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Abstract 

Taking advantage of the excellent mechanical properties and extraordinary electrical 

properties of carbon nanotubes (CNTs), self-sensing cementitious composite (SSCC) 

nanoengineered with CNTs has recently attracted much research interest aimed at 

improving the mechanical properties while simultaneously providing additional 

multifunctional and smart benefits such as enhanced electrical conductivity and, most 

importantly, self-sensing properties enabling the health condition monitoring of critical 

elements of civil engineering infrastructure and even smart elements themselves with 

integrated self- monitoring abilities. A critical factor determining the properties of SSCCs 

is the uniform dispersion of CNTs in the cementitious composites. Unfortunately, due to 

the high aspect ratio, specific surface energy and the van der Waals force, CNTs 

agglomerate too easily in the cement matrix, leading to the formation of defective sites 

inside the composite and compromised CNT filler efficiency. In-situ growth and ex-situ 

grafting of nanoscale CNTs onto microscale materials to fabricate CNT-based hierarchical 

fillers has been studied in this research as a promising approach toward providing high 

loadings of CNTs in the composites, while alleviating the dispersion problem as well as 

enhancing composite properties. This thesis is fundamentally centred around solving the 

issue of CNT dispersion in cementitious composites by studying three advanced CNT-

based hierarchical fillers. Involving preparations, study of properties and application 
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performances, a new generation of multifunctional SSCCs nanoengineered with CNT-

based hierarchical fillers have been developed. The main contents and conclusions are as 

follows. 

(1) High-density CNTs directly on carbon fibres (CF-CNTs) have been successfully 

synthesized using chemical vapour deposition (CVD) method. The complexity of the in-

situ CVD growth of the CF-CNT hierarchical fillers was systematically examined to 

deepen the understanding of CNT growth mechanisms. For the first time, the utilization 

of the as-synthesized CF-CNT hierarchical fillers in tailoring SSCC performance was 

then investigated. Experimental results showed that highly customized CF-CNTs with 

favourable morphologies and plausible properties can be well tailored by suitably tuning 

the CVD parameters. With the incorporation of optimized CF-CNT hierarchical fillers, 

the SSCCs exhibited impressive mechanical, electrical and self-sensing properties due to 

the homogeneous distribution of CNTs in the matrix and the enhanced fibre/cement 

matrix interfacial bond strength. However, due to thermally-induced performance 

degradation of the CFs and the high density of CNT coverage on the CFs, the mechanical 

properties of the SSCCs with CF-CNTs were inferior to the SSCCs with CFs, especially 

with respect to flexural properties.  

(2) In line with the understanding of in-situ CVD growth of CF-CNTs, a more 

straightforward approach to synthesize hierarchically structured filler by in-situ CVD 
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growing CNTs on cement particles (CNT@C) were then explored. The effect on early-

age hydration, mechanical properties, microstructures, electrical properties and self-

sensing properties of the SSCCs with CNT@C were systematically investigated for the 

first time. Experimental results showed that the nest-like CNT@C structure can promote 

early-age hydration while slowing the later hydration rate and hindering the strength 

development of the SSCCs. The addition of CNT@C can be effective in tailoring the 

electrical microstructures to enhance the electrical conductivity and self-sensing 

sensitivity of the SSCC. The SSCC with CNT@C achieved a maximum stress sensitivity 

of 2.87 %/MPa with a gauge factor of 748 and demonstrated excellent repeatability and 

stability, an outstanding adaptability to various applied conditions and fast response and 

recovery, thereby, showing great potential for practical structural health monitoring 

applications. 

(3) Due to the inefficient production of the CF-CNTs and CNT@C hierarchical 

fillers using the traditional CVD system, a commercially-available and low-cost 

composite filler, namely CNTs ex-situ assembled on carbon blacks (CNT/CB) via 

electrostatically self-assembly (ESA) was then adopted. The composites filler was 

directly incorporated into cementitious composites without any treatment to develop a 

new type of SSCC with high sensing sensitivity and repeatability. The SSCCs were then 

integrated into a five-story building model using custom-made clamps to verify the 
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feasibility of vibration-based damage detection. Experimental results showed that the 

SSCCs with CNT/CB processed satisfactory mechanical property and excellent self-

sensing repeatability and stability. Clamped to the building model, the SSCCs performed 

satisfactorily when subjected to sinusoidal excitations in the frequency range from 2 to 

40 Hz. In addition, the modal frequencies of the building model as identified by the 

SSCCs, and the changes caused by damage simulated through adding additional masses 

were favourably consistent with the counterparts acquired by accelerometers and strain 

gauges, indicating that the SSCCs have great potential for structural modal identification 

and damage detection applications. 

(4) In order to use the SSCCs with CNT/CB composite fillers in complex field 

environments and understand the temperature influencing mechanisms, the temperature-

sensitive properties and temperature effects on the self-sensing properties of the SSCCs 

were studied and characterized. Experimental results showed that an increase in content 

of CNT/CB composite fillers can decrease the activation energy of the SSCCs and 

facilitate the transport of the charge carriers, thus attenuating SSCC temperature-

sensitivity. Temperature increase can reduce the self-sensing sensitivity without any effect 

on SSCC repeatability. In view of the diminishing temperature effect on the self-sensing 

properties of the SSCCs, responses of the SSCCs under simultaneous temperature and 

loading excitations were then treated using Bayesian source separation method to 
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reconstruct two independent sources. Regardless of CNT/CB composite filler content, the 

temperature-related reconstructed source always had a high correlation coefficient with 

the measured temperature, indicating that the Bayesian source separation method can well 

separate the electrical resistance variation induced by temperature variation from that 

induced by simultaneous temperature and loading excitations. However, the method was 

unable to remove temperature effect on the self-sensing sensitivity of the SSCC. 

  



 

 

VIII 

Publications 

Journal Papers 

Ding, S. Q., Wang, Y. W., Ni, Y. Q., and Han, B. G. (2020). “Structural modal 

identification and health monitoring of building structures using self-sensing 

cementitious composites.” Smart Materials and Structures, 29(5), 055013. 

Ding, S. Q., Ruan, Y. F., Yu, X., Han, B. G., and Ni, Y. Q. (2019). “Self-monitoring of 

smart concrete column incorporating CNT/NCB composite fillers modified cementitious 

sensors.” Construction and Building Materials, 201, 127 - 137. 

Ding, S. Q., Han, B. G., Dong, X. F., Yu, X., Ni, Y. Q., Zheng, Q. F., and Ou, J. P. (2017). 

“Pressure-sensitive behaviours, mechanisms and model of field assisted quantum 

tunneling composites.” Polymer, 113, 105 - 118. 

Ni, Y. Q., Ding, S. Q., Han, B. G., and Wang, H. P. (2019). “Layer-by-layer assembly of 

polyelectrolytes-wrapped multi-walled carbon nanotubes on long period fibre grating 

sensors.” Sensors and Actuators B: Chemical, 301, 127120. 

Wang, J. L., Ding, S. Q., Han, B. G., Ni, Y. Q., and Ou, J. P. (2018). “Self-healing 

properties of reactive powder concrete with nanofillers.” Smart Materials and Structures, 

27(11), 115033. 



 

 

IX 

Zhang, L. Q., Ding, S. Q., Han, B. G., Yu, X., and Ni, Y. Q. (2019). “Effect of water 

content on the piezoresistive property of smart cement-based materials with carbon 

nanotube/nanocarbon black composite filler.” Composites Part A: Applied Science and 

Manufacturing, 119, 8 - 20. 

Conference Papers 

Ding, S. Q., Han, B. G., and Ni, Y. Q. (2018), “Polyelectrolytes-wrapped multi-walled 

carbon nanotubes on long period fibre grating sensors for structural health monitoring”, 

Proceedings of the 6th International Symposium on Nanotechnology in Construction, 2-

5 December 2018, Hong Kong. 

Ding, S. Q., Han, B. G., and Ni, Y. Q. (2018), “Properties and application of novel 

pressure-sensitive sensors developed with field assisted quantum tunneling composites”, 

Proceedings of the 9th Cross-Strait Workshop on Structural Monitoring and Vibration 

Control in Civil Engineering, 19 - 22 August 2018, Fuzhou, China. 

 

  



 

 

X 

Acknowledgements 

First of all, I would like to express my deepest gratitude to my chief supervisor, Prof. 

Yi-Qing Ni, for providing me the great opportunity to join his group and for his constant 

support and guidance throughout the whole study. I thank Prof. Ni for his selfless sharing 

of his valuable expertise and knowledge in structural health monitoring and giving me 

the confidence to challenge unknown fields. His illuminating instruction, constructive 

criticism and conscientious attitude in scientific research have also accelerated my 

research and personal growth. I also deeply appreciate my co-supervisor, Prof. Baoguo 

Han, for his continuous guidance, support and encouragement since my master study, and 

for directing this dissertation and leading me into scientific research with patience and 

expertise. 

I also would like to express my sincere thanks and appreciations to everyone who 

helped and encouraged me during my PhD study, in particular, Prof. Jinping Ou at Dalian 

University of Technology for his valuable suggestions and intellectual guidance during 

my research career; Prof. Shengguo Wang at The University of North Carolina for his 

encourage and sharing his valuable research experience; Prof. Xufeng Dong and Prof. 

Yanlei Wang at Dalian University of Technology for generous sharing of their research 

resources and facilities; Prof. Yanbin Cui at Institute of Process Engineering, Chinese 

Academy of Sciences for sharing his wealth knowledge in CVD growth of nanocarbon 



 

 

XI 

materials and for providing the opportunity to work with him and his colleagues; Prof. 

Michael Anson and Mrs. Elaine Anson at The Hong Kong Polytechnic University for their 

careful guidance and education on my thesis writing; Dr. Zhao Cheng at Institute of Metal 

Research, Chinese Academy of Sciences for sharing the equipment for temperature-

sensitive properties test; Dr. Youwu Wang at The Hong Kong Polytechnic University for 

his cooperation work on vibration-based damage detection; Mr. Chi Xu at The Hong 

Kong Polytechnic University for helping me with Bayesian source separation; Dr. 

Yangyang Zhang at The Hong Kong Polytechnic University for his assistance on cement 

hydration characterization; Mr. Ryan Wong at The Hong Kong Polytechnic University for 

his assistance on mechanical and self-sensing properties characterization. In addition, my 

thanks go to Dr. Sufen Dong, Dr. Yunyang Wang, Dr. Liqing Zhang, Ms. Zhen Li, Ms. 

Hongyan Li, Mr. Xinyue Wang, Mr. Yanfeng Ruan, Mr. Qiaofeng Zheng, Mr. Chengzhi 

Gao, Mr. Wenzheng Li, Ms. Wei Zhang, Ms. Danna Wang and Ms. Yuanxin Mao at Dalian 

University of Technology for their continuous help during my experiments, this 

dissertation would not be possible without their assistance and support.  

I would like to thank the staffs and colleagues, in particular, Mr. Tai-Tung Wai, Mr. 

Tany Kwan, Mrs. Freda Chow and Mr. Ian Zhang at the National Rail Transit 

Electrification and Automation Engineering Technology Research Centre (Hong Kong 

Branch) for the great assistance in daily work as well as technical things. My thanks also 



 

 

XII 

go to my best friends I’ve met during my studies at The Hong Kong Polytechnic 

University, Dr. Huaping Wang, Dr. Jing Guo, Dr. Lu Zhou, Dr. Xiaozhou Liu, Dr. Xiao 

Wang, Dr. Ran Chen, Mr. Qiuhu Zhang , Mr. Chao Zhang, Mr. Sixin Chen, Mr. Kaicheng 

Liu, Mr. Ryan Ho, Mr. Yang Lu, Mr. Beiyang Zhang, Mr. Yunke Luo and Ms. Yiwen 

Zhang for their encouragements during tough times and leaving some of my most 

unforgettable memories in Hong Kong. 

Finally, I would like to thank my well-beloved parents for their unconditional love 

and continuous support; and most importantly, my wife, Dr. Miaoyan Huang, for giving 

me confidence and advices on my research, as well as endless love and support over the 

past eleven years. 

This research is financially supported by the Research Institute for Sustainable 

Urban Development of The Hong Kong Polytechnic University and National Rail Transit 

Electrification and Automation Engineering Technology Research Centre (Hong Kong 

Branch). 

 

  



 

 

XIII 

Table of Contents 

 

Certificate of Originality ...................................................................................... I 

Abstract….……………………………………………………………………..III 

Publications…………………………………………………………………..VIII 

Acknowledgements .............................................................................................. X 

Table of Contents ............................................................................................ XIII 

List of Figures ................................................................................................ XVII 

List of Tables .............................................................................................. XXVIII 

List of Abbreviations ..................................................................................... XXX 

 Introduction ....................................................................................... 1 

1.1. Research motivation ............................................................................................ 1 

1.2. Research objectives ............................................................................................. 6 

1.3. Thesis outline ....................................................................................................... 7 

 Literature Review ........................................................................... 10 

2.1. Background of CNTs ......................................................................................... 10 

2.1.1. Structure of CNTs .................................................................................... 10 

2.1.2. Synthesis of CNTs .................................................................................... 12 

2.1.3. Defects on CNTs ...................................................................................... 14 

2.2. Overview of SSCCs with CNTs ........................................................................ 15 

2.2.1. Mechanical properties .............................................................................. 15 

2.2.2. Electrical properties ................................................................................. 17 

2.2.3. Self-sensing properties ............................................................................. 19 



 

 

XIV 

2.3. Overview of methods for CNT dispersion ........................................................ 21 

2.3.1. Mechanical methods ................................................................................ 21 

2.3.2. Covalent modification of CNTs ............................................................... 22 

2.3.3. Non-covalent modification of CNTs ........................................................ 26 

2.3.4. Fabricating CNT-based hierarchical structures ........................................ 30 

2.4. Summary ............................................................................................................ 37 

 Self-sensing Cementitious Composites Reinforced with Carbon 

Nanotube-Carbon Fibre Hierarchical Fillers ............................... 39 

3.1. Introduction ....................................................................................................... 39 

3.2. Synthesis of CNTs on CFs via CVD ................................................................. 41 

3.2.1. Raw materials ........................................................................................... 41 

3.2.2. Synthesis process ..................................................................................... 42 

3.2.3. Effects of synthesis process on CF-CNT growth ..................................... 46 

3.3. Fabrication of SSCCs with CF-CNTs ................................................................ 67 

3.3.1. Raw materials ........................................................................................... 67 

3.3.2. Specimen preparation ............................................................................... 68 

3.3.3. Characterization ....................................................................................... 69 

3.3.4. Results and discussion ............................................................................. 71 

3.4. Summary .......................................................................................................... 104 

 Self-sensing Cementitious Composites Reinforced with Carbon 

Nanotube-Cement Hierarchical Fillers ....................................... 107 

4.1. Introduction ..................................................................................................... 107 

4.2. Experimental materials and methods ............................................................... 109 

4.2.1. Synthesis of CNT@C via CVD ............................................................. 109 

4.2.2. Preparation of SSCCs with CNT@C ..................................................... 110 

4.2.3. Characterization ..................................................................................... 111 

4.3. Results and discussion ..................................................................................... 113 

4.3.1. Synthesis and characterization of CNT@C ........................................... 113 

4.3.2. Investigations on properties of SSCCs with CNT@C ........................... 122 



 

 

XV 

4.4. Summary .......................................................................................................... 147 

 Structural Modal Identification and Health Monitoring of 

Building Structures Using Self-sensing Cementitious Composites 

with Carbon Nanotube/Carbon Black Hierarchical Fillers ...... 151 

5.1. Introduction ..................................................................................................... 151 

5.2. Experimental materials and methods ............................................................... 155 

5.2.1. Sensor fabrication .................................................................................. 155 

5.2.2. Experimental arrangement ..................................................................... 159 

5.2.3. Experimental tests .................................................................................. 165 

5.3. Results and discussion ..................................................................................... 167 

5.3.1. Sensor performance under quasi-static and dynamic loadings .............. 167 

5.3.2. Dynamic performance of SSCCs attached to the building model ......... 175 

5.3.3. Structural modal identification and damage detection using SSCCs ..... 178 

5.4. Summary .......................................................................................................... 185 

 Temperature Effects on Self-sensing Cementitious Composites 

Reinforced with Carbon Nanotube/Carbon Black Hierarchical 

Fillers .............................................................................................. 188 

6.1. Introduction ..................................................................................................... 188 

6.2. Experimental materials and methods ............................................................... 189 

6.2.1. Fabrication process ................................................................................ 189 

6.2.2. Characterization ..................................................................................... 190 

6.3. Results and discussion ..................................................................................... 191 

6.3.1. Temperature-sensitive properties of SSCCs with CNT/CB ................... 191 

6.3.2. Temperature effects on self-sensing behaviours of SSCCs with 

CNT/CB .. .............................................................................................. 200 

6.3.3. Temperature-induced resistance extraction based on Bayesian BSS 

method .................................................................................................... 204 

6.4. Summary .......................................................................................................... 213 



 

 

XVI 

 Conclusions and Recommendations ............................................ 215 

7.1. Conclusions ..................................................................................................... 215 

7.2. Recommendations for future work .................................................................. 218 

References……………………………………………………………………..221 

 

  



 

 

XVII 

List of Figures 

 

Figure 1.1 Self-sensing cementitious composite mimicking human behaviour: 

Conductive network constituted by functional fillers acts as “nervous system” 

to transmit signals stimulated internally and externally to a computing centre, 

i.e. “brain”..................................................................................................... 4 

 

Figure 2.1 TEM images of (a) SWCNT, (b) MWCNT (Iijima 1991). ............................ 11 

Figure 2.2 Schematic diagram of the chirality of a CNT (A: armchair; B: zigzag; C: chiral).

 .................................................................................................................... 12 

Figure 2.3 Electrically conductive mechanisms of SSCC during percolation process. . 18 

Figure 2.4 Schematic presentation of oxidation covalent modification of CNTs by a 

mixture solution of HNO3 and H2SO4 (1:3). The carboxylic acid groups 

attach to the sidewalls and ends of CNTs. .................................................. 24 

Figure 2.5 Schematic presentation of dispersion mechanism of anionic surfactants 

adsorbing onto the tube/fibre surface. Electrostatic repulsions are formed 

between the hydrophilic groups of anionic surfactants (negatively charged).

 .................................................................................................................... 28 

Figure 2.6 Schematic presentation of microwave irradiation method for CNTs growth on 

supporting substrates. ................................................................................. 34 

Figure 2.7 Schematic presentations. (a) The apparatus used for the CVD method. (b) The 

mechanism of in situ growth of CNTs on cement particles. ....................... 35 

 

Figure 3.1 SEM images of the pristine CFs. (a) 5000×. (b) 20000×. ............................. 41 



 

 

XVIII 

Figure 3.2 SEM images of CFs after surface treatment. ................................................ 43 

Figure 3.3 (a) Photo of CVD system. (b) Solution of benzene and ferrocene. (c) Schematic 

diagram of floating catalyst CVD method. ................................................. 45 

Figure 3.4 Morphologies of CFs/CF-CNTs grown with different catalyst deposition 

processes. (a, b) Catalyst coated by ultrasonic treatment, dried after filtration. 

(c, d) Catalyst coated without ultrasonic treatment, dried after filtration. (e, 

f) Catalyst coated by ultrasonic treatment, dried without filtration 

(C2H2/H2/N2=20/20/100 sccm, 700 ℃, 30 min, Fe(NO3)3·9H2O). ............ 48 

Figure 3.5 Morphologies of CFs/CF-CNTs grown with different carbon sources. (a) 

Ferrocene catalyst particles on CF surface. (b) Ferrocene/CH4, (c) Ferrocene 

/Al2O3/CH4, CNT on Al2O3. (d) Ferrocene/Al2O3/CH4, amorphous carbon on 

CF. (e) Ferrocene/C2H2. (f) Ferrocene/benzene (Cx/H2/N2=20/20/100 sccm, 

700 ℃, 30 min, Fe(C5H5)2, Cx is short for carbon source). ........................ 51 

Figure 3.6 Morphologies of CFs/CF-CNTs grown with different catalysts. (a) 

Fe(NO3)3·9H2O coated on CF surface. (b) Ni(NO3)3·9H2O coated on CF 

surface. (c) CF-CNTs grown with Fe(NO3)3·9H2O. (d) CF-CNTs grown with 

Fe(NO3)3·9H2O coated by ultrasonication, dried without filtration 

(C2H2/H2/N2=40/40/100 sccm, 650 ℃, 30 min, Fe(NO3)3·9H2O). ............ 57 

Figure 3.7 Morphologies of CFs/CF-CNTs with different growth times. (a) 10 min. (b) 20 

min. (c) 30 min. (d) 60 min (C2H2/H2/N2=20/20/100 sccm, 650 ℃, 

Fe(NO3)3·9H2O). ........................................................................................ 58 

Figure 3.8 Morphologies of CFs/CF-CNTs with different growth times. (a) 10 min. (b) 20 

min. (c) 30 min. (d) 60 min (C2H2/H2/N2=20/20/100 sccm, 650 ℃, 

Ni(NO3)3·9H2O). ........................................................................................ 58 

Figure 3.9 Length evolutions of CNTs on CFs with different catalysts as a function of 



 

 

XIX 

growth time (C2H2/H2/N2=20/20/100 sccm, 650 ℃). ................................ 59 

Figure 3.10 Morphologies of CF-CNTs grown with different temperatures. (a-e) 

Fe(NO3)3·9H2O as catalyst, 450-850 ℃. (f-j) Ni(NO3)3·9H2O as catalyst, 

450-850 ℃ (C2H2/H2/N2=20/20/100 sccm, 650 ℃, 30 min, Fe(NO3)3·9H2O).

 .................................................................................................................... 62 

Figure 3.11 Morphologies of CF-CNTs grown with different temperatures. (a) 550 ℃. (b) 

650 ℃. (c) 750 ℃ (C2H2/H2/N2=5/5/100 sccm, 650 ℃, 30 min, 

Fe(NO3)3·9H2O). ........................................................................................ 64 

Figure 3.12 Morphologies of CF-CNTs grown with different temperatures. (a) 550 ℃. (b) 

650 ℃. (c) 750 ℃ (C2H2/H2/N2=40/40/100 sccm, 650 ℃, 30 min, 

Fe(NO3)3·9H2O). ........................................................................................ 65 

Figure 3.13 The length and diameter of CNTs grown on CF under different gas 

compositions as a function of growth temperature. .................................... 66 

Figure 3.14 Morphology and structural analysis of as-fabricated CF-CNTs grown at 650 

℃. (a) SEM image of CF-CNTs. (b) High-magnification SEM image of CF-

CNTs. Inset shows the diameter distribution. (c) TEM image of CF-CNTs. 

(d) High-resolution TEM images of individual CNTs. Inset shows the 

spacing between two neighboring lattice fringes. (e) Raman spectra and XRD 

spectra of CFs and CF-CNTs. (f) TGA curves of CFs and CF-CNTs under an 

air atmosphere............................................................................................. 74 

Figure 3.15 (a) N2 adsorption isotherms, corresponding BET specific surface area and 

pore volume (ranging from 2 nm to 50 nm). (b) Pore-size distribution of CF 

and CF-CNT. .............................................................................................. 75 

Figure 3.16 (a) Flexural load-deflection curves. (b) Flexural strength (Inset shows a photo 

of a sample after flexural test). (c) Flexural modulus. (d) Compressive 



 

 

XX 

strength after flexure of SSCCs with CFs and CF-CNTs as a function of filler 

content. ....................................................................................................... 77 

Figure 3.17 (a) Compressive stress-strain curves of SSCCs with CFs. (b) Compressive 

stress-strain curves of SSCCs with CF-CNTs (Inset shows a photo of a 

sample after flexural test). (c) Compressive strength. (d) Young’s modulus of 

SSCCs with CFs and CF-CNTs as a function of filler content. .................. 80 

Figure 3.18 SEM images of fracture surfaces of SSCCs. (a) The blank. (b)-(f) The SSCC 

with 2 vol.% CFs. ....................................................................................... 86 

Figure 3.19 SEM images of fracture surfaces of the SSCC with 2 vol.% CF-CNTs. .... 87 

Figure 3.20 DC electrical resistance of the SSCCs with CFs and with CF-CNTs as a 

function of filler content after curing 28 days. ........................................... 89 

Figure 3.21 AC electrical resistance of the SSCCs with (a) CFs and (b) CF-CNTs as a 

function of filler content after curing 28 days. ........................................... 91 

Figure 3.22 Self-sensing behaviours of SSCCs under monotonic compression to failure. 

(a) FCR versus Strain for SSCCs with CFs. (b) FCR versus Stress for SSCCs 

with CFs. (c) FCR versus Strain for SSCCs with CF-CNTs. (d) FCR versus 

Stress for SSCCs with CF-CNTs. (e) Gauge factor. (f) Stress sensitivity. . 92 

Figure 3.23 Self-sensing behaviours of the SSCCs with CFs under cyclic compression 

with a loading rate of 0.4 mm/min and a stress amplitude of 40 MPa. (a) 0 

vol. %. (b) 0.5 vol. %. (c) 1.0 vol. %. (d) 1.5 vol. %. (e) 2.0 vol. %. (f) 3.0 

vol. %. (g) 4.0 vol. %. (h) 5.0 vol. %.......................................................... 98 

Figure 3.24 Self-sensing behaviours of the SSCCs with CF-CNTs under cyclic 

compression with a loading rate of 0.4 mm/min and a stress amplitude of 40 

MPa. (a) 0.5 vol. %. (b) 1.0 vol. %. (c) 1.5 vol. %. (d) 2.0 vol. %. (e) 3.0 vol. 

%. (f) 4.0 vol. %. (g) 5.0 vol. %. (h) Stress sensitivity. .............................. 99 



 

 

XXI 

Figure 3.25 Self-sensing behaviours of the SSCCs under different loading amplitudes, 

with a loading rate of 0.4 mm/min. (a) SSCCs with 2.0 vol.% CFs. (b) SSCCs 

with 2.0 vol.% CF-CNTs. (c) FCR versus Stress at 20 MPa. (d) FCR versus 

Stress at 40 MPa. (e) FCR versus Stress at 60 MPa. (f) Stress sensitivity 

versus Stress. ............................................................................................ 101 

Figure 3.26 Self-sensing behaviours of the SSCCs under different loading rates, with a 

stress amplitude of 20 MPa. (a) SSCCs with 2.0 vol.% CFs. (b) SSCCs with 

2.0 vol.% CF-CNTs. (c) FCR versus Stress for the SSCCs with 2.0 vol.% 

CFs. (d) FCR versus Stress for the SSCCs with 2.0 vol.% CF-CNTs. (e) 

Stress sensitivity versus loading rate. ....................................................... 103 

 

Figure 4.1 Images of (a) Raw cement particles. (b) CNT@C catalyst precursor after 

drying. (c) CNT@C catalyst precursor after calcination. (d) The as-grown 

CNT@C. SEM images and EDX spectra (Insets) (e) Raw cement particles. 

(f) CNT@C catalyst precursor after drying. (g) CNT@C catalyst precursor 

after calcination (h) The as-grown CNT@C under growth condition: 

C2H2/H2/N2=40/40/100 sccm, 550 ℃, 20 min. ......................................... 114 

Figure 4.2 (a) and (b) SEM images of the as-grown CNT@C after 30 min sonication. 

Inset in (a) shows the photos of the as-grown CNT@C before and after 

sonication. (c) High-magnification SEM image of the CNT@C after 

sonication. Inset shows the diameter distribution analyzed by Image-J. (d) 

HAADF-STEM image and the corresponding elemental mapping images of 

the CNT@C. (e) TEM image of the CNT@C after sonication. Inset shows 

the selected area electron diffraction (SAED) pattern. (f) HRTEM image of 

one CNT. (g) HRTEM image of Ni nanoparticle encapsulated in CNT. 



 

 

XXII 

Growth condition: C2H2/H2/N2=40/40/100 sccm, 550 ℃, 20 min. ........... 115 

Figure 4.3 Effect of temperature on CNT@C growth. SEM images of CNT@C grown at 

(a) 450 ℃. (b) 550 ℃. (c) 650 ℃. (d) 750 ℃. (e) 850 ℃. (g) BET surface 

areas of raw cement and the CNT@C grown at different temperatures. (h) 

XRD analysis of phase evolutions of the CNT@C grown at different 

temperatures. (i) Raman spectra of raw cement and the CNT@C grown at 

different temperatures. Growth condition: C2H2/H2/N2=40/40/100 sccm, 20 

min. ............................................................................................................ 119 

Figure 4.4 SEM images of CNT@C grown for (a) 5 min. (b) 10 min. (c) 20 min. (d) 30 

min. (e) TG-DTG analysis of CNT@C grown for different growth time. (f) 

Mass losses derived from TG curves, BET surface areas and pore volumes 

of CNT@C grown for different growth times. Growth condition: 

C2H2/H2/N2=40/40/100 sccm, 550 ℃. ..................................................... 120 

Figure 4.5 Isothermal calorimetric measurements of the SSCCs with CNT@C. (a) Heat 

flow. (b) Peak heat flow age. (c) Cumulative heat evolution. (d) Heat of 

hydration at 60 h. ...................................................................................... 124 

Figure 4.6 TG-DTG analysis of the SSCCs with CNT@C at 1 day, 7 days and 28 days.

 .................................................................................................................. 126 

Figure 4.7 Mass loss derived from DTG curves of the SSCCs with CNT@C at 1 day, 7 

days and 28 days. (a) Overall mass loss measured between 105 ℃ - 1000 ℃. 

(b) Phase-1. (c) Phase-2. (c) Phase-3. ....................................................... 129 

Figure 4.8 XRD analysis of the SSCCs with CNT@C at 1 day, 7 days and 28 days... 129 

Figure 4.9 Typical SEM images the fracture surface of SSCCs with CNT@C. .......... 130 

Figure 4.10 Effect of CNT@C on compressive properties of SSCCs with CNT@C after 

28 days. (a) Relationship between compressive stress and strain. (b) 



 

 

XXIII 

Compressive strength and Young’s modulus of the SSCCs. .................... 132 

Figure 4.11 Electrical resistance of the SSCCs with CNT@C as a function of CNT@C 

content. Inset shows log-log plot. ............................................................. 135 

Figure 4.12 EIS spectra and equivalent circuit prediction results of the SSCCs with 

CNT@C. (a) CNT@C-0. (b) CNT@C-5. (c) CNT@C-10. (d) CNT@C-15. 

(e) CNT@C-20. (f) CNT@C-25. ............................................................. 138 

Figure 4.13 (a) FCR versus Strain for SSCCs with different CNT@C contents under 

monotonic compression with an amplitude of 25 MPa. (b) Gauge factor and 

stress sensitivity of SSCCs with different CNT@C contents. .................. 141 

Figure 4.14 Comparison of the gauge factor of SSCC with CNT@C-25 with the reported 

SSCCs with different conductive fillers (Azhari and Banthia 2012; 

Camacho-Ballesta et al. 2016; Danoglidis et al. 2016; Dong et al. 2016; Han 

et al. 2015d, 2017a; Materazzi et al. 2013; Sun et al. 2017b; Zhang et al. 2018, 

2020). ........................................................................................................ 142 

Figure 4.15 Self-sensing properties of the SSCCs with CNT@C under cyclic compression 

with loading rate of 0.1 Hz and stress amplitude of 10 MPa. (a) CNT@C-0. 

(b) CNT@C-5. (c) CNT@C-10. (d) CNT@C-15. (e) CNT@C-20. (f) 

CNT@C-25. ............................................................................................. 143 

Figure 4.16 Self-sensing properties of the CNT@C-25 composite. (a) FCR under cyclic 

compression at frequency of 0.05, 0.1, 0.2, 0.5 and 1 Hz with stress of 12.5 

MPa. (b) FCR under cyclic compression at stress of 2.5, 5, 7.5, 10 and 12.5 

MPa with frequency of 0.1 Hz. (c) FCR under 10 MPa cyclic compression at 

frequency of 0.1 Hz for 1000 cycles. (d) Evaluation on stability of the 

CNT@C-25 composite by counted peak values at 0 MPa and 10 MPa, at 95% 

confidence level. (e) Electrical resistance change under constant loadings 



 

 

XXIV 

from 0 - 10 MPa for a period of 2 min. Inset shows response time under 1 

MPa compression. (f) Recovery time after 25 MPa compression. ........... 146 

 

Figure 5.1 (a) SEM image of CNT/CB composite fillers. (b) Water adsorption of CNT/CB 

composite fillers as a function of pressure at room temperature. (c) Contact 

angle of CNT/CB composite fillers. (d) CNT/CB composite fillers uniformly 

distributed in cement matrix forming extensive conductive network. ..... 156 

Figure 5.2 (a) Dimension and electrode arrangement of SSCC. (b) Photograph of a SSCC 

specimen. .................................................................................................. 158 

Figure 5.3 (a) Schematic diagram of layout of the experimental setup and flow chart of 

signal acquisition system. (b) Schematic illustration of the clamp used for 

attaching the SSCC on the building model. (c) Assembly process of the 

SSCC clamp: ⅰ. Put a L-shaped angle steel vertically; ⅱ. Connect a steel plate 

with the angle steel with a pair of screws and paint a modified acrylic 

adhesive layer on the surface of the steel plate; ⅲ. Put a SSCC on the 

adhesive layer carefully for 10 min (inset: left) and then place the flat side 

painted with an adhesive layer of another steel plate on the SSCC for 10 min; 

ⅳ. Fix another L-shaped angle steel with the steel plate. Note: make sure that 

the two angle steels are located at the same vertical line (inset: right). ... 163 

Figure 5.4 Pictures of the experimental setup. (a) Five-story building model. Insert: SSCC 

mounted on the building model. (b) Equipment for testing and data 

acquisition. ................................................................................................ 164 

Figure 5.5 Tests for sensor static and dynamic performance of SSCC. (a) Photograph of 

the testing apparatus. (b) Schematic diagram of the testing system. ........ 164 

Figure 5.6 (a) Photograph of experimental setup for damage detection. Inset shows 



 

 

XXV 

auxiliary iron brick bolted in the center of floor plate. (b) Flow chart of FFT 

data processing. ........................................................................................ 166 

Figure 5.7 Mechanical properties of the SSCCs. (a) Relationship between compressive 

stress and strain of the SSCCs. (b) Elastic modulus of the three SSCCs. 168 

Figure 5.8 Pressure-sensitivity of the three SSCCs. ..................................................... 169 

Figure 5.9 The voltage variation-time curves and strain/stress-time curves of the SSCC-1 

at different loading frequencies. (a) 0.1 Hz. (b) 0.5 Hz. (c) 1 Hz. (d) 2 Hz.

 .................................................................................................................. 173 

Figure 5.10 The voltage variation-time curves and strain/stress-time curves of the SSCC-

2 at different loading frequencies. (a) 0.1 Hz. (b) 0.5 Hz. (c) 1 Hz. (d) 2 Hz.

 .................................................................................................................. 173 

Figure 5.11 The voltage variation-time curves and strain/stress-time curves of the SSCC-

3 at different loading frequencies. (a) 0.1 Hz. (b) 0.5 Hz. (c) 1 Hz. (d) 2 Hz.

 .................................................................................................................. 174 

Figure 5.12 Normalized PSDs of voltage variations of the SSCCs under different loading 

frequencies. (a) SSCC-1. (b) SSCC-2. and (c) SSCC-3. .......................... 174 

Figure 5.13 Dynamic responses at different frequencies of the SSCCs on the building. (a) 

2 Hz. (b) 6 Hz. (c) 7 Hz. (d) 10 Hz. (e) 20 Hz. (f) 40 Hz. ........................ 176 

Figure 5.14 Frequencies measured by the SSCCs, benchmarked with the force sensor: (a) 

2 Hz. (b) 6 Hz. (c) 7 Hz. (d) 10 Hz. (e) 20 Hz. (f) 40 Hz. Insets show the 

PSDs from the force sensor are re-plotted in logarithmic scale. .............. 178 

Figure 5.15 (a) Singular values of the PSD matrix of the response measured by 

accelerometers in x- direction. (b) Normalized mode shapes of first five 

fundamental modes in x-direction. ........................................................... 180 

Figure 5.16 (a) Time histories of responses measured by accelerometers, strain gauge and 



 

 

XXVI 

SSCC-1 during hammer test. (b) The enlarged decaying curves of the three 

sensors to a single hammer impact. .......................................................... 181 

Figure 5.17 Identified modal frequencies using (a) Accelerometer. (b) Strain gauge. (c) 

SSCC-1. Red zone: first five modes; green zone: higher-frequency modes.

 .................................................................................................................. 182 

Figure 5.18 Simulated damage scenarios ..................................................................... 184 

 

Figure 6.1 The measurement system for self-sensing properties of the SSCCs under 

different temperatures. .............................................................................. 191 

Figure 6.2 Temperature dependence of electrical resistance of SSCCs with CNT/CB 

composite fillers. (a) Schematic illustration of the set-up for the temperature-

sensitive property measurements. (b) SSCC-1. (c) SSCC-3. (d) SSCC-5. (e) 

SSCC-10. (f) SSCC-15. ............................................................................ 193 

Figure 6.3 (a) FCR of SSCCs with CNT/CB composite fillers as a function of temperature. 

(b) Arrhenius plots of electrical conductivity versus reciprocal absolute 

temperature for SSCCs with CNT/CB composite fillers. (c) Temperature 

sensitivity and activation energy of SSCCs with CNT/CB composite fillers 

as a function of filler content. (d) Electrical resistance of SSCCs as a function 

of filler content under different temperatures. .......................................... 198 

Figure 6.4 Temperature-sensitive properties of SSCCs with CNT/CB composite fillers 

during four heating-cooling cycles. (a, b) SSCC-1. (c, d) SSCC-3. (e, f) 

SSCC-5. (g, h) SSCC-10. (i, j) SSCC-15. ................................................ 199 

Figure 6.5 Self-sensing behaviours of SSCCs with CNT/CB composite fillers under 

different temperatures. (a) SSCC-1. (b) SSCC-3. (c) SSCC-5. (d) SSCC-10. 

(e) SSCC-15. (f) Stress sensitivity of SSCCs versus Temperature. .......... 201 



 

 

XXVII 

Figure 6.6 (a) Electrical resistance of SSCCs as a function of filler content under different 

temperature, at 10 MPa. (b) Arrhenius plots of electrical conductivity versus 

reciprocal absolute temperature for SSCCs, at 10 MPa. .......................... 203 

Figure 6.7 Original responses of (a) the SSCC-1 and (b) the SSCC-5 to the hybrid 

temperature and dynamic loading variations. ........................................... 209 

Figure 6.8 Separation result of the SSCC-1. (a) Two components separated by Bayesian 

BSS. (b) Comparison of component-1 separated by Bayesian BSS, Wavelet 

transformation and Polyfit methods with the calculated component-1. ... 210 

Figure 6.9 Separation result of the SSCC-5. (a) Two components separated by Bayesian 

BSS. (b) Comparison of component-1 separated by Bayesian BSS, Wavelet 

transformation and Polyfit methods with the calculated component-1. .... 211 

 

  



 

 

XXVIII 

List of Tables 

 

Table 2.1 Enhancement on mechanical properties of SSCCs with CNTs. ..................... 16 

 

Table 3.1 Typical physical properties of CFs. ................................................................ 42 

Table 3.2 Mix proportions of SSCCs with CF-CNTs. .................................................... 68 

Table 3.3 Comparison of flexural strength of SSCCs with CFs and CF-CNTs as a function 

of filler content. .............................................................................................. 78 

Table 3.4 Comparison of flexural modulus of SSCCs with CFs and CF-CNTs as a function 

of filler content. .............................................................................................. 79 

Table 3.5 Comparison of compressive strength after flexure of SSCCs with CFs and CF-

CNTs as a function of filler content. .............................................................. 79 

Table 3.6 Comparison of compressive strength of SSCCs with CFs and CF-CNTs as a 

function of filler content. ............................................................................... 82 

Table 3.7 Comparison of Young’s modulus of SSCC with CFs and CF-CNTs as a function 

of filler content. .............................................................................................. 82 

Table 3.8 Maximum FCR and linear correlation between FCR and strain/stress of SSCCs 

with CFs and with CF-CNTs under monotonic compression to failure. ........ 94 

 

Table 4.1 Metal-oxide concentrations of cement particles ............................................ 110 

Table 4.2 Mix proportions of SSCCs with CNT@C fillers. .......................................... 111 

 

Table 5.1 Physical properties of CNT/CB fillers. ......................................................... 157 

Table 5.2 Mix proportions of SSCC specimen. ............................................................ 159 

Table 5.3 Electrical resistance and pressure-sensitivity of the three SSCCs. ............... 168 



 

 

XXIX 

Table 5.4 Identified modal frequencies and their changes using accelerometer and the 

SSCC-1 in different damage scenarios. ....................................................... 184 

 

Table 6.1 Mix proportions of SSCCs with CNT/CB fillers. ......................................... 190 

  



 

 

XXX 

List of Abbreviations 

 

AC 

AFm 

AFt 

BET 

BJH 

BSS 

C2S 

C3A 

C3S 

C4AF 

CB 

CF 

CF-CNT 

CH 

CNF 

CNT 

CNT/CB 

CNT@C 

CPE 

C-S-H 

CTAB 

CVD 

DC 

DTG 

EDX 

EIS 

EPD 

ESA 

FCR 

Alternating current 

Monosulfoaluminate  

Ettringite  

Brunauer-Emmett-Teller 

Barrett-Joyner-Halenda 

Bayesian blind source separation 

Belite 

Aluminate  

Alite 

Brownmillerite 

Carbon black  

Carbon fibre  

Carbon nanotube on carbon fibre 

Calcium hydroxide 

Carbon nanofibre 

Carbon nanotube 

Carbon nanotube on carbon black 

Carbon nanotube on cement particle 

Constant phase element 

Calcium silicate hydrate 

Cationic surfactant sodium dodecyl sulfate 

Chemical vapor deposition 

Direct current 

Derivative of thermogravimetric 

Energy dispersive X-ray spectroscopy 

Electrochemical impedance spectroscopy  

Electrophoretic deposition 

Electrostatic self-assembly 

Fractional change in electrical resistance 



 

 

XXXI 

FDD 

FESEM  

FFT 

GPS 

HAADF-STEM 

HRTEM 

ITZ 

LBL 

MCMC 

MI 

MWCNT 

Ni-Al-C 

PAN 

PSD 

RC 

RMSE 

SAED 

SE 

SEM 

SHM 

SSA 

SSCC 

SWCNT 

TEM 

TGA 

VLS 

VSS 

WT 

XRD 

XRF 
 

Frequency domain decomposition  

Field emission scanning electron microscope  

Fast Fourier transform  

Global positioning system 

High-Angle Annular Dark Field Scanning TEM 

High resolution transmission electron microscope 

Interfacial transition zone 

Layer-by-layer 

Markov chain Monto Carlo 

Microwave irradiation 

Multi-walled carbon nanotube 

Ni-Al2O3-Cement 

Polyacrylonitrile 

Power spectral density 

Raw cement 

Root mean square error 

Selected area electron diffraction 

Squared-Exponential 

Scanning electron microscope  

Structural health monitoring 

Specific surface area 

Self-sensing cementitious composite 

Single-walled carbon nanotube 

Transmission electron microscope 

Thermogravimetric analysis 

Vapor-liquid-solid 

Vapor-solid-solid 

Wavelet transform 

X-ray diffraction 

X-ray Fluorescence 
 

 



 

1 

 Introduction 
 

1.1. Research motivation 

Concrete, the structural material most commonly used in buildings, highways, dams, 

tunnels, bridges, high-rise towers and sewage systems, has been recognized for more than 

2000 years since the Roman Empire. Produced by mixing water, aggregates and cement 

and allowing time for hardening, concrete is a durable, affordable, aesthetic and readily 

available composite material. However, physical effects including surface 

abrasion/erosion, cracking, aging, temperature variation, crystallization of salts in pores, 

penetration of water and fire or frost actions, associated with deleterious chemical effects 

such as alkali-aggregate reaction, carbonation, sulfate attack and corrosion of reinforcing 

steels all cause deterioration of concrete (Mehta et al. 2014). The absence of advanced 

design, condition assessment tools and timely maintenance also plays a considerable role 

in the failure of concrete structures. Therefore, surveillance, evaluation and assessment 

of the “health” of concrete structures at early stages to alleviate deterioration and avoid 

sudden accidents are of great importance in extending of the service life and the security 

of lives and property. Inspired by the strategy implemented in human systems, the process 

of continually monitoring changes within concrete structures and providing real-time 

information on structural conditions for safety assessment purposes and afterwards 



 

2 

maintenance planning is known as structural health monitoring (SHM) (Chang et al. 2003; 

Das and Saha 2018; Ko and Ni 2005). To achieve this, an entire SHM system includes a 

sensory system, a data acquisition, transmission and management system, and an 

evaluation system. The fundamental part is to establish a stable and reliable sensing 

system, like “nervous subsystem”, using appropriate sensing techniques. 

Although the development of SHM sensing techniques is relatively mature and many 

types of sensors have been successfully implemented on a large number of research 

studies and real SHM applications, the obvious drawbacks of high cost, time-consuming, 

labour-intensive installation and maintenance, unsatisfactory performance in extreme 

environments and incompatibility with concrete structures limit their scalable 

implementation and deployment on civil infrastructures (Han et al. 2015a; b). Hence, 

there is a constant drive to develop advanced and high-level SHM sensing technologies. 

With the rapid growth of modern science and engineering, it is unsurprising to imagine a 

concrete structure that is “smart/intelligent” enough to assess the condition of its own 

health without the need for any extrinsic sensing elements. As an emerging sensing 

technology, self-sensing cementitious composite (SSCC) with the capability to sense its 

own condition and changes in the surrounding environment has attracted significant 

interest and is seen as “future” of SHM. 

SSCC, also known as self-monitoring or self-diagnosing cementitious composite, is 
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fabricated through incorporating functional fillers such as carbon fibre (CF) carbon 

nanotube (CNT), carbon black (CB), graphene and nickel powder into conventional 

cementitious composites. The functional fillers with intrinsic sensing properties usually 

are electrically conductive in nature. Well distributed functional fillers at a critical 

concentration form an extensive conductive network inside the composite, making the 

composite conductive. Changes in the composite caused by external forces or 

environmental actions disturb the conductive network, leading to changes in the 

composite’s electrical properties (usually electrical resistance). With this principle, stress 

(or force), strain (or deformation), crack, damage, temperature and humidity under static 

and dynamic conditions can be detected (Han et al. 2015c). 

Figure 1.1 presents the SSCC’s sensing principle where a conductive network 

comprised of functional fillers acts as a “nervous system” to transduce signals stimulated 

internally and externally to a computing centre, i.e. “brain”, mimicking human behaviour. 

Compared with other smart sensors used in SHM, the SSCC has an inherent host 

compatibility and an identical lifespan due to its cement-based properties, when 

embedded inside concrete structures. In addition, because of functional filler 

reinforcement, the SSCC exhibits remarkably enhanced mechanical properties and 

durability in comparison with the conventional concrete. The versatile, tunable and easy-

to-scale features of the fabrication process brings great potential for mediating SSCC with 
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controlled compositions, dimensions, configurations and functions to fulfill various 

engineering applications. Therefore, this smart material can be employed to produce 

intelligent infrastructure integrating sensing and health monitoring abilities, to improve 

serviceability, safety, reliability and durability of the infrastructure.  

 

 

Figure 1.1 Self-sensing cementitious composite mimicking human behaviour: 
Conductive network constituted by functional fillers acts as “nervous system” to 
transmit signals stimulated internally and externally to a computing centre, i.e. 

“brain”. 
 

Since its discovery in 1993 (Chen et al. 1993), SSCC has seen significant progress 

and many innovative achievements have been made in both its development and 

application over the past two decades. However, this SHM sensing technology is in its 

infancy, just like e-skin. The following challenges are critical for the future development 

of the SSCC: 

(1) Due to the unique intrinsic properties of CNTs, the development of SSCC with 
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CNTs has gained considerable interest at the present stage. However, challenging tasks 

consist in attaining uniform CNT dispersion, optimal CNT aspect ratio and arrangement 

as well as a strong interface interaction between the CNTs and cement matrix, thus 

making it difficult and complicated to enhance the self-sensing properties of the 

composites by using a low concentration of fillers. A high filler concentration, however 

would inevitably lead to degradation of mechanical and durable properties, as well as 

increased SSCC fabrication cost.  

(2) Applications of SSCC with CNTs are still few and most studies to date have 

focused on sensing performance in the time domain. Yet there is a paucity of research on 

the development of SSCC for monitoring structural vibration and dynamic characteristics 

in line with vibration-based damage detection.  

(3) Similar in behaviour to a semiconductor, SSCC exhibits a negative temperature 

coefficient of electrical resistivity, i.e. electrical resistivity decreases with the increase of 

temperature. It is therefore believed that the self-sensing properties of SSCC would be 

significantly affected by temperature. However, few studies have paid attention to the 

self-sensing properties of SSCC under different temperatures. In practical applications, 

SSCCs are, definitely, subjected to a wide range of working temperatures. For reliable 

performance of structural health monitoring applications, it is of great importance to 

eliminate temperature effects on the self-sensing properties of SSCCs.  
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Motivated by the key challenges and limitations listed above, this thesis made efforts 

to develop a new class of CNT-based hierarchical fillers through the direct growth/graft 

of CNTs on microscale fillers including CF, cement clinker and CB, for the purpose of 

dealing with the dispersion issue of CNTs by transferring the nanoscale dispersion into 

the micro domain. The selection of CF and CB as supporting materials for CNT 

growth/graft is based on consideration of their excellent electrical conductivity and wide-

use in SSCC fabrication, which could in principle enable matrix reinforcement of SSCCs 

as well as additionally multifunctional benefits. Using cement clinker as substrate seems 

to be well-reasoned as the dispersion issue of CNT in cement will no longer exist in the 

case of the in-situ growth of CNT on cement. The effective elimination of the dispersion 

issue would open up the material design strategies for achieving truly excellent SSCC 

self-sensing performance with high sensitivity and good stability as a direct result of these 

novel and multifunctional CNT-based nanocomposite fillers. Under these circumstances, 

the practical and potential applications of SSCCs could be widely and effectively 

explored. 

1.2. Research objectives 

At the core of the use of CNTs, this thesis aims to synthesize novel CNT-based 

hierarchical fillers and explore the fabrication, properties and applications of CNT 

reinforced SSCCs with the use of these advanced CNT-based fillers. The research 
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objectives are as follows: 

(1) To successfully synthesize CF-CNT and CNT@C composite fillers by directly 

growing CNT on CF and cement clinker particles via the chemical vapour deposition 

(CVD) method and understand the effects of the synthesis process including catalyst, 

catalyst deposition, carbon source, temperature and gas composition on CNT growth, thus 

identifying an optimal CVD growth regime.  

(2) To develop a new class of SSCCs with the as-prepared novel CNT-based 

hierarchical fillers and understand how the reinforcement mechanisms affect the SSCC 

mechanical properties as well as functionalities.  

(3) To develop SSCC engineered sensors and verify their feasibility for structural 

dynamic response measurements. 

(4) To explore temperature effects on the self-sensing behaviours of SSCCs and 

propose a signal processing technique for the extraction of temperature-induced 

resistance variations. 

1.3. Thesis outline 

This thesis is organized as follows: 

Chapter 1 introduces the motivation, objectives and outline of the work performed 

in this thesis. 

Chapter 2 provides an overview on the background of CNTs and SSCC reinforced 
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with CNTs. Much emphasis is put on the dispersion methods of CNTs, and their merits 

and drawbacks when fabricating the SSCC. 

Chapter 3 describes synthesis of CF-CNT conductive fillers with hierarchical 

structure by directly growing high density CNT arrays on CFs via CVD method. The 

complexity of the growth of CNTs on the CF surface by CVD method is examined 

systematically by varying important factors including catalyst type, catalyst preparation 

methods, carbon source, temperature, growth time and gas composition, to achieve highly 

customized CF-CNTs with favourable morphology and plausible property. The 

mechanical, electrical, and self-sensing properties of SSCCs with different contents of 

CF-CNTs are investigated and compared with the SSCCs with CFs. The mechanisms 

underlying the modification effect of CF-CNTs are explored. 

Chapter 4 describes synthesis of hierarchically structured CNT@C composite filler 

by growing CNTs on cement particles via CVD method. Effects of synthesis process 

including temperature and growth time on CNT@C growth are systematically 

investigated and optimized. Based on the optimization results, SSCCs with different 

contents of CNT@C are then prepared and their early-age hydration, mechanical 

properties, microstructures, electrical properties and self-sensing property are 

systematically investigated. 

Chapter 5 develops SSCCs reinforced with electrostatic self-assembled CNT/CB 
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composite fillers for structural modal identification and damage detection. The 

mechanical property and sensing performance of the SSCCs are explored under static and 

dynamic compressive loadings in lab tests. The dynamic performance of the SSCCs 

attached on a five-story building model is also investigated. Finally, the feasibility of the 

SSCCs used for damage detection is verified and compared with commercially available 

accelerometers and strain gauges.  

Chapter 6 explores the electrical properties and self-sensing properties of SSCCs 

reinforced with electrostatic self-assembled CNT/CB composite fillers under different 

temperature conditions. The electrical responses of the SSCCs under simultaneous 

temperature and external loading excitations are further performed. A Bayesian source 

separation method is used to separate the electrical resistance variations induced by 

temperature variations. 

Chapter 7 concludes this thesis and provides the recommendations for further work. 

 

  



 

10 

 Literature Review 
 

2.1. Background of CNTs 

2.1.1. Structure of CNTs 

Different from other nanocarbon materials such as graphene and fullerene, CNTs has 

a cylindrical structure with a length ranging from less than a micrometre to several meters 

while with a diameter in nanometre scale. Therefore, CNTs usually have an aspect ratio 

of more than 1000 (Iijima 1991; Thostenson et al. 2001). There are essentially two types 

of CNTs: single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs). The 

former consists of a single graphene layer wrapped into a seamless tube. In contrast, 

MWCNTs comprise two or more of such nanotubes coaxially arranged with interlayer 

separation of 0.34 nm via Van der Waal forces between adjacent layers (Dai 2002). Figure 

2.1 shows the transmission electron micrograph (TEM) images of SWCNT and MWCNT, 

respectively. Due to the extremely high aspect ratios, CNTs tend to assemble into bundles 

or ropes, and form clumps. Moreover, Van der Waal’s force and high surface energy make 

it difficult for CNTs to be dispersed uniformly and effectively in aqueous solutions (Xie 

et al. 2005; Yazdanbakhsh et al. 2012).  
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Figure 2.1 TEM images of (a) SWCNT, (b) MWCNT (Iijima 1991).  

 

As shown in Figure 2.2, the tube chirality is defined by the chiral vector to describe 

the atomic structure of CNTs: 

1 2=hC na ma+  (2-1) 

where the integers (n, m) are the step number along the unit vectors ( 1a  and 2a ) of the 

hexagonal lattice. Using the integers (n, m), three chiralities of CNTs can be specified 

“armchair” (n = m), “zigzag” (m = 0) and “chiral” (otherwise). The chirality of CNT 

determines its electronic properties to be metallic (2n + m = 3) or semi-conductive 

(otherwise). However, it is more complicated to predict the electronic properties of 

MWCNT according to its chirality since each layer can have different chiralities. The 

carbon atoms of CNTs is chemical bonded via sp2 carbon-carbon bonds, which provides 

CNTs with extremely high mechanical properties such as Young’s modulus as high as 1.2 

TPa and tensile strength as high as 200 GPa (Qian, et al. 2002). Furthermore, CNTs 
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possess unique electrical, thermal and chemical properties to enable their wide 

applications from aerospace to electronics, which also makes it possible to develop 

multifunctional cementitious materials, such as electrically conductive concrete, 

electromagnetic shielding/absorbing concrete, and SSCC. 

 

 

Figure 2.2 Schematic diagram of the chirality of a CNT (A: armchair; B: 
zigzag; C: chiral). 

 

2.1.2. Synthesis of CNTs 

Currently, many chemical and physical methods have been used to synthesize CNTs, 

mainly including electric arc discharge, laser ablation and chemical vapor deposition 

(CVD) method.  

The electric arc discharge is a classic technique for CNT synthesis, in which two 

graphite rods are used as anode and cathode respectively to generate a stable arc under an 

applied voltage. Catalysts (iron, nickel, cobalt, molybdenum and their mixtures) is placed 

on the cathode and provide supports for CNT growth while the anode is consumed to 
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provide carbon vapours under the protection of an inert gas (Iijima 1991). Therefore, the 

size of the CNTs is highly related to the cathode and the yield is determined by the size 

of the anode.  

The laser ablation is somewhat similar to the electric arc discharge technique in 

which a pulsed laser is used to vaporize a graphite target in reactor at temperatures near 

1200 ℃ under an inert gas flow (Guo et al. 1995). As the vaporized carbon condenses, 

the resultant CNTs may be deposited onto a water-cooled surface that serves as a nanotube 

collector. The laser ablation method is usually used for the production of SWCNTs with 

a controllable diameter. Similarly, the yield of CNTs is determined by the size of the 

graphite target (Thess et al. 1996). 

During CVD process, a substrate (usually of quartz plate or silicon wafer) that is 

placed in a heated reactor is pre-coated with a layer of metal catalyst particles (e.g. nickel, 

cobalt, iron, or their combination). A gaseous carbon source (such as acetylene, ethylene, 

ethanol or methane) is carried into the reactor by an inset gas and then decomposed into 

carbon atoms that deposit on the catalyst surface to form CNTs. The size of the catalyst 

particles will affect the diameters of the resultant CNTs. In addition, the carbon source 

flow can be continuously supplied Therefore, it allows for the production of both 

SWCNTs and MWCNTs with high yields, and can be scaled up for industrial production 

(Collins 2000). The CVD method has been considered as the most promising technique 
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for the scaling-up of CNT production and for the processing of CNT-based composites 

(Zhang et al. 2011).  

2.1.3. Defects on CNTs 

One of the major challenges in the CNT syntheses is that all techniques give CNTs 

with a large amount of defects. Ideally, the ends of CNTs are closed by two caps (semi-

fullerenes), and the sidewall is made of a hexagonal structure of sp2 hybridized carbon 

atoms formed highly delocalized π-electrons systems. These delocalized π-electrons can 

be used to combine with other compounds containing π-electrons to develop non-covalent 

modified CNTs by π-π stacking interaction. In addition, CNTs can be solubilized in 

aqueous solutions by non-covalently associating them with linear polymers, wherein the 

polymer disrupts the hydrophobic interface with water and the tubes/fibres (Banerjee et 

al. 2005). In fact, CNTs cannot always form perfect six-membered-ring carbon structure, 

but rather contain defects formed during the above-mentioned synthesis methods. 

Typically around 1-3% of the carbon atoms of a nanotube/nanofibre are located at defect 

sites. Some defects stem from the initial fabrication of CNTs, such as Stone-Wales defects 

caused by the presence of five or seven membered rings in the carbon framework and sp3-

hybridized defects include H or OH. The purification processes also introduce defects to 

CNTs, such as strong acids oxidation damages the carbon framework which leaves 
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defective sites (vacancies) on the sidewall and open ends of CNTs, terminated with 

carboxyl, hydroxyl, ester, and nitro groups (Hirsch 2002). Such defects are reactive spots 

to produce functional groups and offer the basis for covalent functionalization, non-

covalent modification combining with covalent modification, in-situ synthesis of CNTs 

and grafting on functionalized substrates precisely.  

2.2. Overview of SSCCs with CNTs 

With the benefits of remarkable mechanical, electrical, thermal and chemical 

properties of CNTs, SSCCs with CNTs as new multifunctional material exhibit enhanced 

mechanical properties (such as strength, toughness, hardness and ductility) and durability 

(such as reduced permeability and shrinkage cracking) as well as additional 

functionalities such as electrical conductivity and self-sensing properties. 

2.2.1. Mechanical properties 

The main mechanisms of CNTs modifying the mechanical properties of SSCC 

include: nucleation effect, filling effect, pozzolanic effect, crack bridging, pinning effect, 

fibre pulling, crack deflection, fibre debonding, fibre breakage and so on (Han et al. 

2017b). There have been a great number of studies on the mechanical properties of SSCCs 

with CNTs. Representative results on the enhancement of CNT addition on mechanical 

properties are summarized in Table 2.1.  
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Table 2.1 Enhancement on mechanical properties of SSCCs with CNTs. 

Mechanical 
property 

Enhancement 
(%) 

CNT concentration 
(wt.%) 

Ref. 

Compressive 
strength 

19 0.5 (Li et al. 2005) 
70 0.05 (Yakovlev et al. 2006) 

11.03 0.02 (Keriene et al. 2013) 
50 0.045-0.15 (Cwirzen et al. 2008) 

29.5 0.2 (Luo et al. 2009) 
25 0.5 (Collins et al. 2012) 

10-20 0.5 (Musso et al. 2009) 
22 0.1 (Bharj et al. 2014) 
200 - (Nasibulin et al. 2009) 
30 0.15 (Kim et al. 2014a) 

Tensile 
strength 

34.28 0.3 (Ludvig et al. 2010) 
19 0.5 (Hunashyal et al. 2011) 

Flexural 
strength 

25 0.5 (Li et al. 2005) 
10 0.045-0.15 (Cwirzen et al. 2008) 

11.23 0.004 (Keriene et al. 2013) 
34 0.5 (Musso et al. 2009) 

43.75 0.75 (Hunashyal et al. 2011) 
269 0.2 (Abu Al-Rub et al. 2012) 

35.45 0.2 (Luo et al. 2009) 
25 0.048 and 0.08 (Konsta-Gdoutos et al. 2010) 

Fracture 
toughness 

149.32 0.5 (Luo et al. 2009) 

Ductility 
130 0.2 (Abu Al-Rub et al. 2012) 
28 0.5 (Hunashyal et al. 2011) 

Hardness 
600 2 (Makar et al. 2005) 
177 0.1 (Sáez de Ibarra et al. 2006) 

Modulus of 
toughness 

154 0.04 (Abu Al-Rub et al. 2012) 

Fracture 
modulus 

34.7 0.5 (Musso et al. 2009) 

Tensile 
modulus 

70.9 0.5 (Hunashyal et al. 2011) 

Young’s 
modulus 

45 0.048 and 0.08 (Konsta-Gdoutos et al. 2010) 
227 0.1 (Sáez de Ibarra et al. 2006) 
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As shown in Table 2.1, the best mechanical enhancement of SSCC with CNTs 

achieved so far include increased compressive strength by 200% (Nasibulin et al. 2009), 

increased tensile strength by 34.28% (Ludvig et al. 2010), and increased flexural strength 

by 269% (Abu Al-Rub et al. 2012), increased fracture toughness by 149.32% (Luo et al. 

2009), increased ductility by 130% (Abu Al-Rub et al. 2012), increased Vickers hardness 

by 600% during early hydration (Makar et al. 2005) and increased Young's modulus by 

227% (Sáez de Ibarra et al. 2006). In addition, it should be noted that the introduction of 

CNTs also changes the constitutive relationship of the composites. The mechanical 

properties of SSCC with CNTs are not only closely related to the type, dosage, surface 

state and degree of dispersion of CNTs, but also to the composition of the SSCC.  

2.2.2. Electrical properties 

The electrical resistivity of cementitious composites is relatively large within the 

range of 106 - 109 m. As CNT is a material with excellent conductivity, when the 

appropriate amount of CNT is reached, the conductivity of cementitious composites can 

be significantly enhanced. The electrical conductivity of SSCC with CNTs as a function 

of filler concentration is governed by a percolation process as shown in Figure 2.3 . The 

three zones exhibit different conduction mechanisms: ionic conduction for Zone A, 

tunnelling conduction and/or field emission conduction for Zone B, and contacting 
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conduction for Zone C (Ding et al. 2019).  

 

 
Figure 2.3 Electrically conductive mechanisms of SSCC during percolation process. 

 

Saafi found that as the CNT dosage increased from 0 vol.% to 0.5 vol.%, the 

electrical resistance of cementitious composites suddenly decreased. When the dosage of 

CNT increases from 0.5 vol.% to 1 vol.%, the resistance decreased slowly (Saafi 2009). 

Azhari observed that the addition of 1% SWCNT and 1% or 3% MWCNT slightly 

reduced the electrical resistivity of cementitious composites, while 3% MWCNT and 15% 

CF hybrid materials had very low electrical resistivity (Azhari and Banthia 2012). 

Nasibulin et al. (Nasibulin et al. 2009) and Cwirzen et al. (Cwirzen et al. 2008) studied 

the electrical resistivity of the SSCC with CNTs. They observed that the electrical 
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conductivity of the SSCC with CNTs increased by 40 times compared to the blank 

composite. Luo et al. studied the electrical resistance properties of SSCC with CNTs (Luo 

et al. 2009). The results showed that when the CNT dosage was 2%, the resistivity 

decreased to 18.3 Ω·m, which was 523 times lower than that of the blank. At this time, 

the SSCC with CNTs was almost a conductor. When the CNT mass fraction was less than 

2%, as the water content increased, the volume resistivity of the composite decreased, but 

when the CNT mass fraction exceeded 2%, the resistance of the composite did not change 

significantly with water content.  

The electrical resistivity of the SSCC with CNT is mainly affected by filler content 

of CNT, dispersion of CNTs, raw materials. mixing ratio, curing age, moisture content 

and other factors. However, when the raw materials and curing age of the SSCC are the 

same, the content of CNT is the most important factor affecting its resistivity. The 

electrical resistivity of the SSCC with CNTs has an important influence on the self-

sensing and electromagnetic wave shielding performance of the composite. This is 

because the electrical resistivity of the SSCC with CNTs reflects the dispersion of CNT 

and the formation of the CNT network in the cement matrix. 

2.2.3. Self-sensing properties 

Since 2007, the self-sensing properties of the SSCC with CNT have been extensively 
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studied. Li et al. first studied the self-sensing properties of the SSCC with hydroxylated 

modified CNT (Li et al. 2007). The results show that the resistance change rate of the 

SSCC with 0.5 % of hydroxylated modified CNT can reach up to 14 % under cyclic 

loading in the range of 0-15 kN, while the resistance change rate of SSCC with 

unmodified CNT can reach up to 10%. Saafi found that an SSCC with 1.0% SWCNT 

embedded in the specimen can sense the different stress states of the specimen during the 

tensile process. Under the cyclic tensile load, the change in resistance of the sensor 

demonstrated good synchronization and repeatability (Saafi 2009). Yu et al. dispersed 

CNT through covalent modification and non-covalent modification and showed that when 

the water-cement ratio was 0.45 and the CNT content was 0.1%, the self-sensing 

sensitivity of the SSCC with covalently modified CNT was high than that with non-

covalently modified CNT (Yu and Kwon 2009). Han et al. systematically studied the 

effects of CNT dosage, water content, fine aggregate, water-cement ratio, loading rate 

and loading amplitude on the self-sensing properties of the SSCC with CNTs (Han et al. 

2010, 2012a; b). The results showed that when the content of CNT was 0.05%, 0.1% and 

1%, the resistance change rate and sensitivity of the SSCC increased first and then 

decreased. The increase in water volume showed a trend of increasing sensitivity first and 

then decreasing. The cement paste with 0.1% CNT and cement mortar with 0.4% CNT 

showed good repeatability under cyclic loading while the addition of fine aggregate will 
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reduce the pressure sensitivity of the SSCC. The loading rate had little effect on the self-

sensing properties of the SSCC with CNT. When the content of CNT was 0.1%, the self-

sensing properties of the SSCC with CNT having a water-cement ratio of 0.60 was better 

than that of water-cement ratio of 0.45. Kim et al. found that lowering the water-to-binder 

ratio can reduce the effect of humidity on the self-sensing properties of the SSCC with 

CNT (Kim et al. 2014b). Luo et al. first treated CNTs with a gentle oxidation method and 

then dispersed CNTs with surfactants to prepare the SSCC with CNTs. The results showed 

that when the CNT dosage was 0.3%, the strain sensitivity of the composite can reach a 

maximum of 286.8 (Luo et al. 2017). 

From the above research, it can be seen that the self-sensing properties of the SSCC 

with CNTs are affected by many factors such as CNT dosage, CNT dispersion, water-

cement ratio, water content, temperature, and loading conditions (loading type, loading 

rate, loading amplitude, etc.). Among them, the uniform dispersion of CNTs has been 

considered as the most important aspect in fabricating SSCCs with high levels of 

sensitivity and stability. The dispersion of CNTs in SSCC is the subject of the next section. 

2.3. Overview of methods for CNT dispersion 

2.3.1. Mechanical methods 

The most common mechanical method for dispersing CNTs into aqueous solution 
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uses an ultrasonication technique, for which the ultrasonic waves alternately radiate in 

the liquid medium with positive and negative pressure and high frequency and generate 

a large number of fine bubbles. Due to the effects of positive and negative pressure, the 

breakdown of fine bubbles produces cavitation, acoustic flow and other nonlinear 

acoustic effects, which have a wetting and dispersing effect on the agglomerated CNTs 

(Ma et al. 2010). The ultrasonic time used by different researchers when dispersing CNTs 

varies greatly, ranging from 2 min to 2 h (Abu Al-Rub et al. 2011; Han et al. 2009b). This 

may be due to the different powers of the ultrasonic instruments involved and the amount 

of CNTs dispersed in the liquid chosen. A short ultrasonic time realized by enhancing the 

ultrasonic power is preferred to shortening the preparation period and reducing the water 

loss during the treatment. However, too much ultrasonication wastes energy and can 

damage the structure of the CNTs, decrease their aspect ratio and interrupt the 

CNT/matrix bonding. Another problem is the re-agglomeration of CNTs after removal of 

ultrasonication (Chen et al. 2016). Therefore, ultrasonication combined with mechanical 

mixing, covalent and non-covalent modifications of CNTs are always used for stable 

dispersion in a cement matrix (Korayem et al. 2017).  

2.3.2. Covalent modification of CNTs 

The covalent modification of CNTs is realized by creating functional groups at the 
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ends or on the sidewalls of CNTs through covalent bonding, thereby changing the 

properties of CNTs (Banerjee et al. 2005). The covalent modification of the sidewall of a 

CNT directly converts the sp2 hybrid carbon framework into sp3 hybrid carbon framework. 

Covalent bonds are preferentially formed at sites with pre-existing defects because they 

have higher chemical reactivity than pure hexagonal lattices. Covalently modifying CNT 

can improve its chemical compatibility, wettability and reduce its aggregation tendency 

within the target medium. Much of the existing research work has focused on the covalent 

modification of CNTs used in the manufacture of polymer-based materials, including 

oxidation of CNTs, fluorination and further substitution by alkyl groups, carbenes, 

nitrenes and radicals (Melchionna and Prato 2011). However, most of the covalent 

modification methods used for polymer-based materials are not applicable to 

cementitious materials due to harm to cement hydration. So far, only oxidation methods 

are applicable and have been used in the field of cementitious composites.  

The oxidative covalent modification of CNT is through acid treatment (Saito et al. 

2002), plasma stimulation (Wang et al. 2009), ozone-treatment (Mawhinney et al. 2000) 

or strong oxidants such as KMnO4 (Yu et al. 1998) to purify the carbon network of CNTs 

and enhance the chemical reactivity of the carbon network. Through this strong acid 

oxidation treatment, the ends of the CNT are opened as well as formation of holes in the 

side walls. In addition, through this oxidation, the amorphous carbon and graphite in the 
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raw materials can be removed, thereby completing the purification of the raw materials 

(Banerjee et al. 2005). 

 

 
Figure 2.4 Schematic presentation of oxidation covalent modification of CNTs 

by a mixture solution of HNO3 and H2SO4 (1:3). The carboxylic acid groups attach to 
the sidewalls and ends of CNTs. 

 

Figure 2.4 shows the process by which the oxidation of CNTs causes the ends and 

side walls to be modified with oxygen-containing groups (carboxyl, hydroxyl, ester, and 

nitro). On the one hand, this surface chemical groups can undergo a chemical reaction to 

form a strong chemical bond between the CNT and the cement matrix, thereby enhancing 

the reinforcing effect of CNT (Musso et al. 2009). On the other hand, the carboxyl groups 

and hydroxyl groups present on the surface of CNTs reduce the contact angle of CNTs 

and increase the wettability of CNTs due to the dipole moment (Kotsalis et al. 2005). The 

introduction of carboxyl groups reduces the van der Waals interaction between CNTs, and 

CNT fibre bundles are separated into smaller fibre bundles or individual CNTs. Due to 

the relatively high Zeta potential of oxidized CNTs, the electrostatic repulsion between 

the carboxyl anions on CNTs also plays an important role in improving the dispersion of 
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CNTs in aqueous solutions (Chen et al. 2005).  

Li et al. firstly introduced oxidation covalent modification of CNTs by using a 

mixture solution of H2SO4 and HNO3 (3:1 by volume), and uniformly dispersed CNTs 

into cement paste by means of ultrasonic energy. The treated CNTs were characterized by 

FT-IR, which demonstrated that carboxylic and hydroxyl groups attach to the surfaces of 

CNTs. Due to the presence of carboxylic acid groups, chemical reactions take place 

between the carboxylic acid and the calcium silicate hydrate or Ca(OH)2, the 

microstructure and mechanical properties are improved (Li et al. 2005). Additionally, Li 

et al. observed that the contact points of the treated-CNTs were much fewer than those of 

the untreated-CNTs, which means the treated-CNTs have a better dispersion in cement 

pastes (Li et al. 2007). Yu et al. found that CNTs were successfully dispersed in water by 

treating CNTs with a mixture of H2SO4 and HNO3, and functionalized CNTs were not 

easy to agglomerate. This is because the electrostatic repulsion between the negative 

charges carried by the functional groups can be used to disperse CNTs in water without 

the need for other surfactants (Yu and Kwon 2009). Luo et al. also treated MWCNTs with 

acid oxidization and found that the active groups (such as -COOH group and C-O group) 

improved the bonding strength of treated-MWCNTs to cement hydration. The tubes 

presented superior dispersion and interface adhesion within a cement matrix (Luo et al. 

2011). Sanchez et al. studied the dispersion of CNFs in cement pastes by using covalent 
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surface modification with nitric acid. The CNFs were found as individual tubes 

throughout the cement pastes and as entangled networks in pockets (Sanchez and Ince 

2009). 

However, under strong reaction conditions, oxidative covalent modification of CNTs 

may introduce structural defects and disrupt sp2 hybridization, or even break CNTs. It has 

a great negative effect on the electrical and mechanical properties of CNTs (Coleman et 

al. 2006; Park et al. 2006), thus sacrificing the reinforcement of CNTs on SSCC. Li found 

that untreated CNTs have a more negative effect in reducing the electrical resistivity of 

the SSCC (Li et al. 2007). Tyson reports that acid-treated CNTs have weaker mechanical 

properties than untreated CNTs because the presence of sulfate can cause excessive 

formation of ettringite (Tyson et al. 2011). Musso also demonstrated that carboxyl-

functionalized MWCNTs reduced the mechanical properties of the SSCC (Musso et al. 

2009). 

2.3.3. Non-covalent modification of CNTs 

According to the above analysis, there are two major disadvantages of covalent 

modification of CNTs: (1) The aggressive process, especially strong acid oxidation, 

causes structural defects to deteriorate the inherent properties of CNTs; (2) The inert 

surface of CNT provides limited active sites, thus inefficient functionalization and 
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dispersibility. Compared with covalent modification, non-covalent modification of CNT 

is particularly attractive because it retains the structure and properties (especially 

electrical properties) of CNT, with the merits of low energy consumption and easy 

operability.  

The non-covalent modification of CNTs is based on the adsorption of CNTs by 

surfactants or polymers through van der Waals interactions, π-π stacking, and hydrogen 

bonding, which prevents CNTs from forming aggregates and improves the dispersibility 

of CNTs (Cadek et al. 2004). Surfactants are usually amphiphilic compounds, containing 

hydrophobic and hydrophilic groups at both ends. According to the types of hydrophilic 

groups, surfactants can be divided into two categories: ionic and nonionic. Although both 

ionic and nonionic surfactants can promote the dispersion of CNTs in water, there are 

subtle differences in the dispersion mechanisms of these two types of surfactants. 

Generally, the dispersion mechanism of ionic surfactants is that the surfactant adsorbed 

on the CNT surfaces separates the CNT agglomerations into small bundles or separate 

tubes via electrostatic repulsion, i.e. so-called “unzipping” mechanism (as shown in 

Figure 2.5). In this case, ultrasonic treatment is a necessary supplementary to promote the 

adsorption of the surfactant on the CNT surface (Vaisman et al. 2006). On the other hand, 

nonionic surfactants are based on CNT surface and surfactant hydrophilicity. The steric 

hindrance is formed by the strong action between the parts (Geng et al. 2008). The 
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polymer wrapping modification is achieved through the van der Waals interactions and 

π–π stacking between CNTs and polymer chains (Gao et al. 2011).  

 

 

Figure 2.5 Schematic presentation of dispersion mechanism of anionic surfactants 
adsorbing onto the tube/fibre surface. Electrostatic repulsions are formed between the 

hydrophilic groups of anionic surfactants (negatively charged). 
 

Non-covalent modification of CNTs has been widely and most commonly utilized 

to promote stable dispersions of CNTs in SSCCs. Commonly used admixtures include 

water-reducing admixture, accelerators, retarders, and air entrainments and most of such 

admixtures are surfactants and polymers. Therefore, it is quite natural to adopt surfactants 

or polymers to disperse CNTs in the SSCC. Gum Arabic (GA), a natural polymer, is 

among the earliest choice to employ as a powerful dispersing agent for CNTs. It has the 

advantages of being compatible with cement matrix and can disperse the CNT without 

impairing the cement hydration. Later on, investigations have been expanded to anionic, 

cationic, nonionic and mixed surfactants. Yu et al. employed an anionic surfactant, SDS, 
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in combination with ultrasonication to achieve an effective dispersion MWCNTs in water 

and cement paste (Yu and Kwon 2009). Luo et al. respectively employed an anionic 

surfactant CTAB, a nonionic surfactant TX100 and the combination of SDBS and TX100 

to disperse MWCNTs in cement matrix (Luo et al. 2011). Gao et al. used SDS to disperse 

the non-oxidized CNFs in concrete (Gao et al. 2009). The proper choice of a suitable 

surfactant needs consideration of its structure, its optimum ratio to CNTs, and thermal 

stability and pH value of its solution. Because cement in aqueous solution forms a 

negatively charged hydration system, anionic surfactants, such as SDBS, have higher 

dispersion capability than cationic surfactants (Luo et al. 2009). In addition, the pH value 

of surfactants/water solution affects the solubilization/dispersion capabilities of 

surfactants. For example, with adding Ca(OH)2, dispersions present a tendency to 

diminish its absorbance value over time, which can be an indicator of a re-agglomeration 

process (Mendoza and Dias 2017). 

Although surfactants are very helpful for dispersing CNTs in the SSCC, further 

investigations show that surfactants have a harmful impact on mechanical, electrical and 

durable properties of cement and concrete materials, react with the water reducing 

admixtures, interfere with the hydration reaction of cement, and usually inhibit cement 

and concrete setting and hardening. Therefore, weaker surfactants such as water reducing 

admixtures (plasticizers and superplasticizers) are used as surfactants for CNTs (Konsta-
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Gdoutos and Aza 2014). These typically polycarboxylate-based and specially-made 

surfactants can facilitate the dispersion processes of CNTs and enhance the uniformity 

and workability of nanocomposites. 

2.3.4. Fabricating CNT-based hierarchical structures 

Growing or grafting CNTs onto microscale substrates to fabricate CNT-based 

hierarchical structural composites has been recently proposed as a novel method with the 

possibility of alleviating the dispersion problem (Sun et al. 2013). In line with different 

substrates, techniques used for constructing CNTs-based hierarchical structures can be 

divided into the two categories of in-situ growth and ex-situ graft (He et al. 2015). In the 

ex-situ graft methods such as chemical covalence, electrostatic self-assembly, 

electrophoretic deposition and spray coating, the CNTs are produced in advance and then 

combined with various substrates by covalent, non-covalent or electrostatic interactions. 

As for the in-situ growth methods such as CVD and microwave irradiation, the CNTs are 

synthesized directly onto the substrate via chemical reactions.  

2.3.4.1. Chemical covalence 

Similar to covalent modification of CNT alone, as for chemical covalent both CNT 

and substrate are functionalized separately to create chemical groups on their surfaces. 

The grafting is carried out via esterification, anhydridation or amidization between 
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functional groups to form bonds between CNTs and substrates with different solvents. 

The grafting quality is directly related to not only the chemical solvent nature, but also 

the CNTs dispersion in the solvent (He et al. 2012; Liu et al. 2013). If the chemically 

active sites on the substrate are few, the CNT grafting would be of low density and 

nonhomogeneous (Laachachi et al. 2008).  

2.3.4.2. Electrostatic self-assembly 

Electrostatic self-assembly (ESA), also known as layer-by-layer (LBL) assembly, is 

a useful strategy for assembling basic structural components into complex aggregates or 

into larger components through electrostatic interactions. The two assemblies should be 

oppositely charged with no limitations on shape and kind. The ESA technique was 

initially employed to construct polyelectrolyte thin films, and subsequently extended to 

various nanomaterials assembly (Caruso et al. 1998; Decher and Schlenoff 2012; Tien et 

al. 1997). CNTs have also been used as building blocks or templates for nanoscale 

modifications through the ESA technique (Artyukhin et al. 2004; Zhang et al. 2010). With 

the attachment of secondary components onto the CNT surface, CNT solubilization can 

be achieved and thus the CNT dispersion issue is addressed without any additional 

dispersion technique (Kim et al. 2016; Liu et al. 2009). For example, Zhang et al. have 

synthesized CB onto CNT via electrostatic self-assembly to form CNT/CB and CNT/TiO2 
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composite fillers, which could address the dispersion issue of CNTs in cementitious 

materials, thus endowing stable and sensitive self-sensing properties to cementitious 

composites, greatly facilitating the fabrication process of SSCCs in large-scale industrial 

production (Han et al. 2015d; Zhang et al. 2018, 2020). 

2.3.4.3. Electrophoretic deposition 

Electrophoretic deposition (EPD) is known to be a very promising technique for 

depositing CNTs on various substrates with complex shapes and rough surfaces through 

the motion and accumulation of charged CNTs on electrically conductive substrates such 

as CF and graphite towards an electrode under an applied electric field in the solvent (Lu 

et al. 2018). However, the covalent modification of CNTs and the substrates are also 

necessary to make them negatively or positively charged (An et al. 2012). In addition, the 

grafting methods via EPD or chemical reactions provide little control over CNT 

orientation. The grafting strength is still much lower than the intrinsic CNTs strength, thus 

limiting the potential application in hierarchical composites (Qian et al. 2010b). 

2.3.4.4. Spray coating 

Spray coating or airbrushing is a scalable and versatile method for depositing CNT-

based inks onto a substrate surface, which can form homogeneous CNT films on any 

substrate in a matter of minutes. Gupta et al. directly coated CNT-latex films onto the 
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surfaces of fine and coarse aggregates to fabricate an SSCC with CNT-based aggregates. 

In doing so, the embedded CNT-based aggregates that were uniformly distributed 

throughout the cement matrix not only modified the matrix–aggregate interface, but also 

provided enhanced electromechanical sensitivity to damaged areas (Gupta et al. 2017). 

2.3.4.5. Microwave irradiation 

Microwave irradiation (MI) is an ultrafast method for CNTs growth, which can reach 

a very high temperature (>1100℃) in only 15-30 seconds by heating the individual 

precursor molecules, such as conducting polymers or other conductive materials. MI 

reacts at room temperature in air with no need for inert gas protection and additional feed 

stock gases (Jin et al. 2012). Liu et al. first utilized MI to initiate CNTs in situ growth on 

fly ash. The synthesis process is shown in Figure 2.6. In the process, conducting polymers 

served as heating precursors, a the physical mixture of ferrocene powder with 

Polypyrrole·Cl powder in the solid state. Rod-like, hollow CNTs were observed with 

lengths of several micrometres and diameters in the range of 150-200 nm. By MI method, 

CNTs can directly grow on a wide selection of engineering materials including glass 

fibres, CFs, fly ash and glass microballoons etc (Liu et al. 2011). Recently, Zhan et al. in-

situ synthesized CNTs on fly ash via MI method to significantly improve CNT 

dispersibility and enable the SSCC to exhibit an outstanding strain sensing capability 



 

34 

(Zhan et al. 2020). 

 
Figure 2.6 Schematic presentation of microwave irradiation method for CNTs growth 

on supporting substrates. 

2.3.4.6. CVD method 

Inspired by the synthesis of CNT via CVD method, in-situ CNT growth on different 

substrates to fabricate hierarchical structures has been put forward and is considered the 

most promising technique to provide high loadings of CNTs in the composites, while 

alleviating the dispersion problem, as well as enhancing matrix properties (Qian et al. 

2010b). Among various substrates, the in-situ growth of CNTs directly onto the surfaces 

of raw materials of cementitious composites such as cement clinker, silica fume, fly ash 

and even aggregates is envisioned as the most straightforward way to enable 

homogeneous dispersion of CNTs in cementitious composites (Sun et al. 2013). Nasibulin 

et al. first explored the possibility of employing the CVD method to directly grow CNTs 

on the surface of cement particles. The apparatus used for the CVD method and the 

mechanism of in situ growth of CNTs on cement particles are illustrated in Figure 2.7. 
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Figure 2.7 Schematic presentations. (a) The apparatus used for the CVD method. 

(b) The mechanism of in situ growth of CNTs on cement particles. 
 

Results showed this method to have high efficiency for the low-temperature and 

high-yield synthesis of CNTs. Cement paste including as-made CNT-based cement was 

twice as strong in the compressive strength and an electrical conductivity 40 times greater 

than that of pristine SR cement paste. CNTs have also been successfully grown on silica 

fume, fly ash, sand and soil using the CVD method (Nasibulin et al. 2009; Nasibulin et 

al. 2012). Ghaharpour et al. investigated the effect of synthesis parameters on the yield 

and morphology of the grown CNTs and found that the average diameter and yield of 

CNTs increases with reaction temperature, synthesis time and catalysts contents 

(Ghaharpour et al. 2016). More recently, Warakulwit et al. compared the efficiency of 

CNTs on cement clinker by use of C2H2-CO2 to the use of C2H2 as a single carbon source 

and revealed that the use of CO2 can provide more efficiency in the CNT growth 
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(Warakulwit et al. 2015).  

Yet there is a paucity of research on in-situ CVD growth of CNTs on cement clinker, 

especially the use of as-synthesized CNT-based cement for the development of SSCCs. 

In contrast, the in-situ CVD growth of CNTs directly on CFs has been widely investigated 

and reported. Prior to growth, extra catalyst such as iron, is required when using CFs 

because they possess no substantive materials for the growth of CNTs. The deposition of 

catalyst has been made using various methods including thermal evaporation (Kepple et 

al. 2008; Mathur et al. 2008; Zhang et al. 2009), electron-beam evaporation (García et al. 

2008), incipient wetness (Qian et al. 2008) and magnetron sputtering (Thostenson et al. 

2002). The diameter of the CNTs grown on the surface strongly depends on the size of 

the employed catalyst. Generally, the diameter of the catalyst particles is consistent with 

the diameter of the CNTs grown from them. Consequently, in order to stabilize catalyst 

particles and help to obtain a uniform catalyst deposition, it is crucial to pre-treat the CF 

surface before deposition, particularly via incipient wetness or other solution-based 

techniques. Heat treatment, polymer coating and particularly, chemical oxidation (e.g. 

nitric acid oxidation), have been explored in connection with the surface treatment of CFs. 

In addition, when CNTs grow onto CFs, an appropriate growth density or coverage and 

morphology are desirable, both to maximize stress transfer and to minimize potential 

damage to the primary fibre. Too long and randomly-oriented CNTs tend to become 
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entangled and disrupt each other, leading to asymmetric CNT growth. This demonstrated 

completely different enhancement of the interfacial bonding strength between matrix and 

hierarchical structures (Zhang et al. 2009). 

Although the CVD process is an efficient technique for growing CNTs on a variety 

of surfaces, there are some notable issues. The active catalysts deposits reacting on CF 

surfaces may damage the primary fibres and degrade their mechanical properties. 

Furthermore, the pre-treatment of CF surfaces and the high growth temperature of the 

CVD process also contribute to damage. Other existing problems include the deposition 

of catalyst particles on CFs before the growth of CNTs and the purge of catalyst particles 

after that growth, and the difficulties in purification of the as-achieved CNTs (Qian et al. 

2010b). To date, most work has focused on polymer composites and exciting results have 

been achieved in improvements in mechanical, electrical and thermal properties of the 

hierarchical polymer composites. However, no literature has reported on the application 

of CF-CNT hierarchical structures within cementitious composite and in the development 

of an SSCC in spite of its tremendous potential and readily scalable production.  

2.4. Summary 

In this chapter, the background knowledge of CNTs and SSCCs reinforced with 

CNTs are presented and the challenges underlying the uniform dispersion of CNTs within 

SSCC are emphasized. Existing and potential methods for CNT dispersion in SSCCs are 
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surveyed, with the purpose of understanding the merits and drawbacks of each method. 

Appropriate methods are highlighted which can meet the application requirements of 

SSCCs nanoengineered with CNTs. The main conclusions of this chapter are summarized 

as follows. 

(1) Due to the notable mechanical, electrical, thermal and chemical properties of 

CNTs, SSCCs containing CNTs as new multifunctional material exhibit enhanced 

mechanical properties as well as additional functionalities such as electrical conductive 

and self-sensing properties. 

(2) The extremely high aspect ratios, Van der Waal’s force and high surface energy 

of CNT make it difficult to disperse uniformly and effectively in the cement matrix, thus 

hindering full exploitation of the CNT in enhancing mechanical properties and CNT 

functionalities.  

(3) There are four main methods for dispersing CNT in an SSCC, including 

ultrasonic treatment, covalent modification, non-covalent modification and fabricating 

CNT-based hierarchical structures. Among these, the growing of CNTs onto microscale 

substrates to fabricate CNT-based hierarchical structural composites via the CVD method 

shows great potential in mitigating the CNT dispersion problem. 
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 Self-sensing Cementitious 

Composites Reinforced with Carbon Nanotube-

Carbon Fibre Hierarchical Fillers 
 

3.1. Introduction 

CF composed mostly of carbon atoms has many advantages including excellent 

mechanical properties, high chemical stability in aggressive environment, high 

temperature resistance, highest strength to density ratio among all fibrous fillers, 

environmentally friendly and most important, high electrical conductivity. CF has been 

most extensively employed as a conductive filler in the fabrication of the SSCCs since 

the pioneering SSCC research with short CFs proposed by Chung in the early 1990s 

(Chen et al. 1993). CF has a micrometre-scale diameter of ~7μm so it is easily dispersed 

into cement and concrete without special techniques. If combining with CNT, CF offers 

the high potential that the dispersion issue can be alleviated to make lightweight, high 

performance and multifunctional cementitious composites. Derived from growing CNTs 

onto a metal substrate, the concept of growing CNTs onto CFs (CF-CNT) to fabricate 

hierarchical composite fillers via the CVD method has been put forward since 1991 

(Downs and Baker 1991) and became much studies during the past decades. Once 

embedded into a matrix, CF-CNT composite filler can not only preserve the excellent 
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properties of the CF itself, but also introduce the distinctive properties of CNTs into 

matrix to enhance the overall performance of CF-based composites (Fan et al. 2015; Qian 

et al. 2010a). It was reported that the CF-CNT composite filler can increase the interfacial 

strength of CF/resin by 15–475% (Qian et al. 2010b) and achieve ∼5% improvement in 

the flexural modulus of CF/epoxy due to modification of the CF surface (Kepple et al. 

2008). It has also been reported that CF-CNT led to an increase in-plane electrical 

conductivities of CF/epoxy from 7.5×10-7 S/cm to 3.44 S/cm, indicating that the CNTs 

provide abundantly more conducting paths in the composite, enabling the composite with 

the self-sensing property to detect crack propagation when employed for structural health 

monitoring (Veedu et al. 2006). To date, CF-CNT composite fillers have been mostly 

studied and employed in polymer matrix. The incorporation of CF-CNT composite fillers 

into a cement matrix to improve the composite performance, has not been previously 

reported. The CF/CNT combinations working in synergy exerts an improvement in both 

mechanical properties and electrical properties, notably enhancing self-sensing property 

over that possible when either filler is used alone. 

The organization of this chapter is as follows. First, CF-CNT composite fillers were 

synthesized via the CVD method. The effects of the synthesis process including catalyst, 

catalyst deposition, carbon source, temperature and gas composition on CF-CNTs growth 

were systematically investigated and optimized. Second, based on the optimization results, 
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SSCCs with different contents of CF-CNT were then fabricated. Their mechanical 

properties, microstructures, electrical properties and self-sensing properties were 

analysed and compared with SSCCs of different CF contents. Finally, concluding remarks 

were made.  

3.2. Synthesis of CNTs on CFs via CVD  

3.2.1. Raw materials 

The pristine CFs used were made from a polyacrylonitrile (PAN) precursor. PAN 

based CFs generally exhibit higher tensile and compressive strength, higher strain to 

failure, and lower modulus than mesophase-pitch-based fibres. The CFs used throughout 

this study were unsized PAN-based short-cut CFs with different lengths of 0.05 mm and 

2 mm (SEM, Hitachi SU8020, Japan). According to the manufacturer's datasheet, the 

main physical properties of CFs are listed in Table 3.1. It can be seen from Figure 3.1 that 

the CF has a groove-like and unclean feature and an average diameter range of 7 m.  

 

Figure 3.1 SEM images of the pristine CFs. (a) 5000×. (b) 20000×. 
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Table 3.1 Typical physical properties of CFs. 

Length Diameter Density 
Tensile 
strength 

Tensile 
modulus 

Ultimate 
Elongation 

Electrical 
resistivity 

0.05/2/6 
mm 

7.0 
μm 

1.76 
g/cm3 

3.8 
GPa 

230 (±10) 
GPa 

1.5% 
1.5 × 10-3 

Ωcm 

3.2.2. Synthesis process 

The synthesis process of CF-CNTs via the fixed catalyst CVD method involves the 

three main steps of surface treatment of CFs, catalyst coating on treated CF surfaces and 

the growing of CNTs on CF surfaces in a CVD furnace under various growth parameters. 

3.2.2.1. Treatment of CF surfaces  

The surface of a CF is smooth and chemically inert, and the wetting ability with the 

catalyst precursor is poor, which results in difficulties in distributing metal catalysts and 

a nonhomogeneous distribution of CNTs on the CFs. Before coating the catalyst on the 

surface of the CF, it is often necessary to modify the CF surface reactivity. Liquid-phase 

oxidation is a widely-used method for surface modification of CFs, making the surface 

change uniformly, quickly and easily. The oxygen-containing groups such as the 

carboxylate group created after liquid-phase oxidation promote the wettability of CF 

surfaces and help stabilize catalytic particles on the surfaces (Shazed et al. 2014; Song et 

al. 2013). In this thesis, the CFs were treated prior to catalyst deposition. First, 2 g CFs 

were ultrasonically (Crest, 45 kHz) cleaned in 200 mL of isopropanol (99.6%, Acros) for 
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2 h, followed by ultrasonic treatment in deionized water (18 Mcm, Barnstead) for 1 h 

and then dried in an oven at 105 ℃ for 4 h. The dried CFs were ultrasonically treated via 

an acid oxidation 65% HNO3 (65%, Acros) for 2 h and settled for 24 h at room 

temperature, then followed by several water washes until the pH value reached 7. Figure 

3.2 shows cleaner CF surfaces after acid oxidation than the as-received CF as shown in 

Figure 3.1. 

 

 
Figure 3.2 SEM images of CFs after surface treatment. 

3.2.2.2. Catalyst deposition  

Obtaining a uniform catalyst deposition on CF surfaces is an essential step for 

uniform CNTs growth on the CF surfaces. Various technologies are available for coating 

the catalyst on CF surfaces including sputtering techniques, electrical deposition methods, 

electroless evaporation and solution impregnation. Among these methods, solution 

impregnation was the best way due to its simplicity without the limitations of the device 

and the technical appropriateness (Fan et al. 2015). 

The treated CFs were dried in air at 105 ℃ for 4 h, and then immersed into 100 mM 
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of catalyst precursor isopropanol solution for 2 h. In order to obtain a uniform catalyst 

coating on the surface of each CF, ultrasonic treatment was also applied at the same time. 

The catalyst precursor employed in this study includes nickel nitrate hexahydrate 

(Ni(NO3)3·9H2O, 99%, Acros), iron nitrate nonahydrate (Fe(NO3)3·9H2O, 99%, Sigma-

Aldrich) and ferrocene (Fe(C5H5)2, 98%, Aldrich). Subsequently, the catalyst pre-

deposited CFs were filtered from the solution and dried at 105 ℃ for 4 h. 

For CFs with a length of 0.05 mm, i.e. CF powders, mechanical stirring was used to 

coat the ferrocene catalyst on the fibre surface. 5 g CF powders were dissolved into 0.2 g 

ferrocene/100 ml isopropanol and stirred for 2 h with the addition of 200 ml water in 

drops. The yellow sediments i.e. ferrocene wrapped CFs were filtrated and then dried at 

105 ℃ for 4 h. 

3.2.2.3. Growth of CF-CNTs 

CNT growth was performed on catalyst particles, deposited on the CF surface in an 

ambient pressure CVD reactor. The CVD system consisted of a horizontal tubular furnace 

with two heating zones and a quartz tube with a diameter of 50mm (OTF-1200X, Hefei 

Kejing Materials Technology Co., Ltd.) as shown in Figure 3.3. The CFs were first 

weighed and placed in a combustion boat and put in the middle of the quartz tube. To 

displace the oxygen, the furnace was initially purged with nitrogen (N2, 99.999%) and 
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heated to the desired temperatures at a rate of 10 ℃/min. In order to convert the catalyst 

precursor into catalytically-active metallic particles, the CFs were first reduced at 400 ℃ 

in hydrogen (H2, 99.999%) atmosphere, for 20 min. Then, CNTs were grown by 

introducing carbon source into the reactor at different temperatures for different growth 

periods. Acetylene (C2H2, 99.9%) and methane (CH4, 99.999%) were selected as carbon 

sources. The furnace then cooled to room temperature in a N2 atmosphere.  

 

 
Figure 3.3 (a) Photo of CVD system. (b) Solution of benzene and ferrocene. (c) 

Schematic diagram of floating catalyst CVD method. 
 

In addition, the floating catalyst CVD method was attempted for comparison 

purposes. A uniform solution of benzene (99%, Acros) and ferrocene was prepared in a 

conical flask using a mixing ratio of 2 g ferrocene/50 ml benzene. As shown in Figure 3.3, 
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benzene and ferrocene was used as the carbon source and catalyst precursor respectively. 

H2 was then used as the carrier gas to entrain the benzene/ferrocene vapour into the reactor. 

The flow rate for both N2 and H2 gases was fixed at 100/20 sccm while the reaction was 

carried out for 30 min. The coating process was conducted at 700 ℃ in an inert N2 

atmosphere. 

3.2.3. Effects of synthesis process on CF-CNTs growth 

3.2.3.1. Study of catalyst deposition process  

The growth mechanisms of CNTs on a support are generally acknowledged as 

follows. Gaseous carbon precursor molecules are catalytically decomposed on the surface 

of metal catalyst particles. The carbon atoms get dissolved into metal particles until 

reaching the carbon-solubility limit in the metal, i.e. carbon saturation. The carbon then 

precipitates out and crystallizes in the form of graphitic cylinder from metal particles, 

forming CNTs. The diameter and distribution of CNTs grown on catalyst support, 

therefore, are theoretically determined by controlling the size and distribution of catalyst 

particles (Anna et al. 2003).  

To study the effect of the catalyst deposition process, otherwise identical 

experiments were conducted using Fe(NO3)3·9H2O and 2mm-CFs, with 20/20/100 sccm 

C2H2/H2/N2, at 700 ℃ for 30 min. Figure 3.4 shows SEM images of CFs/CF-CNTs grown 
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under different catalyst deposition processes, taking account of ultrasonic treatment and 

filtration. It can be clearly observed from Figure 3.4(a, inset) that ultrasonic treatment 

provided a more homogenous distribution of catalyst particles on the CF surface. 

However, uniform catalyst deposition on CF became very difficult without ultrasonic 

treatment, forming catalyst aggregates with large particle size and wide distribution. If 

CFs were directly dried in the catalyst solution without filtration, it is expected that 

consolidated chunks of catalyst film rather than distributed particles will be formed due 

to the high solvent polarity of isopropanol (Rahmanian et al. 2013). Here, it should be 

noted that the catalyst film after drying was not pre-reduced with H2 to form active 

catalyst nanoparticles. In the reactor, Fe nanoparticles were formed due to reduction in 

the H2 atmosphere to catalyse CNT growth. For the first case, after the CVD process, 

dense, entangled and uniform CNTs with lengths up to 10 um were formed on the CF 

surfaces (see Figure 3.4(b)), while loose and a non-uniform distribution of CNTs can be 

seen on the CF surface and amorphous carbon as well as carbon nanofibres (CNFs) can 

be seen in Figure 3.4(d) and Figure 3.4(f) in the latter two cases, especially for the 

unfiltered case. Actually, a high catalyst loading is deposited on CF surface if there is no 

filtration before drying, which causes the formation of catalyst grains and aggregates. 

Subsequent sintering leads to encapsulation of the catalyst and increases catalyst particle 

size distribution, resulting in various forms of carbon, including numerous large 
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encapsulated iron particles and only small amounts of CNTs in different diameters, even 

CNFs in larger diameters (De Greef et al. 2015; Venegoni et al. 2002). Therefore, the 

catalyst deposition process has a great influence on CF-CNT growth. In the following 

sections, the ultrasonic treatment and filtration were applied in order to obtain a uniform 

catalyst coating on the CF surfaces unless otherwise stated.  

 

 
Figure 3.4 Morphologies of CFs/CF-CNTs grown with different catalyst deposition 
processes. (a, b) Catalyst coated by ultrasonic treatment, dried after filtration. (c, d) 

Catalyst coated without ultrasonic treatment, dried after filtration. (e, f) Catalyst 
coated by ultrasonic treatment, dried without filtration (C2H2/H2/N2=20/20/100 sccm, 

700 ℃, 30 min, Fe(NO3)3·9H2O). 
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3.2.3.2. Study of carbon source 

Carbon sources, also named CNT precursors that provide carbon atoms for CNT 

growth by catalytic decomposition can be carbon-containing gases, solids or liquids. The 

most commonly used carbon sources in CNT synthesis are hydrocarbon gases and liquids. 

In the case of a hydrocarbon gas (methane, ethylene or acetylene), the gas vapour passes 

through the reactor together with a protective gas (nitrogen or argon) and an etching gas 

(hydrogen, oxygen, carbon oxide or ammonia) to react with the catalyst inside. If a 

hydrocarbon liquid (benzene or xylene) is used, the liquid mixed with the catalyst in a 

flask is heated at a suitable temperature to vapour and then injected into the reactor 

simultaneously with an insert gas. This process is also known as the floating catalyst 

method (Kumar and Ando 2010). The choice of carbon source is based on its 

thermodynamic, that is, the decomposition of carbon source must be thermodynamically 

favourable under a certain CVD environment (temperature and pressure), which depends 

on the change in the Gibbs free energy (fG) of the reaction (Tessonnier and Su 2011).  

To evaluate the effect of carbon source on CF-CNT growth, otherwise identical 

experiments were conducted using Fe(C5H5)2 and 2mm-CFs, with 20/20/100 sccm 

Cx/H2/N2 ( Cx is short for carbon source), at 700 ℃ for 30 min, varying the carbon sources 

of C2H2 and CH4. In the case of benzene (C6H6) as the carbon source, the benzene liquid 

was pre-mixed with Fe(C5H5)2 as described in Section 3.2.2.3 and Figure 3.3. Those three 
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carbon sources have different reactivities (CH4 < C2H2 < C6H6) (Tessonnier and Su 2011). 

As shown in Figure 3.5(a), the CF surface was rough with white dots, indicating that the 

Fe(C5H5)2 catalyst particles were deposited on the CF surface for further CNT growth. 

After the CVD process, the morphology, quality and yield of CNTs changed significantly 

with the introduction of different carbon sources at 700 ℃ for 30 min. Through the SEM 

images, it was observed that at 700 ℃, using methane as a carbon source, the CF surface 

was seriously damaged with no CNTs growth (Figure 3.5(b)). The disruption of the CF 

surface is unlikely attributed to the interaction between carbon and metal particles, but 

rather the “etching” effect of hydrogen or the residual oxygen in the reactor. The further 

observation that the degree of surface disruption became more severe the longer the 

growth time up to 1h (inset of Figure 3.5(b)) indicates the dominating role of the hydrogen 

in the disruption. The absence of CNTs on the CFs is due to the low activity of methane 

and Fe metal particles at this low temperature. Experimentally, higher temperatures 

(usually up to 850 ℃) are required when using methane for CNT growth (MacKenzie et 

al. 2010). Reshetenko et al. found that the introduction of a catalyst support such as Al2O3 

improves the catalyst efficiency in CNTs growth during methane decomposition at 

moderate temperature (600 - 650 °C), in which Al2O3 acts as growth sites for CNTs 

(Reshetenko et al. 2004). Figure 3.5(c) and Figure 3.5(d) show representative SEM 

images of CF-CNTs grown at 700 ℃ upon a Ferrocene/Al2O3/CH4 system with a mass 
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ratio of CFs and Al2O3 particles of 1:1. It can be found that CNTs were successfully 

produced and entangled with each other with a diameter of tens of nanometres. However, 

theses CNTs mostly appeared on the Al2O3 particles, not on the CF surfaces. Instead, the 

carbon which mainly formed on CF surfaces was amorphous, scalelike carbon (Figure 

3.5(d)).  

 

 
Figure 3.5 Morphologies of CFs/CF-CNTs grown with different carbon sources. (a) 

Ferrocene catalyst particles on CF surface. (b) Ferrocene/CH4, (c) Ferrocene 
/Al2O3/CH4, CNT on Al2O3. (d) Ferrocene/Al2O3/CH4, amorphous carbon on CF. (e) 
Ferrocene/C2H2. (f) Ferrocene/benzene (Cx/H2/N2=20/20/100 sccm, 700 ℃, 30 min, 

Fe(C5H5)2, Cx is short for carbon source). 
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As expected, using acetylene, a more thermally active hydrocarbon (fG is already 

negative at 200 ℃), can notably enhance the yield and quality of CNTs with diameter of 

tens of nanometres (Figure 3.5(e)). This is much more sustainable in facilitating low-

temperature growth of CNTs on CFs as metal catalysts react with carbon to disrupt the 

CF surface at 700 ℃ or above, resulting in a disproportionate loss of mechanical 

performance (Steiner et al. 2013). However, only sporadic crooked CNTs can be observed 

when using liquid benzene, a more active hydrocarbon than acetylene as a carbon source 

(Figure 3.5(f)). In spite of the same experimental conditions, this result was totally 

different from that reported by the Shazed in which a CNT coating with a thickness of 3 

m was formed on CF surfaces (Shazed et al. 2014). As stated above, it is necessary to 

heat the liquid hydrocarbon/catalyst solution to a certain degree to expedite the 

volatilization and the inert gas purged simultaneously in turn carries the vapour in the 

reactor for CNT growth (Li et al. 2013). However, due to the toxicity of benzene, the 

floating catalyst method was not taken any further in this study. It is concluded, therefore, 

that acetylene is environmentally and economically favoured for growing CNTs on CFs.  

In addition, compared with the results using Fe(NO3)3·9H2O as catalysts in Section 

3.2.3.1, the amounts of CNTs on CFs for the three cases were much sparser, which is 

assumed to the volatile nature of the Fe(C5H5)2 and the highly graphitic outer surface of 

CFs that present few active binding sites for catalyst particles, resulting in Fe 
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nanoparticles that catalyse the growth of CNTs when evaporating during the heating 

process. Consequently, the amount of CNTs on such catalysts is relatively low (Nikolaev 

2004). It means that catalyst precursors have a remarkable effect on CNTs growth, which 

was evaluated in the next section. 

3.2.3.3. Study of catalyst 

Most of the catalysts used to catalyse CNT growth in CVD are most often transition 

metal particles, e.g. iron, cobalt and nickel in the form of either metal or oxide or mixtures. 

Previous research has elucidated the two widely recognized mechanism of CNT growth 

of the vapor-liquid-solid (VLS) and vapor-solid-solid (VSS) mechanisms, which involve 

the three steps including decomposition of carbon precursors, surface (VSS) or bulk (VLS) 

diffusion of carbon atoms on the catalyst metals to form carbides or metal-carbon solid 

solutions driven by concentration gradients, and carbon precipitation in the form of CNTs. 

The driving force during CNT growth, the chemical composition of the catalyst also 

involves the three changes of reduction of the catalyst particles which is initially in the 

form of metal oxide to form metallic particles during the carbon dissolution, metallic 

particle transformation upon surface diffusion of carbon into metal carbide, and the 

subsequent supersaturation and precipitation of carbon result in the formation of CNT and 

metal particles (Baker et al. 1972; Helveg et al. 2004; Yadav et al. 2019). Therefore, the 
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important internal features of these transition metals to catalyse CNT growth include their 

catalytic ability in hydrocarbon decomposition, their solubility to carbon, the possibility 

of carbon surface or bulk diffusion in the metal to form carbides, their melting 

temperature, lattice parameter and equilibrium vapor pressure, among which the 

solubility of carbon is regarded as the most determining factor (Anna et al. 2003). In 

addition, the catalyst concentration plays a crucial role in the CVD growth of CNTs as it 

determines particle size and distribution of the catalyst, thus the nature of the CNT grown 

on it. Too low a catalyst concentration makes it difficult for the catalyst particles to 

completely cover the CF surface. The particle size is so small that it easily diffuses into 

the interior of the fibre to be deactivated. Too high a catalyst concentration easily causes 

agglomeration of the catalyst loaded on the CF surface and the formation of an 

excessively large catalyst. As discussed in Section 3.2.3.1, the CVD process would 

produce an excess of impurity particles on the surface of the CF if the catalyst loading is 

too large. What’s more, violent carbon-metal interaction at high temperature causes 

serious damage to the surface structure of the CF (Zhao et al. 2008; Zhu et al. 2003).  

To study different types of catalyst, 100 mM Fe(NO3)3·9H2O and Ni(NO3)3·9H2O 

isopropanol solutions were used as catalyst precursors with a CVD regime of 40/40/100 

sccm C2H2/H2/N2, at 650 ℃ for 30 min. Figure 3.6 shows the SEM images of CNTs 

grown on CFs with different types of catalyst. Before the CVD process, it can be seen 
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that when Fe was the catalyst, the CF surface was loaded with uniform, nanosized catalyst 

particles with a narrow size distribution. For Ni as catalyst, the catalyst particle had a 

cellular structure with a larger particle size and higher loading density than the Fe catalyst. 

After the CVD process, the both were efficient in catalysing C2H2 for CNT growth. 

However, an improvement of the CNT quality was observed on CFs if Ni was the catalyst. 

The CNT length was also several times longer than if using Fe, which is consistent with 

the result reported by Fan et al. that the catalytic efficiency of Fe was much less than that 

of Ni at 650 ℃ (Fan et al. 2016). Meanwhile, the diameter distribution of the two cases 

are given in Figure 3.6(e) and Figure 3.6(f). The outer diameter of the CNTs grown with 

Fe(NO3)3·9H2O had a wide distribution of 40-140 nm, whereas the outer diameter of the 

CNTs grown with Ni(NO3)3·9H2O had a narrower distribution of 40-80 nm, indicating 

the formation of MWCNTs. It should be noted that the resulting CNT on Fe was different 

from that using 20/20/100 sccm C2H2/H2/N2, at 700 ℃ for 30 min, as shown in Figure 

3.4(b). Higher C2H2 and H2 flow rate and lower growth temperature may mostly produce 

amorphous carbons on Fe. This result is interpreted as an inappropriate growth condition 

with a high concentration of H2 or the carbon source, the Fe particles would sinter into Fe 

clusters or aggregates to deposit CNTs with large diameters. In addition, the formation of 

carbon encapsulated particles on the catalyst would also make it to easily deactivated and 

extend the CNT growth (Nie et al. 2011). The lower temperature is also less unfavourable 
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for Fe due to its higher melting temperature than Ni (Anna et al. 2003). To examine 

whether the gas composition generates the different results seen between Figure 3.6(c) 

and Figure 3.4(b), the CNTs growth on the two catalysts was further investigated using 

20/20/100 sccm C2H2/H2/N2, at 650 ℃ for different growth times. As shown in Figure 

3.7(a) and Figure 3.8(a), the surface of CFs was covered by a layer of sparse CNT 

“embryos” with a substantial percentage of surface uncovered when the growth time is 

10 min for the case of the Fe catalyst, which provides the sites for CNT continuous growth. 

In comparison to the Fe catalyst, more CNT growth appeared for the Ni case, which 

further elucidates the higher catalytic activity of Ni than Fe at 650 ℃. Uniform coverage 

can be achieved for both cases at 20 min. When the growth time reached 60 min, the 

CNTs were grown perpendicularly to the CF axis and formed a radially-aligned 

orientation with a length of more than 30 m. 

Figure 3.9 shows length evolutions of CNTs on CFs as a function of growth time. 

For the two catalysts, a linear growth rate of 0.92 m/min for Ni and 0.85 m/min for Fe 

was observed during the first 30 min, and then the growth rate (0.45 m/min for Ni and 

0.27 m/min for Fe) slowed down and began to saturate during the second 30 min. It is 

clear that fibre coated with the Ni catalyst exhibited a faster growth rate and better 

morphology than a fibre coated with Fe catalyst, which is in agreement with the results 

in Figure 3.6. Of particular interest, as shown in Figure 3.4(b), a 50 ℃ increase of the 
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growth temperature induced substantial improvement of CNT morphology on Fe catalyst, 

suggesting the high degree of temperature dependency of CNT growth. The effect on 

CNT growth of growth temperature was evaluated next. 

 

 
Figure 3.6 Morphologies of CFs/CF-CNTs grown with different catalysts. (a) 

Fe(NO3)3·9H2O coated on CF surface. (b) Ni(NO3)3·9H2O coated on CF surface. (c) 
CF-CNTs grown with Fe(NO3)3·9H2O. (d) CF-CNTs grown with Ni(NO3)3·9H2O. (e) 

Diameter distribution of CF-CNT@Fe. (f) Diameter distribution of CF-CNT@Ni. 
(C2H2/H2/N2=40/40/100 sccm, 650 ℃, 30 min). 
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Figure 3.7 Morphologies of CFs/CF-CNTs with different growth times. (a) 10 min. (b) 
20 min. (c) 30 min. (d) 60 min (C2H2/H2/N2=20/20/100 sccm, 650 ℃, Fe(NO3)3·9H2O). 

 

 
Figure 3.8 Morphologies of CFs/CF-CNTs with different growth times. (a) 10 min. (b) 

20 min. (c) 30 min. (d) 60 min (C2H2/H2/N2=20/20/100 sccm, 650 ℃, Ni(NO3)3·9H2O). 
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Figure 3.9 Length evolutions of CNTs on CFs with different catalysts as a function of 

growth time (C2H2/H2/N2=20/20/100 sccm, 650 ℃). 

3.2.3.4. Study of temperature 

Temperature is a significant and universally reported variable affecting CNT growth 

since the catalyst properties (melting temperature, carbon solubility, particle size, 

equilibrium vapor pressure, etc.), carbon source (decomposition rate, reaction route, etc.) 

as well as precipitation growth capacity of CNTs all strongly depend on the temperature 

in the reactor. For example, in the CVD process, the decomposition of the carbon source 

is an endothermic reaction during which velocity increases with temperature. At the same 

time, the increase of temperature accelerates the diffusion rate of pyrolytic carbon atoms 

into the catalyst particles, i.e. an increasing function of temperature. On the contrary, the 

precipitation of CNTs is an exothermic reaction, with the precipitation rate decreasing 
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with increase of temperature. The optimal synthesis temperature in terms of yield, quality, 

diameter and charity of CNTs varies considerably for a specific carbon source upon a 

given catalyst, at least as reported by different researchers (MacKenzie et al. 2010).  

To study the effect of temperature on the growth of CNTs on CFs, the effects of 

various growth temperatures were compared using Fe(NO3)3·9H2O and Ni(NO3)3·9H2O 

isopropanol solutions as catalyst precursors and C2H2 as the carbon source, for 30 min. 

The as-grown products are shown in Figure 3.10. With Fe(NO3)3·9H2O as the catalyst, 

and a low CVD temperature of 450 °C, no CNT growth appeared on the CF surface as 

shown in Figure 3.10(a). This is because the temperature was so low that the diffusion of 

the pyrolytic carbon atoms into the Fe catalyst particles was too poor, and gradually 

accumulated on the surface of the carbon fibres until finally, the pyrolysis carbon atoms 

combined with each other to encapsulate the catalyst, causing activity loss and thus a low 

yield of CNTs. When the temperature rose to 550 °C, the increase in diffusion of the 

pyrolytic carbon atoms effectively reduced the accumulation of carbon atoms on the 

cracking surface, and the pyrolysis carbon atoms can diffuse through the catalyst to grow 

CNTs. However, the diffusion rate was small at low temperatures, resulting in a small 

growth rate of CNTs at equilibrium. At the same time, the concentration of pyrolysis 

carbon atoms landing on the catalyst cracking surface was high and it is easy to cause the 

local concentration of pyrolysis carbon atoms to be too high, thus forming amorphous 
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carbon causing the catalyst to become deactivated through encapsulation. It can be 

observed from Figure 3.10(b) that low yield CNTs corresponding with large amounts of 

amorphous carbons were formed. With increase of temperature to 650 °C, more obvious 

CNT growth was observed all over the CF surface (Figure 3.10(c)). At 750 °C, as shown 

in Figure 3.10(d), both the diameter and the quality of CNTs increased dramatically. This 

is a critical value of temperature at which the growth rate of CNTs is the fastest. At this 

value, the catalyst was not only highly efficiency but also a long life. The corresponding 

growth length and yield of CNTs were optimal. When the temperature was increased to 

850 °C, the CF surface was seriously damaged due to the interaction of the fibre with the 

catalyst. Fe-C impurities and a few bundles of straight CNTs were observed in Figure 

3.10(e). This maximum temperature examined was greater than the optimal temperature 

for CNT growth under the present CVD regime. At this point, the interaction between 

catalyst and CF became so pronounced that some diffusion paths inside the catalyst 

particles became blocked, resulting in decreased diffusion of carbon atoms and, therefore, 

a decrease in CNT precipitation rate. While the decomposition of carbon sources was 

more significant at higher temperatures, the catalyst was deactivated because of 

amorphous carbon accumulation.  
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Figure 3.10 Morphologies of CF-CNTs grown with different temperatures. (a-e) 

Fe(NO3)3·9H2O as catalyst, 450-850 ℃. (f-j) Ni(NO3)3·9H2O as catalyst, 450-850 ℃ 
(C2H2/H2/N2=20/20/100 sccm, 650 ℃, 30 min, Fe(NO3)3·9H2O). 
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When using Ni(NO3)3·9H2O as the catalyst, as shown in Figure 3.10(f), irregularly-

distributed and curled CNTs can be observed on the CF surface even if the temperature 

was as low as 450 °C, which means that the catalytic activity of Ni was much higher than 

Fe at low temperature. This is primarily related to the diffusion property of the two metal 

catalysts into pyrolysis carbon atoms. According to Fe-C and Ni-C binary phase diagrams, 

at 500 °C or below, the saturated solubilities of carbon in Fe and Ni are 0.017 wt. % and 

0.067 wt. % respectively, indicating a higher capacity for carbon diffusing in Ni than Fe. 

Therefore, Ni as the catalyst effectively produced CNTs on the CF surface by the diffusion 

of pyrolytic carbon atoms at low temperature. Similarly, with increase of temperature, the 

yield and quality of CNTs were significantly enhanced, showing a positive relationship 

until 850 °C. The optimal growth temperature range was found to be 650-750 °C for the 

Ni catalyst regime. At temperature exceeding 850 °C, obvious damage to the CF surface 

appeared. The yield of CNTs was also significantly decreased at this high temperature, 

similar to the Fe catalyst case. Therefore, it can be intuitively concluded that both catalysts 

for CNTs growth first showed positive relationships between yield and temperature and 

then negative relationships.  

3.2.3.5. Study of gas composition 

The gas composition is of key importance to CNTs growth via the CVD process, 
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among which H2 as an etching agent is necessary to enable reduction of the oxidized 

catalyst prior to nucleation. Addition of H2 slows down the decomposition of carbon 

precursors and causes desorption of the carbon species from the catalyst (Nessim et al. 

2008; Yamamoto et al. 2009; Zhang et al. 2009). The concentration of carbon source also 

plays a key role in CNT formation. The most serious consequence is catalyst deactivation 

due to amorphous carbon accumulation which occurs at high growth temperature. The 

challenge is to balance the competition between the formation of crystalline CNTs and 

the etching of amorphous carbon during CNT nucleation and growth as well as between 

CNT quality and yield. In this section, fixing at H2/C2H2=1, feed rate of C2H2/H2/N2 was 

selected at 5/5/100 sccm and 40/40/100 sccm to investigate the effects of C2H2 and H2 on 

CNT growth. A 100 mM Fe(NO3)3·9H2O isopropanol solution was used as catalyst 

precursors, varying growth temperature at 550 ℃, 650 ℃, 750 ℃ for 30 min. Figure 3.11 

shows SEM images of the CNTs obtained by introducing C2H2/H2/N2 = 5/5/100 sccm at 

different growth temperatures.  

 

 
Figure 3.11 Morphologies of CF-CNTs grown with different temperatures. (a) 550 ℃. 
(b) 650 ℃. (c) 750 ℃ (C2H2/H2/N2=5/5/100 sccm, 650 ℃, 30 min, Fe(NO3)3·9H2O). 
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Figure 3.12 Morphologies of CF-CNTs grown with different temperatures. (a) 550 ℃. 

(b) 650 ℃. (c) 750 ℃ (C2H2/H2/N2=40/40/100 sccm, 650 ℃, 30 min, Fe(NO3)3·9H2O). 
 

Compared with Figure 3.10, it can be observed that reducing the feed rates of C2H2 

and H2 resulted in a decrease in the yield as well as the CNT average diameter. This 

indicates that a sufficient supply of carbon source is required to fulfill the initial 

nucleation requirement that determines the diameter of CNTs (Cheung et al. 2002). 

However, if excessive amounts of C2H2 and H2 were supplied, as shown in Figure 3.12, 

the formation of CNTs was blocked because of amorphous carbon accumulation, in 

particular at 750 ℃. Of interest, a uniform CNT coverage can be found on a CF surface 

at 550 ℃, but almost no CNT was formed in the other two cases. Figure 3.13 summarizes 

the lengths and diameters of CNTs grown on CF under different gas compositions as a 

function of growth temperature. It can be seen that the regularity of CNTs growth as a 

function of growth temperature was consistent with results observed above in Section 

3.2.3.4. The optimal feed rate of C2H2/H2/N2 was suggested as 20/20/100 sccm. 
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Figure 3.13 The length and diameter of CNTs grown on CF under different gas 

compositions as a function of growth temperature. 
 

3.2.3.6. Parametric study conclusions 

The above results demonstrated that important factors including catalyst type, 

catalyst preparation methods, carbon source, temperature, growth time and gas 

composition play key roles in influencing the kinetic and thermodynamic aspects of the 

CNT synthesis. A tiny difference in any of these growth parameters would induce a vast 

disparity in the growth outcomes. Apart from the small array of parameters evaluated in 

this chapter, there are many more parameters in the aspects of materials and processes 

affecting the CF-CNT outcomes, even the reactor technology itself. In fact, during our 

experiments, two CVD reactors supplied by different companies gave different CNT 

growth results, even when all other parameters were identical. In addition, due to the 

interdependence of these numerous parameters, not one parameter alone can be 

considered. There is multiparameter coupling within the specific process window. 

(a) (b)
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However, the advantageous aspect is that highly customized CF-CNTs that satisfy 

demand can be easily achieved by varying these CVD parameters. In addition, utilization 

of CNTs in the field of cement and concrete materials, the CNT requirements are not as 

strict as in other fields such as energy, chemistry and aerospace engineering where high 

quality, uniformity and purity are required. Therefore, nanoengineered hierarchal CF-

CNT is a promising alternative filler towards the fabrication of multifunctional 

cementitious composites.  

3.3. Fabrication of SSCCs with CF-CNTs 

3.3.1. Raw materials 

The raw materials used for the preparation of SSCC specimens mainly included as-

received CFs, CF-CNTs, cement, silica fume, water and superplasticizer. According to 

the criterion of growing CNTs with high density and long length, a batch of CF-CNTs 

was prepared using 100 mM Ni(NO3)3·9H2O isopropanol solutions as catalyst precursors 

with a CVD regime of 20/20/100 sccm C2H2/H2/N2, at 650 ℃ for 30 min. The cement 

used was P.O. 42.5R, provided by Dalian Onoda Cement Co. Ltd., China. The silica fume 

used was 920D silica fume, provided by Shanghai Tian Kai Silicon Fume Co. Ltd., China. 

The superplasticizer used was polycarboxylate superplasticizer with a solid content of 

45% (Sika ViscoCrete 3301E) provided by Sika (China) Ltd..  
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3.3.2. Specimen preparation 

The mix proportions of SSCCs with CF-CNTs are shown in Table 3.2. The 

preparation process of a SSCC specimen was presented in the following steps: (1) low-

speed dry-mixing of the pre-weighed CF-CNTs with silica fume with a mechanical stirrer 

(MXF-C, Shanghai Muxuan Industrial Co., Ltd.) for 2 min; (2) mixing the 

polycarboxylate superplasticizer with water and adding the solution into the mixture of 

step (1), low-speed stirring for 30 s; (3) adding cement to the suspension slowly in three 

divided times with low-speed stirring firstly for 30 s followed by 2 min at high speed; (4) 

pouring the well-stirred mixture into the mould and embedding two copper electrodes 

with an interval of 20 mm for compression samples and 60 mm for fracture samples; (5) 

vibrating the mould containing the mixture on an electric vibrator to eliminate bubbles; 

(6) curing the specimens in a standard curing box and demoulding after 24 h; (7) 

immersing the specimens in a water tank at a temperature of 20℃ for 28 days. In this 

study, the compression specimens were 20 × 20 × 40 mm3, and the fracture specimens 

were 20 × 20 × 80 mm3. 

Table 3.2 Mix proportions of SSCCs with CF-CNTs. 

No. CF-CNTa Cement Waterb Silica fumeb Superplasticizera  
Blank 0 1 0.2 0.15 1.5% 

CF-CNT-0.5 0.5 1 0.2 0.15 1.5% 
CF-CNT-1.0 1.0 1 0.2 0.15 1.5% 
CF-CNT-1.5 1.5 1 0.2 0.15 1.5% 
CF-CNT-2.0 2.0 1 0.2 0.15 1.5% 



 

69 

CF-CNT-3.0 3.0 1 0.2 0.15 1.5% 
CF-CNT-4.0 4.0 1 0.2 0.15 1.5% 
CF-CNT-5.0 5.0 1 0.2 0.15 1.5% 
a-- by volume of specimen; b-- by mass of cement. 

3.3.3. Characterization 

The morphologies of CF-CNTs, CFs and the microstructures of SSCCs were 

characterized using a high-resolution field emission scanning electron microscope 

(FESEM, Hitachi SU8020, Japan) at an operating voltage of 5 kV and a field emission 

transmission electron microscope (FETEM, JEOL 2100F, Japan) at an operating voltage 

of 200 kV. The crystalline structure of CFs and CF-CNTs were characterized via X-ray 

powder diffraction (XRD, PANalytical X'Pert PRO MPD, Netherlands) patterns equipped 

with a Cu target X-ray tube and a diffracted beam monochromator limiting the beam to 

Cu Ka radiation (K=0.15406 nm). Data was collected between 10° and 70° at an interval 

of 0.05°. Raman spectra were collected in a Raman spectroscopy (Renishaw inVia plus, 

Britain) under ambient conditions with an excitation laser wavelength of 532 nm. The 

spectra were collected in the dark, with a resolution of 2 cm-1 in the range of 800 to 2000 

cm-1. Thermogravimetric analysis (TGA, Mettler Toledo TGA/DSC1, Switzerland) were 

conducted under 100 sccm air flow (23% oxygen) with a temperature ramp of 5 ℃/min 

from 20-900 ℃. The Brunauer-Emmett-Teller (BET, Micromeritics Tristar ASAP 

2020HD88, USA) specific surface areas were obtained from nitrogen adsorption 
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measurements at about 77 K.  

To study the mechanical properties of SSCCs, the flexural strength of SSCC 

specimens of dimension 20 × 20 × 80 mm3 were measured using an Instron 5567A 

universal mechanical testing machine (Instron Inc., Norwood, MA, USA) at a constant 

loading rate of 0.02 mm/min. The distance between the two supports was fixed at 60 mm. 

A strain gauge (BX120-20AA, ZhejiangHuangyan Test Instrument Co. Ltd., China) was 

attached to the bottom of each SSCC specimen at mid span to measure the maximum 

longitudinal flexural-tensile strain in the beam at sudden fracture. Strain values were 

recorded by a dynamic strain indicator (DC-204R, Tokyo Sokki Kenkyujo Co. Ltd, Japan). 

The flexural strength of an SSCCs was taken as the average of three specimens. The 

compressive strength after fracture of the SSCCs was tested using a compression testing 

machine (YAW-2000D, Jinan Era Assay Testing Machine Co., Ltd, China) with a 

compressive area of 20 × 20 mm2, at a constant loading rate of 1.2 mm/min. The average 

of the six broken pieces was taken as the compressive strength of the SSCCs after 

specimen collapse. In addition, the compressive strength of the SSCC specimens sized 20 

× 20 × 40 mm3 were tested for comparison purpose, using a universal electronic testing 

machine (WDW-200E, Jinan Time Assay Machine Co., Ltd., China) with a constant 

loading rate of 1.2 mm/min. 

As to SSCC electrical properties, the direct current (DC) electrical resistance of the 
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unloaded SSCCs was measured by the two-probe method using a digital multimeter 

(DMM7510, Keithley Instruments Inc., USA). For each specimen, the electrical 

resistance was calculated by taking the average of three data collected after 2 h to mitigate 

any shift due to the polarization effect. The two-electrode alternating current (AC) 

electrical resistance of the unloaded SSCCs was measured using the Agilent U1733C 

Digital Multimeter supplied by Agilent Technologies Inc.  

The self-sensing property of the SSCCs was performed on the specimens 20 × 20 × 

40 mm3, under repeated cycles of compression with different loading rates and amplitudes 

using the WDW-200E machine. Two longitudinal strain gauges symmetrically attached 

parallel to the loading direction were used to measure compressive strain. During the 

loading process, the compressive force, strain and electrical resistance were 

simultaneously collected with a sampling rate of 10 Hz. The specimens were separated 

from the compression platens by thin insulting plates to avoid electrical interference. All 

experiments were conducted at room temperature.  

3.3.4. Results and discussion 

3.3.4.1. Morphology and structural analysis of CFs and CF-CNTs 

Figure 3.14(a) shows SEM images of CF-CNTs, grown at 650 ℃ for 30 min under 

the flow of C2H2/H2/N2=20/20/100 sccm. It can be seen that high density CNTs were 
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uniformly grown on the whole CF surface, with an average length of 16.50 m (the length 

has subtracted the diameter of CF, i.e. 7 m), which is consistent with the results in 

Section 3.2.3. As shown in Figure 3.14(b), the diameter of the as-grown CNTs was 

estimated to be in the range of 38-74 nm, by counting more than 200 CNTs. The value 

was further verified from TEM images (Figure 3.14(c, d)), in which tubular and curly 

structure of multi-walled CNTs with a diameter of 58 nm were formed. Almost each CNT 

tip had a nanoparticle, which is supposed to be Ni nanoparticle acting as the catalyst for 

CNT growth, revealing the tip-growth mode of the growth mechanism (Kumar and Ando 

2010). The inset of Figure 3.14(d) confirms the formation of multi-walled CNTs with a 

lattice spacing of 0.34 nm, consistent with the (002) plane of ideal graphitic interlayer 

space (He et al. 2007).  

Raman spectroscopy is a widely-used technique to characterize graphitization 

degree of carbon materials due to its extreme high sensitivity to short-, medium-, and 

long-range order in solid carbon. For CNT-based materials, a representative D-band 

associated with the vibrations of carbon atoms with dangling bonds for the in-plane 

terminations of disordered graphite was visible at around 1350 cm-1, while a G-band 

corresponding to the vibrations in sp2-bonded carbon atoms in a 2D hexagonal lattice 

normally occurs at 1580 cm-1. The relative intensity ratio of D-band and G-band (ID/IG) 

could be used to determine the degree of order of carbon material, i.e. a smaller ratio of 
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ID/IG corresponds to a higher order degree of graphitization (He et al. 2010). As shown in 

Figure 3.14(e), the Raman spectrum of pristine CF that contains the lower level of 

crystallinity, exhibited broad D and G bands at around 1350 and 1580 cm-1, having a high 

ID/IG ratio of 1.14, revealing a low-ordered structure of CF. In contrast, more obvious and 

sharper D and G bands can be observed at 1336 and 1590 cm-1 respectively after the 

growth of CNTs. The ID/IG ratio of 0.93 indicated a reasonable quality but a poorly 

crystallized CNT structure, in agreement with the HRTEM observation, which is 

generally attributed to low temperature of CVD growth process (Zhang et al. 2012). The 

XRD patterns of CFs and CF-CNTs are shown in Figure 3.14(f). The graphite peak at 2θ 

= 26º(indexed as C (002)) corresponding to the inter-planar spacing of 0.34 nm of the 

CNTs clearly appeared in the case of CF-CNTs. Several peaks indexed to CNT (C(100) 

plane) at 42.4º(COD file No. 901270) and CNT (C(001) plane) at 44.7º(COD file No. 

901270) were also observed while there was no significant peak for CFs, which is further 

evidence of the structural integrity of the CNTs produced by CVD. 

The thermogravimetric analysis (TGA) and derivatives of thermogravimetric (DTG) 

curves of CFs and CF-CNTs under an air atmosphere shown in Figure 3.14(g) revealed 

that the two carbon materials performed good thermal stability with no obvious mass loss 

occurring below 500 ℃. The DTG curve of CF-CNTs showed two sharp mass loss peaks 

at 560 ℃ and 609 ℃ while only one mass loss peak appeared at 609 ℃ for CFs. It was 
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therefore assumed that the pronounced mass loss near 560 ℃ involved the complete 

oxidation of CNTs to gaseous products (Zhang et al. 2009). From the DTG curve, the 

mass fraction of CNTs in the CF-CNT hybrid can be estimated as 41.92%, demonstrating 

the high density and coverage of the synthesized CNTs on CFs, similar with SEM results. 

 

 
Figure 3.14 Morphology and structural analysis of as-fabricated CF-CNTs grown 

at 650 ℃. (a) SEM image of CF-CNTs. (b) High-magnification SEM image of CF-
CNTs. Inset shows the diameter distribution. (c) TEM image of CF-CNTs. (d) High-
resolution TEM images of individual CNTs. Inset shows the spacing between two 

neighboring lattice fringes. (e) Raman spectra and XRD spectra of CFs and CF-CNTs. 
(f) TGA curves of CFs and CF-CNTs under an air atmosphere. 
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The specific surface area (SSA) and pore size distribution of CF and CF-CNT were 

characterized using the BET method via N2 adsorption isotherms and the Barrett-Joyner-

Halenda (BJH) method as shown in Figure 3.15.  

 

 

Figure 3.15 (a) N2 adsorption isotherms, corresponding BET specific surface area 
and pore volume (ranging from 2 nm to 50 nm). (b) Pore-size distribution of CF and 

CF-CNT. 
 

The CF had a low SSA of 0.1545 m2/g due to its non-porous or microporous structure 

(see Figure 3.15(b)) and smooth surface. The total pore volume of the CF at the pore size 

range 2-50 nm was only 0.000226 cm3/g. In contrast, the CF-CNT displayed a 

hierarchical porous structure and a SSA of 14.1359 m2/g, which is nearly 100 times higher 

than that for the pristine CF. In addition, a large quantity of mesopores with sizes of 2-50 

nm were available to the CF-CNT. The total pore volumes of the CF-CNT at the pore size 

range 2-50 nm was 0.059272 cm3/g. This enhanced pore volume was considered to arise 

from the CNT interspaces, which would be beneficial in sufficiently touching the cement 

matrix region surrounding the CF to ultimately provide a stronger interfacial bonding 
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between the CF and the cement matrix. 

3.3.4.2. Mechanical behaviours of SSCCs 

The flexural strength of SSCCs with different CF-CNT contents were investigated 

in comparison with the SSCCs with CFs. As shown in Figure 3.16(a), the load-deflection 

curves showed sharp reductions after reaching ultimate load, indicating typical brittle 

fracture behaviour of SSCCs with CFs and SSCCs with CF-CNTs since CFs are brittle 

materials. As shown in Figure 3.16(b, inset), the failure cracks occurred at mid-span of 

SSCC specimens. It is well-known that the addition of CFs and CNTs can both effectively 

improve the flexural properties of cementitious composites as the fibrous and strong filler 

can effectively improve the cracking resistance and toughness of cementitious composites 

by retarding the expansion of flaws in the materials continuity, inhibiting the coalescence 

of microcracks as well as providing a bridging and pull-out effect to delay cracks rapidly 

opening (Jiang et al. 2018; Wang et al. 2008). It can be seen from Figure 3.16 that 

incorporation of both CF-CNTs and CFs into cement paste significantly increased not 

only the flexural strength and flexural modulus but also compressive strength after flexure 

compared to that of the plain cement paste. In contrast, the SSCCs with CFs always 

exhibited higher improvements in the flexural properties than the SSCCs with CF-CNTs 

at the same filler content.  
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Figure 3.16 (a) Flexural load-deflection curves. (b) Flexural strength (Inset shows a 
photo of a sample after flexural test). (c) Flexural modulus. (d) Compressive strength 

after flexure of SSCCs with CFs and CF-CNTs as a function of filler content. 
 

As listed in Table 3.3-3.5, the flexural strength and compressive strength after 

flexure of all SSCCs showed maxima at 2.0 vol.% CFs with 15.526 MPa/282.0% and 

55.216 MPa/109.4% increase, respectively, which were much higher than the SSCCs with 

2.0 vol.% CF-CNTs that had the highest flexural strength (4.792 MPa/87.1% increase) 

and compressive strength after flexure (55.216 MPa/102.6% increase) in the cases of CF-

CNTs reinforcement. In addition, these improvements were directly proportional to the 

filler content. The SSCC with 0.5 vol.% CFs demonstrated the highest flexural modulus 
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with 11.088 GPa/207.1% increase over the plain SSCC, followed by moderate reductions 

with further increase in CF content, whereas only a 9.468 GPa/176.8% enhancement in 

flexural modulus of SSCC was obtained at 2.0 vol.% CF-CNTs. The relative weak 

reinforcement effect of CF-CNTs in comparison with CFs may be explained by the 

deterioration of CF, including surface flaws after thermal degradation, surface oxidation 

and internal damages during the harsh growth conditions of CVD processing (Kim et al. 

2012). Such degraded properties, especially the tensile strength of CFs inevitably 

sacrifices the properties of hierarchical CF-CNTs, thus mitigating their effective 

reinforcement in flexural properties of SSCCs. This mechanism is discussed in detail 

below by microstructural analysis. 

 
Table 3.3 Comparison of flexural strength of SSCCs with CFs and CF-CNTs as a 

function of filler content. 

No. 
Flexural strength 

(MPa) 
Absolute increase 

(MPa) 
Relative increase 

(%) 
Blank 5.505 0 0 
CF-0.5 10.803 5.298 96.2 
CF-1.0 14.379 8.874 161.2 
CF-1.5 20.829 15.323 278.3 
CF-2.0 21.031 15.526 282.0 

CF-CNT-0.5 6.653 1.147 20.8 
CF-CNT-1.0 8.095 2.589 47.03 
CF-CNT-1.5 9.749 4.244 77.1 
CF-CNT-2.0 10.298 4.792 87.1 
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Table 3.4 Comparison of flexural modulus of SSCCs with CFs and CF-CNTs as a 
function of filler content. 

No. 
Flexural modulus 

(GPa) 
Absolute increase 

(GPa) 
Relative increase 

(%) 
Blank 5.355 0 0 
CF-0.5 13.293 7.938 148.2 
CF-1.0 16.443 11.088 207.1 
CF-1.5 16.210 10.855 202.7 
CF-2.0 15.555 10.200 109.4 

CF-CNT-0.5 10.252 4.897 91.4 
CF-CNT-1.0 11.022 5.667 105.8 
CF-CNT-1.5 13.431 8.076 150.8 
CF-CNT-2.0 14.823 9.468 176.8 

 

Table 3.5 Comparison of compressive strength after flexure of SSCCs with CFs 
and CF-CNTs as a function of filler content. 

No. 
Compressive strength 

(MPa) 
Absolute increase 

(MPa) 
Relative increase 

(%) 
Blank 53.82 0 0 
CF-0.5 89.989 36.169 67.2 
CF-1.0 91.528 37.708 70.1 
CF-1.5 102.919 49.099 91.2 
CF-2.0 109.036 55.216 102.6 

CF-CNT-0.5 83.951 30.131 56.0 
CF-CNT-1.0 74.419 20.599 38.3 
CF-CNT-1.5 79.396 25.576 47.5 
CF-CNT-2.0 87.738 33.918 63.0 

 

The compressive strength of SSCCs with different content of CF-CNTs were 

investigated in comparison with the SSCCs with CFs. The stress-strain curves of SSCCs 

with CFs and with CF-CNTs are shown in Figure 3.17(a) and Figure 3.17(b), respectively. 

It can be observed that the incorporation of CFs and CF-CNTs yielded a nonlinear rising 
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tendency when the deformation of SSCCs reached the initial cracking strain. In addition, 

the ultimate strain values of SSCCs with CFs and CF-CNTs were enhanced, which is 

attributed to the bridging effect of fibrous CFs and CF-CNTs restricting the rapid 

development and opening of cracks (Han et al. 2016).  

 

 
Figure 3.17 (a) Compressive stress-strain curves of SSCCs with CFs. (b) 

Compressive stress-strain curves of SSCCs with CF-CNTs (Inset shows a photo of a 
sample after flexural test). (c) Compressive strength. (d) Young’s modulus of SSCCs 

with CFs and CF-CNTs as a function of filler content. 
 

As shown in the inset of Figure 3.17(b), typically, SSCC with CFs and CF-CNTs 

samples were not greatly damaged after failure, revealing the high resistance to crack 

development of CFs and CF-CNTs. The slope of the compressive stress-strain curves 
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within the elastic region varied as the filler content was increased, indicating that 

incorporating CFs and CF-CNTs also affected Young’s modulus and compressive strength 

of SSCCS. Figure 3.17(c) and (d) gives the compressive strength and Young’s modulus 

of SSCCs with CFs and CF-CNTs, respectively. As shown in Figure 3.17(c), the 

compressive strength of SSCCs with both CFs and CF-CNTs showed an increasing trend 

at first and then a continued decrease with the increasing filler content. This result can be 

ascribed to poor workability of the cement paste and poor dispersion of CFs at high filler 

content, leading to increases in porosity (Garcés et al. 2005). However, except for the 

SSCC with 5 vol.% CFs, all SSCCs with fibrous fillers incorporated displayed higher 

compressive strengths than the blank specimen. As listed in Table 3.6, the compressive 

strength of the SSCCs with CFs showed maxima at 1.5 vol.% CFs with 45.12 MPa/40.80% 

and 55.216 MPa and 109.4% increase. In the case of the SSCCs with CF-CNTs, the 

samples with 2.0 vol.% CFs exhibited the highest increase of compressive strength up to 

38.74 MPa/35.03%, which was even higher than the SSCCs with 2.0 vol.% CFs. 

Meanwhile, when the filler content was 2.0 vol.% or above, the enhancement effect of 

CF-CNTs on compressive strength of SSCCs became more significant than the case for 

CFs. Similarly, as shown in Figure 3.17(d) and Table 3.7, the Young’s modulus of SSCCs 

with CFs and CF-CNTs, determined as the slope of the first one-third of the compressive 

stress-strain curves, increased with filler content first and then decreased. The samples 
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with 3.0 vol.% CFs and 3.0 vol.% CF-CNTs demonstrated the highest Young’s modulus 

as 36.4 GPa and 32.1 GPa, improved by 8.8 GPa/31.85% and 4.5 GPa/16.16%, 

respectively compared with the blank. This result further indicates the improved 

compactness of the cement matrix after the modification of CFs and CF-CNTs.  

 
Table 3.6 Comparison of compressive strength of SSCCs with CFs and CF-CNTs 

as a function of filler content. 

No. 
Compressive strength 

(MPa) 
Absolute increase 

(MPa) 
Relative increase 

(%) 
Blank 110.58 0 0 
CF-0.5 115.25 4.67 4.22 
CF-1.0 144.71 34.13 30.87 
CF-1.5 155.70 45.12 40.80 
CF-2.0 134.33 23.75 21.48 
CF-3.0 127.19 16.61 15.02 
CF-4.0 115.70 5.12 4.63 
CF-5.0 90.87 -19.71 -17.82 

CF-CNT-0.5 114.62 4.04 3.65 
CF-CNT-1.0 131.92 21.34 19.30 
CF-CNT-1.5 124.53 13.95 12.62 
CF-CNT-2.0 149.32 38.74 35.03 
CF-CNT-3.0 127.77 17.19 15.55 
CF-CNT-4.0 116.81 6.23 5.63 
CF-CNT-5.0 113.33 2.75 2.49 

 

Table 3.7 Comparison of Young’s modulus of SSCC with CFs and CF-CNTs as a 
function of filler content. 

No. 
Young’s modulus 

(GPa) 
Absolute increase 

(GPa) 
Relative increase 

(%) 
Blank 27.6 0 0 
CF-0.5 27.7 0.1 0.24 
CF-1.0 28.6 1.0 3.62 
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CF-1.5 28.7 1.1 3.98 
CF-2.0 29.3 1.7 6.03 
CF-3.0 36.4 8.8 31.85 
CF-4.0 33.8 0.6 22.32 
CF-5.0 31.5 3.9 14.11 

CF-CNT-0.5 29.4 1.8 6.51 
CF-CNT-1.0 30.3 2.7 9.78 
CF-CNT-1.5 30.2 2.6 9.53 
CF-CNT-2.0 31.5 3.9 13.99 
CF-CNT-3.0 32.1 4.5 16.16 
CF-CNT-4.0 28.9 1.3 4.70 
CF-CNT-5.0 25.9 1.7 -6.27 

 

To investigate the reinforcing mechanisms of CFs and CF-CNTs, SEM images of 

vacuum-dried fracture surfaces of the SSCCs with CFs and with CF-CNTs are provided 

in Figure 3.18 and Figure 3.19. As shown in Figure 3.18(a), Ca(OH)2 (CH) crystals with 

large size which have been considered to be detrimental to the strength of hardened 

cement paste (Qing et al. 2007) were observed in the blank sample. Under loading, cracks 

were generated and propagated along the CH crystals. In the case of SSCC with CFs, it 

can be observed that CFs were uniformly distributed and randomly oriented in the cement 

matrix, forming an extensive reinforcing network. CFs can penetrate the cement matrix 

by interfacial bonding to provide bridging forces, preventing crack generation and 

propagation. The increase of loading would cause fibre debonding, pull-out and even 

failure (Figure 3.18(b). Figure 3.18(c) shows CF fossil after pull-out, which reflects 

exactly the shape of a CF groove-like surface. The fossil verifies the interfacial bonding 

between CF and cement matrix. However, the bond strength was relatively weak due to 
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the smooth and untreated CF surface. Cracking caused by matrix shrinkage can be found 

in the fossil (He et al. 2017b). In terms of hydration products, CH crystals gathered in 

interfacial transition zones (ITZ) surrounding the CFs to form weak areas for crack 

development (Figure 3.18(d)). In addition, low-density fibrous calcium silicate hydrates 

(C-S-H) were observed in the ITZ and on CF surfaces (Figure 3.18(e) and Figure 3.18(f)), 

which is in agreement with the work reported by Le et al.(Le et al. 2018) and Hwang et 

al.(Hwang et al. 2015) who found high porosity and weak ITZ between fibre and cement 

matrix. These results indicate that the mechanical connection between CF and matrix is 

weak, which limits reinforcement effect of the pristine CF on the mechanical performance 

of SSCC. With the coating of CNT on CF, it is assumed that the CF-matrix bond strength 

was enhanced due to the improvement of the ITZ surrounding CF. As shown in  Figure 

3.19(a), there were hydration products on the CF-CNT surface (marked as strong 

bonding), corresponding to matrix failure. In addition, the size of CH crystal in the ITZ 

was decreased. The CF-CNT fossil after pull-out demonstrated a rough morphology with 

CNT embedded into the surrounding hydration products (Figure 3.19(a)). In addition, no 

crack was found in the fossil, different from that of the CF fossil. It means that CF-CNTs 

provided higher crack resistance upon fibre pull-out. At the fibre debonding interface, 

dense C-S-H, CNT pull-out, CNT bridging and CNT surface wrapped with hydration 

products can be observed in Figure 3.19(a)-(h). These observations provide plausible 
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evidences that CF-CNT can effectively enhance the fibre/cement matrix interfacial bond 

strength. The CNTs grown on CFs can increase the surface area of CFs and act as 

nucleating sites to encourage hydration products penetrating the CNT forests, forming 

strong mechanical anchor between CF and matrix. The nano-sized CNT particles can also 

fill in porous structures surrounding the CF, leading to the improvement of the ITZ 

microstructure. In addition to CF reinforcement at macroscale or microscale, the CNT 

can even bridge the nano-scaled cracks and transfer load from CF to itself, thus delaying 

crack generation and propagation (Abu Al-Rub et al. 2012; Chaipanich et al. 2010; Li et 

al. 2005; Makar et al. 2005; Qian et al. 2008). However, the results in this section showed 

that the mechanical properties of SSCCs with CF-CNTs were not much superior than the 

SSCCs with CFs, especially the flexural properties. The unfavourable results may be 

explained by the degraded performance of CF after CVD processing and the high-density 

CNTs formed on CF surfaces. As shown in Figure 3.19(i), there were plenty of etch-pits 

caused by the interactions between catalyst particles and carbon atoms on the CF surface. 

In addition, high-density CNTs are difficult to totally immerse in cement paste and are 

prone to separate off during the mechanical mixing and scatter into the ITZ (Figure 3.19(j)) 

and matrix (Figure 3.19(a)), forming CNT agglomerations. These CNT agglomerations 

lead to the formation of many defects such as gaps and pores in the ITZ and matrix, thus 

limiting their effectiveness as reinforcements (Konsta-Gdoutos et al. 2010; Sanchez and 
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Ince 2009). Therefore, in order to derive CF-CNT of best efficiency, yet more studies are 

needed to optimize the CVD process and reduce fibre damage and achieve a preferred 

CNT density and alignment. In addition, to verify the inferences, calorimetry tests and 

XRD characterization will be carried out to provide more evidences for CF-CNT 

reinforcement in the future. 

 

 
Figure 3.18 SEM images of fracture surfaces of SSCCs. (a) The blank. (b)-(f) The 

SSCC with 2 vol.% CFs. 
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Figure 3.19 SEM images of fracture surfaces of the SSCC with 2 vol.% CF-CNTs. 
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3.3.4.3. Electrical behaviours of SSCCs 

The DC electrical resistance of SSCCs with CFs and with CF-CNTs after curing 28 

days is plotted as a function of the filler content in Figure 3.20. As shown in Figure 3.20, 

the incorporation of 0.5 vol. % of CFs or CF-CNTs alone can both decrease the DC 

electrical resistance of SSCCs considerably. With the further increase of filler content, the 

DC electrical resistance of SSCCs remained almost in the same range as that of 0.5 vol. %. 

In comparison, the addition of CF-CNTs in SSCCs gained an enhanced improvement in 

electrical conductivity compared with the addition of only CFs. However, both CFs and 

CF-CNTs decreased the DC electrical resistance of SSCCs slightly by only 1 order of 

magnitude. No apparent percolation in which electrical resistance of SSCC is sharply 

decreased at a certain filler content was observed in this study, even at a high filler content 

of 5 vol. %. This observation differs from the work reported by Xie et al. in which 

percolation can be obtained at only 0.5 vol. % of CFs (Xie et al. 1996). However, Chen 

et al. found that the conductivity of CF reinforced cementitious composites increased by 

only one or two orders of magnitude with the addition of 0.5 vol. % CFs. After the CF 

content reached the percolation threshold (therein, 0.5 vol. %), the conductivity remained 

unchanged with increase of CF content (Chen et al. 2005). Azhari et al. also demonstrated 

that the electrical resistivity of SSCCs was only reduced by one order of magnitude by 

adding 7 vol. % of CFs. The percolation phenomena can be observed until CF content 
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becomes as high as 15 vol. % (Azhari and Banthia 2017). These findings indicate that 

SSCC with CFs has a higher percolation threshold than the CNT counterpart (usually 

lower than 2.0 vol. % (Zhang et al. 2018)), which is attributed to the lower aspect ratio 

and inherently lower conductivity of CF than CNT (Marinho et al. 2012).  
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Figure 3.20 DC electrical resistance of the SSCCs with CFs and with CF-CNTs as a 
function of filler content after curing 28 days. 

 

In order to further investigate the overall connectivity of conductive networks in 

SSCCs, the frequency-dependent AC electrical resistance of SSCCs with CFs and with 

CF-CNTs as a function of filler content was measured. AC measurement avoids electrical 

polarization through continuous electrical charging and discharging, thus reflecting the 

real electrical resistance characteristics of SSCCs. As shown in Figure 3.21, the AC 

electrical resistance of SSCCs with CFs and with CF-CNTs with different filler contents 

decreased with the increasing frequency, from 100 Hz to 100 kHz. This can be attributed 
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to lower capacitances in SSCCs at higher test frequencies, thus lower electrical resistances 

(Han et al. 2012b). For SSCCs with CFs (Figure 3.21(a)), the specimens exhibited similar 

percolation behaviour to DC electrical resistance measurements. In contrast, the SSCCs 

with CF-CNTs showed an apparent percolation zone ranging from 0.5 vol. % to 1.5 vol. 

%, in which the AC electrical resistance of the SSCCs with CF-CNTs decreased sharply. 

For CF-CNT contents above 1.5 vol. %, the AC electrical resistance remained almost 

unchanged. In particular, the AC electrical resistance of SSCCs with 5 vol. % CF-CNTs 

became nearly constant as the frequency increased, suggesting an entire conductive 

network formed in the SSCCs. This further verifies the result of the DC electrical 

resistance measurements that CF-CNTs are more effective conductive fillers than CFs in 

terms of enhancing the conductivity of SSCCs.  

The enhanced conductivity of SSCCs with CF-CNTs can be explained as follows. In 

the SSCCs with CFs alone, individual CFs are assumed to be randomly dispersed in the 

matrix. Conductive networks cannot be formed throughout the matrix if the filler content 

is below the percolation threshold. However, in the case of the SSCCs with CF-CNTs, on 

one hand, the inherently superior conductivity of CNTs can definitely improve the bulk 

conductivity of CF-CNTs. At the same time, the CNTs grown on CF surfaces bridge 

between CFs to generate new conductive pathways for electron transport via direct 

contact conduction or via tunnelling conduction, resulting in the formation of conductive 
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networks. The scattering of CNTs from CF-CNTs during mechanical mixing may also 

contribute to the decrease of electrical resistance.  

 

 
Figure 3.21 AC electrical resistance of the SSCCs with (a) CFs and (b) CF-CNTs as a 

function of filler content after curing 28 days. 

3.3.4.4. Self-sensing behaviours of SSCCs 

To evaluate the self-sensing behaviours of SSCCs with CFs and CF-CNTs, the 

fractional change in electrical resistance (FCR) was monitored during compression: 

0

0 0

tR RRFCR
R R

−
= =  (3-1) 

where R is the change in electrical resistance, R0 and Rt are measured electrical resistance 

prior to loading and at time t, respectively. Figure 3.22 shows the relationship between 

FCR of SSCCs with CFs and with CF-CNTs and the compressive stress/strain under 

monotonically uniaxial compression, respectively. It can be seen that the electrical 

resistance of all SSCCs with CFs decreased with increasing compressive stress/strain, i.e. 

increased FCR. When the ultimate compressive stress/strain was reached, the electrical 
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resistance changed suddenly, indicating catastrophic SSCC fracture. Similar behaviour 

was observed for SSCCs with CF-CNTs. 

 

 
Figure 3.22 Self-sensing behaviour of SSCCs under monotonic compression to 

failure. (a) FCR versus Strain for SSCCs with CFs. (b) FCR versus Stress for SSCCs 
with CFs. (c) FCR versus Strain for SSCCs with CF-CNTs. (d) FCR versus Stress for 

SSCCs with CF-CNTs. (e) Gauge factor. (f) Stress sensitivity. 
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In view of sensitivity of self-sensing behaviour of the two batches of SSCCs, a stress 

sensitivity ( FCR  ) and a strain sensitivity (i.e. gauge factor, FCR  ) were adopted 

and compared using linear regression analysis. As shown in Figure 3.22, the stress/strain 

sensitivity of the SSCCs was highly dependent on filler content and filler type. For the 

SSCCs with CFs, maximum FCR and stress/strain sensitivity first increased and then 

decreased as CF content increased. The maximum FCR, stress/strain sensitivities of the 

SSCCs with CFs showed maxima at 1.5 vol.% CFs, at values of 74.5 % and 

0.518%/MPa/145.1, respectively. The maximum FCR, stress/strain sensitivities were 49.7% 

and 0.307 %/MPa/101.9 respectively when 1.5 vol.% of CF-CNTs were added, indicating 

that the percolation threshold of SSCCs with CFs and with CF-CNTs was 1.5 vol.%, 

which is well consistent with the results obtained in Section 3.3.4.4. This is because the 

electrical conduction of SSCC with fibrous fillers mainly derives from ionic conduction 

within the cement matrix, tunnelling conduction from fillers and contact conduction 

between fillers. When the filler content is below the percolation threshold, the average 

distance between fillers is large and the ionic conduction dominates. The conductive 

network is difficult to change even if external load is applied, i.e., low sensitivity to 

stress/strain. By increasing filler content to the percolation threshold, the filler linked up 

network provides many conductive paths. In this case, tunnelling conduction plays the 

leading role and the electrical conductivity of SSCCs experiences an abrupt increase if an 
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external force is applied due to significant change in the distance between fillers, i.e. high 

sensitivity to stress/strain. Above the percolation threshold, conductive networks are 

extensively formed throughout the composite and become difficult to change upon 

loading, i.e. low sensitivity to stress/strain (Ding et al. 2019).  

In contrast, at the same filler content, as shown in Figure 3.22(e) and Figure 3.22(f), 

the SSCCs with CF-CNTs always had lower FCR, stress/strain sensitivities than the 

SSCCs with CFs. However, the responses of SSCCs with CF-CNTs to compression 

demonstrated better smoothness and higher linearity when compared with SSCCs with 

CFs. In addition, as shown in Table 3.8, the correlation coefficient R2 values for SSCCs 

with CF-CNTs were higher than those of SSCCs with CFs. These results suggest that 

SSCCs with CF-CNTs were less sensitive but more stable than the SSCCs with CFs, 

which may be attributed to the enhanced fibre/cement matrix interfacial interaction of 

CF-CNTs restricting fibre push-in and reorientation, resulting in lower sensitivity. The 

higher stability arises because the gaps between the CFs were effectively filled by CNTs, 

creating more uniform hierarchical and stable conductive networks (Azhari and Banthia 

2012; Kim et al. 2017; Li et al. 2013).  

 
Table 3.8 Maximum FCR and linear correlation between FCR and strain/stress of 

SSCCs with CFs and with CF-CNTs under monotonic compression to failure. 

No. 
Maximum FCR 

(%) 
Linear fitting result 
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Blank -3.39 

24.95 1.13 ( 0.881)FCR R= − − =  

20.0179 0.179 ( 0.846)FCR R= − − =  

CF-0.5C -23.1 

246.2 0.62 ( 0.987)FCR R= − − =  

20.180 0.093 ( 0.968)FCR R= − − =  

CF-1.0C -44.0 

285.9 4.25 ( 0.957)FCR R= − − =  

20.307 2.64 ( 0.967)FCR R= − − =  

CF-1.5C -74.5 

2145.1 9.57 ( 0.958)FCR R= − + =  

20.518 12.53 ( 0.930)FCR R= − + =  

CF-2.0C -50.2 

295.9 1.17 ( 0.949)FCR R= − − =  

20.331 0.963 ( 0.909)FCR R= − + =  

CF-3.0C -26.8 

255.1 2.88 ( 0.930)FCR R= − − =  

20.150 2.08 ( 0.924)FCR R= − − =  

CF-4.0C -28.9 

244.6 0.54 ( 0.922)FCR R= − − =  

20.174 0.046 ( 0.932)FCR R= − − =  

CF-5.0C -27.7 

245.5 1.15 ( 0.027)FCR R= − − =  

20.175 4.66 ( 0.024)FCR R= − − =  

CF-CNT-0.5C -22.9 

234.8 1.14 ( 0.892)FCR R= − + =  

20.121 0.974 ( 0.876)FCR R= − + =  

CF-CNT-1.0C -34.1 261.8 3.11 ( 0.966)FCR R= − − =  



 

96 

20.230 2.31 ( 0.982)FCR R= − − =  

CF-CNT-1.5C -49.7 

2101.9 7.37 ( 0.974)FCR R= − − =  

20.340 7.81 ( 0.973)FCR R= − − =  

CF-CNT-2.0C -22.8 

237.4 1.554 ( 0.969)FCR R= − − =  

20.132 1.40 ( 0.973)FCR R= − − =  

CF-CNT-3.0C -16.1 

233.4 2.03 ( 0.951)FCR R= − − =  

20.115 1.30 ( 0.974)FCR R= − − =  

CF-CNT-4.0C -11.1 

217.5 2.74 ( 0.926)FCR R= − − =  

20.0693 2.68 ( 0.938)FCR R= − − =  

CF-CNT-5.0C -11.0 

217.1 0.62 ( 0.992)FCR R= − − =  

20.0786 0.213 ( 0.972)FCR R= − − =  

 

It should be noted that the blank specimen also clearly demonstrated an FCR of 3.39 % 

and stress/strain sensitivity of 0.0179 %/MPa/4.95. Previous studies have found that 

plain SSCC has little or no self-sensing property. The compaction of microstructure 

including crack closures and pore structure shrinkage under compressive loading may 

contribute to variation in electrical resistance and capacitance (Han et al. 2014). In 

addition, cement admixtures such as steel slag can endow plain SSCC with self-sensing 

property (Lee et al. 2019). Nevertheless, with the addition of CFs or CF-CNTs, caused 

significant enhancement of the self-sensing sensitivity of the SSCCs over the control, 
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indicating the positive effect of CF/CF-CNT as conductive fillers improving the self-

sensing sensitivity of SSCCs. 

In order to examine the repeatability, tests on the self-sensing behaviours of SSCCs 

with CFs and CF-CNTs were conducted under cyclic compressive loadings. Figure 3.23 

and Figure 3.24 show the responses of the SSCCs with CFs and CF-CNTs to repeated 

compressions at a loading rate of 0.4 mm/min and a stress amplitude of 40 MPa. Under 

this loading cycle, the FCR for all SSCCs steadily increased during compression and 

symmetrically decreased during unloading for each cycle, except for the blank whose 

FCR demonstrated a sustained upward trend due to severe polarization. While the time-

dependent polarization phenomenon for SSCCs incorporating conductive fillers was 

effectively eliminated or mitigated after charging for 2 h, it can be observed that for most 

SSCCs, the FCR values returned reliably to zero after each cycle. The maximum FCR at 

each amplitude remained nearly constant for a specific SSCC, the value depending on 

filler content and type.  
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Figure 3.23 Self-sensing behaviours of the SSCCs with CFs under cyclic compression 
with a loading rate of 0.4 mm/min and a stress amplitude of 40 MPa. (a) 0 vol. %. (b) 
0.5 vol. %. (c) 1.0 vol. %. (d) 1.5 vol. %. (e) 2.0 vol. %. (f) 3.0 vol. %. (g) 4.0 vol. %. 

(h) 5.0 vol. %. 
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Figure 3.24 Self-sensing behaviours of the SSCCs with CF-CNTs under cyclic 

compression with a loading rate of 0.4 mm/min and a stress amplitude of 40 MPa. (a) 
0.5 vol. %. (b) 1.0 vol. %. (c) 1.5 vol. %. (d) 2.0 vol. %. (e) 3.0 vol. %. (f) 4.0 vol. %. 

(g) 5.0 vol. %. (h) Stress sensitivity. 
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The stress sensitivity for the SSCCs at 40 MPa compression shown in Figure 3.24(h) 

reveals that the SSCCs do not display a monotonic increase in stress sensitivity with the 

filler content, showing the highest sensitivity with a filler content near percolation 

threshold. Further, the SSCCs with CFs at the same filler content always showed higher 

stress sensitivity than the SSCCs with CF-CNTs, which agrees well with Figure 3.22(f). 

Differently, the SSCCs with 1.5 vol.% CF-CNTs (0.5801 %/MPa) surpass the SSCCs with 

1.5 vol.% CFs (0.4265 %/MPa) in stress sensitivity, which can be interpreted as a 

nonlinear change in stress sensitivity as a function of applied stress. As compared in 

Figure 3.22(b) and Figure 3.22(d), the stress sensitivity of the SSCCs with 1.5 vol.% CF-

CNTs below 40 MPa was larger than that of the SSCCs with 1.5 vol.% CFs.  

The repeatability of SSCCs was further investigated under cyclic compressive 

loadings with different amplitudes and loading rates. For the sake of simplicity, only 

SSCCs with 2.0 vol.% CFs and the SSCCs with 2.0 vol.% CF-CNTs were chosen since 

that filler content is just above the percolation threshold and appreciable repeatability 

while considerable sensitivity can be expected. The responses of the SSCCs with 2.0 

vol.% CFs and the SSCCs with 2.0 vol.% CF-CNTs to repeated compression with 

amplitudes of 20 MPa, 40 MPa and 60 MPa are presented in Figure 3.25. It can be 

observed that the FCR of the two SSCCs increased with increasing stress amplitude. 

Consistent with the results in Figure 3.22(h), the SSCCs with 2.0 vol.% CFs demonstrated 
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higher FCRs than the SSCCs with 2.0 vol.% CF-CNTs at each stress amplitude.  

 

 
Figure 3.25 Self-sensing behaviours of the SSCCs under different loading amplitudes, 
with a loading rate of 0.4 mm/min. (a) SSCCs with 2.0 vol.% CFs. (b) SSCCs with 2.0 

vol.% CF-CNTs. (c) FCR versus Stress at 20 MPa. (d) FCR versus Stress at 40 MPa. (e) 
FCR versus Stress at 60 MPa. (f) Stress sensitivity versus Stress. 

 

The relationship between FCR and stress at each stress amplitude is also shown in 

Figure 3.25(c-e), which can more clearly illustrate the repeatability of the SSCCs under 
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cyclic loading. In addition, stress sensitivity was determined by a linear fitting of the FCR 

values versus stress as shown in Figure 3.25(f). It is observed that the responses of the 

two SSCCs to repeated compression showed good coincidence at stress amplitudes of 20 

MPa and 40 MPa, among which the SSCCs with 2.0 vol.% CF-CNTs possessed better 

linearity and narrower FCR variation than the SSCCs with 2.0 vol.% CFs, indicating 

better repeatability. However, the variation in FCR in each loading-unloading cycle 

became larger when the stress amplitude reached 60 MPa, especially for the SSCCs with 

2.0 vol.% CF-CNTs. This is because plastic deformation of the SSCCs occurring at high 

stress level causes microscale defects and irreversible damage to the conductive network, 

resulting in inconsistent responses to each loading-unloading cycle (Dong et al. 2020). In 

addition, as shown in Figure 3.25(f), the stress sensitivity decreased with increasing stress 

amplitude, which further reveals the stress-dependent response nature of the SSCCs. 

Figure 3.26 show the responses of the SSCCs with 2.0 vol.% CFs and the SSCCs 

with 2.0 vol.% CF-CNTs to repeated compression at loading rates of 0.2 mm/min, 0.4 

mm/min and 0.8 mm/min with a stress amplitude of 20 MPa. As shown in Figure 3.26(a) 

and (b), the responses of the two SSCCs appeared satisfactorily repeatable under different 

loading rates. Similarly, in all cases the SSCCs with 2.0 vol.% CF-CNTs showed better 

repeatability than its counterpart (see Figure 3.26(c) and Figure 3.26(d)). However, as 

shown in Figure 3.26(e), there was a slight reduction in FCR with increasing loading rate, 
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indicating the rate-dependent responses of the SSCCs.  

 

 
Figure 3.26 Self-sensing behaviours of the SSCCs under different loading rates, with a 
stress amplitude of 20 MPa. (a) SSCCs with 2.0 vol.% CFs. (b) SSCCs with 2.0 vol.% 
CF-CNTs. (c) FCR versus Stress for the SSCCs with 2.0 vol.% CFs. (d) FCR versus 

Stress for the SSCCs with 2.0 vol.% CF-CNTs. (e) Stress sensitivity versus loading rate. 
 

This behaviour may be ascribed to the intrinsic character of the cement-based matrix 

that the elastic modulus of cement-based material increases with the loading rate is 
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increased, which implies reduced compressive strain under dynamic compression at a 

certain stress amplitude. The distances between the conducive fillers are relatively large 

when the loading rate is high, resulting in lower conductivity and smaller FCR (Sun et al. 

2017a). This rate-dependent response of SSCC is undesirable for most applications, 

especially vibration-based SHM application (Materazzi et al. 2013). It is worth noting 

that the response of SSCCs with 2.0 vol.% CF-CNTs demonstrated weaker rate 

dependency, which may be due to its higher compressive strength and elastic modulus 

that leads to better consistency of self-sensing performance under different loading rates. 

3.4. Summary 

In this chapter, a novel conductive filler with hierarchical structure has been 

successfully synthesized by directly growing high density CNT arrays on CFs (CF-CNT) 

via CVD method. The complexity of the growth of CNTs on the CF surface by the CVD 

method was examined systematically by varying important factors including catalyst type, 

catalyst preparation methods, carbon source, CVD temperature, growth time and gas 

composition. After parametric study, the potential for utilizing CF-CNTs for fabricating 

SSCC was then investigated. The main conclusions of this chapter are summarized as 

follows. 

(1) The CVD parameters play key roles in influencing the kinetic and 

thermodynamic aspects of the CNT synthesis and varying the CF-CNT morphology. In 
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this manner, highly customized CF-CNTs with favourable morphologies and plausible 

properties can be achieved by varying these CVD parameters. 

(2) Using 100mM Ni(NO3)3·9H2O isopropanol solutions as catalyst precursors with 

a CVD regime of 20/20/100 sccm C2H2/H2/N2, at 650 ℃ for 30 min, a reasonable quality 

but poorly crystallized structure of CNTs with an average length of 16.50 m and 

diameter ranging from 38-74 nm have been synthesized on a CF surface. With CNT 

decoration, the CF-CNT displayed a hierarchical porous structure and a SSA of 14.1 m2/g, 

which is nearly 100 times higher than that of the pristine CF.  

(3) By assembling CF-CNT hierarchical fillers within cement matrix, the SSCCs 

exhibited impressive mechanical properties relative to the blank. SEM observation 

revealed that CF-CNT can effectively enhance fibre/cement matrix interfacial bond 

strength by encouraging hydration products penetrating the CNT forests, filling in porous 

structures surrounding the CF to improve the ITZ microstructure, bridging the nano-scale 

cracks and transferring load from CF to itself. However, due to the performance 

degradation of CF and exfoliation of CNT agglomerations, the mechanical properties of 

the SSCCs with CF-CNTs were not comparable to the SSCCs with CFs, especially the 

flexural properties.  

(4) CF-CNTs were more effective conductive fillers than CFs in terms of the 

enhancement of SSCC conductivity. The self-sensing behaviour of SSCCs with CF-CNTs 
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has higher linearity, better stability but lower sensitivity than SSCCs with CFs, which is 

interpreted as enhanced fill/matrix interfacial interactions.  

The research described in this chapter is only a preliminary attempt and verification 

for the application of the hierarchical CF-CNTs via CVD. Due to the limitations of the 

CVD system, the quantity and quality of CF-CNT filler at this stage are difficult to 

guarantee to fulfill the deeper and more systematic study on SSCCs with CF-CNTs. 

Despite the unfavourable performance in some respects illustrated in this chapter, 

hierarchical CF-CNTs are promising to tailor/ameliorate the mechanical properties and 

electrical properties of cementitious composites, thereby motivating the fabrication of 

high performance and multifunctional cementitious composites.  
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 Self-sensing Cementitious 

Composites Reinforced with Carbon Nanotube-

Cement Hierarchical Fillers  
 

4.1. Introduction 

As described in Chapter 3, CNTs grown on CFs have been successfully synthesized 

via the CVD method and identified as an effective conductive filler capable of relieving 

the dispersion issue of CNTs in a cement matrix and endowing the cement matrix with 

excellent mechanical, electrical and self-sensing properties. In this chapter, efforts are 

described on the direct growth of CNTs on cement particles (CNT@C) using the CVD 

method. This hierarchically structured material has been envisioned as one of most 

potential way to improve the dispersion of CNTs and develop more stable and sensitive 

SSCCs in a sustainable way (Buasiri et al. 2019; Sun et al. 2013; Zhan et al. 2020). 

Compared with other CNT-based composites such as CF-CNT, the CNT@C nanocarbon 

composites can act both as functional fillers and as matrix material itself directly involved 

in the hydration and hardening of the SSCC. In addition, cements such as sulphate-

resistant Portland cement that naturally contain the catalysts (Fe2O3) required for the CVD 

process may be used as substrates for CNT growth directly without the need of metal 

catalysts (Mudimela et al. 2009; Warakulwit et al. 2015). The production of the CNT@C 
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can also be easily integrated into the cement production process and needs no additional 

energy consumption to realize green and low-cost production (Nasibulin et al. 2009). 

However, up to now, reports on the synthesis of such unique nanostructure are very 

limited and all basically have concentrated on parametric investigation of the CVD 

process (Buasiri et al. 2019; Ghaharpour et al. 2016; Ludvig et al. 2010; Mudimela et al. 

2009; Nasibulin et al. 2009; Warakulwit et al. 2015). Very few studies have focused on 

their effects on cement hydration and properties of CNT@C reinforced cementitious 

composites, in particularly, the feasibility of fabricating the SSCCs with such conductive 

fillers. This topic is therefore explored in this chapter. 

The organization of this chapter is as follows. First, work on CNT@C nanocarbon 

composites synthesized by growing CNTs on cement particles via CVD was described. 

Effects of the synthesis process including temperature and growth time on CNT@C 

growth were systematically investigated and optimized. Second, based on the 

optimization results, SSCCs with different contents of CNT@C were then prepared and 

their early-age hydration, mechanical properties, microstructures, electrical properties 

and self-sensing property were studied. The study results were presented followed by 

concluding remarks. 
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4.2. Experimental materials and methods 

4.2.1. Synthesis of CNT@C via CVD 

Ground Portland cement (CEM Ⅰ 52.5, BS EN197-1:2000) obtained from Green 

Island Portland Cement Co., Ltd. (Hong Kong) with an average particle size of 15.1 m 

was used as the substrate. The metal-oxide compositions determined by X-ray 

Fluorescence (XRF, Malvern PANalytical AXIOS, UK) technique at 40 kV are provided 

in Table 4.1. Since the Fe2O3 amount of 2.97 wt.% corresponding to the Fe amount of 

1.68 wt.% responsible for catalysing is not sufficient for high-yield CNT growth (Dunens 

et al. 2009; Mudimela et al. 2009), additional Ni(NO3)3·9H2O (99%, Acros) was used as 

catalyst similar to Chapter 3. For the catalyst impregnation, 10 g of raw cement (RC) was 

introduced into 200 mL of Ni(NO3)3·9H2O isopropanol solution. In addition, 0.4 g of 

nano-Al2O3 (99.99%, γ-phase, 20 nm, Aladdin) was added as catalyst support to facilitate 

CNT growth (Takenaka et al. 2001). The mixture sealed with a parafilm was stirred with 

a magnetic stirrer at a rotating speed of 400 rpm, at room temperature for 24 h, followed 

by drying at 80 ℃ for 48 h. The obtained catalyst precursor block was carefully ground 

into powders using an agate mortar and then calcinated in a muffle furnace at 400 ℃ for 

12 h to decompose Ni-Al2O3-Cement (Ni-Al-C) catalyst. It can be seen from Table 4.1 

that the amount of Al2O3 and NiO was increased to 5.45 wt.% and 5.44 wt.% after catalyst 

impregnation. For CNT growth, 2 g of Ni-Al-C catalyst powder was uniformly paved in 
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a quartz boat which is loaded in the quartz tube of the CVD system described in Chapter 

3. To displace oxygen, the furnace was initially purged with N2 and heated to desired 

growth temperatures at a rate of 10 ℃/min. Then, a mixture of 20/100/200 sccm 

C2H2/H2/N2 was introduced into the CVD system for reaction. After the set growth time, 

the tube was allowed to cool to room temperature with a N2 atmosphere. 

 
Table 4.1 Metal-oxide concentrations of cement particles. 

Component Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Fe2O3 NiO 

Content 
(wt. %) 

RC 0.41 2.09 3.98 8.39 2.10 0.70 78.81 0.55 2.97 - 
Ni-Al-Ca 0.24 1.96 5.45 7.04 1.94 0.74 73.68 0.50 3.00 5.44 

a The concentration of Ni(NO3)3·9H2O isopropanol solution was 100 mM. 

4.2.2. Preparation of SSCCs with CNT@C 

When preparing the sample, the CVD-grown CNT@C was firstly ground into 

powders using the agate mortar. The preparation process was the same as that for SSCCs 

with CF-CNTs described in Section 3.3.2. The mix proportions of SSCCs with CNT@C 

fillers are shown in Table 4.2, in which the amount of water, silica fume and 

superplasticizer was by mass of cement, composed of Green Island Portland cement and 

CNT@C. The dimensions of all samples were fixed at 20 mm × 20 mm × 20 mm and 

the distance between the two copper electrodes was 10 mm.  
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Table 4.2 Mix proportions of SSCCs with CNT@C fillers. 

No. CNT@C Portland cement Water Silica fume Superplasticizer 
CNT@C-0 0 1 0.4 0.1 0.015 
CNT@C-5 0.05 0.95 0.4 0.1 0.015 
CNT@C-10 0.1 0.90 0.4 0.1 0.015 
CNT@C-15 0.15 0.85 0.4 0.1 0.015 
CNT@C-20 0.2 0.80 0.4 0.1 0.015 
CNT@C-25 0.25 0.75 0.4 0.1 0.015 

4.2.3. Characterization 

For the characterization of CNT@C, FESEM (Hitachi SU8020, Japan) at an 

operating voltage of 5 kV and TEM (JEOL 2100F, Japan) at an operating voltage of 200 

kV were used to characterize the morphologies of CNT@C. Energy dispersive X-ray 

spectroscopy (EDX) analysis was performed to determine the elemental maps of the 

CNT@C. The amount of CNT deposited on cement was determined by TG analysis (TGA, 

Mettler-Toledo TGA/DSC3+, Switzerland) in which the sample was heated to 900 ℃ 

under air atmosphere at a rate of 10 ℃/min. The structure of CNT on cement was 

evaluated using a Raman spectroscopy (Renishaw 2000, Britain) with laser excitations at 

633 nm. The phase compositions of cement and CNT@C were determined by XRD 

(Bruker D8 Advance, USA) with CuKα radiation operated at 40 kV and 40 mA. Data was 

collected in the 2θ range of 5-80° with step width of 0.02° and step time of 1.0 s. The 

BET (Micromeritics Tristar ASAP 2020HD88, USA) specific surface area was also 

measured by N2 adsorption measurements at about 77 K. The density of the CNT@C was 
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measured using a true density tester (JWGB JW-M100A, China) at 30 ℃ and 0.1 kPa. 

For the characterization of SSCCs with CNT@C, TGA with a heating rate of 10 

℃/min up to 1000 ℃ under N2 atmosphere and XRD measurement the same as for 

CNT@C were adopted to analyse the chemical compositions. An eight-channel 

isothermal calorimeter (TAM AIR TA, USA) was used under an isothermal condition of 

25 ℃ for 2.5 days to obtain the heat evolution of hydration. The microstructures of the 

samples after fracture were observed using a SEM (Tescan MAIA3, Czech). The 

compressive strength of the sample was tested using a hydraulic material testing system 

(MTS810, MTS, USA) equipped with a MTS compression platen (Model 643.06) at a 

constant loading rate of 1.2 mm/min. The electrical resistance of the sample was measured 

consistent with Section 3.3.3. Electrochemical impedance spectroscopy (EIS) was 

measured using an electrochemical workstation (Autolab PGSTAT302N, Metrohm, 

Switzerland) with a frequency sweep from 10-2 Hz to 106 Hz and a low-amplitude AC 

excitation of 10 mV. The self-sensing properties of the sample were assessed using the 

same method as in Section 3.3.3 while using the MTS810. All experiments were 

conducted at room temperature.  
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4.3. Results and discussion 

4.3.1. Synthesis and characterization of CNT@C 

Figure 4.1 shows the appearance changes of cement particles during the catalyst 

impregnation and CVD treatment. It can be observed that due to the doping of green 

Ni(NO3)3·9H2O catalyst, the cement particles changed from grey to grey-green (Figure 

4.1(a-d)). After calcination at 400 ℃ for 12 h, the colour became brown black since the 

Ni(NO3)3·9H2O was thermally decomposed into brown-black Ni2O3 (Figure 4.1(c)) 

(Brockner et al. 2007) and then turned dark-black after CVD growth, indicating the 

formation of CNTs. During heat treatment, the thermal decomposition of gypsum 

(CaSO42H2O) in cement clinker had no effect on colour change. The evolution of 

CNT@C was also observed via SEM images (Figure 4.1(e-h)). Ni-catalyst nanoparticles 

were uniformly deposited on the surface of cement particles, thus causing the appearance 

variations. The chemical composition identified by EDX analysis shows that the amount 

of Fe on raw cement clinker surfaces was 2.82 wt.% and no Ni element was identified 

(Figure 4.1(e), inset), which is in agreement with the XRF data. After catalyst 

impregnation, the detected high amount of Ni confirms the presence of catalyst particles 

on cement surfaces to provide templates for CNT growth. Figure 4.1(h) shows a uniform 

and good coverage of CNTs on cement particles with lengths of several micrometres.  
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Figure 4.1 Images of (a) Raw cement particles. (b) CNT@C catalyst precursor after 
drying. (c) CNT@C catalyst precursor after calcination. (d) The as-grown CNT@C. 

SEM images and EDX spectra (Insets) (e) Raw cement particles. (f) CNT@C catalyst 
precursor after drying. (g) CNT@C catalyst precursor after calcination (h) The as-
grown CNT@C under growth condition: C2H2/H2/N2=40/40/100 sccm, 550 ℃, 20 

min. 
 

To validate the interfacial bonding between the CNTs and the cement particles, the 

as-grown CNT@C was sonicated in isopropanol for 30 min. As shown in Figure 4.2(a), 

the CNTs were strongly attached on the cement surface without obvious fall-offs, which 

is supported by the lack of obvious change in the isopropanol solution before and after 

sonication (Figure 4.2(a), inset). In contrast, the CNTs formed cross-linked networks and 

generated bridging effect between cement particles (Figure 4.2(b)), which would be 

beneficial to reinforcing the mechanical properties of CNT@C/cement composites 

(Nasibulin et al. 2013) and avoid re-agglomeration of CNTs in cement pastes (Stephens 

et al. 2016). The high-magnification SEM image of the CNT@C demonstrated its outer 

diameter mainly ranging from 25-55 nm, indicating the as-formed CNTs were multi-

walled CNTs (Figure 4.2(c)).  
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Figure 4.2 (a) and (b) SEM images of the as-grown CNT@C after 30 min sonication. 
Inset in (a) shows the photos of the as-grown CNT@C before and after sonication. (c) 

High-magnification SEM image of the CNT@C after sonication. Inset shows the 
diameter distribution analyzed by Image-J. (d) HAADF-STEM image and the 

corresponding elemental mapping images of the CNT@C. (e) TEM image of the 
CNT@C after sonication. Inset shows the selected area electron diffraction (SAED) 

pattern. (f) HRTEM image of one CNT. (g) HRTEM image of Ni nanoparticle 
encapsulated in CNT. Growth condition: C2H2/H2/N2=40/40/100 sccm, 550 ℃, 20 min. 

 

The High-Angle Annular Dark Field scanning TEM (HAADF-STEM) image and 

the corresponding elemental mapping images demonstrated the distribution of C, Ni, Fe, 

Ca, O, Al elements on the as-grown CNT@C. As observed, Ni elements were 
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homogenously distributed in CNTs and separated from Ca, O, Al, Fe elements associated 

with cement particles (Figure 4.2(d)), suggesting the tip-based growth mechanism of the 

CNT on cement. This is further revealed by TEM observation in which Ni-catalyst 

nanoparticles were observed among the CNTs and the CNTs were synthesized into the 

cement particles in situ with a vertical growth (Figure 4.2(e)). This is an important feature 

of CNT@C in terms of strong interfacial bonding between the CNTs and the cement 

matrix. The ring-like pattern in SAED in Figure 4.2(e) shows the (002) and (004) 

diffraction rings of CNTs. Additionally, the HRTEM result shows the as-grown CNT with 

Ni catalyst at its end is multi-walled while poorly crystallized with an outer diameter of 

31.5 nm, consistent with the SEM results (Figure 4.2(f, g)). The apparent lattice fringes 

have a neighbouring spacing of 0.34 nm, which corresponds to the (002) plane of graphite.  

The effect of temperature on CNT@C growth was performed at 450-850 ℃ with 

intervals of 100 ℃. The SEM images of the CNT@C synthesized at different 

temperatures are shown in Figure 4.3(a-h). Due to the high catalytic activity of Ni species 

at low temperature, short and entangled CNTs were readily formed with good coverage 

on the cement surface in the 450 ℃ sample, which is different from previous works in 

which no carbon deposits were observed below 550 ℃ when using Fe species as catalysts 

(Warakulwit et al. 2015). For CNT@C samples grown at 550 ℃ and 650 ℃, the length 

of CNTs rapidly increased and the average CNT diameter increasing with synthesis 
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temperature is clearly visible. Up to 750 ℃, the CNT feature is not well-defined anymore, 

forming large quantities of graphite or coke. The BET surface areas of the CNT@C 

samples synthesized at different temperatures were all significantly increased compared 

to the raw cement by the deposition of carbon materials (Figure 4.3(g)). The maximum 

BET surface area was found to be 45.69 m2/g for the 550 ℃ sample, which is in agreement 

with the SEM result that the 550 ℃ sample has the most abundant CNTs. 

The temperature-dependent CNT growth was also evidenced by XRD analysis 

(Figure 4.3(h)) , where the peak at 2θ = 26º(indexed as C (002)) corresponding to the 

interplanar spacing of 0.34 nm of the CNTs was clearly detected in the case of 450-650 

℃, while vanishing for the 750 ℃ and 850 ℃ samples. The phase transitions of raw 

cement and CNT@C samples synthesized at different temperatures are also observed in 

the XRD spectra. From the Rietveld XRD quantitative analysis, the main constituents of 

raw cement include alite (C3S, 51.28 wt.%), belite (C2S, 22.40 wt.%), aluminate (C3A, 

6.99 wt.%), brownmillerite (C4AF, 8.28 wt.%), gypsum (CaSO42H2O, 4.57 wt.%) and 

calcite (CaCO3, 6.49 wt.%). Note that the peaks corresponding to CaCO3 overlap with 

the C2S and C3S peaks, and are omitted in the XRD spectra. The peak at 2θ = 11.7º 

assigned to gypsum vanished owing to its thermal decomposition after calcination and 

CVD growth, transiting into anhydrite (CaSO4, peak at 2θ = 25º), which is also indicated 

in the Raman spectrum where the Raman band of gypsum (1010 cm-1) disappeared. The 
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most important change is that the peak intensity of Fe/Ni/Al-C so-solid (2θ = 45º) was 

enhanced with the increasing temperature. The peak of C4AF was disappeared at 850 ℃, 

indicating the strong interaction among Ni, Fe, Al and C species (Phan et al. 2014). This 

may be one of the reasons for the reduced CNTs at high temperature as the formation of 

metallic carbide causes the catalyst deactivation (Latorre et al. 2010; Pérez-Cabero et al. 

2004; Rinaldi et al. 2009). 

The comparable ID/IG values of all samples within the range of 0.9-1.1 is much lower 

than for commercial CNTs (ID/IG = 0.68) (Zhan et al. 2020), indicating the formation of 

poorly crystallized CNT associated with a large number of defects (Figure 4.3(h)). In the 

Raman spectrum of the raw cement, C3S at 828 cm-1, C2S at 864 cm-1, gypsum at 1010 

cm-1 and calcite (CaCO3) at 1086 cm-1 were detected (Potgieter-Vermaak et al. 2006; 

Prieto-Taboada et al. 2014; Schmid and Dariz 2015). The intensity of calcite at 1086 cm-

1 gradually attenuated with increasing temperature and totally disappeared at 850 ℃, 

indicating that CaCO3 can be thermally decomposed under the CVD conditions. The 

decomposition of CaCO3 leads to the release of CO2 as an additional carbon source that 

reacts with C2H2 to decompose carbon. In addition, the C2H2 decomposition is very fast 

at high temperature, resulting in the total amount of carbon deposited on the catalyst 

exceeding the catalyst solubility, forming encapsulating coke on the catalyst (Figure 

4.3(f)). This may be another reason for the reduced CNTs at high temperature 
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(Ghaharpour et al. 2016). Conclusively, the most appropriate temperature range for the 

CNT@C growth is 550-650 ℃, as revealed in this study. 

 

 

Figure 4.3 Effect of temperature on CNT@C growth. SEM images of CNT@C grown 
at (a) 450 ℃. (b) 550 ℃. (c) 650 ℃. (d) 750 ℃. (e) 850 ℃. (g) BET surface areas of 
raw cement and the CNT@C grown at different temperatures. (h) XRD analysis of 
phase evolutions of the CNT@C grown at different temperatures. (i) Raman spectra 
of raw cement and the CNT@C grown at different temperatures. Growth condition: 

C2H2/H2/N2=40/40/100 sccm, 20 min. 
 

Figure 4.4 shows the results of the CNT@C samples grown for different treatment 
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times. As shown in Figure 4.4(a), only nano-sized carbon dots were formed on the catalyst, 

which would act as seeds for longer growing CNT. With increasing growth time the 

density of the CNTs and size of the CNT@C increased remarkably. The initially vertical 

growth direction of CNTs became irregular due to different growth rates and the 

restriction of dense CNT coverage, forming a nest-like morphology of CNT@C after 30 

min growth (Figure 4.4(d)). Due to the broad distribution of cement particles, it is difficult 

to measure the length of CNTs on cement.  

 

 

Figure 4.4 SEM images of CNT@C grown for (a) 5 min. (b) 10 min. (c) 20 min. (d) 30 
min. (e) TG-DTG analysis of CNT@C grown for different growth time. (f) Mass losses 

derived from TG curves, BET surface areas and pore volumes of CNT@C grown for 
different growth times. Growth condition: C2H2/H2/N2=40/40/100 sccm, 550 ℃. 
 

TG-DTG analysis was performed in air atmosphere to estimate the growth rate of 

CNTs. As shown in Figure 4.4(e), the raw cement demonstrates three DTG peaks at 116 
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℃, 434 ℃ and 699 ℃, corresponding to the dehydration of CaSO42H2O,decomposition 

of CaSO4 and decarbonation of CaCO3 (Pane and Hansen 2005), which is in agreement 

with the XRD and Raman results. The total mass loss of the raw cement was 4.91 wt.% 

(the decomposition of CaCO3 accounts for 3.45 wt.%). While a temperature range of 480-

556 ℃ attributed to the decomposition of CNTs and a CaCO3 decomposition peak at 699 

℃ were observed in the TG-DTG curves of the CNT@C samples as the gypsum was 

decomposed during the calcination. It seems that the longer growth time causes an 

increase in the decomposition temperature of CNT, indicating the higher level of its 

crystallinity. Due to the low amounts of CNTs in the 5-min and 10-min samples, the mass 

loss accounted for CNT decomposition cannot be separated in the TG-DTG curves. 

However, the mass loss accounting for CaCO3 decomposition in the 20-min and 30-min 

samples were 3.30 wt.% and 3.21 wt.%, which are consistent with the value for raw 

cement and the quantitative result of XRD analysis (6.49 wt.%, the mass loss due to 

CaCO3 decomposition is 3.12 wt.%). It is therefore reasonable to assume that the amount 

of CaCO3 in the 5-min and 10-min samples is equal to that of the raw cement. The mass 

loss accounting for CNT decomposition of each sample is shown in Figure 4.4(f). A mass 

loss rate of 0.76 wt.%/min was obtained using a linear fitting. The BET surface areas and 

pore volumes of the CNT@C samples also demonstrated the same trend as the TG-DTG 

results, the 30-min sample has a BET surface area as high as 78.89 m2/g (30 times higher 
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than the raw cement of 2.7 m2/g) and pore volume of 0.086 cm3/g (28 times higher than 

the raw cement of 0.003 cm3/g) due to its nest-like morphology. 

4.3.2. Investigations on properties of SSCCs with CNT@C 

As discussed above, the nest-like CNT@C has dense and long CNTs covalently 

anchored to cement particles and has distinctive characteristics with raw cement such as 

enhanced specific surface area and reduced gypsum and CaCO3. The replacement of 

cement by CNT@C definitely influences the properties of CNT@C/cement composites 

and endows functionality. In this section, SSCCs incorporating with CNT@C grown 

under an optimized condition (C2H2/H2/N2=40/40/100 sccm, 550 ℃, 30 min) were 

fabricated to investigate the effects of CNT@C on hydration, mechanical, electrical and 

self-sensing properties of the SSCCs. The density of the as-grown CNT@C was obtained 

as 2.66 ± 0.02 g/cm3 by taking four repeated true density measurements. The content of 

CNTs in CNT@C was estimated as 20.42 ± 1.21 wt.% by taking four repeated TGA 

measurements.  

4.3.2.1. Hydration of SSCCs with CNT@C 

To study the influence of the CNT@C incorporation on the hydration process of 

SSCC blends, the hydration heat for each specimen was recorded for a period up to 2.5 

days. The hydration heat development of the SSCCs with different contents of CNT@C 



 

123 

is shown in Figure 4.5. Addition of CNT@C did not cause significant change in the 

hydration process of the SSCC blends, which can still be divided into five stages, i.e. 

initial period (Ⅰ), induction period (Ⅱ), acceleration period (Ⅲ), deceleration or retardation 

period (Ⅳ) and steady period (Ⅴ) (Figure 4.5(a)) (Han et al. 2019). The initial period due 

to superficial reactions of C3A occurred within just a few minutes, no obvious difference 

between the control (labelled as CNT@C-0) and the SSCCs with CNT@C was observed 

in that short period. For the induction period, in comparison with the blank, the addition 

of CNT@C shortened the induction period and brought forward the onset of the 

acceleration period, which is consistent with the results reported by Makar et al. (Makar 

and Chan 2009) and Li et al. (Li et al. 2020). The end of the acceleration period was also 

significantly hastened. As shown in Figure 4.5(b), the age at peak heat flow indicated the 

final set decreased with increasing CNT@C content. The maximum peak shift was 

observed in the CNT@C-20 composite as 6.21 h, which is 50.12 % earlier compared with 

the control (12.45 h). As the acceleration period is mainly determined by the hydration of 

C3S, the observed change in hydration behaviours is attributed to the interaction between 

CNTs and C3S hydration products including C-S-H gel and CH (Makar and Chan 2009). 

The existence of CNTs on cement surfaces would provide nucleation sites for C-S-H and 

CH formation so that an increase of CNT@C significantly accelerated the SSCC 

hydration process (Li et al. 2020; Stynoski et al. 2015; Tafesse and Kim 2019). In the 
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deceleration period, an apparent exothermal peak associated with the transformation of 

ettringite (AFt) into monosulfoaluminate (AFm) due to the remaining gypsum was only 

observed in the control (Bullard et al. 2011). The absence of such a peak in the CNT@C 

composites may be ascribed to reduced gypsum content due to its thermal decomposition 

during the CNT@C synthesis as discussed in Section 4.3.1.  

 

 
Figure 4.5 Isothermal calorimetric measurements of the SSCCs with CNT@C. 

(a) Heat flow. (b) Peak heat flow age. (c) Cumulative heat evolution. (d) Heat of 
hydration at 60 h. 

 

Figure 4.5(c) shows the total cumulative heat curves of the SSCCs with different 

contents of CNT@C during the 2.5 days. Except for the CNT@C-5 sample, the CNT@C 

samples basically have higher heats of hydration at initial stages, falling below the control 

after 2.5 days. The slight increase in heat of hydration at 2.5 days for the CNT@C-5 
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sample was found as 4 J/g/2%. However, the cumulative heat release obviously reduced 

with increasing CNT@C content (Figure 4.5(d)). This is to be expected since the presence 

of CNTs on cement restricts the space available for hydration products growth. On one 

hand, the CNTs can strongly wrap around cement surface and take up the nucleation sites, 

thus inhibiting the longitudinal growth of the hydration products (Makar and Chan 2009). 

On the other hand, although the more nucleation sites can accelerate the hydration 

reactions initially, the extremely large specific surface area of CNTs would trap water 

molecules via electrostatic forces, in turn reducing the water needed to dissolve the 

anhydrous grains and complete the hydration in long-term evolution (Konsta-Gdoutos et 

al. 2010; Moulin et al. 2005). Therefore, the heat of hydration at the later ages decreased 

due to the replacement of cement by CNT@C. 

It should be noted that the smaller heat of hydration does not mean lower hydration 

degree. Here, TG-DTG analysis was used to determine effect of CNT@C on the hydration 

degree of the SSCC blends at the later ages. Figure 4.6 shows TG-DTA results for the 

SSCCs with CNT@C at 1 day, 7 days and 28 days. Three major mass loss transitions with 

the first within 100-200 ℃ corresponding to the dehydration of C-S-H and hydrated 

aluminate phases such as AFt (noted as phase-1), the second within 400-500 ℃ due to 

the decomposition of CH (noted as phase-2) and the third around 700 ℃ attributed to the 

decarbonation of CaCO3 (noted as phase-3) can be observed in the TG-DTG curves. The 
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phase-1 and phase-2 are the main hydration products of Portland cement (Chaipanich and 

Nochaiya 2010; Yu et al. 2014). The non-evaporable water content defined as the overall 

mass loss measured between 105-1000 ℃ can be used as an empirical measure of the 

degree of hydration (Taylor 1997).  

 

 
Figure 4.6 TG-DTG analysis of the SSCCs with CNT@C at 1 day, 7 days and 28 

days. 
 

The overall mass loss measured between 105-1000 ℃ and the mass loss of each 

phase derived from DTG curves are presented in Figure 4.7. The overall mass losses for 

all samples increased with increasing ages, indicating increased a hydration degree for 

the samples (Figure 4.7(a)). After 1 day of curing, the overall mass loss of the control was 

much lower than the values measured for the CNT@C composites, indicating that the 

system hydrated to a smaller extent when there was no CNT@C. This is also evidence of 
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the lower mass losses of phase-1 (Figure 4.7(b)) and phase-2 (Figure 4.7(c)) in the control. 

However, as the curing age increased, the overall mass loss in the control caught up at 7 

days and even overtook the CNT@C composites at 28 days. The result agrees well with 

the thermal calorimetry test that the CNT@C can act as nucleation sites to promote the 

early-age hydration of cement while restricting the hydration rate at later ages due to 

water retained by the CNTs, resulting in t comparable hydration degree of the control and 

the CNT@C composites at 28 days.  

In addition, except for the control, the mass loss of phase-2 also increased with 

increasing hydration age, indicating the sustained formation of CH. The decrease of CH 

in the control may be attributed to the carbonation of CH into CaCO3 (Wang et al. 2019). 

As indicated in Figure 4.7 (d), the mass loss due to decomposition of CaCO3 in the control 

significantly increased at 28 days. It is also observed that the CH content in the CNT@C 

composites was higher than in the control regardless of hydration age, which means the 

more formation of CH with the addition of CNT@C. However, the amount of CH 

decreased with increasing content of CNT@C as evidence by the persisting decline in 

mass loss of phase-2.  

To verify such phenomena, the evolution of the CH phase in all samples with curing 

ages was then investigated using XRD analysis. As shown in Figure 4.8, the formation of 

hydration products was not affected by the presence of CNT@C as no new peaks were 
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observed in CNT@C samples regardless of curing age. However, as observed, the 

intensities of the main diffraction peaks of CH in the CNT@C composites increased with 

increasing curing ages, while decreasing in the control. At 28 days, the intensity of CH in 

the control was much weaker than in the CNT@C composites, indicating less formation 

of CH. Similarly, the strongest peak intensity of CH in the CNT@C-5 sample is consistent 

with the TG-DTG analysis that the CNT@C-5 has a largest mass loss of CH phase. In 

addition, the CH formed in CNT@C composites has a preferred orientation to (001) 

crystal plane, which always takes place in porous zone where free space is available 

(Harutyunyan et al. 2003).  

The XRD and TG-DTG results both revealed that the CNT@C can increase the 

formation of CH at late ages, which differs from previous studies stating that the addition 

of CNTs can reduce the size and crystal orientation of CH (Cui et al. 2017) or have no 

effect on the formation of CH (Tafesse and Kim 2019). This phenomenon is tentatively 

explained as follows: as characterized in Section 4.3.1, the nest-like CNT@C has a large 

surface area and a porous structure so that a water film is assumed to form at the CNT 

surface, which acts as a “wall” to reduce the amount of water penetrating into the CNT@C 

hierarchical structure to react with the innermost cement. The structure in the vicinity of 

the CNT@C surface may be similar to ITZ around aggregate, in which preferentially 

oriented CH crystals enriched are formed (Hewlett and Liska 2019). 
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Figure 4.7 Mass loss derived from DTG curves of the SSCCs with CNT@C at 1 day, 
7 days and 28 days. (a) Overall mass loss measured between 105 ℃ - 1000 ℃. (b) 

Phase-1. (c) Phase-2. (c) Phase-3. 

 

 
Figure 4.8 XRD analysis of the SSCCs with CNT@C at 1 day, 7 days and 28 days. 
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Figure 4.9 Typical SEM images the fracture surface of SSCCs with CNT@C. 
 

The above results demonstrated that the hydration process was hindered at later ages 

with the addition of CNT@C, which was further verified by SEM observations. As shown 

in Figure 4.9, many unhydrated CNT@C particles existed in the composites after curing 

for 28 days, around which abundant hexagonal plate-like CH phases can be found. As the 

dense CNT forest on cement particles restricted the penetration of water reacting with the 
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carpeted cement clinker, voids and CNTs not wrapped by hydration products were formed, 

which may have a negative impact on the final strength of the SSCC. On the other hand, 

the incorporation of CNT@C provided CNT reinforced C-S-H, CNT pull-out and CNT 

bridging effects that would in turn enhance the mechanical properties of the SSCC, as 

observed in Figure 4.9(e) and Figure 4.9(f). Therefore, the effect of CNT@C on the 

compressive properties of the SSCC was investigated as described in the next section. 

4.3.2.2. Compressive properties of SSCCs with CNT@C 

Figure 4.10 shows compressive properties of SSCCs with CNT@C after 28 days 

under monotonic loading to failure at a loading rate of 1.2 mm/min. It can be observed 

that the increasing amount of CNT@C led to a decrease in the stress at first-cracking 

(Figure 4.10(a)) as well as compressive strength(Figure 4.10(b)) in spite of a minor 

increase observed for the CNT@C-5 sample. Specifically, compared with the CNT@C-0 

sample, the compressive strength increased by 3.1 MPa/3.9% for the CNT@C-0 sample 

and decreased by 12.8 MPa/16%, 24.1 MPa/30% and 44.2 MPa/55% for CNT@C-10, 

CNT@C-15 and CNT@C-20, respectively. Moreover, the addition of CNT@C had a 

negative impact on the Young’s modulus(Figure 4.10(b)). However, it was observed from 

the compressive stress/strain curves that the addition of CNT@C has a strain-hardening 

effect on the composites due to the crack-bridging capacity and pull-out effect of CNTs 
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(Abu Al-Rub et al. 2012). The effect was more pronounced with the increasing CNT@C 

content.  

 

 
Figure 4.10 Effect of CNT@C on compressive properties of SSCCs with CNT@C 

after 28 days. (a) Relationship between compressive stress and strain. (b) 
Compressive strength and Young’s modulus of the SSCCs. 

 

Enhancement of the compressive properties of cementitious composites with the 

addition of CNTs has been much reported (Chaipanich et al. 2010; Kumar et al. 2012; Li 

et al. 2005; Musso et al. 2009). Three main mechanisms of CNTs contributes to the 

reinforcement of compressive properties: (1) The filling effect of CNTs reduce the 

porosity of the composites, resulting in denser microstructures of hydration products (Li 

et al. 2005); (2) The bridging effect of CNTs can transfer load from the matrix to the 

CNTs, thus delaying the crack growth within the composites (Kumar et al. 2012; Makar 

et al. 2005); (3) The presence of CNTs can play a role as nucleating agents for C-S-H gel, 

accelerating the hydration process, reducing the size of the CH and AFt crystal phases 

and modifying the orientation index of CH, thus improving the CNT/matrix interfacial 
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bond and leading to denser and stronger microstructure (Han et al. 2017b; Makar and 

Chan 2009; Musso et al. 2009; Parveen et al. 2015). Based on the results of isothermal 

calorimetry, TG-DTG, XRD and SEM characterizations, these reinforcing mechanisms 

can indeed explain the increase in the compressive properties of the CNT@C-5 sample. 

However, the observed negative impact of CNT@C at higher contents should be taken 

into consideration separately. Previous studies have attributed this sacrificial 

reinforcement degree of high-level CNT dosage to the poor dispersion of CNTs (Collins 

et al. 2012; Konsta Gdoutos et al. 2010; Korayem et al. 2017; Stephens et al. 2016). Poorly 

dispersed CNTs would lead to the formation of defects or crack initiators, thus impairing 

the enhancement efficiency of the CNTs in the composites. However, the dispersion issue 

is assumed to be not significant in the case of CNT@C. This was confirmed using 

electrochemical impedance spectroscopy as discussed in the next section. To explain the 

reduction of the compressive properties, four mechanisms are proposed as follows: (1) 

Since the CNTs grown on cement particles was poorly crystallized associated with a large 

number of defects (Figure 4.3(h)), the mechanical properties of CNTs would be inferior 

to the commercially defect-free CNTs with a complete graphitization (Sammalkorpi et al. 

2004), thereby the compromised reinforcement effect in nature; (2) The increasing 

CNT@C incorporation in cement paste indicates a higher amount of water absorbed by 

CNTs, thus hampering cement paste hydration (Musso et al. 2009). (3) The nest-like 
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morphology of CNT@C leads to the excessive formation of highly oriented CH crystals 

around while reduces the amount of C-S-H gel (as verified in TG-DTA and XRD results), 

thereby less formation of hydration products that contribute to the strength of the 

composites (Abu Al-Rub et al. 2012; Han et al. 2017b). (4) The presence of voids and 

CNTs not coated with hydration products may be also important factors explaining the 

failure mechanism of SSCCs with high contents of CNT@C. These mechanisms were 

also confirmed by the isothermal calorimetry, TG-DTG, XRD and SEM 

characterizations as discussed in Section 4.3.2.1. 

4.3.2.3. Electrical properties of SSCCs with CNT@C 

Due to the excellent conductive nature of CNTs, the CNT@C is envisioned as an 

effective filler enhancing the electrical conductivity of the SSCCs, hence achieving the 

self-sensing properties. The effect of the CNT@C incorporation on the electrical 

properties of hardened SSCCs was then investigated.  

Figure 4.11 shows the DC electrical resistances of the SSCCs with CNT@C after 

curing for 28 days as a function of filler content. A continuous decrease in the DC 

electrical resistance of the SSCCs was observed with the increase of CNT@C content. As 

indicated in the log-log plot (Figure 4.11, inset), the electrical resistance of the composites 

perfectly follows the principle of percolation model. Percolation in the composites occurs 
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when the filler content is near 5 wt.% (the pure CNT content is estimated to be 1.02 ± 

0.06 wt.%), above which a rapid decrease in the DC electrical resistance takes place from 

values of 2.94  105  at 5 wt.% to 2.41  104  at 10 wt.%. The percolation zone is 

almost the same as the SSCC with commercial CNTs (Saafi 2009; Zhang et al. 2018) and 

much lower than the CF-CNT filler discussed in Chapter 3. Such an applausive 

percolation behaviour is evidence of excellent homogeneous dispersion of CNTs in the 

cementitious composites. An increase in CNT@C content above 10 wt.% produces a 

more gradual decrease in electrical resistance, with values of 2.76  103  at 15 wt.% and 

660  at 20 wt.%.  

 

 

Figure 4.11 Electrical resistance of the SSCCs with CNT@C as a function of CNT@C 

content. Inset shows log-log plot. 

 

In this study, an additional CNT@C content of 25 wt.% was investigated, which is 

the maximum mouldable CNT@C content that can be dispersed into cement paste. At a 
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CNT@C content as high as 25 wt.%, the electrical resistance can be as low as 350 , 

which is approximately three orders of magnitude less than the control sample. At this 

time, the conductivity of the SSCC is dominated by the CNT network of many connected 

paths through the cement matrix.  

To investigate the evolution of the electrical microstructure of the SSCCs with 

different contents of CNT@C, AC electrochemical impedance spectroscopy (EIS) and 

equivalent circuit modeling were conducted with a frequency range of 10-2 Hz - 106 Hz 

and a low-amplitude AC excitation of 10 mV. Figure 4.12 shows the Nyquist plots of the 

AC-EIS of the SSCCs with different contents of CNT@C. It can be observed that the 

topological structure of EIS is highly related to the CNT@C content. For the control 

sample without CNT@C (Figure 4.12(a)), it behaviours as an ideal electrochemical 

system, exhibiting a high-frequency semicircular arc (for the electrical response of the 

bulk material) and a straight line with a 45° slope (for the electrochemical response of 

the external electrodes) (Torrents et al. 2001; Wansom et al. 2006). A modified Randle 

cell model (Figure 4.12(a), inset) can be used to describe the impedance response of the 

control sample, where Rs represents the electrolyte solution resistance. CPEe (Constant 

phase element) is used instead to compensate for the non-ideal capacitive characteristics 

of the electrical double layer between the electrodes and the electrolyte caused by surface 

roughness, leakage capacitance and non-uniform distribution. Rct stands for the charge-
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transfer resistance on the surface of electrodes. W is the Warburg resistance caused by the 

diffusional effects of electrolyte ions on the electrodes (Dong et al. 2014). With the 

addition of 5 wt.% CNT@C, the EIS remains relatively unchanged while shifts to left 

along the real axis, which means a decrease in the impedance of the whole system as the 

current flow through the highly conductive CNTs. To describe the impedance response of 

the SSCCs with CNT@C, additional elements including a CPEp and Rp in parallel was 

proposed in which CPEp represents the double layer capacitance at CNT-matrix interface 

and Rp represents the resistance of CNT-matrix conductive paths. Since the percolation 

network has not entirely formed at 5 wt.%, the CNT-matrix conductive paths are only 

partially connected. In addition, the presence of the linear part of EIS at low AC 

frequencies governed by charge diffusion indicates that the ionic conduction plays the 

leading role in the electrical conduction of the CNT@C-5 sample (Sun et al. 2017a).  

However, when the amount of CNT@C was increased to 10 wt.%, i.e. above the 

percolation zone, the topological structure of EIS was significantly different from the first 

two cases. The linear part was not very obvious while a high-frequency semicircular arc 

emerged, which indicates the presence of highly conductive components in the system. 

Definitely, the percolation between CNTs, i.e. continuous conductive paths can be 

attributed to this change. To describe the behaviours of the SSCCs with CNT@C beyond 

the percolation zone, CPEc corresponding to the double layer capacitance of CNT surface 
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and Rc corresponding to the resistance of CNT-CNT conductive path in parallel were 

added to the equivalent circuit of the CNT@C-5 (García-Macías et al. 2017).  

 

 
Figure 4.12 EIS spectra and equivalent circuit prediction results of the SSCCs with 

CNT@C. (a) CNT@C-0. (b) CNT@C-5. (c) CNT@C-10. (d) CNT@C-15. (e) 
CNT@C-20. (f) CNT@C-25. 

 

With the increase of CNT@C content up to 25 wt. %, the EIS spectrum of the 
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CNT@C-25 sample demonstrated a second cusp at higher frequencies, which was not 

observed with other CNT@C samples. In addition, the Zre value at 10-2 Hz of the 

CNT@C-25 sample was higher than that of the CNT@C-20 sample. This suggests the 

presence of CNT agglomerations in the composite at such a high CNT@C content 

(García-Macías et al. 2018; Woo et al. 2005). Therefore, a CPEa was supplemented in the 

equivalent circuit of CNT contributions via parallel connection to describe the effect of 

CNT agglomerations (Figure 4.12(f)). As shown in Figure 4.12, the measured values in 

each composite were highly coincident with the values predicted by the proposed 

equivalent circuits. In addition, the percolation phenomenon observed by EIS 

measurements is in accordance with the DC electrical resistance results, indicating that 

the proposed equivalent circuits are reasonable to explain the electrical microstructures 

of the SSCCs with and without CNT@C. From the perspective of dispersion, the 

consistent EIS spectra for the CNT@C-10, CNT@C-15 and CNT@C-20 samples 

revealed that the uniform dispersion of CNT@C can be achieved in these composites 

(Danoglidis et al. 2019).  

4.3.2.4. Self-sensing properties of SSCCs with CNT@C 

To investigate the self-sensing properties of SSCCs with CNT@C, experiments were 

first conducted under monotonic uniaxial compression to 25 MPa at a loading rate of 1.2 
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mm/min. Prior to the tests, all samples were connected to ends of a multimeter for 2h to 

minimize the polarization effect on resistance variations. The relationship between strain 

and FCR of the composites is presented in Figure 4.13(a). It is clear that the FCR of the 

control sample is nearly unaffected with regard to the compression, indicating its poor 

sensitivity to strain/stress. The CNT@C addition evidently enlarged the FCR and such 

enhancement was more pronounced with the increasing CNT@C content, indicating 

higher sensitivity. As shown in Figure 4.13(b), the stress sensitivity was slightly increased 

from 0.11 %/MPa for CNT@C-0 to 0.29 %/MPa for CNT@C-5. When the CNT@C 

content increased to 10 wt.%, i.e. the percolation threshold, a remarkable increase in stress 

sensitivity was obtained as 1.82 %/MPa, which is 18 times higher than the control sample. 

This is consistent with the fact that an SSCC with a filler content near percolation 

threshold undergoes an abrupt change of electrical resistance upon deformation, i.e. high 

sensitivity (Ding et al. 2019). Further increase of CNT@C content continuously increased 

the stress sensitivity, achieving a maximum of 2.87 %/MPa for the CNT@C-25 sample.  

Note that the FCR in the cases of the CNT@C samples that experienced linear increase 

and then slow-down was nonlinear with respect to strain. To obtain the strain sensitivity 

(Gauge factor), the linear parts of the plots (within 300 ε) were applied for the linear 

fitting.  
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Figure 4.13 (a) FCR versus Strain for SSCCs with different CNT@C contents under 
monotonic compression with an amplitude of 25 MPa. (b) Gauge factor and stress 

sensitivity of SSCCs with different CNT@C contents. 
 

As shown in Figure 4.13(b), the gauge factor of the control was determined as 21.5 

and increased to 748 for the CNT@C-25 sample. The results indicate the extremely high 

sensitivity of the SSCC with CNT@C under low levels of deformation, suggesting great 

potential for strain-sensing applications. The gauge factor of the SSCC with CNT@C-25 

outperforms most of the SSCC with commercial CNTs (Camacho-Ballesta et al. 2016; 

Danoglidis et al. 2016; Materazzi et al. 2013) as well as other reported conductive fillers 

including CB (Monteiro et al. 2017), CF (Azhari and Banthia 2012), multi-layer graphene 

(Sun et al. 2017b), CNT/TiO2 (Zhang et al. 2020), CNT/NCB (Han et al. 2015d, 2017a; 

Zhang et al. 2018) and stainless steel wire (Dong et al. 2016), as demonstrated in Figure 

4.14.  
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Figure 4.14 Comparison of the gauge factor of SSCC with CNT@C-25 with the 

reported SSCCs with different conductive fillers (Azhari and Banthia 2012; 
Camacho-Ballesta et al. 2016; Danoglidis et al. 2016; Dong et al. 2016; Han et al. 
2015d, 2017a; Materazzi et al. 2013; Sun et al. 2017b; Zhang et al. 2018, 2020). 
 

In addition, the stability and repeatability of the SSCCs with CNT@C were 

evaluated under 10 cyclic compressions with an amplitude of 10 MPa and a loading rate 

of 0.1 Hz. As shown in Figure 4.15, under cyclic compressive loadings, the FCR of all 

SSCCs steadily increased upon compression and then symmetrically decreased during 

unloading in each cycle, while the FCR of the control sample still demonstrated a 

sustained decay over time due to the remaining polarization influence. The SSCCs with 

CNT@C all demonstrated excellent repeatability in response to the cyclic compression, 

as evidenced by the constant maximum FCR value in each cycle. In addition, the stress 

sensitivity of each sample increased with increasing CNT@C content and reached the 

maximum at 25 wt.%, which is consistent with the results of monotonic compression. The 

excellent self-sensing performance indicates the uniform dispersion of CNTs in the 
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composites (Kim et al. 2014b; Li et al. 2007; Yu and Kwon 2009).  

 

 
Figure 4.15 Self-sensing properties of the SSCCs with CNT@C under cyclic 

compression with loading rate of 0.1 Hz and stress amplitude of 10 MPa. (a) CNT@C-
0. (b) CNT@C-5. (c) CNT@C-10. (d) CNT@C-15. (e) CNT@C-20. (f) CNT@C-25. 

 

In general, three mechanisms explaining the self-sensing behaviour of the SSCC 

with CNTs have been proposed (Han et al. 2015b): (1) the change of intrinsic resistance 

of CNTs; (2) the change of contact resistance between CNTs due to the 
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formation/breakage of CNT-CNT junctions; and (3) the change of tunnelling resistance 

due to the variations in the distance between adjacent CNTs. For the CNT@C-5 sample 

where filler content is below the percolation threshold, tunnelling conduction plays a key 

role in electrical conductivity, hence the decrease of tunnelling resistance under 

compression dominates the sensing mechanism. However, because of the strong bonding 

between the CNTs and the matrix as well as its high Young’s modulus(Figure 4.10(b)), 

the sensitivity of the CNT@C-5 sample was not significantly enhanced in relation to the 

control sample. When the CNT@C content reached the percolation threshold, the 

abundant conductive paths formed by CNT@C increased the number of CNT-CNT 

junctions and the possibility of tunnelling conduction. In addition, the nest-like CNT@C 

could further increase the formation of CNT-CNT junctions against the commercial CNTs 

and other conductive fillers. Therefore, the breakages/formations of CNT junctions and 

variations in tunnelling resistance upon deformation are more likely. Furthermore, 

different from other single-scale fillers, the intrinsic resistance of the hierarchically 

structured CNT@C as a whole would change, resulting in the ultrahigh sensitivity of the 

SSCCs. The change of intrinsic resistance of CNT@C may further improve the sensitivity 

of the SSCC with filler content much higher than the percolation threshold, i.e. the 

CNT@C-25 as evidenced in its unique EIS spectrum contains additional capacitance 

effect. The increase in capacitance effect has been proved a positive factor in terms of 
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sensitivity (Danoglidis et al. 2019; Han et al. 2012a; Li and Li 2019). 

To further investigate the repeatability of self-sensing behaviour, the CNT@C-25 

sample taken as representative was dynamically compressed at different frequencies (0.05, 

0.1, 0.2, 0.5 and 1 Hz at 12.5 MPa, Figure 4.16(a)) and different stress amplitudes (2.5, 

5, 7.5, 10 and 12.5 MPa at 0.1 Hz, Figure 4.16(b)). The CNT@C-25 sample demonstrated 

stable and consistent cyclic responses as well as outstanding adaptability to various 

applied conditions. Figure 4.16(c) shows the stability of the CNT@C-25 sample 

evaluated by 1000 cyclic compression with an amplitude of 10 MPa and a frequency of 

0.1 Hz. It can be observed that the response became almost constant after only several 

cycles, indicating excellent stability of the self-sensing property of the CNT@C-25 

sample. To further describe the stability, the peak value at 0 MPa and 10 MPa for each 

cycle was counted and statistically analysed using a box plot at 95% confidence level 

(Figure 4.16(d)). The responses to loading (10 MPa) and unloading (0 MPa) showed no 

statistically significant changes during the 1000 cycles. Only 2 outliers (outside 1.5 times 

the interquartile range) and 4 outliers were observed with respect to loading and unloading, 

respectively. Actually, during the experiment it was found that the more outliers generated 

upon unloading were mainly attributed to the poor performance of the MTS machine at 

the low compressive range. This indicates that the CNT@C-25 sample has extremely high 

quality in terms of stability and repeatability. 
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Figure 4.16 Self-sensing properties of the CNT@C-25 composite. (a) FCR under cyclic 
compression at frequency of 0.05, 0.1, 0.2, 0.5 and 1 Hz with stress of 12.5 MPa. (b) 

FCR under cyclic compression at stress of 2.5, 5, 7.5, 10 and 12.5 MPa with frequency 
of 0.1 Hz. (c) FCR under 10 MPa cyclic compression at frequency of 0.1 Hz for 1000 

cycles. (d) Evaluation on stability of the CNT@C-25 composite by counted peak values 
at 0 MPa and 10 MPa, at 95% confidence level. (e) Electrical resistance change under 
constant loadings from 0 - 10 MPa for a period of 2 min. Inset shows response time 

under 1 MPa compression. (f) Recovery time after 25 MPa compression.  
 

Figure 4.16(e) shows the electrical resistance response of the CNT@C-25 sample to 
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the constant loadings from 0 MPa to 25 MPa for a period of 2 min. It is noticed that the 

resistance instantaneously decreased when the compression was applied and was 

unchanged when the compression remained constant. The response time of the CNT@C-

25 sample upon compression was less than 4.5 s excluding the loading time (Figure 

4.16(e), inset). In addition, the recovery time was determined as 0.59 s by releasing a 25 

MPa compression. Note that there was a slight difference between the resistance after 

release (238 Ω) and the initial resistance (241 Ω). This difference can be explained by the 

plastic deformation of the sample as well as the interaction force of the crossed CNTs. It 

can be concluded that the CNT@C, as a new type of functional filler, has great potential 

in the fabrication of the SSCC with the advantages of a tailored design, high cost-

efficiency, ultra-high sensitivity, excellent robustness, ultra-fast response and recovery, 

largely extending the practical applications in the fields of SHM and traffic detection.  

4.4. Summary 

In this chapter, hierarchically structured CNT@C composite filler was synthesized 

by growing CNTs on cement particles via the CVD method. The effects of the synthesis 

process including temperature and growth time on CNT@C growth were systematically 

investigated and optimized. Based on the optimization results, SSCCs with different 

contents of CNT@C were then prepared and their early-age hydration, mechanical 

properties, microstructures, electrical properties and self-sensing property were 
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systematically investigated. The main conclusions of this chapter are summarized as 

follows. 

(1) Using the catalyst impregnation method, Ni-catalyst nanoparticles can be 

uniformly deposited on the surfaces of cement particles to provide templates for CNT 

growth. However, the process leads to the thermal decomposition of CaSO42H2O in 

cement clinkers during heat treatment.  

(2) The as-synthesized CNT@Cs possess a unique nest-like morphology with strong 

interfacial bonding between the CNTs and the cement particles and has distinctive 

characteristics with raw cement such as enhanced specific surface area, which is 

beneficial to the reinforcement of the mechanical properties of CNT@C/cement 

composites and avoid re-agglomeration of CNTs in cement pastes. With increasing 

growth time, the density of the CNTs and size of the CNT@C increased remarkably. The 

most appropriate temperature range for CNT@C growth is 550 - 650 ℃. Above this 

temperature range, a reduced formation of CNTs was observed, which is attributed to the 

formation of metallic carbide inducing catalyst deactivation and excessive carbon sources 

due to the decomposition of CaCO3 at high temperature. 

(3) The CNT@C can act as nucleation sites to promote early-age hydration of 

cement while restricting the hydration rate at later ages due to water retained by the CNTs. 

In addition, the CNT@C leads to the excessive formation of highly oriented CH crystals 
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around while reducing the amount of C-S-H gel, thus less formation of hydration products 

that contribute to the strength of the SSCC with CNT@C. Compared to the CNT@C-0 

sample, the compressive strength increased by 3.1 MPa/3.9% for the CNT@C-5 sample 

while decreased by 12.8 MPa/16%, 24.1 MPa/30% and 44.2 MPa/55% for CNT@C-10, 

CNT@C-15 and CNT@C-20, respectively. 

(4) The addition of CNT@C can effectively tailor the electrical microstructures, thus 

enhancing the electrical conductivity of the SSCC. At a CNT@C content as high as 25 

wt.%, the electrical resistance can be as low as 350 , which is approximately three orders 

of magnitude less than that of the control sample. The EIS measurements revealed a 

uniform dispersion of CNT@C in the composites. 

(5) The nest-like CNT@C significantly enhanced the sensitivity of the SSCC. 

Increasing CNT@C content can continuously increase the sensitivity, achieving a 

maximum stress sensitivity of 2.87 %/MPa and the gauge factor of 748 for the CNT@C-

25 sample. The CNT@C-25 sample also demonstrated excellent repeatability and 

stability, outstanding adaptability to various applied conditions, fast response and 

recovery, showing great potentials for the practical applications in the fields of SHM and 

traffic detection. 

The research of this chapter is also a preliminary exploration and verification 

towards the application of the hierarchical CNT@C via the CVD process. Fortunately, 
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the results are good even beyond expectation. However, due to the equipment limitations, 

the yield of CNT@C at present is still low and cannot meet the requirements for 

fabricating SSCC specimens of large dimensions. In addition, growing CNTs on cement 

particle is more complicated than traditional silica-based supports or pure metal powders. 

The growth mechanism behind needs further understanding and verification. The in-situ 

growing of CNTs on individual clinker minerals may make good sense in avoiding the 

complexity. Apart from the cement clinkers, fly ash, silica fume, fine and coarse 

aggregates would be promising alternatives to act as CNT growth support. It is believed 

that SSCC engineered with such hierarchically structured materials would possess 

outstanding self-sensing properties without sacrificing the structural properties of the 

cement matrix. 
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 Structural Modal Identification and 

Health Monitoring of Building Structures Using 

Self-sensing Cementitious Composites with Carbon 

Nanotube/Carbon Black Hierarchical Fillers 
 

5.1. Introduction 

In Chapter 3 and Chapter 4, the performances of SSCCs reinforced with CVD grown 

CNT-based hierarchical conductive fillers were explored and their favourable 

applicability and sustainability in eliminating the dispersion issue of CNT in a cement 

matrix was demonstrated. Although the CVD process has been considered the most 

efficient process for the high-yield production of CNTs on various substrates, the stringent 

equipment requirements and growth conditions have, in this study, restricted large-scale, 

automatic and continuous production of CNTs either on CFs or cement particles. 

Therefore, in this chapter, a simple, low-cost and efficient approach, namely electrostatic 

self-assembly (ESA), aimed at improving the dispersion of CNTs in a cement matrix is 

described. Electrostatic self-assembly, also known as layer-by-layer (LBL) assembly, is a 

useful strategy for assembling basic structural components into complex aggregates or 

larger components through electrostatic interactions. The two assemblies should be 

oppositely charged with no the limitations on shape and kind. The ESA technique was 
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initially employed to construct polyelectrolyte thin films, and subsequently extended to 

various nanomaterial assembling (Caruso et al. 1998; Decher and Schlenoff 2012; Tien 

et al. 1997). CNTs have also been used as building blocks or templates for nanoscale 

modifications through the ESA technique (Artyukhin et al. 2004; Zhang et al. 2010). By 

attaching secondary components to a CNT surface, CNT solubilization can be achieved 

and the CNT dispersion issue can be addressed (Kim et al. 2016; Liu et al. 2009). Since 

SSCCs with CB has been extensively investigated and have demonstrated good self-

sensing behaviours (Chen et al. 2017; Han et al. 2009a; Li et al. 2006; Monteiro et al. 

2017), the combination of CB and CNT(CNT/CB) via ESA can achieve the goal of CNT 

dispersion and confer self-sensing properties upon the SSCCs. For CNT/CB composite 

fillers, it has been extensively studied since 2015 and been verified as an excellent 

conductive filler for the fabrication of SSCCs without the CNT dispersion issue (Han et 

al. 2015d; Zhang et al. 2018). Therefore, this thesis mainly will focus on the application 

of SSCC reinforced with CNT/CB. 

In line with SHM systems, vibration-based damage detection methods have been 

extensively used for structural health and condition assessment, with the underlying 

premise that changes in the physical properties (such as mass, stiffness and damping) that 

might characterize structural damage or degradation lead to changes in modal parameters 

(such as natural frequencies, mode shapes and modal damping). As such, damage to a 
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structure or unacceptable degradation can be identified via changes in the dynamic 

characteristics of the structure concerned (Ko and Ni 2005; Mirza et al. 1990; Ni et al. 

2009). While a variety of sensors such as accelerometers, linear variable differential 

transformers, deflection gauges, dynamic strain sensors, moving test vehicles, global 

positioning systems (GPS) and digital video cameras have been successfully employed in 

monitoring structural dynamic responses and identifying modal properties in a 

tremendous amount of research and real SHM projects, the recent advancement in smart 

materials opens up sensing device development opportunities for different application 

purposes (He et al. 2017a; Hou et al. 2016; Mirza et al. 1990; Ni et al. 2009, 2017; Ou et 

al. 2010; Wang et al. 2016; Yang and Yang 2017).  

Applications of SSCCs with CNTs are still few and most studies to date have focused 

on the performance of self-sensing cementitious composites with CNTs in the time 

domain. For example, Han et al. investigated the possibility of SSCCs with CNTs for 

traffic detection (Han et al. 2009b, 2013). Howser et al. demonstrated a damage detection 

approach in concrete beams fabricated with SSCCs with CNTs, subjected to cyclic 

loading. Damage was clearly detected by reading the measured electrical resistance of the 

SSCCs (Howser et al. 2011). Downey et al. introduced a resistor mesh model capable of 

damage detection within structural elements made of self-sensing cementitious 

composites with CNTs, which has the potential for real-time detection, localization and 
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quantification of crack-type damage in full-scale concrete structures (Downey et al. 2017, 

2018).  

As aforementioned, vibration-based SHM damage detection methods are mainly 

based on the changes to measured modal properties and their derivatives/variants to infer 

the symptoms of structural damage and/or deterioration. Yet there is a paucity of research 

on the development of CNT-filled SSCCs for monitoring structural vibration and dynamic 

characteristics in line with vibration-based damage detection (Ubertini et al. 2014). 

Therefore, SSCCs filled with CNT/CB composite fillers were fabricated and used for 

structural modal identification and damage detection as described in this chapter. 

The organization of the chapter is as follows. First, electrostatic self-assembled 

CNT/CB composite fillers were introduced into cement paste to fabricate SSCCs. Second, 

the mechanical properties and sensing performance of the as-fabricated SSCCs were 

explored under static and dynamic compressive loadings in laboratory tests. Third, the 

dynamic performance of the SSCCs deployed on a five-story building model was 

experimentally investigated. Fourth, the feasibility of using dynamic responses deriving 

from the SSCCs for modal-based damage detection was verified and compared with 

commercially available accelerometers and strain gauges. Finally, concluding remarks 

were provided. 



 

155 

5.2. Experimental materials and methods 

5.2.1. Sensor fabrication 

The SSCCs were fabricated from cement, fly ash, water, superplasticizer and 

CNT/CB composite fillers. The ASTM Type I normal Portland cement 42.5R (Dalian 

Xiaoyetian Cement Co. Ltd., China) and fly ash (Dalian Huayuan Fly Ash Co., Ltd., 

China) were used as matrix materials. A polycarboxylate superplasticizer with a solid 

content of 45% (3310E, Sika Co., Ltd., China) was used to facilitate the workability of 

the mixtures. The commercially-available CNT/CB composite fillers were employed as 

conductive fillers, provided by Chengdu Institute of Organic Chemistry Co., Ltd. The 

CNT/CB composite filler synthesis process via ESA technique are summarized as follows: 

First, a positively-charged CNT suspension was prepared by grinding and then filtering 

the mixture of CNT powders, water, nonionic surfactant polyoxyethylene alkyl phenyl 

ether (OP-10) and cationic surfactant sodium dodecyl sulfate (CTAB). Second, 

negatively-charged CB powders were dispersed within a ball mill to prepare the CB 

suspension. Then the CNT suspension was slowly added to the CB suspension to 

assemble CNT/CB composite filler via electrostatic interactions. Finally, the CNT/CB 

suspension was filtered, dried and smashed to obtain CNT/CB composite fillers.  
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Figure 5.1 (a) SEM image of CNT/CB composite fillers. (b) Water adsorption of 
CNT/CB composite fillers as a function of pressure at room temperature. (c) Contact 

angle of CNT/CB composite fillers. (d) CNT/CB composite fillers uniformly 
distributed in cement matrix forming extensive conductive network. 

 

An SEM (NanoSEM 450, FEI Ltd., USA) picture of their self-assembled botryoid 

structure can be observed in Figure 5.1(a). Water adsorption (3H-2000PW, Beishide 

Instrument Ltd., China) of CNT/CB composite fillers as a function of pressure at room 

temperature is provided in Figure 5.1(b). It can be seen that at 2.1 kPa, the water 

adsorption of 1g of CNT/CB composite filler is as large as 31.7 mg, indicating the 

hydrophilic characteristic and large surface area of CNT/CB composite fillers. In addition, 
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the contact angle of the CNT/CB composite fillers was measured using a contact angle 

meter (DSA100, KRUSS, Germany), as 39.26°as shown in Figure 5.1(c). The hydrophilic 

characteristic of the CNT/CB composite fillers facilitates the strong interactions between 

filler and cement matrix Figure 5.1(d)). Table 5.1 summarizes the physical properties of 

CNT/CB composite fillers.  

 
Table 5.1 Physical properties of CNT/CB fillers. 

Properties Description/Value 
Mass ratio of CNTs/CBs to hybrid /wt. % 40/60 

Shape Grape clusters 
Specific gravity /g∙cm-3 2.0 

Specific surface area /m2∙g-1 65-75 
Electrical resistivity /Ω∙cm 10-3 

Outer diameter of CNTs /nm >50 
Length of CNTs /μm 10-20 

Specific surface area of CNTs /m2∙g-1 >40 
Tap density of CNTs /g∙cm-3 0.18 

Particle size of CBs /nm 23 
Specific surface area of CBs /m2∙g-1 125 
 

The fabrication process was as follows. First, polycarboxylate superplasticizer was 

added to water and mixed for 20s in a beaker. Second, the pre-weighed cement and fly 

ash were poured into the aqueous solution at the same time and mixed for 2 min using a 

mechanical stirrer (MXF-C, Shanghai Muxuan Industrial Co., Ltd.). Then the CNT/CB 

composite fillers were gradually added to the mixture and only mechanically mixed for 3 

min, applying no additional dispersion technique. Fourth, the mixture was evenly poured 
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into an oiled mould. Two stainless steel electrodes with openings of 2 mm × 2 mm were 

then embedded in the middle of the specimens at a spacing of 10 mm. Subsequently, the 

mould was vibrated for 5 s to eliminate bubbles using an electric vibrator. Lastly, after 

demoulding, the specimens were cured in water at 20 ºC for 28 days. 

To suit the five-story building model, the SSCC dimension was fixed at 20 mm × 

20 mm× 20 mm (Figure 5.2(a)). Our prior work demonstrated that under compression, a 

cube specimen displays a higher piezoresistive sensitivity, better accuracy and 

reproducibility than a rectangular specimen. The optimal content of CNT/CB composite 

fillers providing the best piezoresistive sensitivity was chosen as 6 wt. % of cement (Han 

et al. 2017a). The SSCC specimens were fabricated according to the mixing proportions 

listed in Table 5.2. Three specimens, named SSCC-1, SSCC-2 and SSCC-3 were 

fabricated for the experimental campaign (Figure 5.2(b)).  

 

 
Figure 5.2 (a) Dimension and electrode arrangement of SSCC. (b) Photograph of 

a SSCC specimen. 
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Table 5.2 Mix proportions of SSCC specimen. 

Cement 
Fly ash 
(wt. %)a 

W/Bb CNT/CB (wt. %)c Superplasticizer (wt. %)c 

1 20 0.5 6 2 
a: The amount of fly ash is by weight of cement. 
b: W/B is water to binder ratio. Binder is composed of cement and fly ash. 
c: The amount of CNT/CB and superplasticizer is by weight of binder.  

5.2.2. Experimental arrangement 

To investigate the performance of these devised SSCCs in acquiring dynamic 

responses for the purposes of structural modal identification and damage detection, a five-

story building model was fabricated in the Dynamic Structural Laboratory of The Hong 

Kong Polytechnic University, as shown in Figure 5.3. The building model consists of five 

steel floor plates with a size of 600 mm × 400 mm × 15 mm and four equal rectangular 

columns with cross section of 50 mm × 6 mm. Each floor plate is firmly welded to the 

four columns in the horizontal direction. The cross section of the columns was designed 

to ensure that the stiffness of the building model in the x-direction was much less than 

that in the y-direction, leading to a shear type deformation. The total height of the model 

was 1000 mm, with equal storey height. To increase the structural damping, a series of 

silicon oil dampers were designed and installed at floor levels. An electromagnetic 

vibrator (LDS® V406, Brüel & Kjær, Denmark) was deployed at first floor level to impose 

dynamic excitations. The electromagnetic vibrator was controlled by a third-party control 

system (Model DS360 Ultra Low Distortion Function Generator, Stanford Research 
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System, USA) to offer a variety of excitation forces. The controller paired with a power 

amplifier (LDS® PA500L, Brüel & Kjær, Denmark) can impart a maximum sine vector 

force of up to 196 N and feature a usable frequency range from 5 to 9000 Hz. As illustrated 

in Figure 5.3(a), six numbered uniaxial accelerometers (TYPE 4533-B-002, Brüel & Kjær, 

Denmark) were mounted on the building model by permanent magnets to measure 

structure acceleration responses. Two accelerometers deployed at 5th floor level enable 

study of the torsional behaviour of the model. A force transducer (TYPE8201, Brüel & 

Kjær, Denmark) was placed in series with the electromagnetic vibrator on the first floor 

to measure the excitation force necessary for structural parameter identification.  

Ref. (Han et al. 2015a) demonstrated that SSCCs can be used in bulk, coated, 

sandwiched, bonded and embedded forms for SHM. Compared with the other four forms, 

the bonded form achieves higher monitoring efficiency and costs less, because SSCCs are 

located only in the key positions of concrete component. To attach the SSCC to the 

building model, a special clamp was designed consisting of two L-shaped angle steel 

elements and two steel plates. A pair of screws was used to fix the L-shaped angle to the 

steel plate as shown in Figure 5.3(b). The SSCC itself was stuck between the two steel 

plates using a modified acrylic adhesive (DY-J39, Deyiglue, China) as shown in Figure 

5.3(c). This adhesive is based on methyl acrylate and can bond steel and concrete strongly 

within 10 min. It is also electrically insulating so that no additional insulating plate is 
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needed, thus eliminating electrical interference. It should be noted that the side of the steel 

plate connected to the SSCC should be flat with no holes to avoid screw hole clogging 

with glue. The SSCC-1, SSCC-2 and SSCC-3 were attached at mid height of the 1st, 3rd 

and 5th floor columns on the same side respectively using the same modified acrylic 

adhesive (Figure 5.3 (a)). In this way, SSCCs can be compressed and stretched evenly 

with no need of an initial prestress when the dynamic excitation is executed. In addition, 

the proposed clamp provides the possibility of replacing SSCCs conveniently without 

removing the L-shaped angle steel from the column. Three strain gauges (BX120-5AA, 

Huangyan Testing Apparatus, China) were attached accordingly at the same locations of 

the SSCCs but on the opposite sides of the column. Two longitudinal strain gauges were 

also symmetrically deployed at the middle of the opposite lateral surface of each SSCC 

for comparison.  

In this experiment, strain, voltage, acceleration and force signals were collected 

simultaneously as shown in Figure 5.3(a). It should be noted that the sensing property of 

the SSCC stems from the change of conductive network inside the composite, and the 

volume electrical resistance/resistivity of the SSCC collected using the two-probe method 

or the four-probe method with multimeters is fully able to characterize sensing behaviour 

due to simplicity. However, commercially available multimeters generally have a 

relatively low sampling frequency (less than 2 Hz) and sensitivity, which limited SSCC 
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electrical resistance measurement in this study. The change in electrical resistivity   

of the SSCC caused by deformation is similar to the change in electrical resistance R

corresponding to the change in electrical voltage signal i.e., 

/ = / /R R V V   =    (5-1) 

where  is electrical resistivity of the SSCC, R  is electrical resistance of the SSCC, V

is voltage drop between the ends of the SSCC (Han et al. 2012a). The voltage 

measurement approach was instead adopted by placing a fixed resistor (100 ) in series 

with each SSCC. A DC regulated power supply (NP-9615, Manson, Hong Kong) was 

stabilized at 3 V to provide electrical input to the SSCC. As illustrated in Figure 5.3(a), 

the voltage output of each SSCC, signals provided by the accelerometers and the force 

signal amplified by a charge amplifier (KD5008C, Kedong, China) were measured 

simultaneously using a data acquisition system (SIRIUS, Dewesoft, Slovenia) powered 

by commercial DewesoftX3 software. The voltage sampling frequency can be as high as 

200 kS/sec with an accuracy of ±0.1 % for readings of ±0.02 V. Strain gauges on the 

column and on the SSCCs were respectively collected using a dynamic data logger (EDX-

100A, Kyowa, Japan) connected to two bridge boxes (DB-120T-8, Kyowa, Japan) via 1/4 

bridge connection. Figure 5.4 shows the pictures of the experimental arrangement.  
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Figure 5.3 (a) Schematic diagram of layout of the experimental setup and flow chart of 
signal acquisition system. (b) Schematic illustration of the clamp used for attaching the 

SSCC on the building model. (c) Assembly process of the SSCC clamp: ⅰ. Put a L-
shaped angle steel vertically; ⅱ. Connect a steel plate with the angle steel with a pair of 
screws and paint a modified acrylic adhesive layer on the surface of the steel plate; ⅲ. 

Put a SSCC on the adhesive layer carefully for 10 min (inset: left) and then place the flat 
side painted with an adhesive layer of another steel plate on the SSCC for 10 min; ⅳ. Fix 

another L-shaped angle steel with the steel plate. Note: make sure that the two angle 
steels are located at the same vertical line (inset: right). 

 

Before the structural vibration tests, the three SSCCs were calibrated and 

dynamically tested via a hydraulic material testing system (MTS810, MTS, USA). Here, 

the SSCCs bonded with two steel plates were taken out alone for compression testing as 

illustrated in Figure 5.5 using the data acquisition procedure above. The initial electrical 

resistances of the three SSCCs were also measured by the two-probe method using a 
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digital multimeter (DMM7510, Keithley, USA). For each SSCC, the electrical resistance 

was calculated by taking an average of five sets of data collected after 300 s to mitigate 

polarization effects. 

 

 
Figure 5.4 Pictures of the experimental setup. (a) Five-story building model. Inset: 

SSCC mounted on the building model. (b) Equipment for testing and data acquisition. 
 
 

 
Figure 5.5 Tests for sensor static and dynamic performance of SSCC. (a) Photograph of 

the testing apparatus. (b) Schematic diagram of the testing system. 
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5.2.3. Experimental tests 

5.2.3.1. Tests for static and dynamic performance of SSCC 

In sensor performance calibration, the SSCCs were first subjected to quasi-static 

axial compression operating under force control at 500 N/min. With the aim of protecting 

the SSCCs and maintaining elastic deformation, the SSCCs were compressed within the 

low force range (0-1000 N). Then, the dynamic performance of each SSCC was tested at 

the different frequencies of 0.1 Hz, 0.5 Hz, 1.0 Hz and 2.0 Hz with a sinusoidal load 

varying from 0 to 2000 N to verify the stability and repeatability of the SSCC. To mitigate 

the signal shift caused by polarization effect, each SSCC was first compressed at a 

constant load of 2000 N for 5 min before the application of the sinusoidal loading. The 

duration of each sinusoidal loading was 50 s for all frequencies.  

After calibration, the SSCCs were deployed on the building model and the dynamic 

performance of the SSCCs adhering to the building column was tested again under 

sinusoidal excitations generated by the electromagnetic vibrator. The excitation frequency 

was controlled at 2 Hz, 6 Hz, 7 Hz, 10 Hz, 20 Hz and 40 Hz for 20 s each through the 

signal generator. The excitations was not kept constant for the different excitation 

frequencies because it is difficult to exactly adjust with the signal generator model used, 

especially for the frequencies higher than 10 Hz.  
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5.2.3.2. Tests for structural modal identification and damage detection 

To simulate the different damage scenarios of the building model, two auxiliary iron 

blocks of different weights were respectively screwed at floor plate centres by a long bolt 

as shown in Figure 5.6(a).  

 

 
Figure 5.6 (a) Photograph of experimental setup for damage detection. Inset shows 
auxiliary iron brick bolted in the center of floor plate. (b) Flow chart of FFT data 

processing. 
 

The weights of two blocks along with the bolts were 7.635 kg (denoted as LB) and 

12.590 kg (denoted as HB), respectively. The two bricks were placed on different floors 

to simulate different damage locations on the building model. For structural modal 

identification and damage detection, free-vibration experiments were first conducted by 

exciting the building model with an impulse hammer. The acceleration response of each 

floor, the responses of the SSCCs and strain gauges at the 1st, 3rd and 5th floors were 
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Domain Data  Peaks

Dectector

FFT

Filtering

Damage Detection

(a) (b)



 

167 

measured via a built-in anti-aliasing filter. A high-pass filter with 0.1 Hz AC coupling was 

applied to the voltage outputs of the SSCCs to eliminate polarization shift. The modal 

parameters of the building model, including its natural frequencies and mode shapes, were 

identified after executing the Fast Fourier transform (FFT) with 2048 sampling points. 

Change in natural frequencies was used to detect structural damage. The data processing 

procedure is illustrated in Figure 5.6(b). The signal sampling rate used for all tests in this 

work was fixed at 1000 Hz.  

5.3. Results and discussion 

5.3.1. Sensor performance under quasi-static and dynamic loadings 

To characterize the sensing performance of the as-prepared SSCCs, different loading 

scenarios were implemented. Figure 5.7 shows the stress-strain curves for the three 

SSCCs obtained under quasi-static axial compression with an amplitude of 2.5 MPa. In 

order to protect the SSCCs, this value applied was far less than the typical compressive 

strength (~30MPa in our previous work (Han et al. 2017a)) of cementitious composites 

with 6 wt. % of CNT/CB composite fillers. As shown in Figure 5.7(a), the stress-strain 

curves for the three SSCCs show good linearity and appear to almost coincide with each 

other, especially for SSCC-1 and SSCC-2. The elastic modulus obtained from linear 

fitting of the stress-strain curves is shown in Figure 5.7(b). The elastic modulus values of 
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the three SSCCs were very close, indicating that the SSCCs have similar mechanical 

properties and the CNT/NCB composite fillers are uniformly dispersed in the composites. 

This observation can also be verified by the fact that the electrical resistances of the 

SSCCs as listed in Table 5.3 were of the same order. However, the elastic moduli of the 

three SSCCs were all less than that (~9 GPa) of the cementitious composite with 6 wt. % 

of CNT/NCB composite fillers in our previous work. This difference might be attributed 

to the relatively soft modified acrylic adhesive layers between the steel plates and the 

SSCCs as well as the different specimen dimensions.  

 
Table 5.3 Electrical resistance and pressure-sensitivity of the three SSCCs. 

SSCC 1 2 3 
Electrical resistance (Ω) 68.417 ± 1.324 42.327 ± 0.707 22.781 ± 1.449 

Sensitivity (%/MPa) 1.73 ± 1.53 × 10-2 1.14 ± 5.13 × 10-3 2.52 ± 2.73 × 10-2 
Voltage (V) 1.08162 1.84469 1.90079 

 

 

Figure 5.7 Mechanical properties of the SSCCs. (a) Relationship between 
compressive stress and strain of the SSCCs. (b) Elastic modulus of the three SSCCs. 
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The fractional change in voltage of the three SSCCs as a function of applied stress 

is shown in Figure 5.8. The pressure-sensitivity   is given by: 

/V VS



=  (5-2) 

where /V V  is the fractional change in voltage shared by the SSCC and   is the 

applied stress. As shown in Table 5.3, the SSCC-3 had a larger pressure-sensitivity 

(2.52 %/MPa) compared to the SSCC-1 (1.73 %/MPa) and the SSCC-2 (1.14 %/MPa), 

which is similar to the trend of elastic modulus, indicating the potential dependence of 

elastic modulus on pressure-sensitivity. It also can be seen from Table 5.3 that the SSCC-

1 (R2=0.99067) and SSCC-3 (R2=0.98597) show poorer linearity (i.e. pressure-sensitive 

stability) than SSCC-2 (R2=0.99755). 
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Figure 5.8 Pressure-sensitivity of the three SSCCs. 

 

To better highlight the pressure-sensitive stability of the SSCCs, the dynamic 
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performances of the SSCCs were evaluated by the application of sinusoidal compression 

at various frequencies, as shown in Figure 5.9, Figure 5.10 and Figure 5.11. It should be 

noted that loading frequencies higher than 2 Hz were not considered due to the limited 

displacement of the compression platen of the MTS machine with its cyclic low force 

range (0 - 2000 N). The SSCCs responses were digitally detrended and filtered using ideal 

band-pass filters with cut-off frequencies of 0.1 and 50 Hz to remove the polarization 

shift and undesirable noise. As shown in Figure 5.9, Figure 5.10 and Figure 5.11, the 

voltage variation as a function of time shows a similar change trend as the time histories 

of applied stress/strain, indicating superb response and recovery properties. In addition, 

different peak values (SSCC-2 < SSCC-1 < SSCC-3) were observed for SSCCs at the 

same loading frequency, further verifying the different pressure-sensitivities under 

dynamic deformation of the three SSCCs, which is similar to the results observed in static 

deformation. However, the voltage variation of the SSCC-2 reaches rapidly almost the 

same value in each cycle. The peak values of voltage variation can accurately identify the 

amount of the applied stress/strain, thus featuring the best pressure-sensitive 

reproducibility and stability at f = 0.1 Hz compared with the other two. Especially for the 

SSCC-3, the voltage variation-time curve was not smooth and symmetric with plenty of 

spikes and was inconsistent in the amplitudes. For the SSCC-1, the voltage variation 

versus time was not smooth with a few fluctuations only at loading frequency of 0.1 Hz. 
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The curve becomes very smooth and has a good correlation between voltage variation 

and stress/strain for loading frequencies higher than 0.1 Hz, demonstrating even better 

stability than the SSCC-2. Such good pressure-sensitive stability of the as-prepared 

SSCCs is attributed to three causes: First, the applied stress is entirely within the elastic 

deformation range of the cement matrix, which provides the basis for the merits of high 

linearity, low hysteresis and good durability of the SSCCs. Second, the dosage (6 wt. %) 

of the CNT/CB composite fillers in the SSCCs is far beyond the percolation threshold of 

the cementitious composites with CNT/CB composite fillers in our previous work. The 

adjacent CNT/CB composite fillers contact with each other, forming continuous 

conductive paths inside the cementitious composites. Under deformation, the change of 

contact spots between the fillers and the change of intrinsic resistance of the fillers 

become the dominant factors of pressure-sensitivities, forming continuous conductive 

paths inside the cementitious composites. Under deformation, the change of contact spots 

between fillers and the change of intrinsic resistance of fillers become the dominant 

factors for pressure-sensitivities. The conductive network inside the composite is 

stabilized, thus providing more stable sensing property. Third, due to the specific features 

of the CNT/NCB composite fillers, the conductive network formed inside the SSCCs is 

highly uniform, which benefits the pressure-sensitive stability. On the whole, the 

pressure-sensitive stabilities of the fabricated SSCCs are satisfactory and suitable for 
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vibration measurements and modal identification purposes, which is addressed in the 

section following. It is of note that the unsatisfactory performance of the SSCC-3 might 

be attributed to weak bonding between the copper electrodes and the cementitious matrix, 

which needs to be further improved in the fabrication process.  

Figure 5.12 shows the normalized power spectral densities (PSDs) of voltage 

variations of the SSCCs under different loading frequencies in line with Figure 5.9, Figure 

5.10 and Figure 5.11. As illustrated, the dominant frequency identified by the three SSCCs 

coincided well with the applied loading frequency. However, the dynamic responses of 

the SSCCs were not monochromatic in the frequency domain, but rather contained super-

harmonics at multiples of the applied loading frequency. Similar results have also been 

reported by García-Macías et al. (García-Macías et al. 2017) and D’Alessandro et al. 

(D’Alessandro et al. 2015). In view of the small loading range, the super-harmonic 

responses of the SSCCs under cyclic loadings may not be related to nonlinearities, but to 

intrinsically time-varying nature of cement-based matrix, in particular, of viscoelastic C-

S-H gel. This behaviour of the SSCCs may produce unwanted frequency components 

when applied for vibration-based SHM, which should be filtered out via post signal 

processing. 
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Figure 5.9 The voltage variation-time curves and strain/stress-time curves of the 

SSCC-1 at different loading frequencies. (a) 0.1 Hz. (b) 0.5 Hz. (c) 1 Hz. (d) 2 Hz. 
 

 
Figure 5.10 The voltage variation-time curves and strain/stress-time curves of the 
SSCC-2 at different loading frequencies. (a) 0.1 Hz. (b) 0.5 Hz. (c) 1 Hz. (d) 2 Hz. 
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Figure 5.11 The voltage variation-time curves and strain/stress-time curves of the 
SSCC-3 at different loading frequencies. (a) 0.1 Hz. (b) 0.5 Hz. (c) 1 Hz. (d) 2 Hz. 

 

 
Figure 5.12 Normalized PSDs of voltage variations of the SSCCs under different 

loading frequencies. (a) SSCC-1. (b) SSCC-2. and (c) SSCC-3. 
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5.3.2. Dynamic performance of SSCCs attached to the building model 

To further demonstrate the potential application of the prepared SSCCs in structural 

modal identification, the dynamic performance of SSCCs attached to the building model 

was investigated using sinusoidal excitations with a frequency range from 2 Hz to 40 Hz 

induced by the electromagnetic vibrator. In each sinusoidal excitation cycle, the SSCCs 

were compressed and stretched symmetrically due to the column periodic bending. Figure 

5.13 shows the outputs of the three SSCCs and the force sensor installed at the first floor 

without any filtering. For comparison, the signal measured by the strain gauge glued to 

the column surface of first floor, in a symmetrical position to the SSCC-1, is also 

presented in Figure 5.13. It is worthwhile to note that the excitation force, i.e. force input 

was controlled with reference to the real-time response of the force sensor. Similarly, the 

SSCC-1 and SSCC-2 responses were always well consistent with the applied force. The 

voltage variations quickly increased when compressed, and subsequently returned to zero 

when the column returned to the initial straight state. When SSCCs were stretched, the 

voltage variations rapidly increased to the same absolute peak value as when compressed. 

However, the SSCC-3 showed an irregular and hash response to the sinusoidal excitations 

at frequency lower than 6 Hz. At frequencies higher than 20 Hz, both SSCC-2 and SSCC-

3 produced undesirable fluctuations, and voltage variations at particular force states were 

unstable with high noise levels. 
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Figure 5.13 Dynamic responses at different frequencies of the SSCCs on the building. 

(a) 2 Hz. (b) 6 Hz. (c) 7 Hz. (d) 10 Hz. (e) 20 Hz. (f) 40 Hz. 
 

In comparison, the SSCC-1 always performed stably at each frequency, in spite of 

such small strain amplitudes (less than 10 ε). The results were completely consistent 

with the performance of SSCCs under quasi-static and dynamic loadings without clamp 

holding. This indicates that the SSCCs can be well installed on the building model using 

the proposed clamp. It should be mentioned that the sensing properties of the SSCCs in 



 

177 

both compression and tension are assumed to be similar due to the small range of 

deformation range in this work. The devised clamps may not be well workable and pre-

compression should be applied when deformations at sensor locations are large. 

The normalized PSDs of the signals acquired by the SSCCs and the outputs of the 

force sensor are shown in Figure 5.14. As illustrated, the normalized PSDs from the 

SSCC-1 and SSCC-2 were overlapped in coincidence with the normalized PSDs from the 

force sensor, indicating a good frequency identification. The SSCC-3 also presented 

qualified frequency responses at loading frequencies higher than 7 Hz in spite of its poor 

pressure-sensitive stability and high level of measurement noise. Some undesirable 

singular values multiple of the excitation frequency are also observed in each PSD plot, 

as also seen in Section 5.3.1. It is worth mentioning that frequency multiplication 

generated by the electromagnetic vibrator may also be a cause of such super-harmonic 

responses in this study as it can be obviously observed in the inserts of Figure 5.14, where 

the PSDs from the force sensor are plotted on a logarithmic scale. 
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Figure 5.14 Frequencies measured by the SSCCs, benchmarked with the force sensor: 
(a) 2 Hz. (b) 6 Hz. (c) 7 Hz. (d) 10 Hz. (e) 20 Hz. (f) 40 Hz. Insets show the PSDs 

from the force sensor are re-plotted in logarithmic scale. 
 

5.3.3. Structural modal identification and damage detection using SSCCs 

It is known from the above tests that the SSCC-1 presents better sensing performance 
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than the other two SSCCs. Therefore, for the sake of simplicity, only the SSCC-1 was 

employed as a sensor to acquire data for structural modal identification and damage 

detection. Modal-based methods use the change in natural frequencies as the basic feature 

for damage identification. This approach is attractive in that the frequencies can be 

conveniently identified through measuring a few accessible points on the structure and 

are usually less contaminated by noise. Modal identification was conducted using the 

frequency domain decomposition (FDD) technique, which is based on the fact that well 

separated modes can be estimated directly from the PSD matrix at the peaks.  

Figure 5.15(a) shows the normalized PSD spectra of the structural responses 

measured by the six accelerometers during the hammer tests. Five peaks were 

simultaneously observed in the six PSD spectrum curves in the frequency range below 60 

Hz, denoted as M1, M2, M3, M4 and M5 respectively; and the first mode is at 7.813 Hz, 

which is the fundamental frequency of the building model in the weak-axis direction (x-

direction). Figure 5.15(b) illustrates the identified mode shapes of the five modes, which 

are elicited by a blind modal identification method based on the second-order statistic 

(McNeill and Zimmerman 2008). 
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Figure 5.15 (a) Singular values of the PSD matrix of the response measured by 
accelerometers in x- direction. (b) Normalized mode shapes of first five fundamental 

modes in x-direction. 
 

Figure 5.16(a) the time histories of the measured acceleration (from the 

accelerometer close to the SSCC-1), strain response and voltage variation during hammer 

impact tests. The strain signal was obtained by taking an average of the outputs from the 

two strain gauges positioned in the vicinity of the SSCC-1. It is apparent that the three 

different types of sensors reacted to the impact simultaneously, varying with the different 

impact intensities. The enlarged free vibration decaying curves of the three types of 

sensors to a single hammer impact are plotted in Figure 5.16(b). The signal from the 

SSCC-1 was gradually attenuated over time, showing a low noise level and a 

comparatively long decay time, which makes it proper for damping estimation. To verify 

the authenticity of the responses, the modal frequencies were identified using the data 

from the three different types of sensors. It can be observed from Figure 5.17 that the 

identified modal frequencies from the SSCC-1 were highly consistent with their 
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counterparts determined from the accelerometer and strain gauge. In addition, the SSCC-

1 offered more high-frequency components than the strain gauge, which is explained by 

a higher noise level from the latter in strain measurements. However, a peak at 15.625 Hz 

between M1 and M2 is also observed in Figure 5.17(c) which might be a resonant 

frequency related to y-direction as the SSCC-1 was placed at a column of the building 

model, not at a neutral position that only senses vibrations in x-direction. This may also 

explain other extra peaks compared with the outputs of the accelerometer and strain gauge. 

Similarly, the super-harmonics at 15.625 Hz, 31.25 Hz, and other multiples of 15.625 Hz 

were observed in the output spectrum of the SSCC-1, which confirms the harmonic 

distortion behaviour of the SSCC-1. 

 

 

Figure 5.16 (a) Time histories of responses measured by accelerometers, strain gauge 
and SSCC-1 during hammer test. (b) The enlarged decaying curves of the three sensors 

to a single hammer impact. 

 

(a) (b)
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Figure 5.17 Identified modal frequencies using (a) Accelerometer. (b) Strain 

gauge. (c) SSCC-1. Red zone: first five modes; Green zone: higher-frequency modes. 

 

Since extra mass can lead to a change in structural properties, the damage in this 
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study was simulated by attaching additional masses. One advantage of such a damage 

pattern is that the structural stiffness remains unchanged while the mass is altered. 

Another merit is the ease of simulating changes in damage location and severity. As 

shown in Figure 5.18, in this experiment, nine scenarios including one healthy state and 

eight damaged states were examined. In Case 1, the structure is healthy; in Cases 2 to 5, 

the lighter iron brick was bolted tightly to the centre of the 5th floor, 4th floor, 3rd floor and 

2nd floor, respectively; in Cases 6 to 8, the heavy iron brick is bolted tightly to the centre 

of the 3rd floor, 4th floor and 5th floor, respectively; In Case 9, the 3rd floor and 4th floor 

are simultaneously equipped with a light iron brick each. The identified modal 

frequencies for each scenario are illustrated in Table 5.4. Changes in the modal parameters 

were not the same for each mode since the changes depend on the nature, location and 

severity of the damage. It is found that the results from the SSCC-1 were perfectly 

consistent with them from the accelerometer with no difference being observed, 

indicating that the SSCC-1 was sufficiently sensitive to capture the dynamic response of 

the structure and is, therefore, applicable to structural health monitoring. Note that the 

vibration modes higher than the first one showed increased sensitivity to local damage, 

which should be used in damage detection to attain a higher level of identification 

precision. 
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Figure 5.18 Simulated damage scenarios 
 
 

Table 5.4 Identified modal frequencies and their changes using accelerometer and the 
SSCC-1 in different damage scenarios. 

Damage 

case 
Sensor 

Natural frequency (Hz) Natural frequency change (%) 

M1 M2 M3 M4 M5 M1 M2 M3 M4 M5 

1 
Acc. 7.813 23.93 40.04 51.76 58.59 

- 
SSCC 7.813 23.93 40.04 51.76 58.59 

2 
Acc. 7.813 24.41 39.55 49.80 57.13 

0 +2.01 -1.22 -3.79 -2.49 
SSCC 7.813 24.41 39.55 49.80 57.13 

3 
Acc. 7.813 23.93 38.57 51.76 57.13 

0 0 -3.67 0 -2.49 
SSCC 7.813 23.93 38.57 51.76 57.13 

4 
Acc. 7.813 23.44 39.06 50.29 57.62 

0 -2.05 -2.45 -2.84 -1.66 
SSCC 7.813 23.44 39.06 50.29 57.62 

5 
Acc. 7.813 23.44 37.11 49.32 58.11 

0 -2.05 -7.32 -4.71 -0.82 
SSCC 7.813 23.44 37.11 49.32 58.11 

6 
Acc. 7.813 22.46 39.55 49.32 57.62 

0 -6.14 -1.22 -4.71 -1.66 
SSCC 7.813 22.46 39.55 49.32 57.62 

7 
Acc. 7.813 23.44 38.09 51.76 56.15 

0 -2.05 -4.87 0 -4.17 
SSCC 7.813 23.44 38.09 51.76 56.15 

8 
Acc. 7.813 24.41 39.55 48.83 56.64 

0 -2.01 -1.22 -5.66 -3.33 
SSCC 7.813 24.41 39.55 48.83 56.64 

9 
Acc. 7.813 22.95 38.57 50.78 56.64 

0 -4.10 -3.67 -1.89 -3.33 
SSCC 7.813 22.95 38.57 50.78 56.64 
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5.4. Summary 

In this chapter, a novel application was described, of cement-based sensors 

fabricated with SSCC for structural modal identification and damage detection in civil 

infrastructures. The SSCC filled with CNT/CB composite fillers was fabricated with an 

optimal content of CNT/CB composite fillers and dimensions. The self-sensing 

performances of the as-made SSCCs under static and dynamic loadings have been 

characterized. The SSCCs were then attached to a five-story building model using tailor-

made L-shaped clamps to investigate their potential for dynamic monitoring and modal 

identification. The main conclusions of this chapter are summarized as follows. 

(1) The self-assembled botryoid structure, hydrophilic characteristics and large 

surface area of the CNT/CB composite fillers were beneficial to the dispersion of CNTs 

into cement paste and facilitate the strong interactions between the fillers and cement 

paste. The SSCCs containing CNT/CB composite fillers were found to have satisfactory 

mechanical property and close electrical resistance due to the uniform distribution of 

CNT/CB composite fillers in the cementitious composites. 

(2) The voltage-sensing approach was suitable for characterizing the SSCC sensing 

behaviour at high input frequencies due to its faster sampling rate and higher sensitivity 

with respect to common electrical resistance measurement. Under dynamic compression, 

the responses of the SSCCs as a function of time showed a similar variation pattern as the 
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time histories of the applied stress/strain, indicating excellent pressure-sensitive 

reproducibility and stability despite different pressure-sensitivities among the three 

SSCCs. 

(3) In comparison with the SSCC-2 and SSCC-3, the SSCC-1 constantly performed 

stably under sinusoidal excitations in the frequency range from 2 to 40 Hz, which was 

favourably consistent with the dynamic performance of the unclamped SSCCs, 

confirming that the SSCCs can be well connected with the building model by using the 

devised clamps. In addition, the normalized PSDs of the signals from the SSCCs were 

overlapped in coincidence with the normalized PSDs deriving from the force sensor over 

the entire frequency range investigated, indicating the ability to identify the input 

frequency. 

(4) In the hammer tests, the identified modal frequencies from the SSCC-1 were 

highly consistent with the accelerometer and strain gauge results. In addition, the SSCC-

1 offered more high-frequency components than the strain gauge. The identified modal 

frequencies and their changes due to in various damage cases obtained by the SSCC-1 

were perfectly consistent with those obtained by the accelerometer, indicating that the 

SSCC-1 was sensitive enough to capture the dynamic response and is, therefore, 

applicable to structural health monitoring. 

Future research efforts will be devoted to studying the long-term durability of the 
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SSCCs and environmental effects on their performances when permanently deployed on 

a structure. In addition, the possibility of spontaneously detecting structural damage by 

SSCCs used in bulk form through vibration monitoring will be addressed. Unsatisfactory 

SSCC signal quality caused by the weak electrode-matrix bonding will be resolved by 

optimizing the fabrication process. 
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 Temperature Effects on Self-sensing 

Cementitious Composites Reinforced with Carbon 

Nanotube/Carbon Black Hierarchical Fillers 

  

6.1. Introduction 

Similar in behaviour to a semiconductor, SSCC exhibits a negative temperature 

coefficient of electrical resistivity, i.e. resistivity decreases with increase of temperature 

(Chang et al. 2013; Dong et al. 2019; Teomete 2016; Wen and Chung 1999). It is therefore 

believed that the self-sensing property of SSCC is significantly affected by temperature. 

However, few studies have paid attention to the self-sensing property of SSCC under 

different temperatures. In practice, SSCCs are definitely subjected to a wide range of 

working temperatures. For reliable structural health monitoring performance, it is of great 

importance to eliminate the temperature effect on the self-sensing property of SSCCs. Ou 

et al. proposed a temperature and humidity compensation circuit for SSCCs with CF and 

CB, in which the output of SSCC under compression was subtracted from the output of 

an additional unstressed SSCC used as a compensation element (Ou et al. 2009). However, 

this time-consuming method may be not applicable if the SSCC is changed. As an 

alternative, many post signal processing techniques have been developed to separate the 
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abnormal signal due to temperature variations from the measured signal (Lim et al. 2011; 

Oh and Sohn 2009; de Souza Rabelo et al. 2017). In this chapter, a novel Bayesian blind 

source separation (BSS) method is explored, involving a Gaussian process (GP) model 

for the extraction of temperature-induced resistance variations (Liu et al. 2019). Since 

SSCCs with CNT/CB composite fillers have demonstrated excellent self-sensing 

properties as described in Chapter 5, they will be used as experimental objects in this 

chapter. 

The organization of this chapter is as follows. First, electrostatic self-assembled 

CNT/CB composite fillers were introduced into cement paste to fabricate SSCCs. Second, 

the electrical properties and self-sensing properties of SSCCs with CNT/CB composite 

subjected to varying temperature from -20 ℃ to 60 ℃ were investigated. Third, the 

performance of the proposed BSS-GP technique for the extraction of temperature-induced 

resistance variations was verified. Finally, the concluding remarks were provided.  

6.2. Experimental materials and methods 

6.2.1. Fabrication process 

The SSCC specimens were fabricated using the method described in Chapter 5 and 

the mix proportions listed in Table 6.1. Since plain SSCC has little or no self-sensing 

property, the case of a SSCC with no CNT/CB composite fillers is not taken into account 
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in this chapter.  

 
Table 6.1 Mix proportions of SSCCs with CNT/CB fillers. 

No. Cement CNT/CB Water Fly ash Superplasticizer   
SSCC-1 1 0.01 0.2 0.15 1.5% 
SSCC-3 1 0.03 0.2 0.15 1.5% 
SSCC-5 1 0.05 0.2 0.15 1.5% 
SSCC-10 1 0.1 0.2 0.15 1.5% 
SSCC-15 1 0.15 0.2 0.15 1.5% 

The amount of CNT/CB, water, fly ash and superplasticizer is by mass of cement. 

6.2.2. Characterization 

To minimize the effect of water content variation on the electrical and self-sensing 

properties of SSCCs, all specimens were vacuum-dried at 60 °C for 3 days prior to test. 

The temperature-sensitive property of SSCC was assessed by placing each specimen into 

an environmental chamber (GDJS-100, Linping Instrument, China), with a temperature 

interval of 10 ℃ ranging from -20 ℃ - 60 ℃. This range was selected based on service 

temperatures commonly experienced by cementitious composites. At each temperature 

point, the specimen was insulated for 1h to ensure external and internal temperature 

equilibrium. Its DC electrical resistance was measured using the same method with 

Section 3.3.3. The self-sensing properties of the SSCCs under different temperature were 

performed under repeated compression with a stress amplitude of 10MPa and constant 

loading rate of 0.6 mm/min using a universal mechanical testing machine (Instron5982, 

Instron Inc., USA) equipped with an environmental chamber (3119-610, Instron Inc., 
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USA). The environmental chamber equipped with a liquid N2 cooling module can achieve 

a minimum temperature of -150 ℃. The experiments were performed at temperatures -

20 ℃, 0 ℃, 20 ℃, 40 ℃ and 60 ℃. During each measurement, a thermocouple connected 

with a digital temperature meter (HH310, Omega Engineering Inc., USA) was mounted 

on the surface of each specimen for benchmark as shown in Figure 6.1.  

 

 
Figure 6.1 The measurement system for self-sensing properties of the SSCCs under 

different temperatures. 

6.3. Results and discussion 

6.3.1. Temperature-sensitive properties of SSCCs with CNT/CB 

Figure 6.2 presents the temperature dependence of electrical resistance of SSCCs 

with different contents of CNT/NCB composite fillers in the temperature range of -20 - 
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60 ℃. The SSCC sample was placed in the environmental chamber, on the top of which 

there is a fan to maintain the temperature equilibrium inside (Figure 6.2(a)). It can be seen 

that the electrical resistances of all the SSCCs exhibited inverse trends with increasing 

temperature, namely negative temperature coefficient effect (NTC), which is a typical 

behaviour of semiconductor (Feteira 2009). The NTC effect is usually found in the SSCCs 

with various conductive fillers such as CF, multi-layer graphene, CNT and steel fibre (Sun 

et al. 2017a; Tuan and Yehia 2004; Wen et al. 1999). Except for SSCC-15, the change in 

the electrical resistance of the SSCCs as a function of temperature was more significant 

at lower temperature. To more clearly illustrate the temperature-sensitive properties of 

SSCCs with CNT/CB composite fillers, the relationship between the FCR of SSCCs with 

CNT/CB composite fillers and temperature is shown in Figure 6.3(a). The FCR of SSCCs 

shows a maximum at the case of 1.0 wt. % CNT/NCBs, determined as 97.79% in the full 

range (specifically, 58.11% in the range of -20 - 0 ℃ and 83.93% in the range of 0 - 60 

℃). With increasing filler content, the FCR tends to decrease first and reaches the lowest 

value, 34.57 % for the SSCC-5, and then is increased to 66.40 % for the SSCC-10 and 

61.01 % for the SSCC-15. 
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Figure 6.2 Temperature dependence of electrical resistance of SSCCs with CNT/CB 

composite fillers. (a) Schematic illustration of the set-up for the temperature-sensitive 
property measurements. (b) SSCC-1. (c) SSCC-3. (d) SSCC-5. (e) SSCC-10. (f) 

SSCC-15. 
 

The temperature-sensitive property of an SSCC depends on the filler content and is 

attributed to different electrical conduction mechanism dominated at different filler 
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content. Generally, temperature induces a change in electrical resistance of the SSCC in 

three ways: (1) Thermally-induced volume change of the SSCC including cement matrix 

and conductive fillers. The expansion or contraction of the SSCC leads to an increase or 

decrease of electrical resistance. However, the volume change of the SSCC due to 

temperature variation is very small and can be neglected at temperature lower than 60 °C. 

Temperature higher than 150 °C can lead to structural breakage and thermal expansion of 

the hydrated cement paste, thus a positive temperature coefficient of electrical resistivity 

of SSCC (Teomete 2016). This case is not considered in this chapter. (2) Thermally-

induced change of intrinsic electrical conductivity of CNT/CB composite fillers. However, 

this factor can also be neglected due to the extremely high electrical conductivity of 

CNT/CB composite fillers. (3) Thermal-activated motion of charge carriers. In a SSCC, 

electrical conduction is brought about by the combination of charge carrier movements 

(electrons and holes mainly from CNT/CB and ions from capillary pore water and 

crystalline water in cement paste). The mobility of the charge carriers is temperature 

activated, while the concentration of charge carriers is solely determined by filler content, 

namely, temperature independent. The electrical conductivity depending on temperature 

can be described by the Arrhenius equation, 

exp( )a

b

EA
k T

 = −
 

(6-1) 

where    is the electrical conductivity of the SSCC, bk   is the Boltzmann constant 
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(8.6174 × 10-5 eVK-1), A  is a pre-exponential constant, T  is the absolute temperature 

(K) and aE  is the activation energy for electrical conduction. Figure 6.3(b) shows the 

Arrhenius plots of electrical conductivity versus the reciprocal of absolute temperature 

for SSCCs with CNT/CB composite filler. The aE  for each SSCC can be determined 

from the slopes of the Arrhenius plots, as shown Figure 6.3(c). The SSCC-1 had the 

highest aE  of 0.246 eV, which is close to the value for the plain cement mortar (quoted 

in the range of 0.20-0.22 eV(McCarter et al. 2007)). When the filler content was increased 

to 5 wt.%, the activation energy of the SSCC declined sharply to the lowest, 0.039 eV. 

This indicates that the CNT/CB composite fillers can decrease the activation energy of 

the SSCCs and facilitate the transport of the charge carriers. This is because of the higher 

activation energy required for electrical conduction in semi-conductive cement matrix 

than that in conductive CNT/CB composite fillers. However, further increase of the filler 

content leaded to a slight increase in activation energy of SSCCs, which may be ascribed 

to the metal-like behaviour of the SSCCs at high filler doping when the concentration of 

charge carriers is high and the scattering of charge carriers and electron-phonon collisions 

generated with increasing temperature hinders the mobility of charge carriers (Mitoma et 

al. 2015).  

The temperature sensitivity of each SSCC ( FCR T ) is also presented in Figure 

6.3(c) for comparison. Interestingly, it was observed that the temperature sensitivity of 
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the SSCC with different filler content had the same change trend with the activation 

energy, indicating that the SSCC with high activation energy demonstrated high 

temperature sensitivity. This phenomenon can be explained from the perspective of the 

formation of conductive network as a function of filler content. As shown in Figure 6.3(d), 

a rapid decrease in the electrical resistance, i.e. percolation of the SSCCs took place when 

the filler content was above 1.0 wt.%, forming a percolation zone marked in orange in 

Figure 6.3(d). In a percolation zone, the tunnelling conduction of charge carriers always 

dominated. Tunnelling current as a function of temperature can be given as (Shen et al. 

2015): 

01
2=

Eac d
kTcJ e

d

 − − 
   (6-2) 

where 0 =4 2c m   , 2
1 sin bc BVe Bk T =  , 2 2B A m =  , V   is tunnelling 

voltage, bk   is the Boltzmann constant and aE   is the activation energy for electrical 

conduction. It can be seen that increasing temperature significantly increases the 

tunnelling current, thus decreasing electrical resistance. In addition, since the change of 

electrical resistance in the percolation zone is extremely sensitive to external effects such 

as temperature, stress and filler content, an increasing temperature leads to a thermal 

fluctuation induced percolation of conductive network, i.e. high temperature sensitivity. 

When the filler content is above the percolation threshold, extensive conduction paths are 

formed throughout the matrix, in which conduction through the conductive fillers in 
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contact dominates. At this time, the formation of conduction networks is not sensitive to 

temperature variations, thus attenuating temperature-sensitivity. It should be noted that 

the effect of temperature on the percolation behaviour of the SSCC is much less than the 

effect of filler content. As shown in Figure 6.3(d), the percolation curves at different 

temperature remain almost unchanged.  

The repeatability of temperature-sensitive properties of the SSCCs was also 

investigated under four heating-cooling cycles ranging from -20 to 60 °C as shown in 

Figure 6.4. Since the aforementioned circuit switch of the multimeter, the SSCC-1 was 

alternatively tested at temperature cycling from 0 to 60 °C. Since the SSCC samples were 

dried at 60 °C for 3 days prior to test, unbound or non-crystalline water in cement capillary 

pores was significantly removed and the electrical polarization induced by ionic 

conduction was not observed for all the SSCCs. It could be envisaged that the 

temperature-sensitive property of the SSCCs after drying is mainly attributed to the 

thermally-activated electrons and holes. In all cases, the electrical resistance is gradually 

reduced upon heating and increased upon cooling. The lowest and highest electrical 

resistance values remained almost the same, indicating good repeatability of the 

temperature-sensitive properties of the SSCCs. The right part of Figure 6.4 shows the 

cyclic temperature-electrical resistance curves of the SSCCs, which have indistinct 

hysteresis loops in the forward and backward curves, meaning high temperature response 
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of the SSCC. As shown in Figure 6.4, there were fairly good polynomial fitting results 

between the electrical resistance and temperature. The excellent temperature-sensitive 

properties of SSCCs suggests the possibility of SSCCs serving as temperature sensors. 

 

 
Figure 6.3 (a) FCR of SSCCs with CNT/CB composite fillers as a function of 

temperature. (b) Arrhenius plots of electrical conductivity versus reciprocal absolute 
temperature for SSCCs with CNT/CB composite fillers. (c) Temperature sensitivity 

and activation energy of SSCCs with CNT/CB composite fillers as a function of filler 
content. (d) Electrical resistance of SSCCs as a function of filler content under 

different temperatures. 
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Figure 6.4 Temperature-sensitive properties of SSCCs with CNT/CB composite 

fillers during four heating-cooling cycles. (a, b) SSCC-1. (c, d) SSCC-3. (e, f) SSCC-
5. (g, h) SSCC-10. (i, j) SSCC-15. 
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6.3.2. Temperature effects on self-sensing behaviours of SSCCs with 

CNT/CB 

Figure 6.5 shows the FCR variations of SSCCs under five cyclic uniaxial 

compression and at different temperatures. It is clear that all SSCCs demonstrated good 

self-sensing properties at all evaluated temperatures, with reversible FCR variations upon 

loading and unloading, indicating the absence of mechanical breakage of the SSCCs over 

the evaluated temperature range. However, the FCR amplitude was affected by 

temperature variation and filler content. The stress sensitivity of each SSCC is shown in 

Figure 6.5 (f). At a certain temperature, it is observed that the stress sensitivity of the 

SSCC showed an increasing trend with increased filler content. The maximum stress 

sensitivity enhancement was observed at -20 °C, from 0.08 %/MPa for SSCC-1 to 

7.33 %/MPa for SSCC-15 (nearly 100 times higher). However, when temperature was 

above 20 °C, the stress sensitivity decreased slightly with increasing filler content. For a 

given filler content, the stress sensitivity of the SSCC showed an upward trend with the 

temperature growth when the filler content was lower than 5 wt.%, while it declined 

slightly for the SSCC-10 and SSCC-15. The results indicate that temperature itself has no 

effect on the repeatability of the SSCC while strongly affecting sensitivity. In addition, 

the temperature effect is concentration-dependent. 

To discover the mechanisms by which temperature affects the self-sensing properties 



 

201 

of the SSCCs, the percolation plots and Arrhenius plots of the SSCCs under 10 MPa 

compression are illustrated in Figure 6.6, which can be compared with the results in 

Figure 6.3.  

 

 
Figure 6.5 Self-sensing behaviours of SSCCs with CNT/CB composite fillers under 

different temperatures. (a) SSCC-1. (b) SSCC-3. (c) SSCC-5. (d) SSCC-10. (e) 
SSCC-15. (f) Stress sensitivity of SSCCs versus Temperature. 
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As shown in Figure 6.6(a), at different temperature conditions, the percolation 

phenomenon always took place when the filler content was above 1.0 wt.%, which is 

exactly the same as the results of Figure 6.3(d). In addition, as shown in Figure 6.6(b), 

the Arrhenius plots of electrical conductivity versus the reciprocal of absolute temperature 

for the SSCCs at 10 MPa is quite similar to the plots of Figure 6.3(b). However, the aE  

values of the SSCCs at 10 MPa were different from the values derived from Figure 6.3 

(b). These results indicate that under the simultaneous excitations of temperature and 

loading, the overall distribution of conductive networks in the SSCC remained unchanged, 

thereby the repeatability of the SSCC was not affected. However, under dynamic 

compression, tunnelling distances and contact resistances among conductive fillers were 

dynamically changed. In addition, the elastic modulus of the SSCC decreased with 

increasing temperatures (Lee et al. 2009). Associated with the temperature-activated 

motion of charge carriers, the connectivity of conductive networks in the SSCC was 

changed (different aE  values), thus demonstrating different stress sensitivity at different 

temperatures. For the SSCC-1, SSCC-3 and SSCC-5 which conductive network is on the 

point of establishment and tunnelling conduction plays the dominant role as fully 

discussed in Section 5.3.1, stress sensitivity is therefore very susceptible to temperature 

variation and increases at the elevated temperature. With increasing filler content, the 

stress sensitivity is increased while the temperature effect is reduced since contact 
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conduction dominates and the formation of conduction networks is insensitive to 

temperature variations. Therefore, their stress sensitivities decrease slightly upon 

temperature rise.  

Based on the above discussion, the effect of temperature on the self-sensing 

properties of SSCCs is highly related to their temperature-sensitive properties, which is 

very complicated and inevitable. Even though high level of filler doping can reduce the 

temperature effect to a certain extent, this undesirable effect is an obstacle to the practical 

application of the SSCCs. Therefore, methods are needed to extract the temperature-

induced resistance variation from the mixed response of the SSCCs. In the next section, 

a powerful Bayesian BSS method embedding Gaussian process prior is introduced to 

verify its capability for extraction of thermal response. 

 

 
Figure 6.6 (a) Electrical resistance of SSCCs as a function of filler content under 

different temperature, at 10 MPa. (b) Arrhenius plots of electrical conductivity versus 
reciprocal absolute temperature for SSCCs, at 10 MPa.  
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6.3.3. Temperature-induced resistance extraction based on Bayesian 

BSS method 

6.3.3.1. Bayesian BSS method 

BSS is a powerful signal processing tool for identifying individual signals from 

multiple signals. The unknown individual signals and their contributions to the resulting 

mixtures are defined as sources and mixing matrix. The BSS problem in the time-domain 

can be basically written as: 

( ) ( ) ( ) ( ) ( )t t t t t= + = +X Y Ζ AS Z  (6-3) 

where ( )tX   is a vector of observation signals collected by different sensors, which 

constitutes a vector of pure observation signals ( )tY  and a noise vector ( )tΖ . ( )tS  

is a vector of underlying sources mixed in with the pure observation signals and A  is 

the mixing matrix.  

To determine the unknown ( )tS   and A  , the Independent Component Analysis 

(ICA) and the Second-Order Blind Identification (SOBI) methods have mostly been used. 

However, these two traditional methods for solving the BSS problem have difficulties in 

dealing with underdetermined mixtures in which the number of observations is less than 

the number of sources. In addition, the noise sequences from different sensors are 

assumed to be independent and identically distributed Gaussian random variables all with 
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the same variance. Different noise levels among different sensors are not fully taken into 

account in these methods. Since individual SSCC has different performances because of 

the heterogeneity of the cement-based matrix and uncertainties brought in the installation, 

different noise levels are unavoidable in reality. In this study, a Bayesian BSS method 

was used to address the uncertainty and underdetermination in BSS problems. To improve 

the robustness, a diagonal covariance matrix Z  is considered to express different noise 

levels as,  

( ) ( )( )
1

;0,
L

Z Z
t

p t
=

 = Z ZN  (6-4) 

where L   is time length and ( )( );0, Zt ZN   means that ( )tΖ   obeys normal 

distribution with the variance Z , in which the diagonal elements are equal to different 

noise power 2
i  of the thi  sensor. With this consideration, the likelihood function of 

observation matrix X  can be given as,  

( ) ( ) ( )( ) ( ) ( )( )
1 1

, , , , ; ,
L L

Z Z Z
t t

p p t t t t
= =

 =  =  X A S X A S X ASN  (6-5) 

To exploit the temporal structure of sources in the context of Bayesian inference, the 

GP is introduced to define the prior distribution of unknown sources. In this model, the 

prior mean function is fixed to zero and the covariance function is to choose the well-

known Squared-Exponential (SE) kernel function. Therefore, the source prior 

information can be expressed as, 
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( ) ( ) ( )
1 1

;0,
n n

T T
j j j j

j j

p K p GP K
= =

= = S S S  (6-6) 

where jS  is the thj  source signal and jK  is the covariance matrix in the form of an 

SE kernel function of two time points t  and 't , 

( )
2

2

'
, ' exp

2j
j

t t
K t t

h

 −
=  − 

 
 

 (6-7) 

where   is a scale factor of the SE kernel to indicate the power of the generated GP and 

jh  is the characteristic length-scale of the thj  source signal that determines the signal 

smoothness, which can be automatically determined by defining it as a hyperparameter 

when using Bayesian inference.  

To establish a model with discriminative inferences for different sensors, the prior 

distribution of the mixing matrix A  is specified as, 

( ) ( ) ( )
1 1 1 1

;0,
m n m n

ij ij ij
i j i j

p p a a 
= = = =

= = S N  (6-8) 

where ija   is an element of the mixing matrix, ij   is the variance of ija   and can be 

regarded as a hyperparameter of the mixing matrix prior. 

Then, a commonly-used conjugate prior distribution in Gaussian likelihood, inverse-

gamma distribution is used as the prior distribution of the variances of the noise matrix 

Z  and the mixing matrix  , 

( ) ( ) ( )2

1 1

, ,
ii

m m

Z Z Z Z i Z Z
j t

p p IG    
= =

 =  =   (6-9) 

( ) ( ) ( )
1 1 1 1

, ,
m n m n

ij a a ij a a
i j i j

p p IG      
= = = =

= =   (6-10) 

where ,Z Z  ,  and a a  are hyperparameters of the inverse-gamma distribution.  
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Due to the non-negativity of the characteristic length-scale of the thj  source signal 

jh , gamma distribution is employed to describe the source hyperparameter feature, 

( ) ( ) ( )
1 1

,
n n

j j s s
j j

p h p h G h  
= =

= =   (6-11) 

where  and s s   are given parameters. 

Finally, the joint posterior distribution of the sources, mixing matrix and noise can 

be obtained by Bayes’ theorem as, 

( ) ( ) ( ) ( ) ( ) ( )

( ) ( )( ) ( )

( ) ( )
1 1

1 1 1 1

, , , , , ,

                              ; , ;0,

                              ;0, ,

                              

Z Z Z

L n
T

Z j j
t j

m n m n

ij ij ij a a
i j i j

p h p p p p h p

t t GP K

a IG

  

   

= =

= = = =

       

=  

 



 

 

A S X X A S A

X AS SN

N

( ) ( )2

1 1

, ,
n m

j s s i Z Z
j t

G h IG    
= =

 

 (6-12) 

To solve the joint posterior distribution, a refined Markov chain Monto Carlo 

(MCMC) algorithm, termed the Gibbs-within-Metropolis algorithm was used to 

numerically calculate the probabilistic characteristics of the sources, mixing matrix and 

noise. The detailed procedure can be found in previous work (Xu and Ni 2018).  

6.3.3.2. Experimental verification 

To examine the effectiveness of the proposed Bayesian BSS method, experimental 

tests were conducted under both temperature (source-1) and loading (source-2) variations 

on the SSCCs. For brevity, only SSCC-1 that has the highest temperature sensitivity and 
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SSCC-5 that has the lowest temperature sensitivity were selected. During the test, the 

temperature variations were controlled using the environmental chamber and manually 

opening/closing the door of the chamber to simulate different time-varying temperature. 

In the meantime, the SSCC specimen was dynamically compressed with an amplitude of 

10MPa and constant loading rate of 0.6 mm/min. Figure 6.7 shows the electrical 

resistance variations of SSCC-1 and SSCC-5 under the excitations of time-varying 

temperature and loading. It is apparent that the response of the SSCC was a combination 

of the two excitations in which dynamic loading produces a series of weak resistance 

variation peaks and temperature changes generates a significant variation trend of 

resistance. The total variation trend kept pace with temperature variation. For instance, a 

short or long door opening generated perfectly synchronous resistance variation as 

illustrated in Figure 6.7, which indicates that the temperature of the SSCC has the greater 

influence on its initial electrical resistance than on the self-sensing property.  
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Figure 6.7 Original responses of (a) the SSCC-1 and (b) the SSCC-5 to the 
hybrid temperature and dynamic loading variations. 

 

The original responses were then decomposed into two components (component-1 

corresponding to the excitation of source-1, i.e. temperature; component-2 corresponding 

to the excitation of source-2, i.e. loading) using the proposed Bayesian BSS method. The 

separation results for SSCC-1 and SSCC-5 are shown in Figure 6.8 and Figure 6.9, 

respectively. In both cases, the Bayesian BSS method achieved satisfactory results, in that 

the temperature-induced resistance change and loading-induced resistance change are 

well extracted and reconstructed. The insets of Figure 6.8 and Figure 6.9 enlarge the 

extractions of the component-2 to obtain the ‘pure’ loading-induced resistance change. 

Repeatable stress sensing response can be observed with no temperature-induced 
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resistance drifts over time.  

 

 
Figure 6.8 Separation result of the SSCC-1. (a) Two components separated by 

Bayesian BSS. (b) Comparison of component-1 separated by Bayesian BSS, Wavelet 
transformation and Polyfit methods with the calculated component-1. (c) Correlation 

coefficient. (d) RMSE. 
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Figure 6.9 Separation result of the SSCC-5. (a) Two components separated by 
Bayesian BSS. (b) Comparison of component-1 separated by Bayesian BSS, Wavelet 
transformation and Polyfit methods with the calculated component-1. (c) Correlation 

coefficient. (d) RMSE. 
 

To evaluate the separation results, two built-in algorithms in MATLAB including the 

Wavelet Transform (WT) and Polyfit methods were adopted to extract temperature-

induced resistance change to compare with the results calculated from the measured 

temperatures and fitting equations in Figure 6.4. Here, 4-order WT and 20-order Polyfit 

were used for extraction due to their good performance. As shown in Figure 6.8 (b) and 

Figure 6.9 (b), the extracted signals matched the calculated signals well, indicating that 
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both the WT and Polyfit methods can effectively extract the temperature induced 

excitations. However, compared with the Bayesian BSS method, the lower correlation 

coefficients and higher root mean square errors (RMSE) between the extracted values of 

the WT method and Polyfit method and calculated values demonstrated their relatively 

bad performances on the extraction of temperature excitations. In addition, it is workload-

intensive to adjust the order of WT method and Polyfit method in achieving satisfactory 

extraction performance. The Bayesian BSS method, however, is self-learning and self-

adjusting with higher accuracy and faster calculating speed. It is disappointing that all 

three methods were unable to recognize the actions of slowly and quickly opening/closing 

door. In addition, the temperature effect on self-sensing behaviour of SSCCs discussed in 

Section 5.3.2 still existed after source separation, manifested as time-varying amplitudes 

of resistance variation in component-2. As this effect is attributed to the inherent features 

of the SSCC, it might be quite difficult to eliminate such effects by the signal post-

processing. In addition, as discussed in Section 6.3.2, the self-sensing sensitivity of the 

SSCC is mainly temperature-dependent, which indicates that the loading-induced 

response and temperature-induced response are closely related. However, the two 

sources to be separated should be exactly independent for the proposed Bayesian source 

separation method. Therefore, this method is unable to remove temperature effect on the 

self-sensing sensitivity of the SSCC unless a time-varying mixing matrix that describes 



 

213 

the relationship between temperature and sensitivity is provided. 

6.4.  Summary 

In this chapter, the electrical properties and self-sensing properties of SSCCs 

reinforced with electrostatic self-assembled CNT/CB composite fillers under different 

temperature conditions were systematically explored. To eliminate the variation in 

resistance due to the temperature-sensitive properties of the SSCC, a powerful Bayesian 

BSS method embedding Gaussian process prior was proposed. The main conclusions of 

this chapter are as follows. 

(1) Upon temperature variation, SSCCs exhibited a noticeable negative temperature 

coefficient effect and excellent temperature-sensitive repeatability. However, the 

temperature-sensitive property of the SSCCs depended on filler content, which is 

attributed to different electrical conduction mechanisms dominating at different filler 

contents. 

(2) Increasing CNT/CB composite filler can decrease the activation energy of the 

SSCCs and facilitate the transport of the charge carriers, thus attenuating temperature-

sensitivity. The temperature also had a strong effect on the self-sensing sensitivity of the 

SSCC but no effect in terms of repeatability, which is highly related to their temperature-

sensitive properties.  

(3) Compared to the WT and Polyfit methods, the Bayesian BSS method had better 
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performance in terms of both accuracy and calculating speed on the extraction of 

temperature-induced resistance variation signals. However, it was unable to remove the 

temperature effect on the self-sensing sensitivity of the SSCC. 

Based on the results presented in this chapter, one can achieve a more efficient and 

cost-effective approach for fabricating SSCCs with uniform CNT dispersion and 

excellent self-sensing properties than the CVD-grown methods. However, from the 

perspective of using the SSCC for stress/strain sensing, the temperature effect on the 

electrical resistance of the SSCC as well as its self-sensing properties is complicated and 

inevitable, which severely limits the practical application of the SSCC in SHM. On the 

other hand, further investigation of the temperature effect may bring out new 

understanding of the electrical conduction and sensing mechanisms of the SSCC. The 

proposed Bayesian BSS method can eliminate the temperature effect to a certain extent. 

It is reasonable to assume that this method can also be used to remove the polarization 

drift. However, study on signal processing in this thesis is very shallow and limited. More 

work with respects to post-processing methods is still needed to permit future application 

of the SSCC. 
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  Conclusions and Recommendations 
 

7.1. Conclusions 

Targeted at addressing the dispersion issue of CNTs on the development of SSCC, 

three advanced CNT-based hierarchical fillers including in-situ CVD grown CF-CNT and 

CNT@C and electrostatic self-assembled CNT/CB have been successfully synthesized in 

this thesis. The design, fabrication, characterization and application of SSCCs 

functionalized with these CNT-based hierarchical fillers for structural health monitoring 

have been explored. The main conclusions of this thesis are summarized as follows. 

(1) Upon CF-CNTs synthesis, highly customized CF-CNTs with favourable 

morphologies and suitable properties can be achieved through the appropriate selection 

of important CVD parameters including catalyst type, catalyst preparation method, 

carbon source, temperature, growth time and gas composition. In this thesis, an optimal 

growth regime, using 100mM Ni(NO3)3·9H2O isopropanol solutions as catalyst 

precursors with a CVD condition of 20/20/100 sccm C2H2/H2/N2, at 650 ℃ for 30 min 

has been developed which produces CF-CNTs with an average CNT length of 16.50 m, 

diameter ranging from 38-74 nm and a total SSA of 14.1359 m2/g. The as-made CF-CNTs 

can effectively enhance fibre/cement matrix interfacial bond strength by encouraging the 

penetration of hydration products into the CNT forests, filling in porous structures 
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surrounding the CF, improving ITZ microstructure, bridging the nano-scaled cracks and 

transferring load from CF to itself. However, due to the performance degradation of CF 

and exfoliation of CNT agglomerations, the mechanical properties of SSCCs with CF-

CNTs were not comparable to SSCCs with CFs, especially with respect to flexural 

properties. In terms of electrical conductivity and self-sensing behaviour, CF-CNTs were 

more effective conductive fillers than CFs. 

(2) Based on the experience of growing CNT on CF via the CVD method, a detailed 

effort to synthesize hierarchically structured CNT@C composite filler by growing CNTs 

on cement particles via the CVD method was then performed. The as-synthesized 

CNT@C possesses a unique nest-like morphology with strong interfacial bonding 

between the CNTs and the cement particles and has distinctive characteristics with raw 

cement such as enhanced specific surface area, which is beneficial to the reinforcement 

of mechanical properties of CNT@C/cement composites and avoid re-agglomeration of 

CNTs in cement pastes. The CNT@C can act as nucleation sites to promote the early-age 

hydration of cement while restricting the hydration rate at later ages due to water retained 

by the CNTs. In addition, the CNT@C leaded to the excessive formation of highly 

oriented CH crystals around while reducing the amount of C-S-H gel, thus less formation 

of hydration products that contribute to the strength of the SSCC with CNT@C. The 

addition of CNT@C can effectively tailor the electrical microstructures, enhancing the 



 

217 

electrical conductivity and self-sensing sensitivity of the SSCC. The CNT@C-25 sample 

achieved a maximum stress sensitivity of 2.87 %/MPa and a gauge factor of 748. It also 

demonstrated excellent repeatability and stability, outstanding adaptability to various 

applied conditions and fast response and recovery. 

(3) The yields of CF-CNT and CNT@C hierarchical fillers were relatively low due 

to limitations of the experimental conditions. Therefore, a commercially-available, low-

cost and efficient CNT/CB composite fillers fabricated via the ESA method was then used 

to develop the SSCCs. The SSCCs containing CNT/CB composite fillers had satisfactory 

mechanical properties and close electrical resistance due to the uniform distribution of 

CNT/CB composite fillers in the cementitious composites. The SSCCs always remained 

stable under sinusoidal excitations in the frequency range from 0.1 to 40 Hz. In addition, 

the normalized PSDs of the signals from the SSCCs were virtually congruent with the 

normalized PSDs from the force sensor over the entire frequency range investigated, 

indicating the ability to identify the input frequencies. The identified modal frequencies 

and their changes in various damage cases obtained by the SSCCs were perfectly 

consistent with those obtained by the accelerometer, indicating that the SSCCs was 

sensitive enough to capture dynamic response and applicable to structural health 

monitoring. 

(4) The self-sensing performance of SSCCs reinforced with electrostatic self-
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assembled CNT/CB composite fillers demonstrated high temperature dependence. Upon 

temperature variation, the SSCCs exhibited noticeable negative temperature coefficient 

effects and excellent temperature-sensitive repeatability. However, the temperature-

sensitive property of the SSCCs depended on filler content. The temperature also had a 

strong effect on the self-sensing sensitivity of the SSCC but no effect on repeatability. 

Compared to the WT and Polyfit methods, the Bayesian BSS method performed better in 

terms of both accuracy and calculating speed on the extraction of temperature-induced 

resistance variation. However, the Bayesian BSS method was unable to remove the 

temperature effect on the self-sensing sensitivity of the SSCC. 

7.2. Recommendations for future work 

In this thesis, fabricating CNT-based hierarchical structures has been shown to have 

huge potential for alleviating the dispersion problem of CNTs in cementitious composites, 

so as to facilitate the development of SSCCs with advanced conductive fillers. 

Nevertheless, this study is only a preliminary attempt and more work is still needed. 

(1) Due to limitations of the CVD system, the yield and quality of CF-CNT and 

CNT@C fillers, at this stage, are difficult to guarantee reliable and consistent outputs and 

deeper and more systematic investigations are needed. A new versatile CVD system that 

can provide steady and continuous production must be developed and the preparation 

process should be simplified.   
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(2) The current CVD process produces a significant reduction in the tensile strength 

of CF and a degraded performance of the resulting SSCC. Low temperature CVD growth 

or the application of barrier coatings on CF that prevent thermally-induced damage to 

fibre structures will be explored in the future. 

(3) Under the CVD regimes, the CNTs grown on CFs or on cement particles 

possessed the densest morphology. However, the eventual performances of the resultant 

SSCCs were not always unfavourable, such as the reduced tensile strength of SSCC with 

CF-CNT and compressive strength of SSCC with CNT@C. In future, the performance of 

SSCCs with CF-CNTs and CNT@C synthesized under different CVD regimes should be 

investigated to identify how the morphologies (i.e. length, diameter and density) of the 

hierarchical structures produced affect the resultant SSCC performance. 

(4) Growing CNTs on cement particles is more quiet complicated than on a 

traditional silica-based support or a pure metal powder. The underlying growth 

mechanism needs to be properly understood and verified. The in-situ growing of CNTs 

on individual clinker minerals does make good sense to avoid the complexity and enhance 

understanding of the growth mechanism of CNT@C. Apart from the cement clinkers, fly 

ash, silica fume, fine and coarse aggregates would be promising alternatives acting as 

CNT growth support.  

(5) The proposed SSCCs should be further validated for structural health monitoring 
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purposes on actual structural components. Long-term durability and stability when 

exposed to varying ambient conditions (humidity and temperature) must be studied to test 

their potential for practical application. 

(6) The proposed Bayesian BSS method can eliminate the temperature effect to a 

certain extent. It is reasonable to assume that the method can also be used to remove the 

polarization drift. However, the study on signal processing in this thesis is very shallow 

and limited. More effort on post-processing methods is still needed to permit future 

application of SSCCs. 
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