4-1, indicated that the normalized carbon content 
ranged from 9 wt.% to 27 wt.%. This variation was related to the number of CNFs 
being penetrated by the electron beam. The SEM-EDS image showed that CNFs do 
not form a complete coverage of the cement surface, Figure 4-2. CNFs were formed 
only in certain locations where the catalyst was available. The catalytic sites 
contained ferrite and aluminate phases (Warakulwit et al., 2015). 

Figure 4-2 SEM-EDS image of SmartCem I 

Table 4-1 Quantitative results obtained by EDS analysis for SmartCem I 

4.1.3 Thermogravimetric (TG) analysis 

Thermogravimetric (TG) analysis was performed using a thermal analyzer type 
NETZSCH STA 449F3 Jupiter® with a temperature increase rate of 10 °C/min and an 

Element in 

SmartCem I (wt. %) 
C O Mg Al Si S K Ca Fe 

POINT 1 8.98 20.16 2.71 1.34 9.77 3.98 1.32 50.91 0.83 

POINT 2 17.51 20.26 2.54 1.57 9.42 3.72 1.26 42.66 1.06 

POINT 3 26.96 23.19 2.32 1.87 8.28 2.91 1.22 31.96 1.29 
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operating temperature range between 20 and 1,000 °C in the air atmosphere flowing 
at 50 mL/min. Figure 4-3 shows the recorded weight loss profiles. The weight losses 
between 20-450°C, 450-650°C, and 650-800°C were attributed to the loss of adsorbed 
water molecules, the decomposition of carbon deposits (Dunens et al., 2009), and the 
de-carbonation of calcium carbonate (CaCO3) (De la Torre et al., 2001), respectively. 
The mass loss was used to estimate the quantities of carbon phases (mostly CNFs) in 
SmartCem. The estimated quantities equaled approximately 2.71 wt.% and 2.51 wt.% 
for SmartCem I and SmartCem II, respectively. With a higher amount of carbon-
based materials, SmartCem I was selected and used to produce the nanomodified 
Portland cement composite for further studies. Note that the SmartCem mentioned in 
the following work refers to the SmartCem I. 

Figure 4-3 TG analysis of SmartCem I and SmartCem II (Buasiri et al., 2019). 

4.2 Sensing capability of SmartCem composites in small-scale laboratory 

testing 

4.2.1 Sensing response under compression 

The load-sensing capability of SmartCem composites is directly related to their 
piezoresistive response. Piezoresistive response refers to the phenomenon where the 
electrical properties of a composite change when it is subjected to mechanical strain 
or stress. The partial substitution of Portland cement by the SmartCem material has 
affected the piezoresistive response of the mortar samples. Figure 4-4 and Figure 4-5 

show the response of SmartCem mortars under compressive stress. The findings of 
this study indicate that, across all samples containing varying quantities of 
SmartCem, there was a decrease in the fractional change in electrical resistivity as the 
compressive stress increased, until its failure.  
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Figure 4-4 Fractional change in electrical resistivity of the SmartCem mortars under compressive stress 

(Data from paper II, III and VI). 

There are three distinct groups of piezoresistive responses, while the reference 
sample stays unchanged, Figure 4-5 a). In the first group, S2 and S4 samples 
exhibited little piezoresistive effects in response to the applied compressive stress, 
Figure 4-5 b) and c). This phenomenon could be attributed to the limited quantity of 
conductive materials, which led to the inter-particle distance of the conductive 
cement particles being too large. Thus, less electrically conductive paths can be 
formed through the composite. In the subsequent group, S6 samples showed a 
moderate change in FCR up to approximately 20%, Figure 4-5 d). In the final group, 
S8 and S10 samples exhibited a strong piezoresistive response, with the FRC reaching 
approximately 90% at the ultimate compressive stress point, Figure 4-5 e) and f). 

SmartCem composites showed a piezoresistive response in two stages of nearly 
linear relationships. In the first stage, mortar samples, especially S6, S8, and S10, had 
a very high sensitivity to the applied compressive load up to around 6 MPa. In the 
second loading stage, from 6 MPa until failure, the change was smaller. The 
piezoresistive response can be related to the intrinsic piezoresistive property of the 
CNFs. The applied compressive load leads to the deformation-induced formation of 
effective conductive paths as well as changes in the tunneling distance and the 
contact points. 
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Figure 4-5 Fractional change in electrical resistivity of the SmartCem mortars under compressive stress 

of a) Reference, b) S2, c) S4, d) S6, e) S8, and f) S10. (Data from paper II, III and VI). 
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The SmartCem composites showed a negative stress sensitivity coefficient under the 
applied compressive stress. The calculated stress sensitivities of mortar samples 
using equation (6) are presented in Table 4-2. The highest sensitivity was achieved in 
the samples containing 10 wt.% of the SmartCem. The sensing capability of the 
studied composites could be related to the amount of CNF present in the matrix and, 
thus, to the percolation threshold. Based on the results obtained, the percolation 
threshold values were around 7 wt.% of the SmartCem (~0.1897 wt.% of CNFs), 
Figure 4-6.  

The SmartCem composites appear to be potentially suitable for applications for stress 
sensors and smart concrete structures as it showed significantly higher sensitivities in 
comparison with earlier results shown in Table 4-3. Earlier studies achieved lower 
stress sensitivity. For example, (Yu & Kwon, 2009) reached an 8.4% change in the 
electrical resistivity for an applied compressive load of 5.2 MPa, while (Danoglidis et 
al., 2016) showed a higher sensitivity, reaching 12% for 5.0 MPa of the samples 
containing the same amount of MWCNT at 0.1 wt.%. (Thomoglou et al., 2023) 
studied the piezoresistive sensibility of mortar containing 0.1 wt.% SWCNT, which 
reached approximately a 30% change in impedance.  

Figure 4-6 Effects of SmartCem content on the fractional change in electrical resistivity under applied the 

ultimate compressive stress of mortar samples. 
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Table 4-2 The calculated sensitivity of SmartCem composites under compressive stress. 

Mix Calculated stress sensitivity 

coefficient, 
, c o m pS 

(%/MPa) 

Ref ~0 

S2 -0.176

S4 -0.253

S6 -0.962

S8 -3.220

S10 -3.343

Table 4-3 Change in electrical properties of cementitious composites containing carbon-based materials 

under applied compressive stress by other researchers compared with results obtained from mix S10. 

Reference 

Amount of 

conductive 

materials 

Applied stress (MPa) 

Change in electrical properties 

(Yu & Kwon, 2009) 

0.06 wt.% 
MWCNT 

5.2 8.6 

8.8 % 10.3 % 

0.10 wt.% 
MWCNT 

5.2 8.6 

8.4 % 11.4 % 

(Danoglidis et al., 2016) 

0.10 wt.% 
MWCNT 

5.0 
- 

12 % 

0.50 wt.% 
MWCNT 

5.0 
- 

3 % 

(Zhang et al., 2017) 
2.14 vol.% 
MWCNT 

4.0 
- 

6.8 % 

(Thomoglou et al., 2023) 

0.10 wt.% 
SWCNT 

- 
8.0 

30 % 

0.50 wt.% CF - 
8.0 

6 % 

Present work mix S10 0.271 wt.% CNF 
5.0 26.0 

~40 % ~90 % 



50 | P a g e

Experimental study - results and discussion 

4.2.2 Sensing response under three-point bending 

Under bending, the tension and compression sides of sensing composites exhibit 
opposite behaviors, consistent with the sensing behavior under tension and 
compression alone. The sensitivity of the tension side is greater than that of the 
compression side when subjected to the same deflection of the sensing composite. 
The sensing behavior of the composites, considering through-thickness under 
applied flexural load, becomes complicated due to the compensation of the electrical 
properties between the tension zone and the compression zone (S. Ding et al., 2019). 
Figure 4-7 shows the relationship between the fractional change in electrical 
resistivity of the SmartCem composites and the flexural stress in a three-point 
bending test. Based on the trend of the curve, the fractional change in electrical 
resistivity increased with increasing flexural stress.  

Figure 4-7 Fractional change in electrical resistivity of the SmartCem mortars under flexural stress. 

The response can be categorized into two main regimes. The first contains small 
increases in the FCR of the composite, while the second contains a sudden increase in 
the FCR, which is typically linked to multiple crack formation and propagation, see 
the red circle in Figure 4-8. The two regimes demonstrate the remarkable damage 
sensing potential of the composites, wherein a sudden increase in the FCR could 
provide early warnings of an upcoming catastrophic failure. 

There are three distinct groups of piezoresistive responses under flexural load. The 
first group consists of reference, S2 and S4 samples, the FCR remains unchanged up 
to the flexural stress of around 1.5 MPa and followed by an abrupt change until 
failure, Figure 4-8 a), b) and c). The S6 sample was more sensitive, with cracks 
detected earlier at the flexural stress of 0.5 MPa, Figure 4-8 d). The last group, S8 and 
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S10, showed a strong piezoresistive response. FCR increased continuously, which 
was attributed to the merging of multiple crack paths and the complete collapse of 
the conductive network. That corresponded to an approximately 8% increase in the 
fractional change of electrical resistivity, Figure 4-8 e) and f). 

Figure 4-8 Fractional change in electrical resistivity of the SmartCem mortars under flexural stress of a) 

Reference, b) S2, c) S4, d) S6, e) S8, and f) S10. 
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The calculated stress sensitivity of mortar samples subjected to flexural stress using 
equation (6) is presented in Table 4-4. The highest sensitivity was achieved for 
samples containing 10 wt.% of the SmartCem with a sensitivity value of 4.018 
%/MPa. According to the percolation theory, the percolation threshold values were 
around 7 wt.% of the SmartCem (~0.1897 wt.% of CNFs), Figure 4-9. 

Table 4-5 shows examples of the flexural piezoresistive sensing capability of 
cementitious composites incorporating varying amounts of carbon-based materials. 
The FCR of S10 reached around 9% at the applied ultimate flexural stress, with the 
mortar containing a low amount of CNFs. The flexural sensing capability sensing 
composites contained 0.6 wt.% CNFs and 0.6 wt.% MWCNTs showed the same FCR 
of 8% as reported by (Dalla et al., 2016) and (Naeem et al., 2017), respectively. The 
obtained results demonstrated that the SmartCem composites have the potential to 
be used as damage sensors, with their sensitivity being higher in comparison with 
other sensing cement-based composites.  

Figure 4-9 Effects of SmartCem content on the fractional change in electrical resistivity under applied 

ultimate flexural stress of mortar samples. 
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Table 4-4 The calculated sensitivity of SmartCem composites under flexural stress. 

Mix Calculated stress sensitivity 

coefficient, ,bendS  (%/MPa) 

Ref 0.168 

S2 0.622 

S4 0.797 

S6 1.098 

S8 3.518 

S10 4.018 

Table 4-5 Comparison of change in electrical properties of cementitious composites containing carbon-

based materials under applied flexural stress. 

Reference Amount of conductive 

materials 

Change in electrical 

properties 

(B. Chen & Liu, 2008) 0.8 wt.% CF ~2 % 

(Dalla et al., 2016) 0.6 wt.% CNF ~8 % 

(Naeem et al., 2017) 
0.3 wt.% MWCNT ~0.4 % 

0.6 wt.% MWCNT ~8 % 

Present work mix S10 0.271 wt.% CNF ~9% 

4.2.3 Sensing response under variable ambient humidity 

The most common phenomenon for humidity-sensitive properties of sensing cement-
based composites is a change in the electrical conductivity due to the absorption or 
desorption of water molecules. The variation of ambient humidity affects the internal 
humidity level and movement of the free water in the composites, leading to a 
change in the electrical conductivity. 

The recorded electrical conductivities of the SmartCem composites exposed to four 
different ambient humidity levels are presented in Figure 4-10. The obtained results 
showed that the electrical conductivity increased with higher humidity for all 
samples. At 11% RH, all mortar samples showed a similar electrical conductivity of 
approximately 4x10-3 S/m. Mortars incorporating 2-6 wt.% of SmartCem showed a 
similar weak response as the reference mortar samples of around 0.4 %/ %RH. The 
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maximum sensitivity was obtained for the S10 sample, with a sensitivity of 9.653 %/ 
%RH, Table 4-6. The percolation threshold was around 7 wt.% of SmartCem, which 
corresponded to around 0.19 wt.% of CNFs, Figure 4-11. 

Figure 4-10 Effects of ambient relative humidity on the electrical conductivity of the SmartCem mortars. 

(Data from paper IV and VI). 

Figure 4-11 Effects of SmartCem content and ambient relative humidity on the average electrical 

conductivity (Data from paper IV and VI).
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Table 4-6 The calculated humidity sensitivity of SmartCem composites over the range 11%RH to 97 

%RH. (Data from paper IV and VI). 

Mix 
Calculated humidity sensitivity coefficient 

of conductivity, 
HumidityS (%/ %RH) 

Ref 0.356 

S2 0.379 

S4 0.399 

S6 0.454 

S8 6.616 

S10 9.653 

4.2.4 Sensing response under varied ambient temperature 

The relation between temperature and electrical conductivity is presented in Figure 

4-12Error! Reference source not found.. The results showed increasing electrical
conductivity with increasing temperature for all samples. A very similar trend was
observed for Ref, S2, S4, and S6 samples, with a small change in electrical
conductivity in the temperature range between -20 ˚C and 40 ˚C. However, S8 and
S10 samples showed a moderate change in conductivity when exposed to
temperatures between 20 ˚C and 40 ˚C.

Figure 4-12 Effects of ambient temperature on the electrical conductivity of the SmartCem mortars (Data 

from paper V and VI). 
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throughout the solidified binder matrix. The highest temperature sensitivity was 
measured for the cementitious composites containing 10 wt.% of SmartCem. Its 
sensitivity was shown to be roughly 11% higher when compared to the reference 
sample. The percolation threshold value for the studied mortars could be estimated 
based on Figure 4-13. Independently of the temperature, the percolation threshold 
was estimated to equal ~5 wt.% of the nanomodified Portland cement, which 
corresponded to ~0.136 wt.% of CNFs. 

Table 4-7 The calculated temperature sensitivity of SmartCem composites over the range -20 ˚C to 40 ˚C. 

(Data from paper V and VI). 

Mix Calculated temperature sensitivity coefficient 

of conductivity, 
temperatureS (%/ ˚C) 

Ref 7.151 

S2 7.923 

S4 10.976 

S6 11.996 

S8 14.882 

S10 18.315 

Figure 4-13 Effects of SmartCem content and exposed temperature on the measured electrical 

conductivity (Data from paper V and VI) . 
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4.3 SmartCem composites as a monitoring sensor in semi-large-scale laboratory 

testing 

4.3.1 Hydration monitoring 

The monitoring of the hydration process is primarily focused on temperature, 
humidity, and moisture content. The impact of these parameters on the observed 
electrical resistivity measured by the developed cement-based sensors was assessed. 
The hydration monitoring of normal strength concrete (NC) was conducted by using 
the reference sensors (Ref), which did not contain CNFs and SmartCem sensors 
containing 4 wt.% of SmartCem (S4). The humidity sensor type SHT-85 from 
Sensirion and a thermocouple were used as references. The moisture content of the 
NC was measured using the oven-drying method. All sensors were embedded at 50 
mm depth into the 100 mm NC cube, Figure 3-8. The variations in electrical 
resistivity were observed throughout the first seven-day period, Figure 4-14. The 
reference mortar sensor showed a nearly linear relationship between resistivity and 
passing time. The SmartCem mortar sensor showed changes in electrical resistivity 
that corresponded to the kinetics of Portland cement hydration. 

A continuous increase in electrical resistivity was observed for the reference mortar 
during the entire measuring period. This increase was only related to the decrease in 
moisture content due to cement hydration, Figure 4-14 c).  

In the case of the SmartCem sensors, changes in electrical resistivity can be related to 
the hydration process. Generally, the electrical resistivity of the cementitious 
matrixes is affected by the chemical composition of the pore solution, the 
connectivity of pores, the fraction of capillary porosity, and the volume fractions of 
the hydration products (Z. Liu et al., 2014). Thus, the first rapid decrease in resistivity 
could be attributed to the increasing concentration of calcium (Ca2+), sodium (Na+), 
potassium (K+), hydroxyl ions (OH−), and sulfate (SO42−) ions due to the ongoing 
dissolution of Portland cement particles (Tu et al., 2021). After the initial dissolution, 
there is a period of relatively slow progress. This could be related to the competitive 
balance between the ion dissolution and formation of the hydration products, 
especially ettringite and calcium hydroxide. The electrical resistivity might fluctuate 
during this stage. Later, with the progressing hydration processes, the formation of 
hydration products is enhanced, thus leading to increased electrical resistivity. This 
could also be related to the significantly decreased number of charged ions present in 
the pore solution (Tu et al., 2021). The maximum measured resistivity reached 
around 6000 Ω.cm 48 hours after casting. At a later time, the hydration slows down, 
and hydration products tend to be thicker and larger, while the capillary porosity is 
significantly reduced, leading to the observed decrease in the electrical resistivity. 
After that period, a nearly constant and slightly decreasing electrical resistivity was 
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measured. The reduced number of ions present in the pore solution due to 
progressing hydration and the densification of the binder matrix microstructure, 
which facilitated electron jumping between CNFs could be indicated as the main 
causes. Other factors could also include lower pore connectivity (El-Enein et al., 1995; 
Tu et al., 2021; Wei & Xiao, 2013).  

Cement hydration is a complex process involving various chemical reactions, and the 
microstructure of the hydrated cement paste greatly influences the properties of the 
concrete. Several parameters affect changes in electrical properties during the 
hydration process. Therefore, the consideration of a correlation between only one 
parameter, either the hydration temperature, humidity, or moisture content, and the 
electrical resistivity measured by the mortar sensors was weak. Figure 4-14 a) shows 
the temperature of NC cubes varied between 23 ˚C and 25 ˚C, and in this range, the 
temperature sensitivity of both the Ref and S4 sensors was very low, Figure 4-12. 
Thus, these results indicated that the electrical conductivity is independent of the 
developed temperature during the early stage of hydration for the SmartCem 
sensors. 

The hydration monitoring using SmartCem sensors was also studied on another type 
of cement and a larger structure. Figure 4-15 shows the recorded electrical resistivity 
of SmartCem sensors and the temperature measured by thermocouples of beam 
made of self-compacting concrete (SCC). Changes in electrical resistivity were well 
aligned with the ongoing hydration processes.  

Overall, the results showed that the SmartCem sensor could be potentially used to 
monitor the hydration process of concrete.  
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Figure 4-14. The change in electrical resistivity of NC was measured by the Ref sensor and the SmartCem 

sensor (S4) versus a) the hydration temperature b) humidity development and c) moisture content of NC 

for 7 days. (Data from paper V) 
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Figure 4-15 The measured electrical resistivity of the SCC beam obtained by the SmartCem sensor and 

the hydration temperature evolution for 7 days. (Buasiri, et al., 2023a) 
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until reaching the yield point, then the resistivity is inversely proportional to the 
applied loading until the rupture point.  

Figure 4-16. The change in electrical resistivity of the SCC beam was measured by the SmartCem sensor 

(S4) versus the applied flexural stress until the failure time. 

To study the strain monitoring of the SCC beam, a commercial strain gauge was 
installed as a reference for comparison. Figure 4-17 shows the change in electrical 
resistivity of the embedded SmartCem sensor and the response from the strain 
gauge. The variations in electrical resistivity recorded by the SmartCem sensor could 
reflect changes in length in the axial direction of the SCC beam measured by a strain 
gauge. The electrical resistivity increased when the strain increased. At the elastic 
stage, the electrical resistivity increased with strain. It is linked to the stretching of 
the tested SCC beam under load, which increased the distance between the CNFs 
and thus resulted in higher electrical resistivity. On the other hand, when the applied 
flexural load was beyond the yield point, the concrete surface turned from tensile to 
compression. This resulted in a gradual strain decrease along with the measured 
electrical resistivity. The obtained results showed that the SmartCem sensor could be 
used as a monitoring sensor in a structural monitoring system.  

Figure 4-17 The change in electrical resistivity of the SCC beam was measured by the SmartCem sensor 

(S4) versus the change in strain measured by a commercial strain gauge under the applied flexural load 

until the failure time. 
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4.4 Full-scale field testing 

To verify the laboratory test results, full-scale onsite monitoring has been conducted. 
During the preparation of this thesis, the field test was still ongoing. Therefore, only 
results related to 3 days of monitoring hydration are presented. The used SmartCem 
monitoring system is shown in Figure 4 18. The system consists of four main parts: 
the data acquisition system, the real-time accessibility system, the electricity supply 
system, and the data analysis system.  

Figure 4-18 The design of the SmartCem monitoring system. 

The new-build concrete bridge used in this study was provided by the Swedish 
Transport Administration (Trafikverket). The bridge is located in Saittalova (the 
northern part of Sweden). Structural drawings and positions of installed sensors are 
shown in Figure 4-19 and Figure 4-20, respectively. 
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Figure 4-19 Plan and side view of the studied concrete bridge. 
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Figure 4-20 Four locations of installed sensors, including SmartCem sensors and commercial reference 

sensors. 

The results reported in this section focus on the hydration monitoring of the concrete 
bridge deck at location 1, Figure 4-20. The SmartCem sensor (S8) was placed at a 
depth of roughly 200 mm from the surface, beside a commercially available 
thermocouple. Figure 4-21 shows the variation of the electrical resistivity of the 
bridge measured by the SmartCem sensor over a period of three days. The recorded 
electrical resistivity showed a consistent pattern with the kinetics of hydration, which 
were well aligned with a change in temperature during ongoing hydration processes. 
Figure 4-22 and Figure 4-23 show a few pictures taken at the construction site. 

Figure 4-21 The measured electrical resistivity of the concrete bridge desk at location 1 obtained by the 

SmartCem sensor and the hydration temperature evolution for 3 days. 
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Figure 4-22 The construction site is in Saittarova, Sweden. 

Figure 4-23 SmartCem sensors ready to be installed (left) and after installation of SmartCem sensors at 

the studied locations (right) 
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5 Mechanisms and Modelling 

he sensing mechanisms and models, based on multiple theories, were used to 
understand how SmartCem composites respond when exposed to various 
factors, including variations in compressive stress, strain, humidity, or 

temperature. Chapter 5 was redrafted based on (Buasiri, et al., 2023b) 

According to the conductive path and tunneling theories, the distance between the 
conducting materials changes when stress is applied. As compression increases, the 
composites deform, resulting in the reconstruction of the conducting paths, Figure 

5-1 a). The deformation of the composite reduces the gap between the conductive
materials. It is possible for an electron to tunnel (move) between neighboring
conducting materials when the gap between them is sufficiently small, which leads
to the development of conductive paths, Figure 5-1 b).

Figure 5-1 a) Change of the composite and the conductive paths when applied compressive force and b) 

The tunneling effect. (Adapted from (Buasiri, et al., 2023b)) 
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The resistance of each conductive path ( iR ) is a combination of the resistance of 

conductive particle and the resistance of the cementitious matrix between the 
adjacent conductive particles (L. Zhang, Ding, et al., 2017) , Figure 5-2. 

( )i i c mR n R R  (9) 

where: cR and mR  are the resistance of the conductive particle and cementitious matrix, 

respectively, and in  is the number of conductive particles in each conductive path. 

Figure 5-2 Schematic diagram of the electrical resistance of the effective conductive path. 

As c mR R≪ , the resistance across the conductive particle may be neglected, and the 

resistance of the effective conductive path can be simplified as equation (10): 

i i mR n R   (10) 

The electrical resistance of the SmartCem composite ( R ) can be approximated as the 
parallel electrical resistance of k effective conductive paths within the composite, 
which can be expressed using the following equation (11): 

1 2 3 1 2 3

1 1

1 1 1 1 1 1 1 1
..... .....

m

k m m m k m

R
R

R R R R n R n R n R n R


  

       ……

 (11) 

1 2 3

1 1 1 1
.....

kn n n n
      (12) 

Based on the tunneling current density model ( J ) proposed by Simmons (Simmons, 
1963; Simmons & Unterkofler, 1963), the electrical resistance of the SmartCem 
composites can be expressed using equation (13): 
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 1/2
4 2m 

 
ℏ

  (14) 

where: ℏ  is the Planck's constant, s is the tunneling distance between the adjacent conductive 

particles, e  is the electron charge, m is the electron mass,   is the height of the potential 

barrier between the adjacent particles, and 
2a  is the effective cross-section area. 

Then, the electrical resistivity (  ) can be calculated as equation (15): 
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ℏ
          (15) 

where: L  is the distance between internal electrodes, A  is electrode area, and R is the 
measured resistance. 

Under compressive stress, the fractional change in the electrical resistivity of the 
SmartCem composites ( FCR ) can be calculated using equation (16): 

0

0 0

(%) 100 1 10FCR
  

 
 

     
 

         (16) 

where: 0  is the initial electrical resistivity. 

Substituting equation (15) into equation (16), yields  

 0
0

0 0 0

(%) 100 1 100 exp ( ) 1 100
s

FCR s s
s

  


 
   

           
   

    (17) 

Based on the stress-strain relationship under compression and making Taylor 
expansion of the exponential function, equation (17) can be derived as equation (18). 
The details of the derived equation can be seen in Paper VI. 

 2 3(%) ..... 100FCR A B C             (18) 

where: , ,A B C are the coefficients of the polynomial equation. 

The quadratic polynomial was used to fit the data in Figure 4-5. The fitting curve for 
the SmartCem mortar according to the proposed models in equation (18) are shown 
in Figure 5-3.  Table 5-1 shows fitting parameters, with the coefficients of 
determination (R2) of the developed model being relatively high. Therefore, the 
effective conductive paths and tunneling theory can well describe the piezoresistive 
behavior of the SmartCem composites. 
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Figure 5-3. Fitted curves according to equation (19) of fractional change in electrical resistivity of 

SmartCem mortars under compressive stress a) S2, b) S4, c) S6, d) S8, and e) S10. 
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Table 5-1 The parameters obtained by fitting the fractional change in resistivity-compressive stress curves 

in Figure 5-3. 

Mix Model equation R2 

S2 FCR (%) = -0.2029σ + 0.00202σ2 0.96631 

S4 FCR (%) = -0.25448σ + 0.00129σ2 0.94201 

S6 FCR (%) = -2.03052σ + 0.05924σ2 0.9661 

S8 FCR (%) = -5.03367σ + 0.08409σ2 0.96725 

S10 FCR (%) = -5.30494σ + 0.08396σ2 0.98119 

The electrical properties of the SmartCem composites are influenced by fluctuations 
in ambient relative humidity (RH). Absorption or desorption of water molecules 
affects the electrical connectivity of the conductive phases due to capillary 
condensation, Figure 5-4 a). The process of moisture evaporation occurs when 
composites are subjected to low levels of relative humidity. In contrast, at high levels 
of relative humidity, the water vapor adsorbs on the external surface and later 
diffuses and condenses into water, gradually filling up the abundant pores 
(Rajabipour & Weiss, 2007a). At a certain level of humidity, the water molecules 
provide transportation paths for ions and create “bridges” between existing 
electrically conductive paths, Figure 5-4 b). These phenomena change the 
interconnection between matrix–matrix, fiber–fiber and fiber-matrix resulting in a 
change in the ultimate electrical conductivity of the composites. 

Figure 5-4 Effect of ambient humidity on a) the microstructure of the matrix and b) conductive paths in 

the matrix (Buasiri et al., 2021) 
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The electrical conductivity of the cementitious composites ( e ) can be described 

based on a modified parallel law in which the system is made of n phases 
(Rajabipour & Weiss, 2007b). 

 
1

n

e i i i
i

   


  (19) 

where: , ,i i i    are the electrical conductivity, volume fraction, and connectivity factor of

each constitutive component i

It was assumed that the electrical conductivity of SmartCem composites for sensing 

the variation of humidity ( ,e h ) is a combination of the conductivity of the 

cementitious phase ( m ), the conductivity of conductive CNFs ( c ) and the 

conductivity of the liquid phase ( l ). As  and c l m  ≫  , the conductivity across

the cementitious matrix may be neglected, and the electrical conductivity can be 
simplified as equation (20): 

,e h c c c l l l        (20) 

where: ,  , and c c c   are the electrical conductivity, volume fraction, and connectivity of the

conductive filler (CNFs), ,  , and l l l   are the electrical conductivity, total liquid-filled 

porosity, and pore connectivity of the liquid phase. 

According to the volume fraction of the pore fluid ( l ) is approximately the total 

volume of saturated pores located inside the composite due to capillary condensation 

( satV ) divided by the total volume of all constituents of the composite 

( tV ), the maximum radius of saturated pore ( maxr ) that remains saturated depends 

on the ambient humidity and can be described by Kelvin’s equation for porous 
materials (Dullien, 1979). Assuming all pores inside of the composite have an 
ellipsoidal shape, the electrical conductivity of the SmartCem composite can be 
derived as equation (21): 
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    (21) 

where:   and  mV  are the surface tension and the molar volume of the pore fluid, gR is the 

universal gas constant, T is an absolute temperature in Kelvin, %RH  is the ambient humidity 
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in percentage, 2 3,r r  are the radius of pores in different directions, in and jn  is the total 

number of saturated pores, and psatV is the volume of a single saturated pore. 

Therefore, the electrical conductivity of the SmartCem composite describing the 
humidity-dependent behavior can be simplified as the equation (22). The details of 
the derived equation can be found in Paper VI. 

 ,
ln %RH/100

e h
B

A  
  

         (22) 

where:  and A B are the coefficients of the nonlinear equation. 

The nonlinear equation was used in equation (22) to fit the data in Figure 4-10. The 
fitting curve for the SmartCem mortars according to the proposed model are shown 
in Figure 5-5.  Table 5-2 shows the fitting parameters with the coefficients of 
determination (R2) of the developed model.  

Table 5-2 The parameters obtained by fitting the electrical conductivity-relative humidity curves in 

Figure 5-5. 

Mix Model equation R2 

S2   , 3.70585 0.03029 ln %RH/100e h   0.72864 

S4   , 3.83140 0.02675 ln %RH/100e h   0.74896 

S6   , 3.8955 0.02582 ln %RH/100e h   0.72793 

S8   , 9.4637 0.46153 ln %RH/100e h   0.71535 

S10   , 12.87000 0.70635 ln %RH/100e h   0.73391 
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Figure 5-5 Fitted curves according to equation (22) of the electrical conductivity of SmartCem mortars 

exposed to a variety of ambient humidity levels a) S2, b) S4, c) S6, d) S8, and e) S10. 
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The electrical conductivity of cement-based composites is influenced by temperature 
variations, a phenomenon explicable through two primary mechanisms: 1) the 
alteration of the composite matrix due to thermal deformations, and 2) the mobility 
of thermally stimulated charge carriers, facilitated by the phenomenon of thermal 
fluctuation-induced tunneling conduction, (S. Ding et al., 2019). 

The phenomenon of thermal expansion or contraction in SmartCem occurs as a 
response to temperature alterations. Composite expands when heated and contracts 
when cooled, Figure 5-6 . The thermal expansion led to a separation or loosening of 
contacts between the conductive fibers due to larger distances between each fiber. 
This may result in decreased electrical conductivity. In contrast, the thermal 
contraction that occurs at lower temperatures may result in compression or tighter 
contact between conductive fibers. This enhanced contact can facilitate the formation 
of conductive paths and increase electrical conductivity. 

Figure 5-6  Expansion and contraction of the composite due to the change in ambient temperature. 

The effect of thermal fluctuation-induced tunnelling corresponds to a higher 
temperature at which charge carriers acquire additional kinetic energy. This allows 
them to overcome energy barriers and move more freely through the matrix, 
resulting in higher electrical conductivity. The thermal activation of charge carriers is 
correlated with activation energy, which is the energy required for charge carriers to 
transition from localized to mobile states. 

Based on the model of tunneling current density ( J ) as a function of temperature 
proposed by Hill (Hill, 1969) and the thermal expansion or contraction of composites 
could change the tunneling distance. Therefore, the tunneling current is given by 
equation (23). The details of the derived equation can be seen in Paper VI. 
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where:  1/2
4 2A s m ℏ ; 1/22B A  , ℏ is the Planck's constant, s  is the tunneling

distance between adjacent conductive particles, 0s  is initial tunneling distance, e  is the

electron charge,  m  is the electron mass,   is the height of the potential barrier between 

adjacent particles,  V is the voltage drop cross tunnel, T is an absolute temperature in Kelvin, 

0T  is an initial temperature in Kelvin, c  is the coefficient of linear thermal expansion in 

composite, gR  is the universal gas constant, and aE is the activated energy.

Normally 0( ) 1c T T  ≪ , the term of   2 2
0 0 01 ( )cs T T s   . Then,

 1
2 0 02

0

exp 1 ( ) a
c

g

Ek V
J k s T T

R Ts


 
    

 
 

   (24) 

where: 2
1 sin gk e B BR T  ℏ ,  1/2

2 4 2k m  ℏ

Based on equation (24), the electrical conductivity of the SmartCem composites due 
to the tunneling effect and thermal deformation can be calculated as follows: 
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(25) 

where: 2
ea A  is the effective cross-section area. L  is internal electrode distance, and R is 

the measured resistance. 

However, in the present work, the effect of thermal fluctuation-induced tunneling 
conduction is dominant. the thermal deformation of the nanomodified Portland 
cement composite is neglected due to small effect of thermal expansion at the 
temperature range used in this study. Then, equation (25) can be simplified as 
follows equation (26): 

1
, 2

0

exp exp
273.15

a
e t

g c

ELk D
C

R T Ts


   
          

(26) 

where: C , D are constant and Tc is the temperature in Celsius. 

The nonlinear equation in equation (26) was used to fit the data in Figure 4-12. The 
fitting curve for the SmartCem mortars according to the proposed model are shown 
in Figure 5-7. The model closely matches the experimental data with R2 values 
greater than 0.95. The findings confirmed that the tunneling effect of thermal 
induction is 
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important in the sensing behavior of SmartCem composites within the studied 
temperature range.  

Figure 5-7 Fitted curves according to equation (26) of the electrical conductivity of SmartCem mortars 

exposed to a variety of temperatures a) S2, b) S4, c) S6, d) S8, and e) S10. 
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Table 5-3 The parameters obtained by fitting the electrical conductivity-temperature curves in Figure 5-7. 

Mix Model equation R2 

S2  , 43.536exp 2865.747 273.15e t cT    0.97890 

S4  , 445.447 exp 3500.952 273.15e t cT    0.98770 

S6  , 304.125exp 3340.836 273.15e t cT    0.98604 

S8  , 1678.733exp 3800.974 273.15e t cT    0.97461 

S10  , 16732.194exp 4460.158 273.15e t cT    0.96225 
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6 Conclusions 
6.1 Concluding remarks 

The research covered by this doctoral thesis yields several key conclusions that can 
be summarized as follows: 

 The nanomodified Portland cement, named in this work as SmartCem,
represents an innovative material developed to enhance the dispersion of
carbon-based materials within the cementitious matrix.

 The investigation revealed that SmartCem composites exhibit robust
piezoresistive behavior, demonstrating a clear change in electrical resistivity in
response to applied mechanical stresses. This piezoresistive property enables the
composites to sense and indicate structural stress or strain, which has important
implications for real-time structural health monitoring. The sensitivity and
response characteristics of SmartCem to different stress conditions provide a
basis for its application in early damage detection and assessment.

 The sensing capabilities of SmartCem composites extend beyond mechanical
stress response and also include variations in humidity and temperature. The
sensitivity of SmartCem composite is intricately linked to the concentration of
SmartCem. The responsiveness of the composite to different parameters is
characterized by distinct thresholds for added amounts of SmartCem. In other
words, the concentration of SmartCem within the composite material plays a
crucial role in determining how effectively it can sense changes in various
factors such as stress, strain, temperature, and humidity. At lower
concentrations, the composite's conductive network may not be well-established,
leading to a lower or lack of sensitivity. As the concentration increases, the
conductive network becomes more interconnected, resulting in a higher
sensitivity.
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 The SmartCem composite exhibited its highest sensitivity when containing 10
wt.% of SmartCem. The threshold amount of SmartCem, for both compression
and flexural stress sensing and humidity sensing is approximately 7 wt.% of the
total binder, which corresponds to ~0.1897 wt.% of CNFs. While the percolation
threshold is at 5 wt.% of the SmartCem (~0.1355 wt.% of CNFs) for temperature
sensitivity. This phenomenon underscores the importance of optimizing the
concentration of SmartCem to achieve the desired sensitivity levels for specific
sensing applications.

 One of the significant findings is that SmartCem mortar can effectively be used
as a sensor to monitor the hydration process. By observing changes in electrical
resistivity, the material offers insights into the kinetics of cement hydration,
which is a crucial aspect of concrete's setting and hardening. Additionally, the
SmartCem mortar has the ability to track stress-strain changes in concrete
structures in real-time, thus contributing to overall structural safety and
reliability.

 The study investigated the sensing mechanisms of this material. The
piezoresistive phenomenon was intricately linked to the critical threshold
concentration of CNFs within the SmartCem composite as well as to the
tunneling effect. The dynamics of water absorption, desorption, and the
presence of chemically bound water have proven crucial in humidity sensing.
Moreover, the preeminence of thermal fluctuation-induced tunneling
conduction has been established as the principal driver of temperature
sensitivity.

 Transitioning from laboratory settings to real-world applications, the study
included field testing of the SmartCem sensors on a full-scale concrete bridge
deck. The successful implementation of the monitoring system demonstrated the
feasibility of integrating SmartCem into practical construction scenarios.

6.2 Answering research questions 

I. Is it possible to create a self-sensing composite based on Portland cement?

What material combinations give the best results, and what are the most common

problems? (Paper I)

 Yes, it is possible to create a self-sensing composite based on Portland cement.
The general approach to creating self-sensing cement composites involves
incorporating various types of conductive materials into cementitious systems to
enable self-sensing capabilities.
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 Several material combinations have shown promising results for creating self-
sensing cement-based composites. The choice of materials depends on the
specific sensing mechanism being used. Carbon-based materials have been
predominantly used due to their remarkable mechanical and electrical
properties.

 Obtaining a sufficiently even distribution of conductive phases within the
hydrated binder matrix has been one of the main obstacles to achieving strong
self-sensing capability.

II. Can nanomodified Portland cement (SmartCem) be used to induce a self-

sensing capability in Portland cement-based composites? (Paper II, III, IV, V)

 Yes, nanomodified Portland cement (SmartCem) has shown great potential for
inducing self-sensing capabilities in Portland cement-based composites. Partially
replacing pristine cement with SmartCem. The created composite possesses a
remarkable sensing property, which means that its electrical resistance changes
in response to, for example, mechanical strain or stress and varied
environmental conditions.

III. What are the mechanisms controlling the self-sensing capabilities of the

SmartCem composites? (Paper VI)

The mechanisms depend on the application, the desired parameters to be sensed, and 
the overall goals of the sensing system in cementitious materials. 

 The piezoresistive effect is a fundamental mechanism for stress-strain sensing.
When mechanical stress or strain is applied to the SmartCem composite, the
geometrical arrangement of the CNFs changes and alters its electrical
conductivity. The application of stress or strain can also alter the spacing and
alignment of the CNFs. As the arrangement changes, the electron tunneling
between CNFs can also be affected, leading to alterations in electrical resistance.

The percolation threshold is the critical concentration of conductive particles
required within a composite matrix to establish a continuous conductive
pathway. The percolation threshold marks the point at which a conductive
network is formed. This enables an efficient transfer of electrical charges through
the material. Once this threshold is reached, even minor changes in the
arrangement of nanofibers can cause significant changes in the composite's
overall electrical conductivity, making it responsive to applied stress or strain.
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 The humidity sensing capabilities of SmartCem composites are controlled by a
combination of various mechanisms:

Conductivity Changes: Conductive materials can also undergo changes in
electrical conductivity as they interact with moisture. In humid conditions, water
molecules can provide a conductive pathway between the conductive particles,
enabling the flow of ions and electrons. This increased conductivity can be
measured and used to deduce the humidity level.

Adsorption and Absorption: Porous cement-based composites can adsorb and
absorb moisture from the surrounding environment. As water molecules are
adsorbed onto the surface and absorbed into the composite's pores, they interact
with the conductive materials. This interaction can lead to swelling or changes in
the interparticle distances of the conductive components, affecting their
electrical properties.

Capillary Action: Moisture can also be drawn into the pores of the composite
through the capillary suction created in the porous cement matrix. The presence
of moisture in pores can influence the conductivity or dielectric properties of
conductive materials, enabling humidity sensing.

Diffusion and Permeation: Water vapor can diffuse through the porous structure
of the composite and interact with the conductive materials. Depending on the
type of conductive material used and its interaction with water molecules,
changes in electrical properties can occur, facilitating humidity sensing.

 The temperature-sensing capabilities of SmartCem composites involve various
mechanisms. These include thermal expansion, temperature variations, and
interactions between conductive components.

Thermal Expansion: Cement-based composites experience thermal expansion
and contraction as the result of temperature change. Conductive materials
within the matrix can also be affected by temperature-induced dimensional
changes.

Thermal fluctuation-induced tunnelling: Temperature changes could impact the
movement of electrons within the material. Electrons overcome energy barriers
that they typically wouldn't have enough energy to surmount. Temperature
changes could potentially affect the behavior of these electrons, allowing them to
tunnel through barriers more easily as thermal energy increases.
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IV. What is the threshold amount of SmartCem for a self-sensing composite?

(Paper II, III, IV, V)

 The threshold amount of SmartCem for both compression and flexural stress
sensing and humidity sensing is approximately 7 wt.% of the total binder, which
corresponds to ~0.1897 wt.% of CNFs. While the percolation threshold is 5 wt.%
of the total binder (~0.1355 wt.% of CNFs) for the temperature sensing.

V. Can the SmartCem composites be used as sensors in a structural health

monitoring system for concrete structures? (Paper V)

 Yes, the SmartCem composites can potentially be used as sensors in a structural
health monitoring (SHM) system for concrete structures. The findings of this
research showed that the change in electrical properties of the studied concrete
structures measured by SmartCem composites can monitor various parameters
such as stress, strain, and the progression of cement hydration.

VI. What is the most influential parameter for the sensitivity of the SmartCem

composite? (Paper II, III, IV, V, VI)

 The sensitivity of SmartCem composites, particularly in terms of its ability
to accurately detect and respond to changes in various parameters (such as
stress, strain, temperature, and humidity), can be influenced by many
factors. Among these factors, the type and arrangement of conductive
materials play a significant role in determining the sensitivity. The most
influential parameter is the concentration or volume fraction of the
conductive materials within the cementitious matrix. At lower
concentrations, the conductive network might not be well-established,
leading to a lower or lack of sensitivity. As the concentration increases, the
network becomes more interconnected, resulting in greater changes and in
stronger response to variations in parameters being sensed.

6.3 Future research 

To gain a comprehensive understanding of SmartCem's properties, future studies 
should investigate the effects of different synthesis process parameters such as 
growth time, temperature, and precursor concentration. Investigate the impact of 
different precursor materials on nanofiber growth and how variations in precursor 
properties influence the electrical conductivity of the resulting nanomodified cement. 
Moreover, delve into the relationship between changes in nanofiber properties 
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(length, diameter, and alignment) resulting from different synthesis parameters and 
their effects on the formation of the conductive network and overall sensing 
capabilities. 

Future research could focus on advanced analysis techniques to understand the 
piezoresistive behavior of SmartCem composites in more detail. This could involve 
exploring the relationship between stress, strain, and electrical resistance under other 
loading conditions for example cyclic loading and tensile loading. 

Extend the scope of SmartCem's sensing capabilities to include other parameters, 
such as freeze-thaw sensing and chemical exposure sensing. Investigate how these 
additional parameters interact within the composite and refine the composite's 
design to enable multi-parameter sensing. This expansion could open doors to new 
applications and a more comprehensive understanding of SmartCem's versatility. 

Assessing SmartCem's long-term performance and durability of real structures over 
extended periods. Consider extending the testing duration to observe the material's 
behavior, self-sensing capabilities, and overall integrity over time. This would 
involve continuous monitoring, data collection, and validation of their effectiveness 
in diverse and challenging environments, contributing to their practical application. 

Application in Real Structures: Exploring more case studies involving the application 
of SmartCem composites in real-world concrete structures, such as buildings, road 
could demonstrate their effectiveness in structural health monitoring.  

Conduct a cost-effectiveness analysis. Compare the potential benefits of early 
detection, prevention, and data-driven decision-making with the costs of 
implementation. This analysis could guide stakeholders in making informed choices 
regarding the adoption of SmartCem in various construction projects. 
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Abstract: Concrete, a well-established and well-characterized building material, is also the most used building material in the world.
However, many old and new-build structures suffer from premature failures due to extensive deterioration and decreased load-bearing capac-
ity. Consequently, structural monitoring systems are essential to ensure safe usage of concrete structures within and beyond their designed
life. Traditional monitoring systems are based on metallic sensors installed in crucial locations throughout the structure. Unfortunately, most
of them have relatively low reliability and a very short life span when exposed to often very harsh environments. The ideal solution is
therefore to develop a smart concrete having self-sensing capability. A number of studies have shown that conductive cementitious matrixes
will undergo changes in their electrical resistivity with variations of stresses and strains or development of microcracking. This behavior can
be used as a reliable tool to measure changes. This review provides a comprehensive overview of several nonconductive matrixes, with
a special focus on portland cement–based materials, showing self-sensing capabilities by description of detection mechanisms, sensing capa-
bilities, limitations, and potential applications. DOI: 10.1061/(ASCE)MT.1943-5533.0002901. © 2019 American Society of Civil

Engineers.
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conductivity; Materials sensing.

Introduction

Deterioration of concrete can originate from the corrosion of
reinforcement (Cabrera 1996), carbonation (Chi et al. 2002), frost
and frost deicing salt attack, seawater attack, and alkali silica re-
action, among others (Boyd and Skalny 2007; Darwin et al. 2008).
The presence of a monitoring system enables evaluation and as-
sessment of the extent of damage, and estimation (Yazdani and
Mohanam 2014) of the remaining load-bearing capacity (Housner
et al. 1997). Early detection of developing damages and successive
application of a proper repair mechanism enhances the durability
and prevents reduction of or even elongates the life span of affected
concrete structures (Rana et al. 2016). Structural health monitoring
(SHM) is a method aiming to detect the damage of civil structures
(Aggelis et al. 2014; Chang et al. 2003; Han et al. 2015a; Sun
et al. 2010; Ye et al. 2014) especially bridges, dams, roads, and
high-rise buildings. SHM uses embedded sensors designed to
discover and measure various crucial parameters like stress, strain,
crack formation, humidity, and chloride content. Unfortunately,

most have serious constraints related to poor durability, high cost,
and short lifespan (Monteiro et al. 2017).

A new generation of monitoring systems being widely studied
at present is based on a self-sensing portland cement–based
matrix. The binder matrix itself acts as a sensor using changes
in electrical properties when subjected to stress or strain. Theo-
retically, the self-sensing capability should be able to produce
systems that are significantly more reliable, accurate, and sensitive
but at lower cost and ensuring a longer service life. This paper
reviews sensing mechanisms and effects of various types of
conductive materials on the monitoring capabilities of modified
nonconductive matrixes, with a special focus on portland cement–
based matrixes.

Sensing Mechanism in Nonconductive Matrixes

Nonconductive or poorly conductive composites (i.e., cementitious
polymers and ceramics) are widely used in electronics, packaging,
as adhesive, interconnections, and electromagnetic shields as well
as in automotive, aerospace, and space industries (Awaja et al.
2016; Chen and Chung 1995). Cement-based materials are classi-
fied as quasi-brittle materials (Bajare et al. 2012). A hardened ce-
ment matrix shows limited electrical conductivity only in the wet
state. The addition of electrically conducting material, including,
for example, carbon fiber, carbon black, or steel fiber, can induce
some conductivity, which could be in some cases utilized in limited
structural health monitoring (Wang and Chung 2000). The sensi-
tivity of such a system depends on the type, quantity, and distribu-
tion of the incorporated conductive material. A uniform distribution
combined with a sufficient amount of conductive material can cre-
ate a conductive path throughout the binder matrix. The con-
ductivity of such a system will change with the applied load or
development of internal damage such as microcracks. The relation
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between the electrical conductivity and amount of the conductive
phase shows a maximum threshold value, which marks the maxi-
mum sensitivity of the matrix. Below and above the threshold
value, the sensitivity decreases (Baeza et al. 2010). The value is
commonly named as the electrical percolation threshold (EPT)
(Zeng et al. 2011).

Strain Sensing

Strain sensing refers to the ability of certain materials to sense strain
or stress through a change of the electrical resistance when exposed
to various forces, i.e., so-called piezoresistive behavior. For a poly-
mer matrix composite, the strain sensitivity is defined as the ratio
between the reversible change of the fractional resistance ðΔR=R0Þ
and the strain amplitude (Chung 2002a). Damage sensitivity is re-
lated to the irresistible increase in resistance. The measurement of
the electrical response during loading is recorded and used to es-
timate the strain value (Kuronuma et al. 2012). Resistivity increases
due to progressive breakage of the conduction paths under tensile
loading, whereas resistivity will decrease in compression due to the
fiber push-in, thus increasing the chance of fibers in the adjacent
laminae touching one another along the direction of fiber orienta-
tion (Chung 1998, 2002a). As a result, electrical resistance rises
along the perpendicular direction and declines along the longitudi-
nal direction (Chung 2002a). The measurement of irreversible
strain allows structural health monitoring, and the sensing of
reversible strain permits dynamic-load monitoring.

The strain sensitivity of composites is measured by calculating
the so-called gauge factor (GF). The GF is defined as the ratio of
fractional change of the electrical resistance to the fractional change
of the strain ðΔR=R0=εÞ. A higher GF indicates better strain sen-
sitivity. Continuous carbon fiber in a polymer matrix creates a sen-
sitive strain sensor having a GF of up to 38. A cement-based matrix
with embedded short carbon fibers can reach a very high strain-
sensing capability with GF up to 700 (Chung 1998). Higher con-
tents of nanoconducting materials are required if materials are
exposed to larger strain/stress levels to prevent premature breakage
of the fibers. Nanocomposites have shown sufficiently high strain
sensitivity when the filler content is close to the percolation thresh-
old (Georgousis et al. 2015).

Fatigue Sensing

Fatigue is a common cause of damage of structures subjected to
repeatable dynamic loading. The measurement of the electrical re-
sistivity proved to be an efficient method to determine fatigue in
cyclic loading. Wang et al. (1999) showed that with carbon-fiber

polymer-matrix composites, fatigue sensing can be achieved. It
can be clearly seen that the peak of ΔR=R0 has increased signifi-
cantly from approximately 50% fatigue life onward, as shown
in Fig. 1. At 218,277 cycles in Fig. 2 (55% of fatigue life),
ΔR=R0 showed a continuous increase from cycle to cycle and
reached 396,854 cycles when fatigue failure took place. This
behavior shows that fiber breakage increased resistivity in the com-
posites. The degree of the damage depended on how the resistivity
of cycles changes. Minor fatigue damage was reported when the
resistivity increased discontinuously in spurts. A gradual increase
in resistivity was attributed to severe fatigue damage with more
extensive fiber breakage.

Wang et al. (2008) studied the sensitivity of a reinforced con-
crete beam incorporating a layer of short carbon fiber–reinforced
concrete (CFRC) with diameter and length of carbon fibers of
6 μm and 5 mm, respectively. The aim was to determine its sensing
capability under applied repeated fatigue flexural loading at a stress
amplitude equal to 0.8 of the ultimate stress. The results showed
that ΔR=R0 increased with applied loading and decreased during
unloading in each cycle. Within the first five cycles, the fractional
resistance increased slightly from 2.8% to 3.6% due to occurrence
of small damage. The failure of the beam occurred after 38 loading
cycles, with irreversible fractional resistance increasing up to 179%
of its initial value. Limited damage caused only a small reversible
change in electrical resistivity due to rearrangement of the fiber
distribution. An irreversible increase of the electrical resistance
was caused by major damage to and breakdown of the conductive
network and fibers. Similar effects were also reported byWang et al.
(2006).

Temperature Sensing

High-temperature sensing is essential in modern power plants,
especially in turbine engines, coal gasification systems, materials
processing systems, and energy systems (Chung 2002a; Leal-
Junior et al. 2018; Moraleda et al. 2013; Zhao et al. 2014). Several
different methods are well-studied and used for monitoring in
those harsh environments (Zhao et al. 2014). Thermistors, thermo-
couples resistance, and temperature detectors are traditional sensors
using changes in electrical resistivity with temperature variations
(Leal-Junior et al. 2018; Tapetado et al. 2015). In conductive
polymer composites, the electrons overcome the potential barrier,
leading to the so-called tunneling effect. If the distance between
adjacent conductive materials is small enough, an effective conduc-
tive path is formed. When the path is long enough, it contributes to
the conductivity of the composite. A composite with a cellular
structure is sensed in a negative temperature coefficient unit

Fig. 1. Variation of the peak ΔR=R0 with the percentage of fatigue life. (Adapted with permission from Springer Nature: Springer, Journal of
Material Science, “Sensing damage in carbon fiber and its polymer-matrix and carbon-matrix composites by electrical resistance measurement,”
X. Wang, S. Wang, and D. D. L. Chung, © 1999.)
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(NTCU) [Fig. 3(a)]. The resistivity of the composite decreases with
increasing temperature.

In contrast, a composite without a cellular structure is used as a
sensitive material in the positive temperature coefficient unit
(PTCU) [Fig. 3(b)]. In this case, the resistivity of the composite
increases with increasing temperature (Wang 2015). An increase
in temperature leads to an expansion of the matrix, which increases
the distances between the conductive materials. As a result, the re-
sistivity of the composite in the PTCU increases. On the other hand,
in the NTCU, the resistivity of the composite decreases when the
temperature increases due to expansion of the gas-filled voids. Due
to this expansion, the distances between the conductive fillers are
reduced, and more conductive networks are formed.

Fig. 4(a) shows the effects of the temperature on the resistivity
of polymeric matrixes with conductive filler in NTCU and Fig. 4(b)
shows the effects in PTCU systems. PTCU based on a carbon black–
filled silicone rubber composite and NTCU based on a carbon-
nanotube–filled polyurethane foam composite are good examples

where the effective temperature range for the measurement is
between 25°C and 75°C, respectively (Wang 2015). Due to changes
in electrical resistivity with increasing temperature, epoxy-based
matrixes with continuous carbon fibers used for temperature sensing

Fig. 2. Variation of ΔR=R0 with number of cycles in fatigue test in polymer matrix composite with carbon fiber. (Adapted with permission from
Springer Nature: Springer, Journal of Material Science, “Sensing damage in carbon fiber and its polymer-matrix and carbon-matrix composites
by electrical resistance measurement,” X. Wang, S. Wang, and D. D. L. Chung, © 1999.)

Fig. 3. Conductive polymer composite: (a) with cellular structure; and
(b) without cellular structure.
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acted as a thermistor (Chung 2002a; Wang and Chung 1998b, 1999)
and thermocouple (Chung 2002a; Wang and Chung 1998a).

Crack and Microcrack Sensing

Microcracking, which is one of the major causes of premature fail-
ure of composite materials (Awaja et al. 2016; Nairn 2000; Pang
and Bond 2005), is difficult to detect due to the limited resolution of
visual methods. An alternative method is to use conductive fillers
embedded in the matrix to detect the propagation of cracks and
microcracks through determination of fibers acting as bridges
across cracks (bridging effect) (Awaja et al. 2016). Shindo et al.
(2012) investigated the relation between crack formation and the
electrical resistance of polymer composites incorporating multi-
walled carbon nanotubes (MWCNTs) in tensile loading. The speci-
men was notched with an initial crack length a0 equal to 9.3 mm
(Fig. 5). During fracture testing, the load was applied at an angle

between 0° and 30°. The formed crack propagated straight at the
load angle of 0° and inclined at the load angle of 30°. The electrical
resistivity increased according to the projected crack length in-
crease, as shown in Fig. 6 (Takeda et al. 2013). MWCNT-based
polymer composites were used successfully as a damage sensor
by Li et al. (2008a).

Currently Used Systems for Monitoring of Concrete
Structures

Nondestructive testing (NDT) is commonly applied to assess the
quality of concrete structures. Examples are ultrasonic inspection
and Foucault current technique (eddy current technique) used for
crack detection. A so-called half-cell potential test is used to assess
corrosion of the reinforcement. NDT techniques are often limited to
a single-point measurement (Helal et al. 2015). At present, the
SHM system has become a well-known method aiming to diagnose
the condition of a structure and formulate a prognosis related to
various possible environmental conditions. The SHM system con-
sists of various measurement techniques, and each technique has its
own application area, advantages and limitations.

A concrete structure can be monitored at any point of its service
life. The collected data are crucial for forecasting and risk manage-
ment with respect to the SHM. The SHM integrates NDT tech-
niques using remote sensing and smart materials to create smart
self-monitoring structures. The SHM system consists of sensors
and data collection and evaluation systems (Aggelis et al. 2014;
Sun et al. 2010). Sensors are chosen based on planned measure-
ments and monitoring strategy. Each type of sensor has different

Fig. 4. Variation of resistivity with temperature in (a) carbon nanotube–filled polyurethane foam composite; and (b) carbon black–filled silicone
rubber composite. [© 2015 IEEE. Reprinted, with permission, from L. Wang, “Differential structure for temperature sensing based on conductive
polymer composites,” IEEE Transactions on Electron Devices 62 (9): 3025-3028.]

Fig. 5. Fracture mode I test.

Fig. 6. Variation of resistance change due to crack propagation with
projected crack length. (Reprinted from Takeda et al. 2013, with per-
mission from The Japan Institute of Metals and Materials.)
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sensing capabilities in different applications. Thus the quality of the
result obtained from SHM depends on proper design of the system
(Lim et al. 2006; Ou and Zhou 2008; Sun et al. 2008; Wan and
Leung 2007). The following sections will describe the most com-
monly used sensors.

Fiber-Optic Sensors

A fiber-optic sensor (FOS) is a fiber-based device that uses fiber
optics to transmit light from a superluminescent source. The re-
flected light shows changes of amplitude, phase, frequency, and
polarization state, which are then used to determine changes in tem-
perature and strain (López-Higuera et al. 2011). The fiber optic
consists of three parts as shown in Fig. 7. The core and cladding

layer are made of a dielectric material. The index of refraction of
the cladding material is less than that of the core to reduce the loss
of light transmitted in the core. The coating layer protects the
fiber optic against physical damage. FOS can be classified based
on the light transmitted in the sensing segment, operating principle,
and the application (Fidanboylu and Efendioglu 2009). Some
examples include Frabry-Perot FOS, Fiber Braff grating (FBG),
and Brillouin-scattering-based FOS. FOS can be used in concrete
to monitor strain, displacement, vibration, cracking, corrosion, and
chloride concentration. In old structures, FOS are mounted on the
surface, whereas in new structures, sensors are usually embedded
inside the material. Examples of applications are shown in Fig. 8
(Leung et al. 2008). Fig. 9 gives a schematic overview of available
types of FOS (Fidanboylu and Efendioglu 2009).

Piezoelectric Sensors

The conversion of mechanical energy into electrical energy and
vice versa is the principle utilized in the piezoelectric effect
(Fig. 10). When mechanical stress is applied to a piezoelectric
material, an electrical current or voltage is produced. Conversely,
when an electric current is applied to a piezoelectric material, it will
be polarized, causing it to shrink or expand. This phenomenon en-
ables the detection of impacts and deformations (Tzou et al. 2004).
Piezoelectric materials include, for example, ceramics, polymers,
and composites. Lead zirconate titanate (PZT) is a commonly used
piezoelectric material due to its low cost, light weight, high energy

Fig. 7. Schematic diagram of an optical fiber.

Fig. 8. Possible ways for retrofitting the sensor on an existing structure. [Reprinted from Leung et al. 2008, © MDPI under CC-BY 4.0
(https://creativecommons.org/licenses/by/4.0/).]

Fig. 9. Fiber optic sensor types.
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density, and easy implementation. Application of piezoelectric sen-
sors (PS) as actuators and transducers in the SHM is gradually in-
creasing (Chalioris et al. 2016). Embedded PS can also be used as
aggregates or fillers (Zhang et al. 2017) to harvest energy from ve-
hicles’ movement and for dynamic monitoring of traffic. Such a
system is, for example, able to detect and classify passing vehicles
(Rana et al. 2016).

Magnetostrictive Sensors

The phenomenon of magnetostriction occurs when ferromagnetic
materials, particularly nickel, iron, and cobalt, are able to change
their shape or dimensions when placed in a magnetic field.
Magnetostrictive materials convert magnetic energy to mechanical
energy and vice versa. They are mainly used as transducers for
emitting and receiving elastic waves to detect defects, estimate
the concrete thickness, and determine the position and distribution
of cracks, as well as to monitor acoustic emissions (Ausanio et al.
2005; Calkins et al. 2007; Dong et al. 2011; Hison et al. 2005;
Hristoforou and Ktena 2007).

An example usage of magnetostriction is the so-called electro-
magnetic hammer (EMH). The EMH uses a small magnetostrictive
oscillator and receiver consisting of polycrystallized magnetostric-
tive material (Hattori et al. 2001). The oscillator generates an elastic
wave with wide bandwidth at low frequency, which is enhanced
by applied additional compressive stress. The oscillator is placed
adjacent to the receiver and uses impulse and frequency sweep
drive control modes to characterize and evaluate the propagation
of cracks in concrete. The system records acoustic reflections at
a distance L. Together with the acoustic velocity, v, the delay in
propagation, Δt ¼ 2L=v, and peak frequency, f ¼ 1=Δt can be
obtained. The presence of defects can be calculated by using
L ¼ v=2 · Δt. The experimental results showed high effectiveness
of the system.

Portland Cement–Based Materials Sensing
Incorporating Conductive Fibers

Steel Fiber

Steel fibers (SF) are commonly used to reinforce concrete struc-
tures. They improve the mechanical properties, particularly flexu-
ral and tensile strengths, and limit drying shrinkage cracking.

The primary function of SF in the cementitious matrix is to bridge
forming cracks.

In addition, electrical conductivity can be enhanced by addition
of SF (Shi et al. 2017). A cement paste incorporating 0.36% by
volume of steel fibers and showing sensing capabilities was
produced by Wen and Chung (2003). SFs having a diameter of
8 μm and length of 6 mm were used and tested in a cement matrix
in repeated tensile and compressive stresses. Teomete and Kocyigit
(2013) used between 0.20% and 1.50% by volume of 6-mm-long
fibers. The results showed an increased electrical resistivity
while under tension, which was related to the formation and propa-
gation of microcracks. The change of electrical resistance was pos-
sible above the percolation threshold, which was around 1% by
volume of steel fibers. The highest recorded GF of the cement-
based matrix incorporating the steel fibers was 5,195, which is
much higher than the factors achieved with a metal strain gauge
(Wen and Chung 2003).

Carbon Black

Yet another alternative to produce matrixes with sensing capabil-
ities is to add conductive powders, such as, for example, carbon
black (CB). CB has a high electrical conductivity, nanosize par-
ticles with a high specific surface area to volume ratio, and low
cost (Wen and Chung 2007). The amorphous CB is highly com-
pressible, which supports the creation of conductive paths through-
out the matrix during loading (Leong et al. 2006; Leong and Chung
2004; Wen and Chung 2007). Li et al. (2006, 2008b) fabricated a
strain-sensing cement paste incorporating CB and determined that
that percolation threshold oscillated at around 12%–20% by weight
of the cement. The resistivity decreased linearly with increasing
compressive strain until failure occurred (Fig. 11) (Li et al. 2006).
Crack formation was visualized by a bump on the otherwise nearly
linear correlation. The strain sensitivity of the GF was 55.28 with
15% by weight of carbon black content.

Results obtained by Lin et al. (2011) showed also that cement
matrixes incorporating CB are sensitive to strain. The increase of
the tensile strain caused an increase of the matrix’s electrical resis-
tivity. Interestingly, in the elastic part of the strain-stress curve, the
resistivity remained constant. The formation of microcracks, which
appeared on the resistivity-strain curve as significant positive or
negative variations of the recorded values, were also detectable, as
shown in Fig. 12.

Fig. 10. Piezoelectric effect.
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Carbon Fibers

Carbon fibers (CFs) are formed mostly of carbon atoms and have a
diameter in the micrometer range. Studies showed that the addition
of CF to portland cement–based mortar enhanced the flexural
strength by 85%, flexural toughness by 205%, and compressive
strength by 22%. It was also possible to monitor the fatigue damage
in cement mortar incorporating 0.5% by weight of CFs (Chen and
Chung 1993; Chung and Fu 1996).

The percolation threshold of the CF used in concrete subjected
to 2- and 10-MPa loads was about 1% by weight (Shifeng et al.
2007). The electrical resistivity of CFRC was also found to be tem-
perature sensitive with increasing temperature. First, the resistivity
decreased due to the increase of the tunneling effect. The electrons
move quickly and have more energy to absorb heat energy. After a
certain temperature is reached, the unreacted water is fully evapo-
rated, leading to disconnection of some of the conduction paths,
which results in an increase of electrical resistivity. The results
showed that the CFRC has both negative and positive temperature
coefficients (NTC and PTC) (Fig. 13). Materials with a more de-
fined (narrower) peak marking the minimum resistivity, as in the
case of composites, can be better used as temperature-sensitive
materials.

CFRC showed piezoresistive properties under cyclic loading
(Chung 2002b; Wen and Chung 1999, 2003). In the elastic regime,
the fractional change in resistance decreased at loading and
increased when unloaded. It was found that the irreversible piezor-
esistivity occurred when the strain was larger than 0.2%. Conse-
quently, the CFRC was not suited for stress-strain sensing under
heavy load.

Carbon Nanotubes

Carbon nanotubes (CNTs) have a cylindrical structure consisting
of hexagonal graphite sheets rolled in tubes. It is one of the strong-
est materials in the world (Wong et al. 1997; Yu et al. 2000a, b).
One of the first to observe the CNTs was Iijima (1991). CNTs can
be classified depending on the applied synthesis conditions, which
are single-walled carbon nanotubes (SWCNTs) [Fig. 14(a)] and
multiwalled carbon nanotubes (MWCNTs) [Fig. 14(b)]. CNTs
are characterized by remarkable physical, mechanical, and electri-
cal properties. They are nanosized, have high strength and Young’s
modulus, large deformation response, high ductility, high aspect

Fig. 11. Variation of fractional resistivity with 15% CB with compres-
sive strain. (Reprinted from Cement and Concrete Composites, Vol. 28,
H. Li, H.-G. Xiao, and J.-P. Ou, “Effect of compressive strain on
electrical resistivity of carbon black-filled cement-based composites,”
pp. 824–828, © 2006, with permission from Elsevier.)

Fig. 12. Variation of resistivity with strain response of elastic and
inelastic regime. (Reprinted with permission from V. W. J. Lin,
M. Li, J. P. Lyncha, and V. C. Li, “Mechanical and electrical charac-
terization of self-sensing carbon black ECC,” Proc. of SPIE, Vol. 7983,
2011, © SPIE.)

Fig. 13. Variation of resistivity with temperature of CFRC under a load of (a) 2 MPa; and (b) 10 MPa. [H. Shifeng, X. Dongyu, C. Jun, X. Ronghua,
L. Lingchao, and C. Xin, “Smart properties of carbon fiber reinforced cement-based composites,” Journal of Composite Materials 41 (1): 125–131,
copyright © 2007 by SAGE, reprinted by permission of SAGE Publications, Ltd.]
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ratio, and excellent electrical (Bhatia et al. 2010; Guadagno et al.
2011; Thostenson et al. 2009) and thermal (Guthy et al. 2007;
Thostenson et al. 2009; Yang et al. 2008) conductivity (Thostenson
et al. 2001). Cementitious binders with incorporated CNTs showed
enhanced mechanical properties, including compressive and flexu-
ral strength, in a number of studies, e.g., those by Cwirzen et al.
(2008) and Konsta-Gdoutos et al. (2010). CNTs were also used to
prepare advanced cement-based sensors for SHM (Materazzi et al.
2013).

Due to CNTs’ hydrophobic nature and tendency to agglomerate
as bundles or ropes, the biggest challenge (Hata et al. 2004) is
to ensure their uniform dispersion in the cement matrix. A typical
procedure to disperse CNTs in cementitious matrixes is to use a
surfactant and intensive sonication to produce a homogeneous
water dispersion. The dispersion is then added as a mixing water
to the mix.

The sensing properties of the CNT/cement composites are based
on changes in electrical resistance. During the last few decades, the
possibility of using CNT/cement composites as sensors was studied
by a number of researchers. For example, a self-sensing MWCNT/
cement composite used to monitor traffic showed a remarkable re-
sponsiveness to loads originating from passing vehicles (Han et al.
2009). Nam et al. (2016) showed that the percolation threshold of

the MWCNT cement–based matrix was 0.25% by weight. With this
amount, the highest electrical resistance change was measured. A
vehicle-loading test verified that a sensor based on 0.2% by weight
of MWCNT was clearly able to detect the change of load.

Carbon Nanofibers

Carbon nanofibers (CNFs) are built of cylindrical graphene layers
arranged in stacks of cones, plates, or cups (Guadagno et al. 2013;
Mo and Roberts 2013; Rana et al. 2016) to create a cylindrical
nanostructure (Fig. 15). Because of their stacked structure, the
CNFs have a larger surface area, and the edges of the fiber can
be used to help anchor the fiber in the matrix, meaning better bond
characteristics (Mo and Roberts 2013). CNFs have diameters up to
200 nm, and a length between 50 and 200 μm (Yazdani and
Mohanam 2014). The addition of CNF to a cement-based matrix
not only enhanced the electrical properties, but also the advantages
gained in the concrete’s performance, included increased tensile
and flexural strengths, tensile ductility, and flexural toughness,
and decreased drying shrinkage (Han et al. 2015b).

CNF-reinforced concrete having a sensing capability was re-
ported by Geo et al. (2009). The electrical resistance decreased
when the concentration of CNFs increased due to the tunnel

Fig. 14. Transmission electron microscope (TEM) images of (a) SWCNTs [from K. Hata, D. N. Futaba, K. Mizuno, T. Namai, M. Yumura, S. Iijima,
“Water-assisted highly efficient synthesis of impurity-free single-walled carbon nanotubes,” Science 605 (5700): 1362–1364, © 2004, adapted with
permission from AAAS]; and (b) MWCNTs with 5, 2, and 7 layers, respectively (adapted with permission from Springer Nature: Springer, Nature,
“Helical microtubes of graphitic carbon,” S. Iijima, © 1991).

Fig. 15. (a) Scanning electron microscope (SEM) image of CNFs; (b) TEM image of CNFs; and (c) structure of CNFs. [Adapted (a) and (b) from
Guadagno et al. 2013, © IOP Publishing Ltd. under CC BY 3.0 (https://creativecommons.org/licenses/by/3.0/).]
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conductivity effect. Otherwise, excess CNFs did not affect the
change in resistivity with increased strain. The stress-strain sensing
of a CNF cement–based matrix has been shown for CNFs concen-
trations below the percolation threshold. Piezoresistive behavior of
a cementitious matrix with CNF was studied under cyclic compres-
sion load in the elastic regime (Konsta-Gdoutos and Aza 2014).
The resistivity tended to decrease during loading, when cracks were
closing, and to increase during unloading, when cracks were open-
ing. The average change of resistivity for the sample containing
0.1% by weight of CNF was 5.0% and therefore higher than for
the sample containing 0.3% by weight of CNF, showing a change
in resistivity of 1.5%. The produced mixes showed a strong piezor-
esistive behavior sufficient for application in strain sensors.

The main problem with matrixes incorporating CNF is to
achieve uniform dispersion of the nanofibers. So far, the best
dispersion was obtained when using an intensive ultrasonication
and surfactants (Yazdanbakhsh et al. 2010). During measurement
of the electrical conductivity in moist conditions, polarization takes
place due to the electrolytic effect. Chemical reactions occurring at
electrodes liberate hydrogen and oxygen, which deposit around the
electrodes in the form of a thin film, which eventually results in a
polarization effect. To eliminate the polarization effect, specimens
should be dry, and a high-frequency alternating current should be
used (Banthia et al. 1992).

Hybrid Fibers

Hybrid fiber systems consisting of two or more types of fibers
showed promising results. The approach aims to combine the best
performances of each fiber type. In the case of a cement-based ma-
trix, the main effort was to use a mix of microscale and nanoscale
fibers, leading to enhanced mechanical properties and better elec-
trical conductivity. Numerous studies focused on hybrid fillers to
improve the self-sensing capacity and sensing reliability and sen-
sitivity. For example, Ou and Han (2009) showed reproducible
piezoresistive cement–based strain sensors in samples exposed
to compressive strain by adding a combination of 0.18% by volume
of CFs and 15% by volume of CB. It was possible to detect the
compressive strain in concrete beams and columns under field
conditions.

Several years later, Luo et al. (2010) investigated the sensitivity
of a hybrid consisting of 0.5% by weight of short CFs and 0.1% by
weight of MWCNTs. Results showed nearly no improvement of
stress-strain sensitivity when compared with the piezoresistive ef-
fect obtained from a mix containing 0.1% by weight of MWCNTs.
The fractional resistivity change was linear and more effective
to improve the self-sensing repeatability and variation stability.
Hybrids of dissimilar nanomaterials containing 0.1% by weight
of both nano-CB and MWCNTs showed more strain sensitivity
under cyclic loading in comparison with material containing only
MWCNTs.

Another study showed that a mix of 15% by weight of CFs and
1% by weight of MWCNTs significantly increased the electrical
conductivity of the cement matrix, enabling it to be used as a sensor
(Azhari and Banthia 2012). Under both monotonically and cycli-
cally applied strain, the material provided better signal quality,
improved reliability, and increased sensitivity in comparison with
composites incorporating only CF. Composites had the greatest
strain-sensing property with incorporation of 0.1% by volume of
CFs and 0.5% by volume of MWCNTs. The GF reached 160.3;
however, the sensing performance was almost the same with ce-
ment composites having 1% by volume of MWCNTs (Lee et al.
2017).

Conclusion

The present paper has reviewed the sensing capability of noncon-
ductive matrixes incorporating various types of conductive materi-
als with a focus on portland cement–based matrixes. In most cases,
addition of conductive materials decreased the resistivity and en-
hanced the mechanical properties of the produced composites.
One of the major issues related to nanomaterials is their uniform
dispersion in a cementitious binder matrix. A summary of observed
advantages and limitations for matrixes incorporating various
types of conductive materials together with percolation threshold
amounts of fibers in some studies, is given in Table 1.
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Abstract: Carbon nanofibers (CNFs) were directly synthesized on Portland cement particles by 

chemical vapor deposition. The so-produced cements contained between 2.51–2.71 wt% of CNFs;

depending on the production batch. Several mortar mixes containing between 0 and 10 wt% of the 

modified cement were produced and the electrical properties at various ages and the load sensing 

capabilities determined. The percolation threshold related to the electrical conductivity was 

detected and corresponded to the amount of the present CNFs, 0.271, 0.189, 0.135 and 0.108 wt%. 

The observed threshold depended on the degree of hydration of the Portland cement. The studied 

mortars showed a strong piezoresistive response to the applied compressive load reaching a 17% 

change of the electrical resistivity at an applied load of 3.5 MPa and 90% at 26 MPa. This initial study 

showed that the studied material is potentially suitable for future development of novel fully 

integrated monitoring systems for concrete structures.

Keywords: Carbon nanofibers; CVD; percolation; piezoresistive response; compressive load

1. Introduction

Carbon-based materials, especially carbon nanotubes (CNTs) and carbon nanofibers (CNFs),

incorporated into Portland cement based matrixes have been studied over the last couple of years. 

The solidified composite materials showed considerable tensile strength, an increased modulus of 

elasticity as well as improved thermal and electrical conductivity [1–4]. The nanofibers were shown

to bridge cracks and hindered their propagation [5–7]. Furthermore, the hydration processes were 

enhanced by the formation of additional nucleation sites. The amount of formed calcium silicate

hydrate (C-S-H) was reported to be increased while the total porosity decreased [4,8]. The excellent 

electrical properties of these composites enabled the production of matrixes having load, stress, 

strain, and crack formation sensing capabilities through piezoresistive response [9]. However, to 

function properly these composites require the presence of a sufficient amount of the conductive 

material, evenly dispersed throughout the isolative matrix to create a continuous electrical path. In 

tension, the electrical resistivity increases due to the progressive breakage of the conduction paths by

the formation of cracks. In compression, the resistivity decreases due to fiber push-in which increases 

the probability that adjacent fibers will gain contact though the tunneling effect [10,11]. Konsta-

Gdoutos and Aza [12] produced cementitious matrixes incorporating CNFs showing piezoresistive

response under cyclic compression load in the elastic regime. Also other cement-based composites 
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with conductive additions, e.g. carbon black/cement composites showed sensitivity to compressive 

and tensile strain [13–15]. 

Composite systems comprising of isolative and conductive phases may conduct an electrical 

current due to two mechanisms: Percolation in a continuous conductive network and/or tunneling 

[16–19]. The tunneling phenomena occurs when the inter-particle distance of the adjacent conductive 

particles is small enough to enable an electron to tunnel the gap and to form a conductive path [20]. 

Adding a small amount of conductive material to an insulating matrix only changes the electrical 

conductivity of the composite slightly as the isolated conductive particles do not form conductive 

networks. The critical volume fraction of a conductive phase at which a composite transforms from 

an insulator to a conductor is called the “percolation threshold”. The percolation theory assumes that 

conductive materials including fillers and fiber can create a conductive network within an isolative 

matrix if their amount is sufficiently high to provide contact points between them. The conductivity 

 can be estimated by using a simple power law based on the statistical percolation Equation (1): 

t

c
p p (1) 

where: p  is the probability of occupation of a site in a resistor network by a conducting element, 

c
p  is the critical probability for bond percolation and t is the critical exponent. The equation is valid 

only for 1
c

p p  when the fluctuations extend over distances which are much larger than the 

size of the constituents [21]. Based on Equation (1) the conductivity  can be calculated according

to Equation (2): 

0

t

c
(2) 

where: c   is the concentration of conductive fibers or fillers corresponding to the percolation

threshold, 0  is the conductivity of the conductive material and t is the critical index of conductivity 

with a theoretical value between 1.5–1.75 [22]. 

Within the traditional percolation theory, Equation (2) is based on the assumption that the 

electrical conductivity is only depended on the conductivity of the filler, in this case of the CNF. 

However, the maximum conductivity depends also on several other factors related to CNFs but also 

to the embedding matrix. Studies on polymer-based matrixes showed that increasing the aspect ratio 

between length and diameter (L/D) of the CNTs produced higher ultimate conductivity values [23]. 

The electrical conductivity 
com

 proposed by Hu et al [23] can be calculated according to Equation

(3): 

0.85 log 1
10

tL D

com CNT c
(3) 

where: 
CNT

 is the electrical conductivity of the CNTs, L  is the length of CNTs, D  is the diameter 

of CNTs,  is the volume fraction of the CNTs, 
c

 is the percolation threshold and t is a critical

exponent determined experimentally. 

More curly CNTs incorporated into polymer matrixes resulted in a higher percolation threshold 

and a lower maximum electrical conductivity [23,24]. The biggest challenge while incorporating 

CNTs/CNFs into cementitious matrixes is to obtain their uniform dispersion [6,25–27]. Their 

hydrophobic nature results in a strong tendency to agglomerate. One of the developed solutions was 

a direct synthesis of CNTs/CNFs on untreated Portland cement particles. The used method is based 

on the application of a chemical vapor deposition (CVD) process [28–31]. Iron (III) oxide (Fe2O3), a 

main component in Portland cement acted as the main natural catalytic substrate while the other 

components silica oxide (SiO2), magnesium oxide (MgO) and aluminium oxide (Al2O3) supported the 

growth of carbon nanomaterials [32–34]. Acetylene was used as carbon source and the synthesis 

temperatures ranged between 400–700 °C. The amount and the morphology of the synthesized 

nanofibers strongly depended on the duration of the process. After the hydration process the 

solidified matrixes showed twice the compressive strength and 40 times higher electrical conductivity 
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than the reference samples. High electrical conductivity could indicate also a significant 

piezoresistive response to e.g., stress and strain variations [28,29]. The initial study presented in this 

publication aimed to determine that response. Solidified matrixes containing various amounts of the 

nanomodified Portland cement with synthesized in-situ CNFs were subjected to various compression 

loads and tested for the corresponding piezoresistive response. The long-term goal of this research is 

to develop a novel monitoring system, which would be fully integrated, or part of a concrete 

structure.

2. Experimental Details

2.1. Synthesis and Characterization of SmartCem

The nanomodified cement (SmartCem) was produced using a CVD reactor (produced by the 

CVD Equipment Corporation) located in the laboratory of the Silesian University of Technology in 

Poland. Two types of SmartCem were produced using different process parameters (Table 1).

Table 1. Synthesis parameters.

Named Argon (sccm) Ethylene (sccm) Hydrogen (sccm) Synthesis Temperature (°C) Duration (min)
SmartCem I 600 100 400 750 120

SmartCem II 600 100 500 750 120

Ethylene (99.999%) was used as the precursor, hydrogen (99.99999%) as the reducer and argon 

as the transporting media. A total of 10 g of an ordinary Portland cement (CEM I 42.5) was used as a

substrate for the synthesis of the carbon phase. The cement powder was placed in four parallel-

arranged holders made of quartz having a length of 30 mm and a diameter of 8 mm. The holders

were arranged according to the gas flow direction to enhance the reaction efficiency and to remove 

impurities (Figure 1).

Figure 1. Schematic diagram of a Chemical Vapor Deposition (CVD) process for carbon nanofiber and 

SmartCem synthesis.

The samples were placed in the quartz tube of CVD reactor having a diameter of 70 mm and a 

length of 50 cm. The samples were degassed by keeping them at a low pressure (0.001 mbar) at 90 °C 

for 60 min. In the following step, the temperature was raised to 110 °C and was kept at that level for 

20 min to remove gaseous pollutants and moisture. In the next stage, the samples were heated to 740 

°C at rate of 5 °C/min. This happened in argon atmosphere at a pressure of 1010 mbar. After 

stabilizing the temperature, the samples were subjected for 15 min to the reduction reaction in an

atmosphere of a mixture of hydrogen and argon with flow rate of 500 sccm and 200 sccm,

respectively. After the reduction of the catalyst surface, the reactor temperature was stabilized to 750 

°C under 1 SLM argon flow, followed by releasing a mixture of reactive gases for the synthesis: 100 

sccm ethylene, 400 sccm or 500 sccm of hydrogen (SmartCem I and SmartCem II respectively) and 

600 sccm argon for 120 min. Later all samples were purified from amorphous carbon using a mixture 
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of hydrogen and argon with a flow rate of 100 sccm and 1000 sccm, respectively. After the cleaning 

process, the samples were cooled down to 200 °C at a rate of 12 °C/min under an inert atmosphere, 

degassed under vacuum and cooled down to 20 °C in an argon atmosphere. 

2.2. Materials 

An ordinary Portland cement (CEM I 42.5) provided by Cementa-Sweden was used for the 

synthesis of nanomaterials as well as for the production of all mortar samples. Sieved and cleaned 

quartz sand having a maximum particle size of 150 µm was used as fine aggregate. The workability 

of the fresh mixes was controlled by the super plasticizing admixture (sp) type Glenium produced 

by Grace Chemicals. All mortar mixes had a water-cement ratio (w/c) of 0.35 and a sand-cement ratio 

(s/c) of 1. Mixes contained: 0 wt% (Ref), 2 wt% (S2), 4 wt% (S4), 6 wt% (S6), 8 wt% (S8), and 10 wt% 

(S10) of nanomodified cement replacing the untreated cement. The mix proportions are shown in 

Table 2. 

Table 2. Mix proportions used for test mortars. 

Mix w/c s/c sp (wt% of Cement) Cement (kg/m3) SmartCem (wt% of Cement)

Ref 0.35 1.0 0.8 1157 0 

S2 0.35 1.0 0.8 1134 2 

S4 0.35 1.0 0.8 1111 4 

S6 0.35 1.0 0.8 1088 6 

S8 0.35 1.0 0.8 1065 8 

S10 0.35 1.0 0.8 1042 10 

The mortars were mixed using a Bredent vacuum mixer, which minimized the entrapment of 

air. All samples were cast into Teflon molds without application of any demolding oil and cured in 

laboratory conditions at 20 ± 2 °C and a relative humidity of 65 ± 5%. 

All samples had dimensions of 12 × 12 × 60 mm3. Four copper electrodes were made of 0.25 mm 

thick plates having a width of 5 mm and a height of 15 mm. The copper plates were immersed 

vertically 7.5 mm deep into the mortar specimen. The distance between the electrodes was 30 mm 

and between two sets of electrodes 50 mm (Figure 2). 

Figure 2. Arrangement of copper electrodes in the mortar sample. 

2.3. Methods 

The nanomodified cement was characterized using a scanning electron microscope (SEM) type 

Jeol JSM-IT100. All images were obtained with a secondary electron detector (SE). Thermogravimetric 

(TG) analysis was performed using a thermal analyzer type NETZSCH STA 449 F3 Jupiter® with a 

temperature increase rate of 10 °C/min and the maximum applied temperature of 1000 °C.  

The electrical resistance was measured using the four-probe method with a digital multimeter 

type Keysight 34465A. Direct current (DC) was applied between the two outer electrodes and the 

potential was measured between the two inner electrodes (Figure 2). This configuration showed to 
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have the lowest variation coefficient and a small scatter of the recorded values [35]. The electrical 

conductivity was calculated using the Equation (4):

1 L R A (4)

where: is electrical resistivity, L is the internal electrode distance, A is the electrode area, R

=V/I is the measured resistance determined by measuring the voltage drop across the specimen, V is 

the applied current, I.

A compression load with a rate of 0.05 cm/min was applied to the vertically placed beam 

specimens (Figure 3).

Figure 3. The experimental setup used to measure changes of the electrical resistivity in mortar

samples subjected to compression load.

The presence of moisture in any solidified cementitious matrix causes changes to the electrical 

conductivity when measured over a longer period of time due to polarization caused by the 

electrolytic effect. The chemical reactions liberate hydrogen and oxygen, which deposit around the 

measuring electrodes as a thin film, eventually leading to the polarization effect [36]. Earlier studies 

confirmed that the measured electrical properties of CNT/cement composites were affected by 

electrode polarization while using DC [37]. Consequently, to limit that negative effect additional 

calibration measurements were done to determine the time required to obtain more stable readings 

before the actual measurement of the electrical resistivity was performed. In the used procedure, the

electrical resistivity was measured continuously for 2400 s on mortar samples being 1, 3 and 7 days 

old. The recorded values are shown in Figure 4. The one-day-old mortars showed a constant value 

during the entire measuring period which is directly related to a very high moisture content due to a 

low hydration degree of the Portland cement. The measured electrical resistivity of the 3- and 7-day-

old test specimens showed slight variations during the first 600–700 s followed by more stable 

readings. Based on the repeated measurements it was decided that the values for the determination 

of the electrical resistance will be recorded with a 900 s delay.
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Figure 4. Changes in the electrical resistance with time recorded for mortars containing 8 wt% of the 

SmartCem I binder 1, 3 and 7 days after casting the specimens.

3. Results and Discussion

The SEM images of the nanomodified cements (SmartCem I and SmartCem II) are shown in

Figures 5 and 6. All synthesized CNFs were very curly, had diameters between 10–50 nm and lengths

between ~3 µm–~20 µm.

Figure 5. SEM image of SmartCem I.

Figure 6. SEM image of SmartCem II.

The nanomodified cements analyzed by TG had two peaks at around 500 °C and 750 °C related

to the decomposition of CNFs. The estimated quantities were approximately 2.71 wt% and 2.51 wt% 

for the SmartCem I and SmartCem II, respectively (Figure 7). The SmartCem I was chosen for further 

tests due to a lower amount of the hydrogen gas used in the synthesis process and a slightly higher 

amount of the formed CNFs.

Figure 7. TG Analysis of SmartCem I and SmartCem II.
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The electrical conductivity was determined for the reference mortar and for the composite 

samples containing SmartCem I binder as replacement of Portland cement between 2–10 wt% of 

cement (Figure 8).

Figure 8. Effects of age and amount of SmartCem I content on the measured electrical conductivity.

The electrical conductivity decreased with age for all samples due to the ongoing hydration 

process consuming the pore water. The pore water provides limited conductivity for the otherwise 

electrically non-conductive hardened binder matrix. At later ages most of the capillary pore water 

was consumed thus decreasing significantly the measured electrical conductivity. The most 

significant change was observed between 7–28 days, which could be related to the densification of 

the binder matrix with non-conductive phases, including especially calcium silicate hydrate and

calcium hydroxide [38]. Replacement of the Portland cement with SmartCem I altered the measured 

electrical conductivity depending on the age of the sample. At one day the overall conductivity was 

significantly higher compared to the aged samples; with a maximum value of 5.4 × 10 6 S/m. 

Replacement of 2 and 6 wt% of the untreated cement with SmartCem I slightly increased the 

conductivity followed by a sharp jump up to 1.0 × 10 5 S/m. At higher replacement level, the 

conductivity of the 7-day-old samples decreased to 1.3 × 10 6 S/m and 3.4 × 10 6 S/m, respectively. The 

conductivity of the 28-days-old samples was 2.3 × 10 7 S/m for the reference samples and 3.3 × 10 7

S/m for samples containing 8 and 10 wt% of the SmartCem I.

The observed percolation threshold values varied depending on the sample age. In the case of 

the one-day-old specimen, the maximum conductivity value was reached at the 10 wt% replacement 

level. In this case, a higher amount of moisture present in the binder matrix created a conducting 

medium enhancing the measured electrical conductivity. During the following three weeks, the 

progressing hydration consumed the water and lowered the amount of the conductive medium,

which decreased the percolation threshold stepwise from 10, 7 and 5 down to approximately 4 wt% 

of the SmartCem I. These values corresponded to 0.271, 0.189, 0.135 and 0.108 wt% of CNFs as 

estimated based on the TG test results. The lowest, 2 wt% of the SmartCem I (corresponding to 0.054

wt% of CNFs), has a minimal effect on the electrical conductivity (Figure 9). The percolation threshold 

values estimated earlier for Portland cement-based matrixes incorporating multiwall carbon 

nanotubes oscillated at around 0.20 wt% [39,40]. Whereas values measured in the present research 

were significantly lower at 0.108 wt% of CNFs. Several factors could contribute to this difference; 

including CNFs morphology, their distribution within the binder matrix, distance between fibers as 

well as the microstructure and composition of the isolative binder matrix.
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Figure 9. Effects of the SmartCem I content on electrical resistivity of 28 days old samples.

The morphology of the CNFs was shown to affect the percolation threshold and the maximum 

conductivity. For example, curly shaped CNFs incorporated into polymer-based matrixes increased 

the percolation threshold concentration from 0.05 to 0.4 vol% [41].

Furthermore, not all CNFs take part in the conduction despite being evenly distributed within 

the binder matrix due to being too far apart from each other due to their shape or too low amount.

The distance providing conductivity is estimated to be just a few nanometers [42]. The overall 

electrical conductivity depends also on the number of formed percolated networks. The nanofibers 

do not touch directly each other due to the Van der Wall forces and the conduction occurs through 

the tunneling effect [43] (Figure 10).

Figure 10. The tunneling effect between conductive particles dispersed in an electrically non-

conductive composite.

The tunneling effect is affected by the interfacial transition zone (ITZ) forming between the 

binder matrix and the CNFs surface. Properties of that zone; its thickness; porosity as well as the 

chemical composition will strengthen or weaken the effect. The ITZ formed in Portland cement-based 

matrixes around sand particles and aggregates may range from a few µm to a few hundreds of µm

[44,45]. Presumably, in the case of nanosized CNFs the actual ITZ will be only a few nanometers

wide. The interfacial transition zones were also observed in polymer-based matrixes incorporating 

CNTs [46]. Consequently, the observed in the present data decrease of the percolation threshold with 

age can be related to the general densification of the bulk binder matrix and of the interfacial

transition zones.

After 28 days the ultimate measured conductivity of 3.3 × 10 7 S/m was constant for the 8 and 10 

wt% replacement levels. The CNFs incorporated into a cement matrix are less homogenously 

dispersed in comparison with polymer matrixes due to the presence of sand particles and anhydrous

cement particles. Attaching CNF directly to the cement particles ensures a very high initial dispersion 

homogeneity and acts as a carrier during the mixing process. It prevents the formation of 

agglomerates, but at the same time it creates large non-conductive volumes of unhydrated cement 

particles [45,47] (Figure 11).
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Figure 11. SmartCem with attached carbon nanofibers in hydrated cement matrix.

The piezoresistive response to the applied load was determined on samples produced from three 

mixes: reference, S8-containing 8 wt% of SmartCem I and S10-containing 10 wt% of the SmartCem I. 

The recorded dependence between the applied compressive stress and the corresponding measured 

electrical resistance is shown in Figure 12.

Figure 12. Relationship between fractional change in electrical resistivity and compressive stress.

Both samples, S8 and S10 showed a strong piezoresistive response within the two stages of

nearly linear relationships. In the first stage while loading up to 3.5 MPa load, the fractional change 

of the electrical resistivity reached around 17% and 32% for S8 and S10 respectively. In the second 

loading stage between 3.5 and 26 MPa the change reached 90%. Portland cement-based mortar

incorporating SmartCem I showed also a significant response to strain. The resistivity decreased with 

increasing compressive strain until the failure occurred (Figure 13). The maximum strain sensitivity 

of the gauge factor (GF) in this study was calculated based on the fractional resistance change to the 

change of strain, and equaled to 18.7.
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Figure 13. Relationship between fractional change in electrical resistivity and compressive strain.

Earlier studies showed a considerably lower sensitivity. For example, Zhang et al. [48] or Yu and 

Kwon [49] measured between 6 and 9% change in the electrical resistivity for applied loads of 4 MPa 

and 5.2 MPa. In both cases, the samples were produced by dispersing 0.06; 0.1 wt% and 2.14 vol% of 

MWCNTs in water (Table 3).

Table 3. Load sensitivity of cement/CNT composites measured by others and compared with 

recalculated results obtained for mix S8.

Publication Amount of Carbon-Based Materials
(Load MPa)

Resistance Change, %

(Load, MPa)

Resistance Change, %

Yu & Kwon [49] 0
(5.2) (8.6)

0.0 0.0

Yu & Kwon [49]
0.06 wt% MWCNT (5.2) (8.6)

8.8 10.3

Yu & Kwon [49] 0.10 wt% MWCNT
(5.2) (8.6)

8.4 11.4

Zhang et al. [48] 2.14 vol% MWCNT
(4) -

6.8

Present result S8 0.20 wt% CNF
(3.5) (26)

~17 ~90

The observed differences can be related, as in the case of the electrical conductivity described 

earlier, to a number of factors. These include dispersion and morphology of the CNFs/CNTs, their

dimensions, curliness but also the microstructure of the binder matrix and the presence of non-

conductive inclusions like unhydrated cement particles or sand. In the present case, presumably the 

strongest effect on the enhanced sensitivity was achieved by the better dispersion of the CNFs. The 

enhanced dispersion, compared to especially at high pH unstable water dispersions, was obtained 

by growing CNFs directly on the cement particles. 

The piezoresistive response can be related to the intrinsic piezoresistive property of the CNFs 

themselves, which was observed in earlier studies on films made of single-wall carbon nanotubes. 

These results showed a nearly linear relation between the applied strain and the measured voltage

and were successfully used for strain sensing [50]. The second phenomenon associated with the 

piezoresistive response is related to changes of the electrical resistance of the contact points between 

fibers due to the applied load. In this case, the applied load will presumably compress the binder 

matrix. CNTs incorporated into a polymer matrix decreased the resistivity at the applied compression 

load [51–53]. A more intensive change of the electrical resistivity in the first stage of the response 

could be related to the initially stronger densification effect of the more porous part the binder matrix

(Figure 12). This could lead to a significant enhancement of the tunneling effect and to the ultimate

increase of the electrical conductivity.
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4. Conclusions

Carbon nanofibers were directly synthesized on Portland cement particles using chemical vapor

deposition in the presence of a mixture of ethylene and hydrogen. The produced materials contained 

2.71 wt% and 2.51 wt% of CNFs. Percolation thresholds corresponding to the increase of the electrical 

conductivity were observed in all samples. The threshold tended to decrease with the ongoing 

hydration of the Portland cement. The percolation threshold varied between 0.271, 0.189, 0.135 and 

0.108 wt% CNFs which corresponded to 10, 7, 5 and 4 wt% of the SmartCem I respectively. The 

studied mortars showed an extremely strong piezoresistive response to the applied compressive load 

reaching 17% change at 3.5 MPa and 90% at 26 MPa. The piezoresistive response was related to the 

intrinsic piezoresistive property of the CNFs and to changes of the electrical resistance at the contact 

points between fibers. Based on the obtained test results from this initial study, the developed 

material appears to be potentially suitable for applications for stress sensors and smart concrete 

structures. Furthermore, the measured piezoresistive response should also be sufficient to determine 

other changes, including, for example humidity, temperature or crack formation. The current 

ongoing research focuses on those aspects. 
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Role of Carbon Nanofiber on the
Electrical Resistivity of Mortar
under Compressive Load
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Lukasz Krzeminski2, and Andrzej Cwirzen1

Abstract

A nanomodified cement consisting of particles with in situ synthesized carbon nanofibers was developed to introduce a
strong load-sensing capability of the hydrated binder matrix. The material was produced using chemical vapor deposition.

The nanomodified cement contained 2.71wt% of carbon nanofibers (CNFs). The electrical properties of the composite were

determined. Several mortar samples were prepared by partially substituting ordinary Portland cement with 2, 4, 6, 8, and
10wt% of the nanomodified cement. Additionally an ordinary Portland cement mortar was used as reference. The results

show that the strongest piezoresistive response and therefore the best load-sensing was obtained for the mortar containing

the highest amount of CNFs. This mortar contained 10wt% of nanomodified cement. The fractional change in electrical resis-
tivity of this mortar was 82% and this mortar had a compressive strength of 28MPa.

In general, structural health monitoring (SHM) in civil

engineering is defined as a process that aims to detect a

change in the structural properties as a way of identify-

ing damaged structures (1). Many methods that monitor

concrete structures in SHM systems commonly use strain

gauges mounted on the concrete surface or embedded

fiber optic sensors. Most of the systems currently in use

are prone to mechanical damage and have poor durabil-

ity and thus a short lifespan. A novel solution is based

on smart Portland cements, which after solidification

have a strong sensing capability. The main advantage of

cement-based sensors is their full material compatibility

with the material used to build the structure being moni-

tored. These sensors are expected to have a long service

life, easy installation, and limited maintenance. Self-

monitoring Portland cement-based materials are becom-

ing more attractive for civil engineering applications.

This self-monitoring or so-called self-sensing is made

possible by changes in the electrical resistivity of a mate-

rial. Electrical resistivity is a fundamental material prop-

erty that shows how strongly the material opposes the

flow of an electric current. The self-sensing phenomena

in a material is based on the property of an electrically

conductive material to show a change in its electrical

resistivity if a deformation load is applied. This phenom-

enon is called piezo resistivity. To provide a cement-

based material with this load-sensing capability various

types of conductive materials need to be incorporated

into the cementitious matrix.

Studies showed that the addition of carbon nanofibers

(CNFs) and carbon nanotubes (CNTs) improve physical,

mechanical, chemical, and electrical properties (2–5). For

example, Cwirzen et al. found that an addition of

0.045wt% of multi-walled carbon nanotubes (MWCNTs)

to a cement paste increased the compressive strength by

nearly 50% (6). Konsta-Gdotous et al. (7) produced

pastes containing 0.048wt% of MWCNTs and achieved

30% to 40% higher flexural strengths values. The pres-

ence of long MWCNTs appeared to decrease the autoge-

nous shrinkage. Konsta-Gdoutos and Aza (8) studied the

piezoresistive behavior of a cementitious matrix with

CNFs subjected to cyclic compression load in the elastic

regime. The electrical resistivity tended to decrease during

the loading and to increase while unloading. Similar

results were obtained by Yu and Kwon (9) where a

change in the electrical resistivity of a CNT/cement com-

posite under different compressive loading was observed.
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Specimens reinforced with functionalized CNTs showed a

stronger piezoresistive response. A sufficient amount of

conductive materials is required to create a continuous

interconnected network. The fibers must be evenly distrib-

uted throughout the binder matrix. Unfortunately,

because of the hydrophobic nature and the tendency of

carbon-based materials to agglomerate, it is crucial to

ensure their uniform dispersion into the matrix. The

nanomodified cement was developed to address the dis-

persion problem of carbon-based materials in cementi-

tious matrices. The nanomodified cement was produced

by synthesizing CNFs directly on the surface of pristine

Portland cement particles in a chemical vapor deposition

(CVD) reactor. In the processed synthesis, the Fe2O3 pres-

ent in Portland cement acted as a natural catalytic sub-

strate while the other phases supported the growth of

CNFs (10–12). Acetylene (C2H2) was used as the main

carbon source with synthesis temperatures between 525°C

and 600°C. Solidified matrices produced from the modi-

fied cement showed a very good dispersion of the CNFs

(13). Recently, Buasiri et al. reported pilot studies on the

sensing capability of the nanomodified cement which

showed an excellent load sensitivity of those materials

(14). The studied mortars containing around 0.2wt% of

CNFs showed a high sensitivity, reaching around 90%.

The research described in this article aimed to deter-

mine the effects of the replacement of Portland cement

with various amounts of nanomodified cement on the

mechanical properties and the changes in the electrical

resistivity under compression loading.

Methods

Synthesis of the Nanomodified Cement

The nanomodified cement was produced using a Carbon

Chemical Vapor Deposition (CCVD) reactor located at

the Silesian University of Technology in Poland. For the

syntheses, pure ethylene (C2H4, 99.999%) was used as a

main carbon source, pure hydrogen (H2, 99.99999%) as

the reducer and Argon (Ar) as the transporting media.

All of the gases were industrial grade. A schematic dia-

gram of the CVD process and the synthesis procedure of

the nanomodified cement are shown in Figure 1.

Materials and Sample Preparation

An ordinary Portland cement CEM I 42.5 provided by

Cementa-Sweden was used for the synthesis of the nano-

modified cement and for the production of the test mor-

tars. Sand with maximum particle size of 150mm was

used as fine aggregate. The nanomodified cement was

synthesized by the CVD method shown in Figure 1. The

surface morphology of the pristine and modified cements

is shown in Figure 2. The quantitative analysis of the

carbon nanomaterials formed in the nanomodified

cement was done by thermogravimetry (TG). The total

amount of CNFs and other carbon containing phases

calculated by percentage of the mass loss was approxi-

mately 2.71wt%. The visually estimated diameters were

around 10–50 nm and the lengths between 3mm and

20mm with a very curly shape.

All mortar samples had the same water to binder ratio

(w/b) of 0.35, sand to binder ratio (s/b) of 1% and 0.8%

of the super plasticizer admixture by weight of the bin-

der. The admixture type Glenium produced by Grace

Chemical was used to control the workability of fresh

mixes. The nanomodified cement replaced 0% (Ref), 2%

(S2), 4% (S4), 6% (S6), 8% (S8), and 10% (S10) of the

pristine cement by weight of the binder. The proportions

of the mortars produced are shown in Table 1. Because

of the very limited amount of available nanomodified

cement only two samples were produced for each mix.

A small vacuum mixer of the Bredent type was used

to produce the mortars. This was done to minimize the

Figure 1. (a) A schematic representation of the chemical vapor

deposition process for the production of synthesized

nanomodified cement (reprinted from [14] Ó MDPI under CC-BY

4.0 [https://creativecommons.org/licenses/by/4.0/]); and (b) the

synthesis procedures of the nanomodified cement.
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amount of the trapped air. The mortars were cast into

Teflon molds and subsequently cured in water. Before

testing, all samples were stored in laboratory conditions

at 20°C 6 2°C for 72 h to exclude any possible effects of

moisture or temperature variations on the measured elec-

trical properties. The specimens had dimensions of

12mm 3 12mm 3 60mm with four copper electrodes

embedded vertically. The 0.25mm thick copper electro-

des had a width of 5mm and a height of 15mm. The

electrodes were spaced as shown in Figure 3a.

Load-Sensing Determination

The load-sensing capability in the present research was

based on the determination of changes in the electrical

resistivity of the samples when subjected to an increasing

compression load. Sensing behavior of the cement-based

materials under loading can be described by the frac-

tional change in the electrical resistivity (FCR) which

can be calculated using Equation 1:

FCR=Dr=r
0

ð1Þ

where Dr is the change in electrical resistivity and r
0
is

the initial electrical resistivity of the sensing cementitious

matrix. The electrical resistivity r was calculated follow-

ing Equation 2:

r=R � A=L ð2Þ

where

R =V/I is the measured resistance determined by the

changed of the voltage V across the specimen when

applied the current I,

A is the electrode area, and

L is the internal electrode distance.

The electrical resistance of the produced mortars was

measured using the four-probe method during the applica-

tion of the compressive load. This configuration showed the

lowest variation coefficient and smallest scatter of the data

(15). The 60 cm long electrical wires connected the copper

electrodes with a digital multimeter of type Keysight

34465A. The direct current (DC) was applied between the

two outer electrodes while the two inner electrodes were

used to measure the potential difference. The compressive

load with the rate of 0.05 cm/min was applied to the mortar

beams. The experimental setup is shown in Figure 3b.

In moist matrices, including cement-based ones, the

polarization effect causes chemical reactions liberating

hydrogen and oxygen, which deposit around the measur-

ing electrodes as a thin film and cause changes to the

electrical response (16). To eliminate or minimize this

effect, the specimens should be dry, and a high-frequency

alternating current should be applied (17). In this study,

Figure 2. Scanning Electron Microscope images of an ordinary Portland cement and the nanomodified cement consisting with carbon nanofibers.
Note: CVD = chemical vapor deposition.

Table 1. Mix Proportions for Mortar Samples

Superplasticizer Cement Nanomodified cement Calculated quantities of CNFs

Mix w/b s/b (wt% of binder) (wt% of binder) (wt% of binder) (wt% of binder)

Ref 0.35 1 0.8 100 0 0.000
S2 0.35 1 0.8 98 2 0.054
S4 0.35 1 0.8 96 4 0.108
S6 0.35 1 0.8 94 6 0.163
S8 0.35 1 0.8 92 8 0.217
S10 0.35 1 0.8 90 10 0.271

Note: w/b = water-to-binder ratio; s/b = sand-to-binder ratio; CNFs = carbon nanofibers.
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which used DC current, the polarization effects were lim-

ited by an additional calibration measurement (18) to

establish a stable initial reading of the resistance of the

solidified matrix before the actual measurement was done.

Results and Discussion

Changes in the electrical resistivity under compressive

load were determined on 28-day-old mortar samples con-

taining various amounts of the nanomodified cement;

Ref, S2, S4, S6, S8, and S10.

The load-sensing capability is directly related to the

piezoresistive response. The conductivity is governed by

the concentration of the CNFs and the so-called percola-

tion threshold. The percolation threshold marks an

abruptly increasing electrical conductivity when the con-

centration of the nanomodified cement reaches a certain

critical value, the so-called percolation threshold value.

The electrical resistivity changes depending on the amount

of the conductive filler and creates three consecutive zones;

an insulation zone, a percolation zone, and a conduction

zone, Figure 4a (19). Below the percolation zone, the

amount of conductive filler is too small to achieve a con-

ductive material. Furthermore, the electrical conductivity

will be altered by any mechanical deformation causing

changes in the contact area between CNFs, the binder

matrix, or both. This leads to a rearrangement of the

CNFs and the formation of effective conductive paths thus

altering the measurable electrical conductivity, Figure 4c.

The observed curves also showed non-linear behavior,

which could be related to microcracking of the binder

matrix, Figure 5. Other possible factors also include var-

iations of humidity and temperature. However, those

factors were assumed insignificant because of the experi-

mental setup used.

The results in Figure 5 showed that the fractional

change in electrical resistivity decreased with increasing

compressive stress for the samples containing different

amounts of the nanomodified cement. This decrease con-

tinued until failure occurred. The partial substitution of

the pristine cement by the nanomodified cement has

affected the piezoresistive response of the mortar samples.

There are three groups of piezoresistive response within

the sample range, while the reference sample remained

unchanged. In the first group, S2 and S4 showed very

small piezoresistive effects to the applied load. This could

be explained by several factors including the small amount

of the nanomodified cement leading to the inter-particle

distance of the conductive cement particles being too large.

Because of this large inter-particle distance, no electrically

conductive path through the sample can be formed. In the

following group, the sensitivity of the solidified matrix

containing 6wt% of the nanomodified cement increased

moderately to approximately 20%. In the last group, both

measured samples S8 and S10 showed a strong piezoresis-

tive response with similar trends. The highest sensitivity

was achieved in the samples containing 10wt% of the

nanomodified cement which corresponded to a decrease

by 82% of the fractional change of electrical resistivity.

Mortar beams showed a piezoresistive response within

two stages of nearly linear relationships. In the first

stage, all samples had very high sensitivity to the applied

compressive load up to around 6MPa. In the second

loading stage, from 6MPa until failure, the change was

less extensive. The piezoresistive response can be related

to the intrinsic piezoresistive property of the CNFs. The

applied compressive load leads to a deformation-induced

formation of effective conductive paths as well as

changes in the tunneling distance and the contact points

between CNFs on the nanomodified cement particles.

Figure 3. (a) Mortar sample with copper electrodes; and (b) the test set-up used to measure the electrical response during applied

compressive load. (Reprinted from [14] Ó MDPI under CC-BY 4.0 [https://creativecommons.org/licenses/by/4.0/]).
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The load-sensing capability could be related to the amount

of CNFs present in the matrix and thus to the percolation

threshold. Based on the results obtained the percolation

threshold values of the nanomodified cement were around

7wt%, Figure 4b. The measured values indicate that sam-

ples containing 2wt%, 4wt%, and 6wt% of the nanomo-

dified cement are still under the percolation threshold

while samples containing 8wt% and 10wt% are above it.

Conclusion

The electrical response during compressive loading of a

pristine cement sample and samples containing nanomodi-

fied cement was recorded to determine the load-sensing

capability of the nanomodified cement. A replacement by

10wt% of the untreated cement by the nanomodified

cement showed an extremely strong piezoresistive response

to the applied load. The fractional change in the electrical

resistivity reached 82% at 28MPa. The strong piezoresis-

tive response was related to the intrinsic piezoresistive

property of the CNFs themselves and to changes of the

electrical resistance of the contact points between the nano-

fibers under the applied load. The results obtained indicate

that the nanomodified cement-based material gives a clear

piezoresistive response under loading which could be uti-

lized as in-built sensors in structures.

Figure 4. (a) General pattern of the percolation process; (b) the maximum percentage of fractional change in electrical resistivity with

different mixes used in this study; and (c) the different load-sensing mechanisms with different formations of the conductive paths in three zones.

Figure 5. Trends in fractional changes in electrical resistivity and

compressive stress for different concentrations of the nanomodified

cement. Trend lines are averages of two mortar samples.
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Humidity sensing plays an important part in, e.g. production processes or building maintenance. Cement hydra-
tion is controlled by moisture content and thus  humidity1. Uncontrolled or improper moisture diffusion, espe-
cially in an early stage of hydration, can result in a number of negative effects. "ese include increased shrinkage, 
lower long-term strength and durability  problems2, 3. An insufficient water content, e.g. related to an excessive 
evaporation, can hinder the hydration  process4. "erefore, monitoring the humidity is crucial for concrete tech-
nology. "e humidity defined as the amount of water vapour present in the gas phase and can be expressed as 
absolute or relative value. "e relative humidity (RH) is the ratio between the measured amount of water vapour 
and the water vapour required to reach the saturation state at a certain temperature. Measuring the mass of water 
vapour contained in a unit volume determines to the absolute humidity (AH).

Humidity measurements rely on converting the detected amount of water molecules into a signal that can 
be measured, analysed, interpreted and quantified. "e interaction between water molecules and sensors is 
controlled by various physical phenomena. "e physical phenomenon being measured defines which type of 
sensor is used. "e most conventional types include capacitive, resistive, impedance, quartz crystal microbalance 
(QCM), optic-fiber, surface acoustic wave (SAW) or resonance  sensing5–7. "e capacitive sensors are the most 
commonly used with an estimated 75% of the total market  share8. "ey are built of two metal plates separated 
by a thin layer of an non-conductive polymer  film9. "e non-conductive polymer film attracts moisture from the 
air, which changes the dielectric constant of the hygroscopic layer. Various types of materials have been used for 
the moisture sensitive layer. "e most common include for example polyimide film (DuPont 5878), polymethyl 
methacrylate (PMMA), porous ceramics, porous silicon, porous silicon carbide, hygroscopic polymers or porous 
alumina  (Al2O3 )

8, 10, 11. Capacitive sensors tend to have a variable sensitivity depending on the measured humidity 
levels. For example sensors using plasma-etched polyimide as the sensing layer showed low sensitivity at a RH 
up to 70% and very high sensitivity at a RH between 70 and 90% 11. Similar problems were observed when using 
porous silicon. In that case, hysteresis was observed at a RH above 60%9. "e required power demand is rather 
low but the production technology of this type of sensors is  complicated12. Resistive sensors overcame some of 
the problems typical for the capacitive sensors. "ey also are easier and cheaper to fabricate, have high sensitivity 
and low power consumption. Metal oxide, polymers, and carbon-based materials are the most frequently used 
materials for their production. Unfortunately, some of these materials degrade when exposed to high humid-
ity, including for example, metal oxide or polymer  sensors13. Slow response/recovery time and high operating 
temperatures remain the main design challenges for these sensors. Sensors based on matrixes containing Port-
land cement measure also changes of  resistivity14. In this case, the measured changes were related to alterations 
of the pore structure leading to either shrinkage or expansion of the matrix, water absorption or desorption 
hysteresis at the interface. Humidity sensing of such matrixes depends also on the amount of the incorporated 
conductive material like carbon fibers (CFs). Chen et al.15 revealed that cementitious matrixes containing less 
CFs better sense changes of the internal humidity. Different curing conditions are known to affect the sensing 
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capability as well. Sun et al.16 reported that a cementitious matrix reinforced with CFs cured in air had a more 
than 2-times lower electrical resistivity compared to the same material being oven cured. Results obtained by 
Han et al.17 showed the same trend. Optic fiber humidity sensors can be classified according to their working 
principles including optical absorption of materials, optical fiber Bragg gratings (FBG), interferometric method, 
and evanescent wave. "e FBG-based sensors have been used to monitor strain and  temperature18–20 as well as 
humidity in  highways19. FBG uses a permanent periodic modulation of the reflective index which is formed by 
an exposure of the core of the optical fiber to an intense optical interference pattern of the  light21. "e humidity 
sensing is based on an interaction of water molecules with the sensitive core layer. "is results in a change of the 
effective refractive index of the fiber core and in a shi* of the Bragg  wavelength22. Several polymeric materials 
such as  polymide23, 24, di-ureasil21 and  PMMA25, 26 have been coated onto an etched FBG to improve the humid-
ity sensitivity. Etching of cladding and coating with graphene  oxide27 or  CNTs22 layer showed sensitivity of 

31 pm/%RH. Furthermore, the modified sensor could detect the relative humidity over a wide range between 
20 and 90% at a constant temperature of 25 ˚C22. PMMA-based microstructure polymer optical fiber Bragg were 
studied by Woyessa et al.28. "e results showed a response having a very low hysteresis and an improved humidity 
sensitivity ( 35 pm/%RH at 90% RH).

Yet, carbon-based materials are widely used to induce the sensing capability into the monitored material. 
For example, Chung et al.29–32, Sun et al.33 and Ou et al.34 induced piezoresistive properties of cementitious com-
posites by incorporating CFs. Camacho-Ballesta et al.35 reported that composites containing only 0.05 wt.% of 
CNTs showed electrical properties sufficient to be used for monitoring. Yu and  Kwon36 revealed CNT/cement 
composites have high sensitivity of the composite stress response when the CNT doping level is high. Compos-
ites based on Portland cement with directly grown CNFs showed even better results in stress/strain monitoring 
reaching approximately 90% compared with the conventional cementitious  material37. CNTs and CNFs are 
commonly added as aqueous dispersions. Unfortunately, their strong hydrophobicity results in a formation of 
agglomerates. "e effect is even stronger in high pH solutions present during the Portland cement hydration. "e 
formation of agglomerates prevents the uniform distribution of the fibers throughout the binder matrix, which 
is the key condition to create an effective electrically conductive network. Surface functionalization of CNTs and 
CNFs enhanced the mechanical properties of cement matrixes through a better bond but it also increased the 
 agglomeration38. "e usage of ultra-sonication in the presence of surfactants produced stable suspensions of well 
dispersed MWCNTs and functionalized CNTs/CNFs38, 39. However, the results showed also that an increasing 
amount of CNTs/CNFs tends to worsen the fresh mix workability.

"e development of an alternative technology enabling to synthesize CNFs directly on cement have limited 
some of these problems. "is method uses a chemical vapour deposition process to grow CNFs directly on cement 
particles by utilizing naturally embedded Fe and Al as  catalysts37, 40, 41. Replacing part of Portland cement with 
this nanomodified cement ensured a uniform distribution of CNFs. It mitigated also the loss of workability and 
thus significantly increased the maximum amount of CNFs, which could be incorporated into the binder matrix. 
"is method seems to be potentially beneficial to create electrically conductive matrixes sensitive in many aspects 
including humidity variations. "e research described in the present paper focused on investigating potential 
applicability of nanomodified cement to manufacture sensors for humidity measurements.

Test sensors were produced as mortar beams composed of a mixture of an ordinary Portland cement (OPC) 
type CEM I 42.5 provided by Cementa-Sweden and the so-called SmartCem. "e SmartCem is a nanomodified 
Portland cement having CNFs synthesized directly on the surface of pristine cement through Chemical Vapour 
Deposition (CVD). "e total amount of carbon nanofibers (CNFs) grown on the SmartCem was approximately 
2.71 wt.%. "e used synthesis processes is described in detail  elsewhere37. "e morphology of grown CNFs is 
shown in Fig. 1.

Figure 1.  Scanning Electron Microscope image of the nanomodified cement. "is figure was taken using 
InTouchScope so*ware version JSM-IT100 (https:// www. jeol. co. jp/ en/ produ cts/ detail/ JSM- IT100. html).
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Sieved and clean sand with the maximum particle size of 150 μm was used as fine aggregate. "e superplasti-
cizer (sp) type Glenium produced by Grace Chemical with a solid content of 30% was used to control the work-
ability of the fresh mix. "e water-to-binder ratio and the sand-to-binder ratio (s/b) were constant at 0.35 and 1 
respectively. "e mix proportions used for the test mortars are shown in Table 1. "ree samples were produced 
for each mix and measured electrical resistivity showed less than 5% variation. Measurements also indicated that 
900 s waiting time was required to obtain a stable reading. All measurements were done a*er that waiting period.

Mortars were mixed using a Bredent vacuum mixer and poured into Teflon moulds. "e size of test specimens 
in this research was selected having dimensions of 12 mm × 12 mm × 60 mm since no standard size setup test for 
electrical resistance measurement at present. Different specimen geometries can be used; however, the measured 
resistance should be converted to resistivity by using an appropriate geometry correction factor. Four copper 
electrodes having dimensions of 5 mm × 15 mm × 0.25 mm were immersed 7.5 mm and 30 mm apart into these 
samples and connected by electrical wires with the measuring system, Fig. 2.

"e effects of the curing conditions on the electrical resistivity were determined a using reference sample 
(Ref) and the mix containing 4 wt.% of the SmartCem (S4). A*er casting, the samples were cured at 11%, 43%, 
75%, and 97% RH for 28 days, followed by storage in laboratory conditions at 20 ± 2˚C. "e samples used for the 
actual humidity measurements were cured for 28 days at 20˚C and 97 ± 5% RH. "e produced humidity sensors 
contained 0% (Ref), 2% (S2), 4% (S4), 6% (S6), 8% (S8) and 10% (S10) of the SmartCem, calculated as the total 
binder weight. Before measurements were started, all sensors were kept in humidity chambers at 11%, 43%, 75% 
or 97% RH for 24 h. "e humidity chambers consisted of sealed glass containers containing various types of 
saturated salt solutions. "ese included lithium chloride (LiCl), potassium carbonate  (K2CO3), sodium chloride 
(NaCl) and potassium sulphate  (K2SO4) which can maintain relative humidities of 11%, 43%, 75%, and 97%, 
respectively. A commercial humidity sensor type SHT85 produced by Sensirion was installed in each container 
as reference. Values measured a*er 24 h showed less than 5% variation within 24 h.

"e electrical resistance was measured using a four-probe method with a digital multimeter type Keysight 
34465A. An electrical current was applied to the two outer copper electrodes while the electrical resistivity was 
measured on the two inner electrodes, Fig. 3. Humidity sensing was determined as a fractional change of the 
electrical resistivity FCRHumidity and calculated following the Eq. (1):

where: �ρ is the change of electrical resistivity, ρ0 is the initial electrical resistivity. "e electrical resistivity ρ 
was calculated using Eq. (2):

where: R is the measured electrical resistance, L is the internal electrode distance and A is the electrode area. "e 
sensitivity of the sensor to humidity SHumidity was calculated using Eq. (3)42:

(1)FCRHumidity = �ρ
/

ρ0

(2)ρ = R · A
/

L

Table 1.  Mix proportions.

Mix w/b s/b

sp Cement Nanomodified cement (SmartCem) Amount of CNFs

(wt.% of binder) (wt.% of binder) (wt.% of binder) (wt.% of binder)

Ref 0.35 1.0 0.8 100 0 0.000

S2 0.35 1.0 0.8 98 2 0.054

S4 0.35 1.0 0.8 96 4 0.108

S6 0.35 1.0 0.8 94 6 0.163

S8 0.35 1.0 0.8 92 8 0.217

S10 0.35 1.0 0.8 90 10 0.271

Figure 2.  Mortar specimen with four electrodes. "is figure was created using Sketchup version 2017 (https:// 
www. sketc hup. com), Microso* PowerPoint version Microso* 365 (https:// www. micro so*. com/ en- us/ micro 
so*- 365/ power point).
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where: �R and �(%RH) refer to the resistance change and the change of relative humidity in percentage, respec-
tively and R0 is the initial resistance.

"ere are many factors influencing electrical resistivity of cementitious matrix. "ese factors can be divided into 
two main groups. First group contains factors affecting the intrinsic electrical resistivity, especially including 
w/c ratio, which determines porosity, aggregate size, aggregate type, curing condition and storage condition. 
While the second group covers factors affecting the electrical measurement itself. For example, probe spacing, 
electrode contact and specimen geometry. In this research, all listed factors were kept constant, thus humidity 
variations can be indicated as the main affecting factor.

"e effects of the humidity during curing and the sample age on the electrical resistivity of the material were 
determined for samples containing 100 wt.% of OPC (Ref) and a combination of 96% of OPC with 4 wt.% of 
the SmartCem (S4).

In general, the electrical resistivity increased with the curing age due to the consumption of water by the 
hydrating cement. "e electrical resistivity of the S4-samples tended to be lower at all ages and exposures in com-
parison with the corresponding OPC samples, Table 2. "e effect can be related to the creation of an additional 
conductive network by CNFs being present in the S4-samples. "e lowest ultimate resistivity was measured for 
the sample mix containing 4wt.% of SmartCem (S4) and being cured at 97% RH.

In the next stage, all sensors produced from the reference mix and the S4 mix and cured at different conditions 
were used to determine their humidity sensing capability. Before the measurement, all produced sensors were 

(3)SHumidity =

�R
/

R0

�(%RH)

Figure 3.  "e experimental setup for electrical resistance measurements of mortar samples. "is figure was 
created using Sketchup version 2017 (https:// www. sketc hup. com), Microso* PowerPoint version Microso* 365 
(https:// www. micro so*. com/ en- us/ micro so*- 365/ power point).

Table 2.  Effects of sample age and curing conditions on electrical resistivity.

Mix Sample age (days)

Electrical resistivity (Ω cm)

Curing condition

11%RH 43%RH 75%RH 97%RH

Ref

1 61.24 60.57 16.61 7.06

3 73.58 68.31 62.92 13.54

7 254.98 245.23 188.72 22.57

28 325.05 249.95 220.91 28.50

S4

1 49.05 46.50 13.95 7.06

3 67.56 54.93 50.62 12.38

7 139.21 130.41 76.38 14.16

28 278.41 202.279 116.33 22.19
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stored for 24 h at 60% RH and 20 ± 2 ˚C. "e exposure conditions included 11%, 34%, 75% and 97% RH. "e 
resistivity measurements started 24 h later. "e obtained results are shown in Fig. 4 and the calculated sensitivity 
of the composites are shown in Table 3.

Figure 4 shows that in the case of reference samples cured at 11%RH the measured electrical resistivity was 
around 210 Ω cm when exposed to 11% RH and 200 Ω cm at 97% RH. A slightly higher change in resistivity was 
measured for samples cured at 97% RH with values of 200 and 170 Ω cm when exposed to 11% and 97% RH, 
respectively. Additionally, there was nearly no change of the samples containing SmartCem cured at 11% RH in 
the electrical resistivity until the relative humidity in the test chamber was set to 97%. In that case, the measured 
electrical resistivity was constant at around 110 Ω cm when exposed to 11%, 43% and 75% RH, while dropping 
to around 80 Ω cm at 97% RH. Samples cured at 43% and 75% RH showed a better sensitivity but only when 
exposed to a higher humidity, 75% and 97% RH. Only the sample cured at 97% RH could detect a humidity 
change in the entire measured range between 11 and 97%RH. Furthermore, for the samples cured at 97% RH 
the observed relation between electrical resistance and relative humidity was linear. At 11% RH the measured 
electrical resistivity was around 90 Ω cm while at 97% RH it decreased to 22 Ω cm.

Samples containing only the unmodified Portland cement showed a generally low sensitivity to humidity; 
independently of the used curing conditions. While samples containing 4 wt.% of the SmartCem showed a sig-
nificantly higher sensitivity to humidity. In both cases, the lowest sensitivity was measured for samples cured at 
11% RH and the highest for cured at 97% RH. "e highest calculated sensitivity of 0.00874/%RH was reached 
for the sensor cured at 97% RH and the sensitivity of the S4 sensor significantly increased when exposing to a 
humidity greater than 75% RH, Table 3.

Access of moisture during curing of Portland cement affects the hydration process that controls also the 
developed pore structure. "e pore structure and especially connectivity of capillary pores define transport of 
moisture within the solidified binder matrix. "is in turn will ultimately affect the efficiency of a moisture sensor 
based on Portland cement. It has been shown that hydration of Portland cement stops when the relative humid-
ity drops to around 80%43. "e hydration degree of tricalcium silicate, measured a*er 90 days dropped from 
36% to only 2% when the RH decreased from 98 to 85%44. Furthermore, the hydration is believed to stop when 
Portlandite, C-S–H and tricalcium silicate are in equilibrium which can occur at a lower RH. Limited hydration 

Figure 4.  Effects of curing conditions used during production of sensors on the humidity sensing capability. 
Error bars represent standard errors.

Table 3.  Calculated sensitivity of reference and S4 samples exposed to 11%, 43%, 75% and 97% RH.

Mix

Sensitivity,  SHumidity (/%RH)

Curing condition

11%RH 43%RH 75%RH 97%RH

Ref 0.00104 0.00134 0.00154 0.00206

S4 0.00126 0.00219 0.00577 0.00874
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leads to a decreased amount of gel pores and coarsening of the pore structure. Tests showed a nearly three times 
coarser pore structure for samples cured at 80% RH in comparison with water  curing45. "ese results can be 
directly related to the observed research trends that show that the electrical resistivity of the matrix decreased 
when exposed to high humidity and vice versa. Furthermore, it can be assumed that the presence of CNFs 
enhances the connectivity between moisture filled pore network and thus increases the electrical sensitivity of 
the entire system. "e tunnelling effect developing between CNFs was strengthened through the presence of 
water molecules at the fiber–fiber and fiber-matrix  interfaces46, 47.

"e described results were used in a second set of sensor production and measurements. "ese sensors 
contained different amounts of CNFs to determine what kind of effect the CNF quantity has on the humidity-
sensing capability. "ese sensors contained 0% (Ref), 2 wt.% (S2), 4 wt.% (S4), 6 wt.% (S6), 8 wt.% (S8) and 10 
wt.% (S10) of the SmartCem. Based on the best results obtained in the first part of the study, a 97% RH was used 
for curing.  To ensure the stability and exclude any possible effects of moisture or temperature variations on the 
measured electrical resistivity, the produced sensors were stored in laboratory condition for 72 h before testing.

"e test results showed a nearly linear relationship between the measured electrical resistivity and the rela-
tive humidity, Fig. 5. "e  R2 was over 0.95 in all cases, Table 4. Samples containing 0–6 wt.% of the SmartCem 
showed a significantly lower sensitivity of around 0.002 /%RH while samples containing 8 wt.% and 10 wt.% of 
the SmartCem showed a significantly higher sensitivity of 0.00982/%RH and 0.01024/%RH, respectively. "e 
maximum humidity sensitivity of 0.01024/%RH was measured for the sensor containing 10 wt.% of the Smart-
Cem. "e measured electrical resistivity varied between 280 and 300 Ω cm at 11% RH and 230 Ω cm at 97% RH, 
Fig. 5. At 11% RH the measured value was around 240 Ω cm for both samples and around 300 Ω cm at 97%RH. 
Analysis showed that the percolation threshold related to the amount of CNFs humidity sensing was around 7 
wt.% which corresponded to around 0.19 wt.% of CNFs, Fig. 6.

Comparison between sensing capability of cementitious matrixes incorporating different types of carbon-
based materials is shown in Table 5. Various types of conductive materials showed different humidity sensing 
capabilities. "e observed differences in humidity sensitivity can be related to several factors mentioned earlier. 
"ese include the types of the used conductive fibers and their dispersion in the matrix. Matrixes studied in the 
present research showed significantly higher sensitivity.

Figure 5.  Effects of relative humidity and amount of SmartCem on electrical resistivity of produced sensors. 
Error bars represent standard errors.

Table 4.  Calculated sensitivity and  R2 for the produced humidity sensors cured at 97% RH.

Mix CNFs concentration (wt.% of binder) Sensitivity of sensor,  SHumidity (/%RH) R2

Ref 0.000 0.00277 0.9956

S2 0.054 0.00278 0.9968

S4 0.108 0.00297 0.9873

S6 0.163 0.00261 0.9938

S8 0.217 0.00982 0.9805

S10 0.271 0.01024 0.9642
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Summarising, the humidity sensing mechanism of the developed SmartCem sensors is related to an altera-
tion of the electrical resistivity. Absorption or desorption of water molecules due to variation of RH in this study 
change the interconnection between matrix–matrix, fiber–fiber and fiber-matrix resulting in a change in the 
ultimate electrical resistivity of sensors. For example, water molecules in gaseous state adsorb on the external 
surface of the sensor and later diffuse into the matrix due to capillary condensation, Fig. 7a. "e water vapour 
condenses into water and gradually fills up the abundant pores. "is generates additional “bridges” between 
existing electrically conductive paths. Consequently, different amounts of water vapour will result in different 
ultimate electrical resistivity of the sensor, which can be measured, Fig. 7b 50. A comprehensive micromechani-
cal model was proposed by Jang et al.51 to predict the effective electrical conductivity of cementitious matrix 
containing carbon-based filler. "is model confirmed that moisture affects the sensing of smart cementitious-
based composite.

"e study aimed to determine the sensitivity of novel sensors to variations in the humidity. "ese humidity sen-
sors are based on mortars containing various amounts of the nanomodified Portland cement (SmartCem). It was 
found that the electrical resistivity of the sensors tended to increase with longer wet curing time due to the alter-
nation of the microstructure and hydration processes. Samples cured at 97% RH showed the highest sensitivity 
with the sensitivity value reaching 0.01024/%RH. According to the percolation theory, the percolation threshold 
amount of the nanomodified cement using for humidity monitoring is estimated at 7 wt.% of the SmartCem 
(~ 0.19 wt.% of CNFs). "e humidity sensitivity of the nanomodified cement was related to the intrinsic electri-
cal property, water absorption property, the connectivity as well as the amount of the nanomodified cement to 
change the contact point between fiber–fiber and fiber-matrix due to the presence of water vapour in the air.

Figure 6.  Effects of humidity and amount of nanomodified Smart cement content on the measured electrical 
resistivity. Error bars represent standard errors.

Table 5.  Sensitivity to humidity of cementitious matrixes incorporating various types of carbon-based 
materials.

Reference
Amount of carbon-based materials 
(wt.% of cement) Humidity range Measurement method

Calculated change of the electrical 
resistivity (%)

Calculated humidity sensitivity 
(/%RH)

Xiaoming48 25% graphite 20–60% Four-probe  ~ 9.09%  ~ 0.00227

Carisio et al.49 0.20% MWCNT 0–90% Four-probe  ~ 49.33%  ~ 0.00548

Carisio et al.49 0.35% MWCNT 0–90% Four-probe  ~ 49.64%  ~ 0.00551

Present result S10
0.271% CNF
10% SmartCem

11–97% Four-probe 88.06% 0.01024
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