
 

 
 

International Workshop 
SMART MATERIALS, STRUCTURES & NDT in AEROSPACE 

Conference 
NDT in Canada 2011 

    2 - 4 November 2011, Montreal, Quebec, Canada 

 
 2011 CANSMART CINDE IZFP 

 
 

CNT COMPOSITES FOR SHM: A LITERATURE REVIEW  
 

Carlo RAINIERI 1, Giovanni FABBROCINO 1, Yi SONG 2, Vesselin SHANOV 2 

 
1Structural and Geotechnical Dynamics Laboratory, University of Molise; Termoli, Italy 

Phone: +39 0874 404952, Fax: +39 0874 404952;  
e-mail: carlo.rainieri@unimol.it, giovanni.fabbrocino@unimol.it 

2Nanoworld Laboratories; University of Cincinnati, Cincinnati, USA;  
e-mail: songyi@mail.uc.edu, vesselin.shanov@uc.edu  

 
 

ABSTRACT 
 

Civil structures and infrastructures are susceptible to degradation phenomena due to different 
loading and environmental conditions. Structural Health Monitoring (SHM) takes advantage of 
the recent advances in nanotechnology and sensing in order to monitor the behavior of a 
structure, assess its performance and identify damage at an early stage. 

Thus, maintenance actions can be carried out in a timely manner, improving structural 
reliability and safety. SHM is traditionally performed at a global level, with a limited number of 
sensors distributed over a relatively large area of a structure. However, only major damage 
conditions are detectable. The current trend is based on the development of dense sensor 
networks and innovative structural neural systems, reproducing the structure and the function of 
the human nervous system, for integrated health management.  

Miniaturization and embedment are two key requirements for successful implementation of 
structural neural systems. Carbon nanotube (CNT) based sensors are very promising in this 
context, since they make possible the development of embedded sensors and smart structural 
materials, providing both structural capability and measurable response to applied stresses, 
strains, cracks and other flaws.  

In this paper a literature review about the application of CNTs for sensors and smart materials 
used for SHM of civil structures is presented. It represents the preliminary step of the research 
that is going to be carried out in the context of a joint US-Italy research project, focused on the 
development of cement-based CNT sensors for SHM of civil structures. The research project and 
the expected results are also briefly described. 
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INTRODUCTION 
 

Degradation phenomena due to different loading and environmental conditions affect civil 
structures and infrastructures. The aim of Structural Health Monitoring (SHM) is the assessment 
of the performance of a structure and the identification of damage at an early stage through the 
observation of the structural response taking advantage of the recent advances in technology and 
sensing [1, 2]. Monitoring strategies allow maintenance actions to be carried out in a timely 
manner, improving structural reliability and safety and reducing inspection and maintenance 
costs and down time [3]. SHM is traditionally performed at a global level [4], with a limited 
number of sensors distributed over a relatively large area of a structure. However, only major 
damage conditions are detectable. The current trend is based on the development of dense 
wireless sensor networks [5]. Thus, scalability and expandability are relevant issues, ensuring the 
possibility to gradually add sensing elements to the network during its lifetime and according to 
budget constraints [6]. Conventional engineering practice in SHM is to adapt commercial off-the-
shelf sensing technologies to the particular application. An integrated approach to design and 
implementation of SHM systems, even with the development of customized solutions, represents 
an innovation in the field and can tackle the issues related to hardware robustness, sensor 
embedment and operation autonomy (including energy harvesting). 

The new trend lies in the development of innovative structural neural systems for integrated 
health management [7, 8]. A neural system basically tries to reproduce on the structure and the 
functions of the human nervous system. This kind of SHM system is based on the deployment of 
a high number of distributed sensors and nerves, with parallel data processing procedures [9]. 
Different types of sensors can be integrated. Up to date, preliminary applications are in the 
mechanical and aerospace fields, where locations and symptoms of damage are usually well 
defined and understood. Even if equivalent damage models cannot be easily defined for civil 
structures under hazard and operational conditions, the damage assessment can take advantage of 
distributed sensor networks mainly located in critical areas of the structure. Miniaturization and 
embedment are two key requirements for successful implementation of structural neural systems. 
Miniaturized and embedded sensors must be connected to processors able to mimic the 
architecture of the neural system of the human body. Sensor embedment provides several 
advantages, including detection capabilities in otherwise unreachable locations.  

However, it may require modifications of the structure to physically accommodate SHM 
hardware. Sensor miniaturization is a possible solution. In the case of civil engineering 
structures, another opportunity is offered by emerging sensor solutions, such as smart materials 
with sensing capabilities. Multifunctional materials for SHM have gained attention for their 
versatility to sense, actuate and harvest energy from ambient vibrations [10]. Carbon nanotube 
(CNT) based sensors are very promising in this context, since they make possible the 
development of embedded sensors and smart structural materials, providing both structural 
capability and measurable response to applied stresses, strains, cracks and other flaws.  

In this paper a literature review about the application of CNTs for sensors and smart materials 
used for SHM of civil structures is presented. Attention is focused on the opportunities the 
development of new multifunctional materials provides for the realization of smart structures, 
that is to say structures capable of self-sensing and monitoring, self diagnosis and prognosis, and 
adaptive response to increase structural reliability and safety, minimize maintenance costs and 
extend service life [7]. The present literature review represents the introductory step of the 
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research that is going to be carried out in the context of a joint US-Italy research project, focused 
on the development of cement-based CNT sensors for SHM of civil structures. The research 
project and the expected results are also briefly described. 

 
NANOTECHNOLOGY IN SHM 

 
From top-down to bottom-up: carbon nanotubes 
 

Over the past two decades significant efforts have been made by researchers in order to 
miniaturize electronic devices for SHM applications and optimize their performance. This “top-
down” approach has led to the development of MEMS (microelectromechanical systems) 
technology, which allows complex circuitry, sensing and actuation mechanisms and advanced 
computation capabilities to take place in a single microchip. Sensors at the micrometer length 
scale such as MEMS accelerometers and MEMS ultrasonic transducers have been therefore 
developed. On the other hand, the opportunities offered by smart materials (that is to say 
materials characterized sensing and actuating properties, such as piezoelectric, pyroelectric, 
electrostrictive, magnetostrictive, piezoresistive and electroactive materials) in the field of SHM 
have been extensively investigated.  

(a) 

(b) 

(c) 
 

Fig. 1. Roll up (a), SWCNT (b) and MWCNT (c) 
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However, performance limits in MEMS technology and the high costs associated with 
fabrication of MEMS sensors in advanced clean rooms have led to an increasing attention 
towards the opportunities offered in the field of nanotechnology for the development of high 
performance sensing devices using a “bottom-up” approach [11]. According to it, chemical 
fabrication parameters can be tailored at the molecular scale to yield macro-scale bulk sensor 
properties [12]. Smart nanoscale materials are also able to reduce the typical limitations 
associated with smart materials (requirement for high voltage or high current, small range of 
strain or force actuation, brittleness or excessive weight), leading to new solutions to generate 
and measure motion in devices and structures [13]. A fundamental role in the field of 
nanotechnology is played by the carbon nanotube. It was first discovered by Iijima [14] and it 
consists of carbon atoms bonded in a helical crystalline structure (Figure 1). Carbon nanotubes 
are in the form of single wall (SWCNT) and multi-wall (MWCNT) carbon nanotubes. From a 
geometrical standpoint, SWCNTs consist of one cylindrical lattice of carbon atoms (Figure 1b) 
while MWCNTs are characterized by multiple helical concentrically positioned lattices (Figure 
1c). 

Even if CNTs appear as hollow tubes of rolled graphene sheets (Figure 1a), they are not 
produced by rolling up the sheets, but by a growth process from one hand: the synthesis is 
achieved under precisely controlled conditions and in the presence of a catalyst. SWCNTs have 
diameters in the range of nm (0.7 to 1.0 nm), and they can be grown to long lengths so that very 
high length-to-diameter aspect ratios, in the order of 104÷105, can be obtained [15]. From a 
mechanical point of view, CNTs show an elastic behaviour, with a very high stiffness (Young’s 
modulus of approximately 1 TPa and a density of about 1.33 g/cm3) and the possibility to bear 
torsion and bending without breaking. The hexagonally-bonded carbon honeycomb structure of 
SWCNTs is responsible for their high mechanical strength (tensile strength between 20 GPa and 
60 GPa, with maximum strain up to 10% [16]), which is even better than that of structural steel. 

From the electrical standpoint, CNTs can be classified as conductors or semi-conductors, 
depending on the orientation of the carbon atoms in the lattice structure of the tubes. This 
property depends on the SWCNT one-dimensional structure, which allows electrons to travel 
greater distances before scattering occurs, approaching a ballistic transport-type behaviour which 
increases the electrical conductivity. Several works have been published in recent years about the 
chemical modification of carbon nanotubes (termed functionalization) to allow their use in a 
range of different applications [17]. The high strength and stiffness and the high thermal and 
electrical conductivities of CNTs make them promising for developing a lot of applications [18], 
including new, high performance smart composite materials for SHM applications. 

 
Carbon nanotubes for SHM: polymer based composites 
 

The excellent mechanical properties and the high thermal and electrical conductivities of 
CNTs play a fundamental role for the development of devices simultaneously showing structural 
and functional capabilities, including actuation [19], sensing [20] and generating power [21]. 
These characteristics allows the development of high performance sensors and actuators 
operating at low voltage [13]. A number of sensors have been designed by researchers within the 
smart structures and SHM communities according to a “bottom-up” approach. In particular, they 
have explored the possibility in the nanotechnology field to design sensing materials showing 
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measurable changes in their electrical properties as a consequence of mechanical or chemical 
stimuli. 

Recently new forms of CNT materials have become available from the Nanoworld 
Laboratory at the University of Cincinnati. These are arrays, ribbon, thread, yarn, braid, and tape 
shown in Figure 2. Tape is the newest material and can be from 1 to 10 cm wide can be used to 
form a sheet. The functionalized CNT sheet is immersed into an epoxy resin solution to form a 
CNT sheet pre-preg [34]. CNT sheet pre-pregs are used in forming composites by stacking 
multiple layers of CNT pre-pregs between two plates and placing into a hot press for curing. All 
the material forms in Figure 2 have the capability to detect damage at the early stages due to their 
high piezoimpedance sensitivity. The application of these materials for SHM is still in its early 
development period at the Nanoworld Laboratory and suppliers [35-37]. Application of the 
materials for SHM of Civil Infrastructure is being investigated by the Structural and 
Geotechnical Dynamics Laboratory StreGa at the University of Molise, Termoli, Italy. 

 

 (a)  (b) 

 (c)  (d) 

 (e)  (f) 
 

Fig. 2. CNT material forms for use in SHM: (a) CNT array [35]; (b) ribbon; (c) thread; (d) two-
ply yarn; (e) braid produced by Atkins & Pearce [36]; (f) pre-preg tape [37]. 

A homogeneous SWCNT film obtained through vacuum filtration of SWCNT solutions has 
been described in [22] and used as a strain sensor. The research points out the potential of CNTs 
for the design of novel strain sensors characterized by a high degree of linearity in their response. 
However, such a SWCNT film, commonly referred to as “buckypaper”, shows a certain fragility 
at the macroscale, due to the weak Van der Waals attraction among the SWCNts, and some 
difficulties in transferring the strain to the nanotubes. 
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As a consequence, the use of a polymer matrix in order to minimize slip between adjacent 
nanotubes and to improve the strain transfer and strength of the composite material has been 
suggested in [20]. In particular, both the static and dynamic responses of the novel CNT 
composite-based strain sensor have been investigated and compared to the response of the 
buckypaper, with the former able to ensure a fairly linear symmetric strain response, unlike the 
latter. The development of a multifunctional material for measuring strain and corrosion 
processes has been described in [12]. A carbon nanotube-polyelectrolyte composite multilayer 
thin film has been fabricated by a layer-by-layer (LBL) method. It granted mechanical strength to 
the films, in which different transduction mechanisms can be encoded. In particular, a proper 
design of nanotube concentrations and polyelectrolyte matrices has yielded thin films whose 
electrical properties are sensitive to strain and PH changes. LBL assembled carbon nanotube 
composites have been used as strain sensors also in combination with wireless transmission 
systems [23] and to develop, in combination with the electrical impedance tomography 
technique, a sensing skin for crack detection and impact monitoring on structures [24]. 
Innovative applications concern the use of carbon nanotubes in combination with fibers in order 
to develop hybrid composites with self-sensing properties [25]. However, the combination of 
aligned fibers and epoxy matrix with carbon nanotubes is often difficult and problems with CNT 
dispersion can rise. Thus, alternative strategies based on radial in-situ growth of CNTs from the 
fiber surface are attempted [26]. 

The electrical properties of CNT based composites are influenced by the CNT concentration 
in the matrix. In fact, its increase leads to more nanotube-to-nanotube junctions, thus providing a 
greater number of paths for electrical current to flow from one electrode to the other, reducing 
the overall resistivity of the film [27]. However, beyond a certain concentration (percolation 
threshold) the benefit in increasing the CNT concentration is lower and lower. Thus, a proper 
sensor design requires the evaluation of such a threshold in order to optimize sensor performance 
as a function of CNT concentration. The influence of temperature on sensor response has to be 
also assessed. However, strain MWCNT based sensors basically insensitive to temperature 
variations in a fairly wide range have been also developed [28]. 

CNTs can be fabricated also as long film to develop neural systems in the form of a grid 
attached to the surface of a structure to make a sensor network. Such an artificial neural system 
has potential applications in the field of structural monitoring of large civil structures, and it is 
under investigation at the University of Cincinnati [8]. Other potential applications of CNT based 
composites in the field of SHM concern power harvesting. Power generation from vibrating 
structures is of interest in order to provide autonomous power sources to the operating sensors. 
Promising results concerning the conversion of ambient vibrations into electrical energy can be 
found in the literature [13], but the field of vibration based power harvesting is still at an initial 
stage of development. 

 
Carbon nanotubes for SHM: cement based composites 
 

The superior mechanical performance and conductive properties of CNTs are known from 
long. However, apart from a few recent studies, very little work has been done on the 
development of cement based sensors using CNTs.  The dispersion of CNTs into a cement matrix 
leads, first of all, to an improvement of the mechanical properties of the cement composite. In 
fact, because of their size and aspect ratio, CNTs can be dispersed in a much finer scale than 
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common fibers, thus obtaining a more efficient crack bridging at the initial stage of crack 
propagation in the composite [16]. 

Moreover, CNT dispersion in the cement matrix improves also its electrical conductivity, 
making possible the development of a smart material whose conductivity is sensitive to the 
applied strain and which can be therefore used as self-sensing material [29]. Thus, some research 
studies have been initiated to investigate the opportunities offered by carbon nanotube cement 
composites for the development of wireless embedded sensors for damage detection in concrete 
structures [30] and of self-sensing composites for traffic monitoring [31]. Even if promising 
results have been obtained, further investigations are needed for a complete characterization of 
the piezoresistive behaviour of the composite.  

Specific investigations about CNT functionalization for their application within cement based 
composites are reported in [32] where it is shown how the acid treatment with a mixture of 98% 
H2SO4 and 66% HNO3 leads to a stronger piezoresistive response and a higher signal-to-noise 
ratio than a more traditional dispersion method based on the use of surfactants. As a result of 
effective dispersion, even a low amount of CNT is effective in increasing the conductivity of the 
composite, thus allowing the development of sensors at low cost. 

The available results about integration of carbon nanotubes and nanofibers (CNF) into 
cement matrix seem to confirm the higher performance, with respect to traditional carbon fibers, 
in terms of enhancement of mechanical properties and electrical conductivity of the composite 
material [33]. A complete characterization of CNT cement based composites is currently missing 
and of paramount interest in view of the development of cement based sensors for SHM of civil 
structures. In particular, investigations about sensor hysteresis and the effect of the temperature 
and other physical parameters (effect of CNT content, electrodes, current frequency, curing, 
temperature, chloride and moisture, presence of steel bars) on measurements are fundamental in 
view of an extensive use of the CNT/cement composite for SHM of civil structures. 

 
THE JOINT US – ITALY RESEARCH PROGRAM 

 
A cooperation program between the Structural and Geotechnical Dynamics Laboratory at the 

University of Molise (Italy) and the Nanoworld Laboratory at the University of Cincinnati (USA) 
in the field of nanotechnology has been recently initiated. 

The objective of the research program is the development of CNT/cement based sensors for 
SHM of civil structures. CNT/cement based sensors represent promising tools for SHM of civil 
structures, thanks to the possibility to achieve high gauge factors [33] useful for SHM 
applications in hazardous environment (i.e. seismic monitoring). Moreover, the cement matrix 
ensures the structural compatibility and the possibility of embedment and diffusion all over the 
monitored structure. However, an extensive characterization of such sensors is needed to 
investigate the effect of environmental factors (temperature, chloride, moisture...) and the 
response to different stress conditions (axial, bending, shear). Multi-purpose sensors can be 
potentially developed, with the ability to detect both stress/strain and environmental conditions. 
This requires very accurate calibration procedures. Curing effects, coupling with electrodes and 
the influence of steel bars are also fields of investigation.  
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In the field of nanotechnologies and SHM the US partner has been a driving force behind the 
research and development of new sensors and technologies. On the other hand, the Italian 
research group has large experience in data interpretation methods for monitoring real civil 
structures and in the field of composite materials and fibre reinforced concrete. The present 
proposal integrates the core strengths of the participants. The experience of the US group in the 
field of CNT synthesis and development of sensors and power harvesting devices represents a 
fundamental start-up of the project. Moreover, this venture will facilitate international student 
exchanges, accelerate technology transfer through complementary research and data exchange 
and through the participation of industrial partners. The objectives of the research are mainly 
focused on civil engineering structures, even if the background of the US partner is mainly in the 
mechanical engineering. This is another relevant aspect of the proposal, since an extensive 
transfer of knowledge and technologies between the two fields of expertise is expected. The final 
objective of the research consists of the development of an integrated SHM system for civil 
structures in seismically prone areas relying on CNT/cement based sensors is expected. 

 
CONCLUSIONS 

 
In the present paper a literature review about the application of CNTs for sensors and smart 

materials used for SHM of civil structures is presented. Even if an increasing number of smart 
materials based on CNTs are being developed, showing their potential as sensing or actuating 
elements for SHM and structural control applications, the research in this field is still at its initial 
stage and further developments are expected in the next year. In the field of SHM of civil 
structures, particular attention has to be devoted to CNT/cement based sensors, which offer 
interesting opportunities thanks to the compatibility with the host structure. However, an 
extensive characterization of such sensors is still needed to investigate the effect of 
environmental factors and the response to different stress conditions. The present review 
represents the preliminary step of the research that is going to be carried out in the context of a 
joint US-Italy research project, focused on the development of cement-based CNT sensors for 
SHM of civil structures. The research project and the expected results been also summarized. 
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