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Over the time, the integrity and reliability of civil infrastructures are threatened 

by overloading, fatigue, impact damage, and structural deterioration. Structural health 

monitoring (SHM) is therefore becoming a viable tool to collect real-time quantitative 

data from in-service structures concerning structural condition and performance. 

Being capable of continuously monitoring critical components, SHM systems can 

instantaneously identify damage, guide necessary repairs, and may ultimately help 

prevent catastrophic failure. As the core of SHM, the capability, accuracy and 

reliability of the applied sensing system govern the overall success of the 

implementation of SHM. To date, conventional sensors such as strain gages, 

accelerometers, and displacement gages have been widely employed in SHM systems 

for attaining global or/and local responses of a structure. However, these point-type 

sensors still suffer from limitations and challenges, which indeed have inspired the 

development of next-generation sensing methodologies for SHM. Recent advances in 

nanotechnology offer a variety of self-sensing nanocomposites with integrated 

nanoscale, noninvasive, electrically percolating networks providing exceptional 

sensitivity to sense changes in strain as well as the formation and propagation of 

micro- and macro-damage. By appropriately integrating nanocomposites with 

distributed sensing schemes, an extensive nerve-like sensing system with enhanced 

detection capabilities and spatial sensitivity of strain and growing damage can be 

established for SHM of civil infrastructures.  

ABSTRACT 
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The research work presented in this dissertation advances the state of the art by 

introducing an innovative carbon nanotube (CNT)-based nonwoven composite sensor 

that can be tailored for strain and damage sensing properties and potentially offers a 

reliable and cost-effective sensing option for SHM. First, a readily scalable two-step 

process for manufacturing nanocomposites was developed. Specifically, a thin, 

lightweight and inexpensive nonwoven fabric was selected as the CNT carrier and 

nanotubes were deposited following a dip-coating procedure. Second, the 

microstructure, mechanical, and electrical properties of the proposed CNT-based 

composite sensor were investigated. Its electrical double percolation was observed for 

the first time and its self-sensing capability, and strain sensitivity was validated and 

characterized using coupon-level experiments. The sensors were found to be 

repeatable and respond linearly up to 0.4% strain with achievable elastic strain gage 

factors of 1.9 and 4.0 in the longitudinal and transverse direction, respectively. Third, 

the established composite sensors were further integrated with a difference imaging-

based electrical impedance tomography (EIT) sensing scheme to offer a true two-

dimensional damage sensing methodology, from which damage location, size, and 

severity can be estimated. This represents a significant extension to the commonly 

applied direct current (DC)-based point sensing scheme. Next, a systematic 

characterization of the thermoresistive behavior in these CNT-based nanocomposites 

and multiscale composites was performed under thermal cycling between 25 to 145 

°C. A dynamic dominance for a double-crossover-shaped temperature dependence of 

their resistances was observed and methodically investigated. Finally, a hybrid 

composite system was applied on two large-scale reinforced concrete laboratory 

beams (12 in × 24 in × 16 ft), in which the CNT-modified nonwoven sensing sheet for 
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SHM is integrated with a glass fiber reinforcement to create a combined strengthening 

and sensing solution. The 14-ft-long nanocomposite sensor was interrogated using a 

multiplexing approach with multiple electrodes to spatially estimate the damage 

locations. To date, this is the largest CNT-based composite sensor ever tested. 

The findings from this dissertation research have made important scholarly 

contributions to the fundamental understanding of the sensing networks of the 

innovative CNT-based nonwoven composites. Important broader impacts have also 

been made by promoting applications of using CNT-based sensing composites as 

strain/damage sensors for SHM. The presented methodology has remarkable potential 

to revolutionize the fields of SHM and structural engineering.  
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INTRODUCTION 

1.1 Motivation and Background 

Civil infrastructure, a universal group of basic structures including bridges, 

buildings, dams, tunnels, pipelines, and many others, supports the operation of a 

society and facilitates economic and civilized development of many regions in the 

world. If structural deficiencies and malfunctions are unable to be detected and 

repaired in time, simply ignoring the structures with poor integrity can ultimately lead 

to tragic consequences such as loss of human lives [1-4]. Structural health monitoring 

(SHM) can be a viable solution to maintain integrity and reliability of structures. SHM 

is a recently developed technology that collects and analyzes the measurements from 

sensors attached to in-service structures in real-time. The collected data are used to 

assess structural performance under ambient loads and to detect and characterize 

structural damage. The ultimate goal is to help owners, builders, and designer of 

structures in rational decision-making on maintenance strategies [5,6]. As SHM 

systems continuously monitor the health of a structure, the cost of unnecessary 

inspections can be minimized. Meanwhile, the instantaneously collected real-time 

information from SHM system can guide inspection intervals and maintenance 

interventions.  

It is obvious that the nation’s transportation infrastructure network continues to 

age. According to the 2017 ASCE report card [7], the overall rating for safety of the 

bridges in the United States is C+ and 9.1% of the nation’s bridges (that is nearly 

Chapter 1 
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56,000 bridges) are rated as structurally deficient. Specifically, steel, reinforced and 

prestressed concrete bridges represent a large portion and crucial components of the 

transportation network. Due to the deficiencies in the bridge codes at the time when 

the bridges were built as well as increasing truck weights and frequencies, many 

bridges have been put under load restrictions or must be renovated before reaching 

their intended service life. SHM as a technique to help prevent and mitigate the 

progress of structural damage, is now more and more recognized and accepted in the 

civil engineering community.  

As the fundamental and critical component in SHM systems, sensors govern 

the overall success of the implementation of SHM. For example, visual inspection 

(i.e., an active nondestructive testing (NDT) method), basing on human senses and 

simple equipment, is a common and dominant SHM approach at present [8,9], 

however, the possibility of undetected damage evolution to critical levels without 

immediate recognition is always a serious cause for concern. As another example, 

deployable sensing systems consisting of conventional sensors such as strain gages, 

accelerometers, displacement gages etc. have been traditionally employed in SHM 

systems [5,6]. The pros and cons of the commonly employed SHM sensors are listed 

in Table 1.1. Generally, these point-type sensors can only cover a finite number of 

discrete points and the selection of critical areas for monitoring remains subject to the 

owner’s expertise and experience [5,6]. In particular, concrete is a heterogeneous 

material and therefore concrete structures have complex local strain fields and 

nonlinear strain distribution along the gage length [10-12]. To get a global view of a 

concrete structure’s health condition, one practical solution is to apply a distributed 

sensor capable of capturing the response of the entire structure to continuously 
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monitor critical components that show distress [13]. Some experimental work has 

been performed on using distributed sensors for SHM, such as continuous networks of 

fiber optic sensors for one-dimensional strain field monitoring of concrete structures 

[14-16], two-dimensional networks of piezoelectric sensors for spatial damage 

detection [17-19], and laser sensors for assessing loading conditions [20,21] of 

concrete and composite members. Finally, three-dimensional networks of acoustic 

emission sensors have been used for monitoring cracking in concrete structures [22-

25].  

Table 1.1: Typical Sensors for SHM Systems. 

Sensor Type Advantages Drawbacks/Challenges 

Foil/Demountable 

Strain Gages 

[5,26,27] 

Easy to install, accurate, 

available in many sizes, 

well-established 

Heavy wiring needed, quasi-point 

measurement, very sensitive to local 

strain but only if at or nearby 

location of damage 

Accelerometers 

[28,29] 

Easy to install, accurate, 

sensitive to dynamic 

response                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

Point measurement, global, 

indirectly correlating to structural 

performance, low sensitivity to local 

damage 

Displacement 

Gages [30,31] 

Easy to install, accurate, 

good linearity within the 

elastic range of the sensor 

and structure 

Point measurement, global, 

indirectly correlating to structural 

health, low sensitivity to local 

damage 

Acoustic 

Emission Sensors 

[24,25] 

Passive (no need for external 

stimulus), volumetric 

coverage, real-time damage 

detection 

Network with large number of 

sensors needed for locating damage, 

difficult to apply,  susceptible to 

ambient noise 

Ultrasonic 

Sensors [32-34] 

Sensitive for locating voids 

and discontinuities in 

concrete, relatively high 

resolution 

Point measurement, must knowing 

the approximate location of damage 

in advance, difficult interpretation of 

outputs   

Fiber-Optic 

Sensors [35-38] 

Capable of distributed 

sensing, no need for 

electrical powder, 

quantitative 

Susceptible to temperature changes, 

extremely small sensing area (fiber 

diameter in micron-lever), 

moderated sensitivity for local strain 
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1.2 Carbon Nanotube-Based Nanocomposites and Multiscale Composites 

Carbon nanotubes (CNTs) exhibit remarkable mechanical, electrical and 

thermal properties [39,40]. Over the past two decades, CNT-based nanocomposites 

have drawn considerable attention and are still extensively investigated due to their 

excellent properties and significant industrial applications [41]. With their 

exceptionally high aspect ratio and small size, CNTs are commonly introduced into 

polymers at a small concentration and then utilized as passive reinforcement to tailor a 

wide range of physical properties, such as Young’s modulus, toughness, impact 

resistance, electrical and thermal conductivity [42,43]. In addition, by strategically 

combining conventional reinforcing fibers (~µm-scale) with CNTs (~nm-scale) to 

create a macro multiscale material system (~m-scale), structurally hierarchical 

composites can be enabled to further tailor the structural and functional properties by 

the selective reinforcement [44,45]. Specifically, CNTs are predominantly placed in 

two domains including either the entire matrix phase or the immediate vicinity of the 

fibers.  

Dispersing CNTs throughout the fibrous composite matrix can toughen the 

matrix and consequently improve the out-of-plane stiffness, interlaminar strength and 

fracture toughness of the bulk composite which can ultimately enhance its resistance 

to matrix-dominated damage in the form of matrix microcracking and inter-ply 

delamination attributed to the crack bridging effect by CNTs [43,44,46]. This strategy 

is straightforward and simple but neglects the control to the load transfer mechanism 

in the interphase region (i.e., the fiber/matrix interface) and difficulties exist regarding 

achieving homogeneous and stable dispersion of CNTs in the polymer matrix. Large 

CNT agglomerates can lead to a self-filtering effect of CNTs during composite 

manufacturing and thereby significantly compromises the overall performance [45]. 
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Processing approaches for developing such composite systems have been widely 

documented and include shear mixing (i.e., calendaring or three-roll milling) [44,47-

49] and sonication [50,51] for low-viscosity thermosetting resins, melt processing [52-

54] for thermoplastic matrices, and a latex-based approach for highly viscous matrices 

[55].  

On the other hand, hybridizing CNTs onto the reinforcing fibers can 

significantly increase the fiber surface area providing a larger area for transferring 

load, which directly promotes the load transfer efficiency in the interphase [45,56]. 

Additionally, by grafting functionalized CNTs on fibers, the interfacial bond at the 

fiber/matrix interface can be modified as a result of the increased chemical interaction 

within this region [57,58]. Both enhancements can raise interfacial shear strength and 

energy absorbing capabilities attributed to the improvement to the interlaminar 

performance of the multiscale hybrid composites [56,59]. This scheme offers the 

potential to achieve high nanotube volume fractions and functionally upgraded local 

properties, but requires significant process development with respect to the CNT/fiber 

hybridization [43,45,59]. Several CNT deposition techniques have been reported and 

proven industrially scalable as well as cost-effective, such as dip-coating [60-65], 

electrophoretic deposition (EPD) [57,66-68], and spray coating [69,70]. 

1.3 Carbon Nanotube-Based Multifunctional Composites as Resistive Sensors 

Apart from the classical application of CNTs as nanoscale reinforcing 

modifiers, new multifunctional applications of CNT-based composites for damage 

sensing and SHM sensors have been widely explored during recent years due to the 

fast-growing industrial applications of fiber-reinforced composites and the urgent 

demand to improve the in-service reliability of these materials [71]. In 2004, Fiedler et 
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al. [72] first introduced the concept of CNT-based strain and damage sensing in a 

glass-fiber composite with CNT-modified matrix by measuring electrical resistance 

during loading. It is now well accepted that due to their nanoscale size, CNTs are able 

to infiltrate into the matrix-rich regions around the fibers and between the plies of the 

composite resulting in an electrically percolating network where CNTs behave as a 

network of distributed nano-sensors throughout the entire matrix [73,74]. In this way, 

the propagation of micro-sized cracks in the composite can alter the configuration of 

the conductive network by breaking local percolating pathways (i.e., losing CNT-CNT 

contacts), thereby leading to an instant rise in the bulk electrical resistance and 

enabling the in situ damage sensing capability of the multiscale composites. 

Additionally, the real-time resistance changes reflect the transient reaction of the CNT 

network (i.e., changing tunneling gap distance between CNTs or/and CNT-CNT 

contacts) in responding to the deformation that the mechanically strained composite 

undergoes, proving additional information on structural integrity of the composite. 

This is the core of realizing SHM in multiscale composites and is indicative of their 

self-sensing functionality. Similarly, vapors [75], temperature, humidity, infrared 

radiation [76,77] and other physical [78] or chemical [79,80] loads that can give rise to 

variations in dimensions or intrinsic properties of CNT can directly induce resistance 

changes in CNT-based composites. Consequently, these stimuli can be detected 

suggesting a promising route for next-generation SHM systems with multimodal 

sensing capabilities based on CNT composites.  

In particular, the strain sensing functionality of CNT-based nanocomposites 

has been studied experimentally [43,61,81-85] and with numerical simulations 

[82,86]. For instance, Barber et al. [87] among others first used CNTs as stress sensors 
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for the microscale characterization of the glass/polypropylene interface by Raman 

spectroscopy. Dharap et al. [84,85,88] performed several primary studies on the 

macroscale strain sensing by utilizing a CNT film (namely, buckypaper [89] or CNT 

sheet) as a resistive strain sensor and found a nearly linear correlation between strain 

and voltage change. Similarly, Kang et al. [90] systematically characterized the 

piezoresistive responses of buckypaper and CNT/poly methyl methacrylate (PMMA) 

composites under static and dynamic loading conditions and demonstrated linear 

piezoresistivity up to 0.05% and 0.13% strain, respectively; the reported CNT/PMMA 

sensors showed gage factors (GF) of 1.0 to 5.0 and they also produced a long 

continuous strain sensor and suggested potential SHM applications. Loh et al. [91] 

showed that CNT/polyelectrolyte thin films fabricated using a layer-by-layer process 

can be used for strain sensing with linearity up to 1% strain and gage factors from 0.1 

to 1.8. Hu et al. [82,92] and Yin et al. [83] studied the piezoresistive response of a 

CNT/epoxy composite and reported high gage factors of 7.0 in compression and 22.4 

in tension showing linear but unsymmetrical piezoresistivity. They also numerically 

confirmed the dominant role of the electrical tunneling effect for the electrical 

conduction in CNT/polymer nanocomposites simulated using a 3D statistical resistor 

network model [92,93]. This conclusion was in agreement with the numerical results 

obtained by Li et al. [94] and Gau et al. [95]. Many other piezoresistive 

nanocomposite strain sensors were developed by dispersing CNTs into different 

polymer matrices, such as PC [96], PU [97], PP [98], PSF [99], etc. With this unique 

piezoresistive sensing response, CNT-based composites can be utilized as in situ strain 

sensors when integrated directly into the structural material [13,100-103] or as ex situ 
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sensors that can be attached to a structure (i.e., strain sensors 

[61,85,88,90,97,104,105], or body motion sensors [106,107], etc.). 

In addition, the damage sensing capability of self-sensing multiscale 

composites has been systematically characterized. The current state of research related 

to this topic has been comprehensively reviewed by Zhang et al. [71] around 2015. 

Particularly, Thostenson and Chou [74] first experimentally investigated glass fiber 

cross-ply laminates with CNTs dispersed in the matrix for sensing damage evolution 

during static tension. They found that the resistance moderately increases when the 

deformation is elastic but dramatically jumps as delamination is initiated. Later, 

Thostenson and Chou [73] performed real-time in situ sensing of damage evolution in 

the same multiscale composites during cyclic loading. They introduced the concept of 

damaged resistance change, which is equal to the sum of the crack re-opening 

resistance change and the permanent resistance increase change. A similar study was 

also performed by Boger et al. [108]. Subsequently, an engineering application of 

CNT-based SHM was examined on a mechanically fastened composite joint by 

Thostenson and Chou [109] and further investigated by Friedrich et al. [110]. In 

particular, Li and Chou [111] performed numerical modeling of damage detection in 

CNT-modified glass fiber composites, which supported the experimentally obtained 

results showing how the damage evolution affects the electrical resistance. 

Furthermore, particular efforts have been made on sensing the onset failure as 

monitoring damage. Nofar et al. [112] implemented a multiplexing monitoring 

concept on CNT-glass multiscale composites by dividing the bulk composite into 

several zones with multiple intermediate electrodes and then collecting the resistance 

responses from all individual channels simultaneously. The failure location was 
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accordingly identified as the region with greater resistance increase compared to other 

regions on the part. Later, Naghashpour and Van Hou [113] deployed a grid of 80 

distributed surface electrodes on an electrically conductive composite panel made of 

CNT/carbon fiber/epoxy and collected 4-point measurements through the grid points 

as impact damage was applied on the composite panel. The applied damage were 

quantitatively represented by the percentage change in electrical potential between 

grid points and approximately located to the affected grid points between 

measurements.  

Recently, some experimental studies have investigated the CNT-based SHM 

sensors for use in concrete structures. Schumacher and Thostenson [13] applied an 

integrated structural sensing composite patch of CNT/glass fiber/epoxy on a 6 in × 6 

in × 21 in concrete beam specimen that was tested to failure under quasi-static loads. 

The real-time resistive response of the nanocomposite patch displayed a close 

correlation with the mechanical response of the concrete specimen in terms of mid-

span displacement and strain recorded from the point sensors. The damage evolution 

of beam cracking up to failure was represented by the resistance change of the self-

sensing patch, which was also validated by the response of the mounted acoustic 

emission sensor. Additionally, Saafi [114] developed CNT-based cement sensors 

which were embedded into small concrete beams for SHM under monotonic and 

cyclic loadings. A wireless communication system was interfaced with these in situ 

sensors to wirelessly collect their resistive responses. The results clearly demonstrated 

the cracking initiation and propagation of the concrete beam during loading. Similarly, 

CNT-cement composites were also fabricated and tested as ex situ SHM sensors by 

Ubertini, et al. [115] who investigated their potential for dynamic strain monitoring. A 
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2 in × 1.5 in × 2 in CNT-cement sensor was deployed and prestressed on a 14 ft long 

concrete beam which was subjected to a harmonic load varying between 0.25 and 15 

Hz. The resistive response of the CNT-cement sensor showed ideal linear dynamic 

behavior with constant frequency response curves. After processing the resistive data 

by means of the classic frequency domain decomposition method, the power spectral 

densities of the data displayed a strong relationship with the frequency of the 

fundamental vibration mode of the concrete beam as measured by the accelerometers.  

1.4 Problem Statement, Research Goal and Dissertation Organization 

In general, the existing sensing methods are insufficient for SHM and not 

ideally suited for damage sensing of large-scale concrete structures. The 

aforementioned literature search has shown the feasibility and strong potential for 

using CNT-based composites as SHM sensors in light of the instant piezoresistivity of 

the electrically-percolated nanotube networks established naturally in the 

nanocomposites. However, only a few experimental studies have been performed 

toward employing nanotube-based sensing networks for SHM of concrete structures. 

Among the existing work, most of them have investigated the sensing responses from 

the materials point of view based on coupon-level experiments. Furthermore, they 

have important limitations which lead to a significant hurdle to transfer this novel 

sensing methodology to practical applications, including (1) the fabrication methods of 

CNT-based sensors are non-scalable, complex; and expensive; (2) fundamental 

understanding and repeatability of the sensing responses of the CNT-based sensors are 

not fully demonstrated; (3) the spatial sensing capability of the CNT-based sensors is 

substantially limited by the implemented sensing scheme (i.e., the direct current (DC) 
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based point measurements) and not well investigated and (4) temperature effects on 

the resistive responses of the CNT-based sensors are overlooked. 

The goal of this research focuses on the development of an innovative CNT-

based nonwoven composite sensor and advanced sensing schemes that can be tailored 

for strain sensing properties, spatial damage detection and potentially offers a reliable, 

scalable, and cost-effective sensing option with distributed sensing capabilities for 

large-scale SHM systems. In order to achieve this goal, the dissertation is outlined 

herein as follows: 

This chapter introduces the basics of SHM for civil infrastructures and the 

background knowledge about sensing techniques for SHM. A literature review of 

recent advances in CNT-based composites and the concepts and fundamentals of 

CNT-based composite sensors for SHM are provided. The problem statement and the 

general research goal are highlighted. The dissertation structure is also outlined. 

Chapter 2 presents in detail the processing and characterization of the 

distributed strain sensor for SHM using CNT-based nonwoven composites. A simple 

two-step method to fabricate CNT-based composite sensors is introduced. The 

microstructure, mechanical properties, the sensing mechanisms and in situ 

piezoresistive responses of the as-fabricated nanocomposites are fully characterized. 

The tensile and compressive strain sensing capabilities of this nanocomposite for ex 

situ distributed SHM sensors are also demonstrated.  

Chapter 3 introduces a novel methodology for two-dimensional damage 

detection and imaging using the distributed CNT-based composite sensor combined 

with electrical impedance tomography (EIT). The background and recent applications 

of EIT-based damage sensing are first reviewed. The theory and formulation of EIT 
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are then presented. A difference imaging-based EIT algorithm was implemented to the 

formerly developed CNT-based nonwoven composite sensors and the integrated 

sensing approach is investigated for two damage scenarios including well-defined 

damage and drop-weight impact damage. The resulting EIT reconstructions are 

evaluated in detail and compared to infrared thermography images. 

Chapter 4 systemically characterizes the thermoresistive behavior in binary-

phase nanocomposites and ternary-phase hierarchical hybrid composites using in situ 

electrical resistance measurements during thermal cycling between 25 to 145 °C. Four 

series of CNT-based composites (including the previously established CNT-based 

nonwoven composite) with different morphological states of CNTs were fabricated via 

three-roll-milling, dip-coating, and electrophoretic deposition processes. A 

thermomechanical analysis and finite element analysis were also performed to study 

the temperature-dependent materials properties. For SHM applications, a temperature 

compensation method is proposed and verified.  

Chapter 5 presents the experimental implementations of a hybrid composite 

system for integrated structural rehabilitation and SHM of large scale concrete beams. 

The CNT-based nonwoven sensing sheet is used as the ex situ SHM sensor, integrated 

with the glass fiber reinforcement, and deployed on the concrete beam by means of the 

vacuum-assisted-resin-transfer-molding (VARTM) process. Two concrete beams with 

dimensions 12 in × 24 in × 16 ft were pre-cracked and retrofitted using the proposed 

composite system. Both beams were tested to failure and real-time resistance 

responses were measured during the entire loading protocol and compared with the 

member deformations. In particular, a sensing scheme of multiplexing was employed 

to spatially estimate the damage location. 
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Chapter 6 contains the major conclusions of this research, highlights the 

contributions of this research, and provides recommendations for future work.  
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PROCESSING AND CHARACTERIZATION OF CARBON NANOTUBE-

BASED NONWOVEN COMPOSITE SENSORS FOR STRAIN MONITORING 

Significant portions of this chapter are already published in a peer-

reviewed journal: 

 Ref.[45]: “Processing and characterization of a novel distributed 

strain sensor using carbon nanotube-based nonwoven composites”. 

Sensors 15(7), 17728-17747 (2015). 

2.1 Introduction 

This chapter introduces a simple two-step method to fabricate CNT-based 

nonwoven composite strain sensors where CNTs are deposited from an aqueous 

dispersion onto a selected nonwoven carrier fabric, followed by infusing an epoxy 

resin into the CNT-modified nonwoven fabric via the vacuum-assisted-resin transfer-

molding (VARTM) process. This manufacturing approach can be readily scaled up for 

large-scale applications. In addition, the sensor utilizes a relatively small concentration 

of CNTs of approximately 1.0% by weight, making it cost-effective. The as-fabricated 

nanocomposite sensor is mechanically robust, strain sensitive, and customizable in 

shape, which is especially important for SHM of large-scale structural members.  

Nonwoven fabrics are plane sheets composed of randomly oriented short 

chopped fibers as schematically illustrated in Figure 2.1a. After depositing CNTs onto 

the preselected fabric, each individual short fiber becomes conductive and the whole 

nonwoven sheet turns into a network of arbitrarily connected resistors. As a result, 

simply implementing end electrodes and injecting an electric current crossing the 

CNT-modified fabric, a web of randomly oriented conductive pathways can develop 

Chapter 2 
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following a random fiber architecture as illustrated in Figure 2.1b. The bulk electrical 

conductivity is governed by the local contacts between individual fibers. In other 

words, due to the nonwoven configuration, an in-plane isotropic conductivity can be 

established in this CNT-based nonwoven composite. The epoxy resin is then infused 

into the CNT-modified nonwoven fabric to hold the CNT network in place, to impart 

mechanical strength to the nonwoven substrate, and to protect the CNT-coating 

against environmental weathering.  
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       (b) 

Figure 2.1: Schematic illustrations of (a) nonwoven fabric and (b) random electrical 

pathways (idealized) formed in the CNT-modified nonwoven fabric.  

This chapter first describes the fabrication process of CNT-based nonwoven 

composite sensors. Next, the strain sensing performance of the sensors produced with 

six types of nonwoven substrates was studied preliminarily for down-selecting the 

ideal substrates and processing conditions that yield a repeatable sensing behavior. 

Subsequently, a series of sensors with the optimal parameters were manufactured and 
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their microstructure and mechanical and electrical properties were experimentally 

characterized in detail. Notably, the self-sensing performance and strain sensitivity of 

the as-produced sensing composites were studied. The distributed sensing capability of 

the proposed CNT composite sensor for ex situ strain monitoring was finally 

investigated by bonding the sensor onto metal substrates of aluminum and steel, and 

subsequently testing it under quasi-static cyclic tensile and compressive loads.  

2.2 Two-Step Manufacturing  

In this study, CNT-based nonwoven composite sensors were fabricated 

following a simple two-step, named here as ‘wetting-and-drying’, manufacturing 

process. The ‘wetting’ procedure involves the formation of the nanotube network onto 

a carrier fabric through a solution casting process. The ‘drying’ process encompasses 

the infusion of epoxy resin into the CNT-modified nonwoven fabric via VARTM 

technique and resin cure. This approach enables application flexibility, since the fabric 

can be conformed to a variety of substrate configurations. By depositing nanotubes 

onto the porous nonwoven fabric, a macroscopic nanotube sensor can be produced 

with a relatively small concentration of CNTs. In addition, due to the high void 

content of the nonwoven fabric, a sufficient resin intake can be guaranteed as infusing, 

which finally results in the epoxy matrix dominated mechanical robustness of the 

CNT-based sensing composite after curing. 

2.2.1 The ‘Wetting’ Process 

The used CNT dispersion for solution casting is a commercially available fiber 

sizing agent consisting of nanotubes that are dispersed in an aqueous solution with 

some dispersant and film formers (SIZICYLTM XC R2G, Nanocyl). The solid content 
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in the liquid sizing formulation is about 6%. The overall CNT concentration in the 

sizing agent was found to be approximately 1.5% by weight (wt.%) based on the 

thermogravimetric analysis of the solids after drying. Prior to coating the fabric, the 

sizing agent was diluted with ultra-pure distilled water at certain mass ratios (such as 

1:1 and 1:2, i.e., sizing:distilled water by mass) to improve the workability of the 

sizing agent and to reduce the cost. For instance, based on the calculated concentration 

of nanotubes in the sizing and the mass change of the fabric after coating, it is 

estimated that the total concentration of nanotubes in the fabricated sensors are 1.0 

wt.% and 0.75 wt.% for sizing dilution ratios of 1:1 and 1:2, respectively. To ensure 

uniformity in the CNT dispersions, the diluted sizing was first mixed using a 

centrifugal mixer (THINKY® ARM-310) at 2000 rpm for 120 s and then sonicated for 

15 min in an ultrasonic bath (Branson® 1510). Figure 2.2a shows a small portion of 

the as-prepared CNT dispersion after standing for 5 days in room temperature, 

suggesting a stable and uniform dispersion without observing segregation and 

sediments. Finally, the selected fabric was impregnated for 20 min into the as-

prepared CNT dispersion. Figure 2.2b shows a sample fabric saturated with the 

nanotube dispersion. 

  



 29 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

(b) 

Figure 2.2: Photographs showing (a) 30 mL sample of the as-prepared CNT 

dispersion after standing for 5 days in room temperature and (b) a sample 

of saturated nonwoven fabric with CNTs following bath impregnation 

(from Ref.[45]).   

2.2.2 The ‘Drying’ Process  

After drying the saturated fabric at 130 °C, the CNTs deposited onto the fabric 

form an electrically-conductive network on the fiber surface. An epoxy resin was 

infused into the fabric using VARTM to form a free-standing sensing composite 

where the nanotube network is protected by the polymer matrix. The epoxy resin 

(EPON® 862, Momentive Specialty Chemicals) was first mixed with an aromatic 

diamine curing agent (EPIKURE W, Momentive Specialty Chemicals) and degassed 

at 60°C for 20 min in a vacuum oven. The resin was then infused into the fabric using 

the VARTM setup as illustrated in Figure 2.3a. A snapshot of an operating VARTM 

setup is also shown in Figure 2.3b. After completing the resin infusion, the epoxy was 

cured in the oven at 130°C for 6 hours. Figure 2.3c displays an as-produced sensing 

composite layer. The final lamina thickness is approximately 470 µm. Figure 2.3c also 

demonstrates the flexibility of the composite sensor and its ability to conform to the 
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shape of structural members. An advantage of this manufacturing process is that it is 

industrially scalable. As shown in Figure 2.3d, a 1 × 4 ft composite sensing patch was 

fabricated permitting large-scale applications.  

Furthermore, CNT composite sensors can be produced using a room 

temperature curing agent (EPIKURE 3223, Momentive Specialty Chemicals), which 

allows the sensing fabric to first conform to the surface of the structure and then 

integrally adhered to the structure on site while curing. In general, the as-fabricated 

sensing composites have very low fiber volume fraction, approximately 8%, owing to 

the high porosity (about 90%) of the nonwoven fabric.  
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(a) 

 (b) 

(c) 

(d)  

Figure 2.3: (a) Schematic diagram of the VARTM process utilized to infuse epoxy 

resin in the nonwoven fabric to form the CNT composite sensors (from 

Ref.[45]), (b) photograph showing an operating VARTM setup during 

manufacturing, and photographs showing (c) a 3 × 5 in free-standing 

CNT sensing composite layer after curing the epoxy, demonstrating its 

flexibility (from Ref.[45]) and (d) 1 × 4 ft CNT sensing composite patch 

with applied electrodes fabricated for large applications, indicating the 

excellent scalability of the proposed sensing approach.  
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2.3 Experimental Characterization of Self-Sensing Composites 

The microstructure and mechanical and electrical properties of the as-

manufactured CNT sensors were experimentally characterized at the Center for 

Composite Materials at University of Delaware. Prior to the systematic 

characterization, a preliminary study for screening the superior CNT carrier was 

conducted among six kinds of nonwoven fabrics. The preliminary results (showed in 

Section 2.3.2) suggested that the sensor with the aramid nonwoven fabric 

demonstrated a highly repeatable and stable strain sensing response. Consequently, 

CNT aramid nonwoven composite sensors were utilized for the comprehensive 

investigation presented in this chapter. 

2.3.1 Experimental Details 

2.3.1.1 Mechanical and Electrical Measurements  

To fully characterize the self-sensing response of the CNT-based nonwoven 

composites, a series of simultaneous mechanical and electrical measurements were 

conducted under tensile loading conditions. Strain gages (350 Ω, 3.2 mm long gage 

length, Micro-Measurements®, Vishay Intertechnology Inc.) were used to measure 

strain on the specimens. The mechanical loading protocols for the various specimens 

are discussed in the following sections.  

Prior to conducting electrical measurements, electrodes were applied using 

conductive silver paint (SPI Flash-Dry™, Structure Probe Inc.). Lead wires were 

anchored to the electrodes using conductive epoxy resin (EPOXIES® 40-3900, 

Epoxies, Etc) which was cured at 90 °C for 30 min. Electrical measurements of the 

specimens were conducted and synchronized with the applied loading protocols in 

real-time. A Keithley 6430 voltage-current meter was used to measure the electrical 
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resistance of the specimen by sourcing a constant voltage of 10 V and measuring the 

resulting current to calculate the electrical resistance (i.e., the two-point method). All 

measurements, including applied load, strain, and electrical resistance, were controlled 

and collected using a customized LabVIEW program (LabVIEW 8.5, National 

Instruments Corporation) at a sampling frequency of 10 Hz.  

2.3.1.2 Preliminary Study 

Several different areal weights and types of fibers were examined as candidate 

substrate materials (Technical Fiber Products). For the initial tests, the nonwoven 

fabrics studied and their areal weights include aramid (26 g/m2), e-glass+carbon (20 

g/m2), polyester (12 g/m2), copper-nickel coated carbon (34 g/m2), carbon with 

polyvinyl alcohol binder (20 g/m2), and carbon with styrene soluble binder (17 g/m2). 

All short fibers have a length of 12 mm as reported by the manufacturer. Figure 2.4 

shows optical micrographs of the as-received fabrics and their porosity. 

Samples of these nonwoven fabrics were first trimmed to 13 × 80 mm size 

patches and processed with the 0.75 wt.% CNT dispersion as per Section 2.2.1. Next, 

the composite sensors were fabricated following the manufacturing process detailed in 

Section 2.2.2. After anchoring electrodes, the sensors were adhered on six aluminum 

tensile bars (178 × 25 × 1.5 mm, 6061-T6) using EPON 862 epoxy resin. Figure 2.5a 

illustrates the specimen configuration and Figure 2.5b shows a photograph of the 

prepared specimens. The baseline electrical resistances of these CNT-based nonwoven 

composite sensors were measured as 88.7 Ω, 6943.6 Ω, 1864.5 Ω, 7.2 Ω, 21.7 Ω, and 

44.9 Ω, respectively.  

All six specimens were subjected to a quasi-static load-unload protocol using 

an Instron 5567 universal testing machine. The loading protocol was displacement-
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controlled and a displacement rate of 1.27 mm/min was maintained during the entire 

testing history for all six specimens. To introduce elastic deformation to the aluminum 

coupons, the loading protocol consisted of four incremental tensile load steps 

corresponding to 1.5 kN, 3.0 kN, 5.0 kN, and 7.5 kN as the designated peak 

amplitudes. Every loading step included four loading-unloading cycles with the same 

peak amplitude to ensure repeatability. The specimens were also held under constant 

load for 30 seconds in the third cycle of each loading step to examine any transient 

effects such as creep. 

 

(a) (b) (c) 

(d) (e) (f) 

Figure 2.4: Optical micrographs showing the nonwoven structures of the different 

fabrics used in this study: (a) e-glass and carbon, (b) polyester, (c) 

aramid, (d) nickel-copper coated carbon, (e) carbon with poly (vinyl 

alcohol) binder, and (f) carbon with styrene soluble binder. 
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(a) (b) 

Figure 2.5: (a) Schematic diagram (cross-sectional view) of the test specimen for 

preliminary study and (b) photograph of the prepared specimens with 

CNT-based sensors consisting of six different nonwoven substrates.  

2.3.1.3 Microscopic Study 

To study the structure of the electrically-conductive nanotube network, 

scanning electron microscopy (SEM) was utilized to image the morphology of the 

CNT coating on the nonwoven fabric, as well as image fracture surfaces of the as-

produced composite sensors. This experimental investigation was performed at the 

Keck Center for Advanced Microscopy and Microanalysis, at the University of 

Delaware. The specimens were imaged with an AURIGA™ 60 Crossbeam™ FIB-

SEM with a 5-kV acceleration voltage. To minimize sample charging, all samples 

were coated with a thin conductive Pt/Au layer (~5 nm) in a vacuum sputter coater 

(Denton Desk IV, Denton Vacuum, LLC) prior to imaging. In particular, the CNT 

nonwoven composite specimens were first immersed in liquid nitrogen for 

approximately 5 min and then fractured in order to obtain a good surface for imaging.  
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2.3.1.4 Self-Sensing Characterization 

First, to learn the electrical percolating behavior of the CNT nonwoven 

composites, eleven individual CNT-aramid nonwoven composite layers (102 × 127 

mm) with CNT concentrations of 1.0 to 0.05 wt% were fabricated (that is, varying the 

sizing dilution ratios from 1:1 to 1:50 as dip coating nanotubes onto the aramid 

nonwoven fabric per Section 2.2.1). Each layer was cut into multiple 13 × 127 mm 

coupons to collect the in-plane baseline resistance measurements. 

Second, the mechanical and resistive response of the proposed composite 

sensors were characterized in tension to determine their mechanical properties, the 

fundamental electromechanical response, and to validate the self-sensing capability of 

the sensors. Three sets of 80 × 127 mm composite layers were prepared. One 

composite was made using only the aramid nonwoven fabric and tested as a reference; 

the other two composites were composed of the CNT-coated aramid nonwoven fabrics 

with CNT concentrations of 1.0 wt.% and 0.75 wt.% per Section 2.2.1. All three 

composite layers were cut into 20 mm wide tensile specimens. For each coupon, a pair 

of 25.4 mm long nonconductive woven glass fiber/epoxy composite (G-10/FR4, 

Professional Plastic Inc.) end tabs were bonded at each end using high strength epoxy 

paste adhesive (Hysol® EA9309, Henkel). The electrodes were located at 3 mm from 

each edge of the end tab resulting in a gage length of 64 mm for all electrical 

measurements. Figure 2.6a illustrates the geometry of the self-sensing CNT composite 

specimen and an actual specimen is shown in Figure 2.6b. 
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(a) 

(b) 

Figure 2.6: (a) Schematic diagram of the in situ CNT composite sensing specimens 

subjected to tension (from Ref.[45]) and (b) photograph of an actual 

specimen tested. 

The mechanical characterization was then conducted while simultaneously 

measuring electrical property changes. All specimens were subjected to monotonic 

tensile loading and tested to failure at a constant displacement rate of 1.3 mm/min 

using a screw-driven universal testing machine (Instron 5567). An acoustic emission 

(AE) system (Physical Acoustic Corporation) was used to monitor damage initiation 

and propagation to validate the self-sensing results obtained using in situ resistance 

measurements. One AE sensor (R6α, Physical Acoustic Corporation) with 35–100 

kHz operating frequency was mounted on the center of the specimens. A threshold of 

35 dB was selected to eliminate AE events due to ambient noise not related to the 

formation of damage in the specimen. Figures 2.7a and b show the experimental setup 

for the mechanical characterization of the aramid nonwoven composite (the reference) 
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and the self-sensing characterization of the CNT-based nonwoven composite, 

respectively.  

 

 

(a) 

 

(b) 

Figure 2.7: Experimental setup for (a) the mechanical characterization of the aramid 

nonwoven composite (the reference specimen, no CNT) and (b) the self-

sensing characterization of the CNT-based nonwoven composite. 

2.3.2 Preliminary Strain Sensing Responses of the Composite Sensors with 

Different Nonwoven Substrates 

A sensitive, repeatable and stable sensor is key to enable a successful strain 

sensing application for SHM. A group of six composite sensors with different 

nonwoven fabric substrates were tested preliminarily for strain monitoring of 

aluminum bars under a static tension load. Figure 2.8 summarizes the transient 
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responses of all tested specimens including the applied strain of the tension coupon 

and the simultaneously measured resistive responses of the CNT sensors. It can be 

observed from the bottom graph (= strain) that the aluminum member undergoes 

elastic deformation during the entire loading history without exhibiting any permanent 

strain change. The real-time electrical resistance responses of the six composite 

sensors are shown in the top six graphs as the normalized resistance change which is 

defined using Equation 2.1, 

 Normalized Electrical Resistance Change (%) = 
∆𝑅

𝑅0
 = 

𝑅−𝑅0

𝑅0
 × 100% (2.1) 

where R0 is the baseline resistance of the CNT composite measured before mechanical 

testing, R is the measured electrical resistance during testing, and ΔR is the electrical 

resistance change resulting from testing. In this preliminary study, R0 for all six 

sensors is listed in Section 2.3.1.2. 

It can be seen that as the attached sensor deforms with the aluminum member 

there is a clear and instant change in the bulk electrical resistive response for each 

specimen. The reference lines are shown at zero load (= solid line) and peak load (= 

dashed line). Overall, all six composite sensors showed a certain degree of sensitivity 

to applied strain. However, the composite sensors with the nonwoven substrates using 

a carbon with styrene soluble binder and copper-nickel coated carbon show significant 

baseline drifts over time. In addition, these two specimens show poor stability in the 

load holding periods and a corresponding mismatch at the peak loading amplitudes. 

Meanwhile, the sensor with a polyester substrate displays slight shifts at zero load. It 

is clear that three sensors with the nonwoven carriers including e-glass+carbon, carbon 

with polyvinyl alcohol binder, and aramid demonstrate the most robust real-time 

electrical responses from all. 
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Figure 2.8: Preliminary results for monitoring tensile strains using CNT composite 

sensors fabricated with different nonwoven substrates. 
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As introduced in Section 1.3, the established conductive nanotube-based 

networks in CNT composites are inherently piezoresistive, which enables the strain 

sensitivity of CNT composites. The magnitude of the piezoresistive response is 

quantified by the gage factor (G.F., also referred to as piezoresistivity) as defined in 

Equation 2.2, 

 G.F. = 
∆𝑅

𝑅0
 / ∆𝜀 (2.2) 

where 
∆𝑅

𝑅0
 is the normalized resistance change (in %) calculated by Equation 2.1 and Δε 

is the strain change displayed by the CNT composite due to the applied loads.  

The piezoresistive properties of the CNT composite sensors (with e-

glass+carbon, carbon with polyvinyl alcohol binder, and aramid nonwoven substrates) 

during the uniaxial tensile tests are represented by the resistance change-strain 

responses shown in Figure 2.9. Linear least-squares curve fitting was applied to all 

experimental data shown in Figure 2.9 and expressed as Equation 2.3, 

 y = a x + b (2.3) 

where a and b are the fitting parameters; x and y are the strain and resistive data, 

respectively. 

It was found that all three sensors demonstrate highly linear piezoresistive 

behavior with a linear correlation coefficient above 99% (R2). The slope of the linear 

regression curve, a, that is, the normalized electrical resistance change due to the 

applied unit strain, can be interpreted as an estimate of the G.F. of the sensor. The y-

intercept, b illustrates the sensor’s electrical stability (electrical baseline resistance 

drift) during the entire loading sequence. By comparison, it is notable that the sensor 

with the aramid nonwoven substrate demonstrates the most linear strain sensitivity 

with the lowest baseline resistance drift and highest repeatability. Although the CNT-
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aramid sensor shows lower sensitivity (the slope is lower) as compared to the CNT e-

glass+carbon sensor, the higher linearity and repeatability of the CNT-aramid sensor 

made it the most suitable for strain monitoring. A comprehensive characterization of 

the CNT-aramid sensor is presented in the later sections. 

 

 

Figure 2.9: Piezoresistive responses to tensile strains of CNT composite sensors 

fabricated with different nonwoven substrates. Also shown are the linear 

curve fits, including fitted parameters.  

2.3.3 Microstructure 

The proposed CNT-based nonwoven composite sensors consist of a multiscale 

material system in which CNTs, nonwoven fibers, and the finished composites are in 
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dispersion state of nanotubes is key to form a well-connected CNT sensing network in 

the composites. To better understand the bulk mechanical and electrical properties, 

knowledge about the microstructure of the as-fabricated CNT sensing composites are 

needed. The morphologies of the raw nonwoven fabric, CNT sizing agent, and the 

multiscale composite were herein qualitatively assessed under a SEM.  

2.3.3.1 Constituent Materials 

Figure 2.10 shows the randomly distributed fiber architecture of a nonwoven 

aramid fabric (26 g/m2) in its as-received state. It can be seen that the existing binder 

has a point bonding structure due to the low weight content of binder agent used (12.5 

wt.% as reported by the manufacturer), which creates a thin and slightly rough coating 

on the fiber surface. In addition, the binder accumulates in the fiber intersection points 

from the exterior to the interior of the fabric, forming the bonding sails [1] in the 100 

to 200 µm range (highlighted in circle), which further results in the increase of the 

fabric surface area. As the high magnification SEM image shows in Figure 2.10b, the 

diameter of an aramid fiber is around 12 microns. Meanwhile, local fiber debonding 

and binder cracking are observed at a focused bonding point, which is most likely due 

to the handling of the sample. Based on the clean cracking surface of the binder, it can 

be deduced that the applied binder layer, also referred to as crosslinked polyester (as 

reported by the manufacturer), is much more brittle than the aramid fiber. Also, the 

smooth debonding surface indicates a relatively weak adhesion between fiber and 

binder, which however, is not stringently required for a nonstructural fabric.  
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 (a) 

 (b) 

Figure 2.10: SEM micrographs showing (a) nonwoven aramid fabric in its as-received 

state and (b) individual aramid fiber with binder layer, magnified view of 

the dashed area in (a). 
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A few drops of raw aqueous CNT sizing agent were first placed onto a thin 

stainless-steel shim and then dried at 130 °C in order to acquire a solid CNT sizing 

film for SEM imaging. The morphology of the CNT sizing agent in its solid state is 

presented in Figure 2.11. The low magnification image shows a highly concentrated 

film of CNTs with random agglomerates of 1-2 microns in size, indicating a 

homogeneous in-plane distribution of CNTs. From the high magnification SEM image 

shown in Figure 2.11b, individual curvy CNTs in their free-standing state can be 

clearly observed. Interestingly, there seems to be a multi-layered structure in few 

hundreds nanometer-scale stacked by the interconnected CNT agglomerates in the 

through thickness direction of the film, which is presumably due to the fast 

volatilization of solvent content at 130 °C drying temperature. These loose and 

relatively porous CNT networks can create extra volume between CNTs and CNT 

agglomerates, rendering more surface areas for potential interactions between CNTs 

and their surrounding media such as the fiber and resin in a composite. As a result, this 

special morphological state reveals the potential enhancement to the stability of the 

CNT networks as long as the CNT sizing agent is integrated in the nonwoven 

composites. 
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(a) 

(b) 

Figure 2.11: SEM images showing the morphology of CNT sizing film at (a) low 

magnification and (b) high magnification. 
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2.3.3.2 CNT-Modified Nonwoven Fabric 

Figure 2.12 shows the aramid nonwoven fabric after the deposition of CNTs. 

There appears to be a film-like enclosure of the fiber network that CNTs are covering 

all fiber intersection points and bonding sails of raw fabric as shown in Figure 2.10a, 

indicating the good wettability between the nanotube sizing and the fibers. As the high 

magnification SEM image shows in Figure 2.12b, a uniform CNT coating layer has 

accumulated up to few microns in thickness. Additionally, the polymer solids in the 

sizing act to further bind together the fibers and form the electrically conductive 

network spanning the individual fibers. Locally there is some stripping of the nanotube 

coating, which is likely a consequence of handling the fabric during sample preparation 

for SEM imaging. 

Figure 2.13a shows the nanotube coating that formed at a typical location of the 

fiber bonding sail. There is cracking observed in the fiber bonding point, also likely due 

to handling the fabric after drying, highlighting the need to further protect the fabric 

layer through infusion of an epoxy matrix. Figure 2.13b shows a high-magnification 

SEM image of the formation of a layer with a large concentration of CNTs. CNTs and 

CNT agglomerates are clearly visible. The large amount of nanotubes deposited on fiber 

surfaces effectively forms an electrically-conductive network over the entire fabric, 

imparting electrical conductivity onto the nonwoven fibers. 
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(a) 

(b) 

Figure 2.12: SEM images showing (a) aramid nonwoven fabric with CNTs deposited 

onto the fabric surface and (b) uniform CNT coating on fiber surface, the 

magnified view of the dashed area in (a) (from Ref.[45]). 
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(a) 

(b) 

Figure 2.13: SEM micrographs showing (a) a typical fiber bonding sail area with the 

uniform nanotube coating and (b) a high-magnification image of CNT 

layer as formed on fiber surface (from Ref.[45]).  
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2.3.3.3 CNT-Based Multiscale Composites 

The cryogenic fracture surface of the proposed CNT-based nonwoven sensing 

composites was imaged using a SEM. Figure 2.14a shows a typical fracture surface of 

the multiscale composite demonstrating the brittle cracking of the epoxy matrix and 

the ductile splitting of aramid fibers. Three fibers are seen protruding from the ruptured 

cross-section and their fractured ends have a brush-like appearance with extensive fiber 

splitting, indicating the fibrillation formation in the aramid fibers [2]. In addition, it can be 

seen that the nanotube-based sensor has a low fiber volume fraction overall. From the 

higher-magnification view in the region of the nanotube-modified fibers in Figure 2.14b, 

strong wetting between the coated fibers and the polymer matrix can be observed. 

 

(a) 

Figure 2.14: SEM images showing (a) fracture surface of the sensing composite 

proposed in this study and (b) the CNT-modified fibers in the composite, 

the magnified view of the dashed area in (a) (from Ref.[45]). 
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(b) 

Figure 2.14: continued. 

A more focused region in the CNT-based nonwoven composite is displayed in 

Figure 2.15, where the morphologies of the multiscale components including fiber, 

CNTs and epoxy matrix are clearly imaged. Similar to Figure 2.14, the fractured 

aramid fiber shows a serious split fibrillation and the epoxy matrix presents clean and 

distinctive river lines of cleavage for brittle cracking. Obviously, a few microns thick 

coating of nanotubes is uniformly formed outside of the fiber and spans between 

adjacent fibers. Due to the stress concentration, boundary cracking is found along the 

fiber-CNT and the CNT-epoxy interfaces, making the CNT coating a solid sensing 

layer capable of surviving during and after fracture damage. Additionally, the CNT 

coating shows a rough fracture surface most likely attributed to the loose arrangement 

of the CNT agglomerates as previously demonstrated in Figure 2.11b. It can be 

deduced that the locally integrated CNT layer behaves as an energy absorbing 
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medium, like a ‘cushion’ when the composite fractures. A high magnification view of 

the fractured CNT layer is shown Figure 2.15b, which reveals that the CNTs form a 

relatively porous structure, like a ‘sponge’, which is partially infused by the epoxy 

resin with small voids less than 500 nm heterogeneously distributed inside. To 

conclude, the globally distributed and locally well-connected CNT network forms 

bridges between aramid fibers. Being impregnated with surrounding epoxy matrix, the 

CNT coating layer ruptures whenever and wherever the composite fractures, thereby 

promoting an in situ damage sensing functionality of the multiscale composite.  

 

(a) 

Figure 2.15: SEM cross-sectional images of the CNT nonwoven multiscale composite 

showing (a) the fractured aramid fiber, epoxy resin, and the locally 

integrated CNT layer and (b) the well-interconnected CNT networks, the 

high-magnification image of the dashed area in (a). 
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(b) 

Figure 2.15: continued. 

2.3.4 Mechanical Properties 

The proposed CNT-based sensing composites are composed of a relatively low 

volume fraction of fibers, approximately 8%, which are also randomly oriented, 

resulting in mechanical properties dominated by the epoxy matrix. To fully understand 

the mechanical properties and failure mechanisms of the sensing composites, a series 

of tensile tests were performed on composite layer specimens per Section 2.3.1.4. 

Acoustic emission (AE) monitoring was applied to verify the damage initiation and 

evolution characteristics of the composites in order to establish their mechanical limits 

for sensing applications.  

The composite specimens, which include the aramid without the nanotube 

coating (the reference), as well as the 1.0 wt.% and 0.75 wt.% CNT loadings, were all 

monotonically tested to failure in tension. The failed specimens are displayed in 
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Figure 2.16. All reference specimens and six CNT composite specimens clearly show 

even macroscopic fracture edges that are perpendicular to the tensile loading direction, 

i.e., indicating a brittle failure mode [3]. The two unusual specimens (No. 1-1 and 2-4) 

failed at the electrodes, which may be due to a stress concentration introduced by the 

electrodes. In addition, all specimens did not demonstrate any cracking pattern along 

the loading direction, suggesting that the nonwoven composites break catastrophically 

with an initial major crack. In short, the evolution of the initial transverse crack 

induces local fiber/matrix interfacial debonding, which propagates locally in the 

transverse direction and causes fracture of the entire system. A similar fracture mode 

was displayed by the nonwoven glass/epoxy composites with a fiber volume fraction 

of 13% according to Rios-Soberanis, et al. [4]. 

 

(a) 

 

(b) 

Figure 2.16: Snapshots of the nonwoven composite specimens with (a) no CNTs (= 

reference) and (b) 1.0 wt.% and 0.75 wt.% CNTs. Also visible are the 

macroscopic fracture surfaces due to tensile failure. 
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The mechanical response of a typical reference specimen during the entire 

tension test is presented in Figure 2.17. It is clear that both the loading and strain 

responses are in a nearly linear fashion without showing any discontinuity that could 

correspond to the initiation of damage. Based on AE activity, it is notable that the 

entire damage progression of the aramid nonwoven composite includes two distinct 

stages (namely I and II shown in Figure 2.17) based on the concentration of AE hit 

rates. Evidently, Stage II is more severe than Stage I because of the significantly 

increased amount of AE hits, implying the initiation and evolution of severe damage 

in this stage. It is also noted that the first increase in AE activity of about 45 hits by 

count appears 21 seconds after loading, as the specimen is loaded to 4.6 MPa, i.e. 

reaching 0.12% strain, which is likely due to the initiation of microcracks in the epoxy 

matrix due to local stress concentrations [2,5,6]. Later, a couple of strong AE hit 

groups of more than 70 hits each, are recorded one after another as the composite is 

loaded to about 14.6 MPa (0.4% strain), making the accumulated AE hit curve first 

start to rise. This is likely caused by the saturation of microcracking in the matrix. In 

addition, due to the low fiber volume fraction, the extensively cumulated microcracks 

in the matrix lead the stress-strain curve of the composite to slightly deviate from its 

initial linear response. Stage I is then defined as the appearance of the initial major 

damage at this moment. As the load increases, AE events are continuously recorded, 

suggesting the propagation of microcracks. At 120 s, AE activity suddenly increases to 

about 250 hits in total, which reveals the initiation of macroscale damage and hence 

the beginning of Damage Stage II. This is likely due to fiber/matrix interface 

debonding as the local microcrack tips approach the fiber/matrix interface. After 

loading the specimen to 39 MPa (corresponding to 1.15% strain), the slope of the 
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stress-strain response obviously decreases corresponding to inelastic mechanical 

behavior and the accumulated AE counts sharply increase due to the growth of 

debonding cracks. Different from unidirectional and laminated composites [2,5,6], all 

fibers in the nonwoven composites are affected by the initial interfacial debonding 

because of the random fiber orientations. Once the first macro debonding crack has 

occurred, the growth of additional cracks along the tensile stress orientation terminates 

due to the lack of unidirectional reinforcement in this direction for effectively 

transferring the applied tension load. In addition, due to the crack-blunting mechanism 

[2], this major crack propagates along the fiber/matrix interface and interconnects with 

surrounding cracks near the crack plane under the increasing tensile stress, which then 

simply slices through the specimen, resulting in the final fracture along the transverse 

direction as shown in Figure 2.16a. This specimen finally failed at a tensile stress of 

60 MPa at 1.9% strain. 
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Figure 2.17: Typical mechanical responses of the nonwoven composite (with 0% 

CNT, the reference) during the uniaxial tension test. 

Based on the aforementioned observations, the elastic strain limit of the 

proposed nonwoven composites is approximately 0.4%. It could be observed that 

damage progression of this composite involves the matrix microcracking and the 

fiber/matrix interfacial debonding. The fracture mechanism is dictated by the 

fiber/matrix interface failure, originally initiated as a debonding crack. This specific 

damage progression could be validated by the in situ resistive responses of the CNT-

based nonwoven composite sensors, which are presented in Section 2.3.5.2.  

Figure 2.18a through c represent the mechanical properties of the different 

aramid/epoxy composites in terms of elastic modulus, fracture strain and ultimate 

strength, respectively. A 12% increase in the elastic modulus of the CNT-coated 

specimens could be observed, indicating the structural enhancement of nanotubes to 
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the bulk stiffness of the composite, which is in agreement with other experimental 

research [7-10]. While there is an increase in stiffness, the coating makes the 

specimens more brittle, and the ultimate failure strain decreases with the addition of a 

CNT coating. This adverse effect agrees with the experimental study by Ci and Bai 

[11] and is speculated to be due to the poor CNT-epoxy adhesion caused by complete 

cross-linking of the epoxy matrix around the nanotubes. Although there is a decrease 

in the average failure strain there is a slight increase in the average strength for the 

sensing composite with 1.0 wt.% CNT loading, owing to its higher elastic modulus. 

The composite sensors with 0.75 wt.% CNT loading show a slight decrease in average 

strength. 
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(a) (b) 

 

 

 

 

 

 

 

 

(c) 

Figure 2.18: Mechanical properties of the aramid/epoxy composite (=0% CNT) and 

the CNT composite sensors (=1.0 and 0.75 wt.%) (error bars represent 

± one standard deviation) (from Ref.[45]). 
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2.3.5 Electrical Properties 

As reviewed in Section 1.3, CNT-based sensing techniques for SHM are 

typically using the in-plane electrical measurements from CNT-based sensing 

networks which largely depend on the electrical conductivity of the as-established 

nanotube networks. Many factors including categories, dispersion states, 

concentrations, etc. of nanotubes, can affect the electrical conductivity of the network. 

Percolation is the top priority to be accomplished in order to enable a well-connected, 

conductive CNT sensing network. In light of this, the percolating behavior of the 

proposed CNT nonwoven sensing composites is demonstrated first and then the 

resistive responses are characterized in the following sections.  

2.3.5.1 Electrical Double Percolation 

A series of CNT-aramid nonwoven composite specimens were prepared per 

Section 2.3.1.1 and the in-plane resistive measurements were acquired at room 

temperature, noted as the baseline resistance. The volume electrical conductivity of the 

composite specimen is calculated using Equation 2.4, 

 𝜎 =  
1

𝑅
 ∙  

𝐿

𝐴
 (2.4) 

where σ is the conductivity (S/m), R is the resistance (Ω), L (m) is the distance 

between the applied electrodes along the current direction, and A (m2) is the cross-

section area perpendicular to L. In addition, the volume electrical resistivity ρ (Ω∙m) is 

defined as the reciprocal of conductivity,  

 ρ = 
1

𝜎
 (2.5) 

Figure 2.19 shows the influence of nanotube concentration on the volume 

conductivity of the as-processed CNT composites. At a concentration of only 0.05 

wt.% of nanotubes the volume conductivity decreases by 130 times in comparison 
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with 1.0 wt.% CNT.  In general, the electrical conductivity of CNT-based nonwoven 

composites is depending on the CNT concentration by following the scaling function 

[12] of Equation 2.6, 

 σ ∝ (P - P0)t (2.6) 

 

where P is the CNT concentration, P0 is the percolation threshold and t is the exponent 

constant reflecting the system dimensionality with calculated values of ~1.33 in two 

and ~2 in three dimensions [12-14]. By taking into account statistical percolation 

theory [14], this dependence can be predicted by Equation 2.7, 

 σ = n · (P - P0)t , for P > P0 (2.7) 

where n is a fitting parameter related to the intrinsic conductivity of CNTs.  

Here, the best fit to the experimental data shown in Figure 2.19 produces 

values of n = 3625 S/m, t = 1.47, and P0 = 0.015 wt.% which were found by the least-

squares fitting of the data points until the best linear fit of Ln (σ/n) versus Ln (P-P0) 

was obtained [14,15] as shown in Figure 2.19 inset graph. Compared with the 

experimental results of other 42 CNT-epoxy nanocomposites recently reviewed by 

Bauhofer and Kovacs [14], the proposed sensing composite shows enhanced 

percolating behavior with a low percolation threshold of 0.015% as well as a generally 

high volume conductivity, such as 0.04 S/m at 0.05 wt.% CNT.  
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Figure 2.19: Dependence of the electrical conductivity on the CNTs weight fraction at 

room temperature. Inset: The percolation scaling law between Ln (σ/n) 

and Ln (P-P0) where the solid line corresponds to the best fitted line, 

indicating an exponent of 1.47. 

At first glance, it could be hypothesized that the electrical features might be a 

result from the kinetic percolation effect [16,17]. Nevertheless, all CNT-aramid 

nonwoven composites were fabricated in this research following a static process per 

Section 2.2.l. The CNTs coated on the fiber surface in the as-processed composites are 

in a stable solid state as demonstrated by SEM images shown in Section 2.3.3.3. As a 

result, these nanotubes are unable to move freely within the composite, thus rejecting 

this hypothesis. According to Connor et al. [18], tunneling between randomly 

distributed CNT separated by a thin isolating barrier should result in a linear 

proportional correlation between Ln σ and P-1/3. In Figure 2.20, this relationship is 
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applied to the experimental data. It can be observed that it is following a bilinear trend 

showing an inflection point as P-1/3 equals to 6.926, which corresponds to a CNT 

concentration of 0.30 wt.% (noted as the ‘inflecting concentration’). This unique 

dependence is distinctive from the single linear trend as observed from similar 

investigations of using this correlation [15,19,20]. It is likely that there is a 

coexistence of two or mixed tunneling mechanisms separated by the inflecting 

concentration of nanotubes, i.e., double percolating behavior.   

 

 

Figure 2.20: Plot of σ as a function of CNTs weight fraction P-1/3 at room temperature, 

showing a bilinear correlation, indicative of the existence of electrical 

tunneling condition. 

In this ternary composite system, the bulk percolating behavior can be 
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illustrated in Figure 2.21, the two percolating mechanisms involve structural 

percolation of the randomly distributed fibers in the epoxy matrix at the microscale 

and electrical percolation of the nanotubes on the fiber surfaces at the nanoscale, 

respectively. Additional noteworthy, substituting a conductivity value 455 S/m for the 

CNT sizing film (measured value) back to the previously fitted statistical percolation 

equation (shown in Figure 2.19), yields a CNT loading of 24.5 wt.%, which is almost 

equal to the measured CNT concentration of 25% in the raw CNT sizing solids. This is 

validating that the microscale percolation network formed by random aramid fibers 

does not influence the intrinsic properties of the CNTs and solely serves as the CNT 

carrier. 

 

 

Figure 2.21: Schematic representation of the hierarchical micro/nano double-

percolation phenomenon in the CNT-based nonwoven multiscale 

composites.  

Based upon the excluded volume concept [26], the percolation threshold, P0, in 

a three dimensional system of randomly oriented cylinders with high aspect ratio, is 

approximately calculated using Equation 2.8 [23,26], 
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 P0 = 2.8 ∙ (L/D)-1 (2.8) 

where L is the length and D is the diameter of the cylinder.  

In the case of nonwoven composites without CNTs, an individual short fiber is 

12 mm long and 12 µm in diameter as formerly noted, which yields P0 of 0.28% by 

volume following the above equation. This volume fraction can be further converted 

to the weight concentration by multiplying the density of this composite, that is 1.22 

g/m3, which is calculated based on the material properties including a fiber volume 

fraction of 8% (measured per Section 2.2.2), a fiber density of 1.44 g/m3 (reported by 

the manufacture), the EPON 862 epoxy density of 1.2 g/m3 [27] following the rule of 

mixture [6], giving 0.34 wt.% as the structural percolation threshold for the neat 

nonwoven composite. Obviously, this threshold is very close to the inflecting 

concentration of nanotubes, 0.30 wt.% as previously determined for the CNT-based 

percolating network, suggesting that at low CNT concentrations of < 0.30 wt.% the 

observed tunneling dependence shown in Figure 2.20 is solely dominated by the 

nanotube network. In addition, selectively localized CNTs on the fiber surfaces only 

occupy 8% (i.e., the fiber volume fraction) of the total volume of the composite. A 

very low electrical percolation threshold of 0.015 wt.% is manifested to be existing, 

most likely by taking advantage of the significantly pre-percolated microscale fiber 

network (8 vs. 0.28 vol.%) that creates tremendous amount of continuous and 

homogeneously interconnected subdomains for carrying CNTs to form conductive 

pathways. Furthermore, at a high CNT loading, the complete coating of the fibrillary 

domains can be achieved, forming a superimposed micro/nano-scale percolating 

network that is uniform and homogeneous as shown in Figure 2.22a to d. On the other 

hand, partial non-uniform coating can occur with CNT concentration is lower than 0.3 

wt%, leading to an inhomogeneous network as displayed in Figure 2.22e to f, which is 
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in agreement with the experimental work by Rausch and Mader [28,29]. Therefore, the 

micro- and nano-percolating mechanisms can coexist at different CNT concentrations 

due to the different percolating structures.  

 

(a) (b) (c) (d) 

(e) (f) (g) 

Figure 2.22: Optical photographs of the CNT-based aramid nonwoven multiscale 

composites with different CNT loadings including (a) 1.0 wt.%, (b) 0.77 

wt.%, (c) 0.61 wt.%, (d) 0.31 wt.%, (e) 0.17 wt.%, (f) 0.05 wt.%, and (g) 

0 wt.%, the reference, in which as CNT% > 0.3%, showing a stable and 

spatially uniform network in the macroscale composites; as CNT% < 

0.3%, showing the inhomogeneous network with “flocs”. 
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To summarize, based on the synergy between the microscale and nanoscale 

percolating networks, using the approach of dip-coating CNTs onto nonwoven fabrics 

is an efficient way to improve the electrical percolation and conductivity of nonwoven 

composites and offers a new route to design conductive multiscale composites by 

simultaneously tuning the double percolation networks at the micron-/nano-scale. In 

comparison, recent numerical simulations conducted by Tallman [30] showed that the 

network with aligned nanofillers demonstrates a generally degraded percolation and 

conductivity transverse to the alignment direction, which is attributable to the 

decreased likelihood of nearly parallel sticks intersecting, which in turn reduces the 

number of tunneling junctions. Obviously, with the enhanced percolating and 

conductive properties, the proposed CNT-based nonwoven sensing composites require 

a small excitation voltage, maybe only several volts, making themselves a practical 

sensing material for SHM applications. 

2.3.5.2 Self-Sensing Performance  

As demonstrated in Section 2.3.4, under uniaxial tensile loading the as-

processed nonwoven composites show two stages of damage progression including 

matrix microcracking and fiber/matrix interfacial debonding. To validate and further 

investigate this microscale damage mechanism, a distributed network of nanometer 

sized carbon nanotube sensors is extremely helpful to monitor the damage process. 

Therefore, a series of CNT-based nonwoven composites were tested following the 

same loading protocol with their resistive behaviors measured in real-time. Due to the 

selective localization of nanotubes in the fiber/matrix interphase region (see SEM 

image in Section 2.3.3.3), the formed CNT network is utilized as in situ sensing layer 

to detect interfacial damage, resulting in a smart self-sensing nonwoven composite.  
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Figure 2.23a shows the real-time response of electrical resistance change, 

stress, strain, and acoustic emission for a nonwoven composite specimen with 0.75 

wt.% CNT. Both stress and strain follow a linear-elastic fashion, in which, however, 

no local features could be related to the damage progression but the sudden drop at 46 

MPa (i.e., 1.2 % strain) due to final fracture. On the other hand, both resistance and 

AE responses display remarkably nonlinear trends with local sharp increments, seen as 

‘knees’, during the applied load protocol, indicating the progressive evolution of 

damage. In particular, the AE behavior displays a similar pattern as those recorded 

from the reference specimen presented in Section 2.3.4, indicating the two-stage 

damage mechanism.  

The first three AE activities (70 hits in total) are recorded simultaneously when 

the specimen is loaded up to 4.4 MPa (0.1% strain), suggesting the initiation of the 

microcracks in the matrix. Nevertheless, the resistive response does not reveal this 

onset of micro damage, because the nanotube sensing network in this composite 

system is only concentrated on the fiber surfaces and not uniformly distributed in the 

matrix phase, like in other performed research [5,31-35]. In addition, at this low stress 

level, the composite deforms elastically, so does the nanotube network. Later, a 

distinctive AE activity (about 113 hits) is detected as the specimen is loaded to 17.6 

MPa that corresponds to 0.41% strain at 77.5 s. A closer look at the period from 75 s 

to 80 s when damage initiates is shown in Figure 2.23b and demonstrates that a sharp 

resistance change is observed coincidently with a sudden accumulation of AE hits. It 

can be envisioned that in a local transverse region of the composite microcracks 

propagate under the increasing load. As those microcracks first approach the CNT 

coating, the crack tips induce local stress concentrations to the nanotube network, 
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therefore, resulting in the immediate increase in resistance. As the load is increasing, 

microcracks are reaching near-saturation in the matrix, which results in the rise of 

resistance and AE activity.  

Back to Figure 2.23a, after loading the specimen to 28.6 MPa (0.68% strain), 

two intense AE activities (about 110 hits each) are recorded, implying the start of 

damage Stage II. A magnified view of this critical moment is shown in Figure 2.23c. It 

is clear that the resistive response dramatically jumps as soon as spiking AE activities 

are detected, revealing the initiation of interfacial damage, i.e., debonding. Under 

increasing load, debonding cracks could grow, propagate through the CNT coating, 

and gather along a crack plane, forming macro cracks that sever the nanotube network. 

This damage progress in the CNT composite is inherently represented by the resistive 

response in real-time and further confirmed by observed AE response. In comparison, 

the strain data do not show any evidence regarding the evolution of damage, most 

likely due to the fact that the location of the strain gage is far from the initiated crack 

plane as shown in Figure 2.16b (sample No. 2-2).  

Subsequently, as the interfacial cracks accumulate and interconnect from each 

other under further loading, a fracture plane initiates and the composite specimen then 

fails immediately. It can further be observed that the amount of accumulated AE hits 

during damage Stage II from the CNT-based nonwoven composite specimen are about 

seven times less than the reference specimen (as shown in Figure 2.17), which is 

mainly due to the different tensile stress levels these two specimens experienced in 

this damage state, that is, 28-46 MPa versus 40-60 MPa, respectively. Less stress in 

general causes less cracking in the same type of epoxy resin. In addition, this 

discrepancy may be partially attributing to the porous structure of the selectively 
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integrated CNT coating (as shown in Figure 2.15) that creates numerous nanosized 

voids and extensive boundaries possibly for attenuating elastic stress waves released 

as damage initiates, increasing wave attenuation [36-38]. 

Based on the aforementioned observations, the damage evolution of the as-

established CNT-based nonwoven sensing composites under uniaxial tension is 

demonstrated explicitly by the in situ resistive response of the nanotube network, 

which is promising and further confirmed by the real-time AE recordings. 

Specifically, compared with the reference test, the elastic behavior of the nonwoven 

composites with and without CNTs are nearly identical, i.e., (1) the first AE events 

from these two composites were recorded at the same stress level, i.e., 4.4 MPa vs. 4.6 

MPa; (2) the observed elastic limits are very close, i.e., 0.41% strain at 17.6 MPa vs. 

0.40% strain at 14.3 MPa.  

It was observed that the failure mechanism here is governed by a two-stage 

damage progression including (1) saturation of microcracks in the epoxy matrix 

(micro-level), and (2) propagation of fiber/matrix interfacial debonding cracks (macro-

level). Additionally, due to the selective location of CNTs on the fiber surfaces, 

nanotube-based sensing networks demonstrate much higher electrical resistance 

sensitivity due to interfacial damage than microcracking, making this CNT-based 

nonwoven composite a useful smart self-sensing material.  
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(a) 

Figure 2.23: In situ electrical resistance, strain, and acoustic emission responses of the 

aramid nonwoven composite with 0.75 wt.% CNT under uniaxial tensile 

testing showing (a) entire loading protocol, and the initiation of damage 

(a) Stage I and (c) Stage II. 

0

5

10

15

20

25

30

35

40

45

50

T
e

n
s

il
e

 S
tr

e
s

s
 (

M
P

a
)

Applied Stress

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

0 20 40 60 80 100 120 140 160 180 200

S
tr

a
in

 (
%

)

Δ
R

/R
0

(%
)

Time (s)

Recorded Resistance

Recorded Strain

0

15

30

45

60

75

90

105

120

135

150

A
E

 E
v

e
n

ts
 (

C
o

u
n

ts
)

AE Hits

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

A
c

c
u

m
u

la
te

d
 A

E
 E

v
e

n
ts

 (
 

1
0

0
0

)Accumulated AE Events

Severe Damage:Stage II

Damage
Initiation:
Statge I

0

5

10

15

20

25

30

35

40

45

50

T
e

n
s

il
e

 S
tr

e
s

s
 (

M
P

a
)

Applied Stress

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

0 20 40 60 80 100 120 140 160 180 200

S
tr

a
in

 (
%

)

Δ
R

/R
0

(%
)

Time (s)

Recorded Resistance

Recorded Strain

0

15

30

45

60

75

90

105

120

135

150

A
E

 E
v

e
n

ts
 (

C
o

u
n

ts
)

AE Hits

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

A
c

c
u

m
u

la
te

d
 A

E
 E

v
e

n
ts

 (
 

1
0

0
0

)Accumulated AE Events

Severe Damage:Stage II

Damage
Initiation:
Statge I

0

5

10

15

20

25

30

35

40

45

50

T
e

n
s

il
e

 S
tr

e
s

s
 (

M
P

a
)

Applied Stress

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

0 20 40 60 80 100 120 140 160 180 200
S

tr
a

in
 (

%
)

Δ
R

/R
0

(%
)

Time (s)

Recorded Resistance

Recorded Strain

0

15

30

45

60

75

90

105

120

135

150

A
E

 E
v

e
n

ts
 (

C
o

u
n

ts
)

AE Hits

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

A
c

c
u

m
u

la
te

d
 A

E
 E

v
e

n
ts

 (
 

1
0

0
0

)Accumulated AE Events

Severe Damage:Stage II

Damage
Initiation:
Statge I

A
E

 H
it

s
 (

C
o

u
n

ts
)

A
c

c
u

m
u

la
te

d
 A

E
 H

it
s

 (
 

1
,0

0
0

)

Hits



 72 

(b) 

 

 

 

 

 

 

 

 

 

(c) 

Figure 2.23: continued. 
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2.3.5.3 Piezoresistivity 

To facilitate potential strain monitoring applications with the proposed CNT-

based nonwoven composite sensors, the piezoresistive response of this type of sensing 

composite was characterized in situ under uniaxial tensile testing. Figure 2.24 shows 

the typical piezoresistive response and stress-strain behavior for a nonwoven 

composite sensor with 0.75 wt.% CNT. In the elastic zone, the piezoresistive response 

of the sensor shows an ideal linear trend similar to the transient resistance change as 

presented in Figure 2.23a. At strains beyond the elastic zone (i.e., >0.4%), the 

piezoresistive response begins to deviate from its initial linearity, which is represented 

as the red dashed line in the figure. In addition, more noise in the measurement is 

noted, which is attributed to the accumulation of microcracks in the matrix. After 

0.68% strain (i.e., initiation of fiber/matrix debonding), there are some sharp knees 

observed in the piezoresistive response, which corresponds to the formation of 

debonding cracks that permanently sever portions of the electrically conductive 

network. This progressive increase in macrocracks results in a conspicuous change in 

the slope of the stress-strain curve and corresponds to the inelastic behavior of the 

sensor, revealing the reduction in stiffness. Later, when fracture occurs, the resistance 

change goes to infinity. In general, the slope change of the piezoresistive response in 

the inelastic zone is substantially nonlinear, demonstrating an increased sensitivity of 

resistance change to inelastic deformation.  

The piezoresistive behavior of the nanotube sensors is quantified in terms of 

their gage factors, which have been defined in Section 2.3.2. For strain monitoring 

applications, gage factors are further categorized under two specific strain levels 

corresponding to the un-cracked elastic state (under 0.4% strain) and the matrix-
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cracked inelastic state (above 0.4% strain) by performing a linear least-squares curve-

fit on the experimental data.  

 

 

Figure 2.24: Typical piezoresistive response and stress-strain behavior of CNT 

composite sensors. 

Two groups of CNT composite sensors with nanotube concentrations of 1.0 

and 0.75 wt.% were tested. The piezoresistive response of these sensors for the elastic 

state and inelastic states are shown in Figure 2.25a and b, respectively. Figure 2.26 

summarizes gage factors obtained for both groups of specimens in accordance to the 

elastic and inelastic strain levels. It can be seen that the group of four specimens with 

0.75 wt.% CNT loading shows higher strain sensitivity than 1.0 wt.% CNT group. 

There have been a number of experimental studies on the piezoresistive behavior of 

nanocomposites based on CNTs. Experimental results [39-43] indicate that there is a 
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higher degree of sensitivity with reduced CNT concentration, and the general trend in 

gage factor is consistent with that reduction. However, the elastic gage factors are 

somewhat lower than expected as compared to nanocomposites with nanotubes 

dispersed throughout the polymer matrix developed by other researchers [42-44]. This 

lower gage factor is attributed to the formation of the conducting networks 

preferentially along the surfaces of the fibers. The high concentration of CNTs on the 

fiber surface results in a nanocomposite “interphase” that forms around the fiber. This 

interphase region effectively acts like an overall nanocomposite sensor that has a high 

volume fraction of nanotubes. In addition, it is likely that by providing excessive 

electrical conductive pathways the random fiber architecture also influences the 

piezoresistive response. Meanwhile, the inelastic gage factors are also higher than the 

elastic gage factors. The breaking up of the CNT network due to cracking and fiber-

matrix debonding severs conducting pathways, resulting in a lower effective volume 

fraction of nanotubes conducting current in the sensor. 
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(b) 

Figure 2.25: (a) Elastic and (b) inelastic piezoresistive responses from individual test 

coupons of the CNT-based nonwoven composite sensors fabricated in 

this research (from Ref.[45]). 
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Figure 2.26: Gage factors for the CNT-based nonwoven composite sensors (error bars 

represent one standard deviation) (from Ref.[45]). 
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proposed sensors were then bonded onto metal substrates for ex situ strain monitoring, 

including aluminum and steel, and tested under quasi-static cyclic tensile and 

compressive loads. In addition, a distributed sensing network with four CNT sensors 
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was created and tested to show the CNT sensors’ capability of monitoring distributed 

strains in both the longitudinal and transverse directions.  

2.4.1 Experimental Setup 

2.4.1.1 Case Study 1: Elastic and Plastic Strain Monitoring 

To verify elastic and plastic strain monitoring capabilities of the proposed 

CNT-based strain sensors, a uniaxial strain monitoring specimen was further 

investigated on an aluminum substrate. A sensor size of 89  13 mm, composed of the 

aramid nonwoven fabric with a CNT concentration of 1.0 wt.%, was mounted at the 

center of a dogbone-shaped aluminum tensile bar (152  25  2 mm, 6061-T6). This 

specimen (Al-1.0%-CNT) was subjected to incremental tensile cyclic loadings 

performed using an Instron 5567 universal testing machine at a fixed displacement rate 

of 1.3 mm/min. The loading protocol consisted of six steps with resulting stress 

amplitudes of 23.5, 47.1, 70.6, 106, 141, and 188 MPa. A 47.1 MPa loading-unloading 

cycle was placed between the 106, 141, 188 MPa steps in order to validate the electrical 

stability of the sensing layer. The baseline electrical resistance of this specimen was 

measured as 7.38 kΩ. The test specimen geometry is illustrated in Figure 2.27. 
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(a) (b) 

Figure 2.27: (a) Photograph of the test specimen (Al-1.0%-CNT) for elastic and plastic 

strain monitoring and (b) illustration of the specimen configuration (from 

Ref.[45]).  

2.4.1.2 Case Study 2: Compressive and Tensile Strain Monitoring 

To validate the monitoring capabilities of both compressive and tensile strains, 

a uniaxial compression and tension test was performed on an aluminum specimen with 

the composite sensor attached. This 64  10 mm sensor contains 0.75 wt.% CNT and 

was bonded on a 6.4 mm thick aluminum bar (152  25.4 mm, 6061-T6). This 

specimen (Al-0.75%-CNT) was subjected to a seven-step compression-tension cyclic 

loading at the same displacement rate as specimen Al-1.0%-CNT. The initial loading 

cycle resulted in a stress of ±24.8 MPa. Each loading step included two cycles with 

identical magnitude at the peak and a full compression-tension loading step with four 

individual cycles. The load steps increased from resulting stresses of 24.8 to 99.2 MPa 
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in tension at an even increment of 12.4 MPa and, due to the slenderness of this bar, the 

largest compressive load cycle resulted in a stress of 62.0 MPa after the fourth 

compression step. The baseline electrical resistance of this specimen was measured as 

24.8 kΩ. Figure 2.28 shows the specimen configuration. 

 

(a) (b) 

Figure 2.28: (a) Photograph of the test specimen (Al-0.75%-CNT) for tensile and 

compressive testing and (b) illustration of the specimen configuration 

(from Ref.[45]). 

2.4.1.3 Case Study 3: Distributed Strain Monitoring 

To investigate the sensing capability of the CNT composite sensors in the 

longitudinal and transverse directions, four sensors were distributed on a steel (ASTM 

A572 Grade 50) dogbone-shaped tensile bar (dimensions: 432  64  5 mm) with a neck 

area of 229  38 mm. The sensors are composed of the aramid nonwoven fabric 
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processed with 1.0 wt.% CNT loading and adhered along the longitudinal centerline of 

the steel bar using epoxy resin (EPON® 862) with a curing agent (EPIKURE 3223). In 

accordance with the sensor size as well as the electrical current sourcing direction 

between the electrodes, these sensors are referred to as Sensor 1-1-L, 1-1-T, 0.3-1-L and  

1-0.3-T as shown in Figure 2.29. Specifically, Sensor 1-1-L and Sensor 1-1-T are 25  

25 mm (i.e., aspect ratio = 1) and their electrical measurements are made in the 

longitudinal and transverse directions, respectively. Similarly, Sensor 0.3-1-L and 

Sensor 1-0.3-T are 32 mm in the x-direction and 10 mm in the y-direction; they are 

monitoring the axial strain in the longitudinal direction and the transverse strain due to 

Poisson’s contraction, respectively. A 350 Ω bi-axial stain gage (0°/90° pattern, Micro-

Measurements®) with a gage length of 6.4 mm was used to measure the strains in both 

principal directions. The steel specimen was then subjected to a quasi-static loading 

protocol using an Instron 8562 servo-hydraulic load frame. The displacement-

controlled loading protocol included five continuous loading-unloading cycles: two to 

a stress level of 110 MPa and three to 248 MPa using a displacement rate of 0.5 

mm/min and an unloading rate of 0.8 mm/min. During the second and fifth loading 

cycles, the stress was maintained for 30 s to examine any transient effects. The test 

was discontinued at a peak load corresponding to 300 MPa. In particular, when 

multiple sensors were measured simultaneously, the lead wires were connected to a 

terminal block, which is screwed on a multiplexer (Keithley 3706A system switch). 

This multiplexer is linked with Keithley 6430 source meter and rapidly switches 

channels between the four sensors to execute the electrical measurements. 
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(a) (b) 

Figure 2.29: (a) Photograph of the experimental setup for distributed strain monitoring 

test and (b) illustration of the specimen configuration (from Ref.[45]). 

2.4.2 Results 

2.4.2.1 Monitoring of Elastic and Plastic Tensile Strains 

Understanding the ex situ strain sensing response of the sensor in uniaxial 

tension, as well as its response while the substrate undergoes plastic deformation, is 

important for SHM applications. Figure 2.30a shows the transient response of the 

sensor (Al-1.0%-CNT) due to applied tensile deformation. This specimen undergoes 

elastic deformation in the first 12 applied load cycles without permanent strain change. 

The response of the sensor directly correlates to the elastic strain. Plastic deformation 

of the aluminum occurs beyond 0.3% strain, which is at 75% of the elastic limit of the 

sensor. There is a permanent deformation of 0.52% strain at the end of this cycle. In 
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addition to the plastic strain that occurs, this deformation is near the elastic limit of the 

CNT composite sensor, resulting in a larger sensitivity to the permanent deformation 

in the last cycle. Specifically, there is a permanent electrical resistance change of 1.2% 

(or 88 Ω in real resistance). It is clear that the trends in the resistance response of the 

attached composite sensor and strain measurements are very comparable and there are 

no resistance drifts observed in the electrical response of the sensor. Figure 2.30b 

shows the piezoresistive response of the CNT composite sensor during the full loading 

profile. As the aluminum bar begins to deform plastically, resistance increases 

nonlinearly with strain and a permanent resistance change was found at the end of the 

loading corresponding to a strain of 0.52%. The evolution of the plastic deformation of 

the specimen is comprehensively reflected by the trend of the electrical resistance 

response, which is desirable. The bottom inset of Figure 2.230b shows the linear 

elastic piezoresistive response corresponding to the first 12 applied elastic load cycles. 

It can be observed that under elastic loading, the piezoresistivity of the sensor (GF = 

1.44) is quite constant compared to the strain gage measurement, which is promising. 
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(a) 

Figure 2.30: (a) Transient resistive response of Specimen Al-1.0%-CNT during a full 

cyclic loading test, showing the close correlation between strain and 

resistance up to plastic deformation of the specimen and (b) the 

resistance change-strain response of the sensor (Bottom inset: elastic 

piezoresistive response) (from Ref.[45]).  
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(b) 

Figure 2.30: continued (from Ref.[45]). 

2.4.2.2 Monitoring of Compressive and Tensile Strains 

For specimen Al-0.75%-CNT, Figure 2.31a shows the tensile and compressive 

elastic resistive response of the sensor in real-time under the prescribed loading cycle. 

The peak tensile strains are +0.14% and minimum compressive strains are −0.08%, 

which are all in the elastic range of the aluminum member. Under compression, the 
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nanotube-nanotube tunneling gaps decrease resulting in more conductive pathways 

and then the reduced electrical resistance of the CNT composite sensor. It can be seen 

that under the compression-tension cyclic loading protocol, the recorded electrical 

resistance displays very close correlations to the member strains. The sensor shows 

strong electrical stability as well as negligible amount of baseline resistance change 

among all compression-tension loading steps in real-time. 

From Figure 2.31b, it can also be seen that the piezoresistive response of the 

CNT composite sensor displays strong linearity for both compressive and tensile 

strains with a single gage factor, GF = 1.80 which is close to the gage factor (GF = 

1.90) of the group of sensors with 0.75 wt.% CNT loading characterized in Section 

2.3.5.3, indicating a high degree of repeatability. These results are desirable and 

facilitate applications of this fabricated composite sensors for future SHM. 
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(a) 

(b) 

Figure 2.31: Linear-elastic resistive response of CNT composite sensor on Specimen 

Al-0.75%-CNT according to applied compression-tension cyclic loads: 

(a) real-time response under cyclic loading and (b) linear piezoresistive 

behavior under tension-compression loading (from Ref.[45]). 
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2.4.2.3 Monitoring of Distributed Longitudinal/Transverse Strains 

With the ex situ uniaxial strain sensitivity of the sensor established previously, 

enabling the distributed sensing capability of the sensor for multidirectional strain 

monitoring, is of great importance for practical SHM applications. Figure 2.32a shows 

the mechanical response of the steel member subjected to a longitudinal tensile stress 

as well as its transverse strain response due to Poisson’s contraction. It can be seen 

that this specimen deforms elastically under the applied loading. The corresponding 

sensing responses of the four distributed CNT composite sensors are displayed in 

Figure 2.32b. All show a strong linear response where the piezoresistivity of Sensors 

1-1-T (GF = −3.95) and 1-0.3-T (GF = −2.76) in the transverse direction is higher 

compared to Sensors 1-1-L (GF = 1.41) and 0.3-1-L (GF = 1.21) in the longitudinal 

direction. Although the strain in the transverse direction is compressive, the resistance 

of the sensing increases, resulting in a negative gage factor. Unlike a traditional strain 

gage, the CNT network is random and shows sensitivity to both transverse and 

longitudinal strain. At the nanoscale there are changes in tunneling gaps associated 

with both transverse and tensile strains in the sensor. In this case the longitudinal 

strain is much higher than the transverse strain. As a consequence, the net increase in 

the electrical tunneling gaps is dominated by the strain in the longitudinal direction 

resulting in an increase in resistance in both directions. In addition, under the same 

strain field, longer conductive pathways along the longitudinal strain direction attract 

more changes in CNT-to-CNT tunneling gaps, which result in the higher strain 

sensitivity in Sensor 1-1-L than Sensor 0.3-1-L. 
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(a) 

(b) 

Figure 2.32: (a) Applied load and longitudinal and transverse strain of the steel 

member and (b) the strain sensing responses of the four sensors, showing 

the linearity and gage factors estimated using linear least squares curve 

fitting (from Ref.[45]).   

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

-150

-100

-50

0

50

100

150

200

250

300

0 200 400 600 800 1000 1200

S
tr

a
in

 (
%

)

S
tr

e
s

s
 (

M
P

a
)

Time (s)

Applied Load

Longitudinal Strain

Transverse Strain

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

-0.06 -0.03 0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21

∆
R
/R

0
(%

)

Strain (%)

Sensor 1-1-L (Longitudinal Sensing)

Sensor 1-1-T (Transverse Sensing)

Sensor 0.3-1-L (Longitudinal Sensing)

Sensor 1-0.3-T (Transverse Sensing)

 𝑅
𝑅0
 = -2.76 ε – 0.0021

 𝑅
𝑅0
 = 1.41 ε + 0.0052

 𝑅
𝑅0
 = 1.21 ε – 0.0048

 𝑅
𝑅0
 = -3.95 ε + 0.0078



 90 

2.5 Summary and Conclusions  

Chapter 2 presents the processing and characterization of the proposed 

distributed strain sensor for SHM using CNT-based nonwoven composites. A simple 

two-step method to fabricate CNT-based composite strain sensors is introduced. The 

microstructure, mechanical properties, and the sensing mechanisms and in situ 

piezoresistive responses of the as-fabricated nanocomposite are fully characterized. 

The tensile and compressive strain sensing capabilities of this nanocomposite for ex 

situ distributed SHM sensors are also demonstrated. 

This chapter has established a simple and cost-effective two-step approach for 

the manufacturing of novel carbon nanotube (CNT)-based piezoresistive composites 

that can be used as strain sensors for structural health monitoring (SHM) applications. 

This technique is readily scalable for field applications and has a high degree of 

application flexibility. The nanotube-based strain sensors have been successfully 

fabricated by, first, coating nanotubes onto an aramid nonwoven carrier fabric using a 

CNT-based fiber sizing agent (i.e., the ‘wetting’ process) followed by infusing epoxy 

resin into the fabric to hold the nanotube network in place (i.e., the ‘drying’ process). 

Comparing with nanotube-based films (i.e., buckypaper), the proposed nonwoven 

composite sensors in this study have a much lower concentration of CNTs, which will 

substantially reduce cost and facilitate engineering applications.  

Next, a preliminary study for down-selecting the most suitable nonwoven 

carrier fabric was performed experimentally. The aramid fabric was selected and 

further studied due to the observed high sensitivity and stability. A microscopic 

investigation of the CNT-based nonwoven composite system was also conducted to 

understand the microstructure of the composite sensors. It was found that the 

selectively integrated CNT networks in the fiber/matrix interphase region can 
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effectively enhance the electrical conductivity of the composite at a very low 

percolating threshold of 0.015 wt.% nanotubes, attributed to a double percolating 

mechanism.  

In addition, mechanical, in situ electrical and AE characterization of the CNT-

based nonwoven sensing composites was performed under uniaxial tensile loadings. 

For the first time, the CNT networks were successfully used to study the failure 

mechanisms of nonwoven composites and clearly demonstrate a two-stage damage 

progression, validating the self-sensing capability of the CNT-based nonwoven 

composites. A series of coupon level characterizing tests were conducted and the 

results have proven that the proposed composite sensors are mechanically robust and 

have linear piezoresisitivity up to 0.4% strain. In specific, linear piezoresistive 

responses with an elastic gage factor (GF) of 1.90 and a nonlinear GF of 5.34 

corresponding to the longitudinal strains, were obtained for these CNT composite 

sensors. 

Lastly, three case studies that used the composite sensors for ex situ strain 

monitoring of metal members were performed. The sensors’ resistive responses 

corresponding to elastic and plastic strains, compressive and tensile strains, as well as 

distributed strains were investigated. For the proposed CNT composite sensors, strong 

linearity in the piezoresistive response due to elastic tensile and compressive strains 

were observed and the permanent electrical resistance change corresponding to plastic 

deformation was also identified. The transverse sensitivity of the sensor was 

established and shows negative piezoresistivity (with an elastic gage factor, GF = 

−3.95) in the transverse direction. In addition, the real-time sensing capacity of these 

sensors was further verified. 
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SPATIAL DAMAGE DETECTION AND IMAGING USING A DISTRIBUTED 

CARBON NANOTUBE-BASED COMPOSITE SENSOR COMBINED WITH 

ELECTRICAL IMPEDANCE TOMOGRAPHY 

Significant portions of this chapter are already published in a peer-

reviewed journal: 

 Ref.[55]: “A novel methodology for spatial damage detection and 

imaging using a distributed carbon nanotube-based composite 

sensor combined with electrical impedance tomography”. Journal 

of Nondestructive Evaluation 35(2):1-15 (2016). 

3.1 Introduction 

As introduced in Section 1.1, the traditional nondestructive evaluation & 

testing (NDE&T) methods of the general structural health monitoring (SHM) systems 

that normally rely on point-type measurements, are coming to be deficient in 

providing useful information on structural damages and performance level of 

inspected structures due to lacking coverage, low robustness of sensors, impropriate 

operations of practitioners, application difficulties, complex data interpretations and 

indirect representation of results [1,2]. An innovative NDE technology with features of 

spatial detection, accurate and sensitive response, durable working life, fast data 

processing and visual outputs, is always demanded in the community of structural 

engineering to obtain instant information on health of in-service structures so as to 

ensure their long-term safety and reliability timely. To establish this ideal NDE 

methodology, both the sensors and the implemented sensing algorithms need to be 

optimized and well incorporated between each other.  

Chapter 3 
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Recent advances in composite materials have taken advantage of both 

nanotechnology and composite engineering and created a new era for developing 

novel and multifunctional composite sensors that possess high sensitivity and 

excellent mechanical response [3-6] which are suitable for NDE and SHM 

applications. As reviewed in Section 1.3 of Chapter 1, numerous researchers have 

investigated and characterized the electromechanical behaviors of CNT-based 

composites [5]. Experimental results have validated the feasibility and demonstrated 

great potential of employing CNT-based composites as distributed strain/damage 

sensors [7-13] in light of their extraordinary piezoresistivity [14], durability [15], and 

application versatility [16]. However, most of these experiments are able to only 

represent qualitative results that the location and magnitude of the strain/damage 

cannot be determined due to the implementation of limited sensing algorithm using 

two- or four-wire resistance measurements.  

To optimize the performance of CNT-based nanocomposite sensors, a more 

advanced and powerful sensing scheme is needed. One approach to locate and image 

damage on a structure is by using a series of one-dimensional measurements collected 

from a two-dimensional (2-D) sensing area covered by densely-spaced strain gages 

[17] or from the quasi-distributed surface electrodes on an electrically conductive 

composite panel [18]. However, this quasi-2-D algorithm compromises the results by 

confining the possible damage locations to the grid points of the measurements and is 

also limited by the density of the grid array employed. That is, sparse arrays can only 

produce limited amount of interpolating points, resulting in very coarse estimation of 

locating damage. Meanwhile, dense arrays are prohibitively burdensome to be 

implemented for field applications. 
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Fortunately, electrical impedance tomography (EIT) is a noninvasive, and true 

2-D imaging algorithm that is able to execute visually interpretative outputs of 

measurements and has been recently studied to perform spatial damage evaluation on 

fiber reinforced composite plates [19-23], nanocomposites [24-26] and concrete 

members [27-30]. Nevertheless, the results from these studies are influenced by the 

anisotropic conductivity of the sensors used such that relatively low resolution and 

high background noise are observed in the final EIT reconstructions [19-23,26]. 

Additionally, field applications may be considerably limited due to the low sensitivity 

of the sensor, vulnerability to environmental effects [24,28,29], and also fabrication 

challenges [19,21,22,24,25]. 

In this chapter, a 2-D CNT-based damage sensor was first fabricated following 

the previously established manufacturing process of CNT-based nonwoven 

composites. Due to the nanoscale size of CNTs combined with their large aspect ratio 

(length/diameter), an electrically conductive network can be established in the CNT-

based composites by integrating small amounts of CNTs via coating the nonwoven 

carrier fabric [13]. This spatial, skin-like composite sensor can be adhered to virtually 

any shape to detect deformation and damage and is also mechanically robust and 

electrically isotropic due to the random, nonwoven structure. Then, a series of 

boundary electrodes were attached to the sensor to allow measurements of the 

resistance changes in the CNT network across the entire 2-D sensing area. By 

assuming that damage on the sensor directly affects its conductivity, a difference 

imaging-based EIT algorithm was implemented and tailored to offer two-dimensional 

maps of conductivity changes, from which damage location and size can be estimated. 

In particular, the reconstruction is based on a newly defined adjacent current-voltage 
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measurement scheme associated with 32 electrodes located along the boundary of the 

sensor. Subsequently, this spatial damage sensing methodology was first evaluated by 

introducing well-defined damage where sensing sections were either removed or 

narrow cuts were made on a series of sensor specimens. In addition, a more realistic 

damage scenario was investigated to show the capability of this methodology to detect 

impact damage on a composite laminate. The resulting EIT maps were also compared 

to visual inspection and thermograms taken with an infrared camera. Additional 

noteworthy this study demonstrates for the first time the feasibility of performing the 

difference imaging-based EIT on a CNT-based nonwoven composite sensor to 

estimate the location and severity of different types of damage.  

3.2 Electrical Impedance Tomography (EIT) 

Electrical impedance tomography has been extensively studied for medical and 

geological applications since the 1980s [31,32] but has been largely overlooked by the 

NDE and SHM communities until recently. By measuring boundary voltages EIT is 

able to map the internal conductivity distribution in an electrically conductive material 

[33-35]. In order to solve this non-linear and ill-posed inverse problem, regularization 

and linearization techniques as well as numerical solvers are employed to produce an 

approximate solution [33,34]. Until now, some pilot studies have been conducted on 

the applications of EIT for NDE/SHM purpose.  

For instance, Baltopoulos, et al. [20] used a 20-electrode EIT scheme to assess 

damage in carbon fiber reinforced composite laminates that were subjected to 

indentation impacts. The reconstructed conductivity maps were produced using the 

least-squares method with Tikhonov regularization and showed the localized areas 

with reduced conductivity corresponding to impact damage. Following the same EIT 
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algorithm they also performed impact damage evaluation on a CNT-modified glass 

fiber-reinforced composite plate [19]. However, the resulting EIT reconstructions from 

both studies showed a significant amount of artifacts and low resolution.  

Hou and co-workers [24] first employed the EIT technique on a nanocomposite 

(i.e., CNT-PSS/PVA thin film) for spatial damage sensing. They created a small (25 

mm × 25 mm) planar sensor and used Gauss-Newton regularization algorithm for EIT 

imaging of etching damage. Loyola, et al. [21,22] used EIT for strain and impact 

damage monitoring of glass fiber composites by implementing a CNT-based polymer 

thin film as the spatial sensor. In these two experimental studies, a one-step linear 

reconstruction algorithm was employed and tuned to achieve normalized differential 

conductivity maps with optimal resolution. Additionally, Tallman and coworkers used 

the difference imaging algorithm and conducted 16-electrode-based EIT on a 95 mm × 

95 mm carbon nanofiber epoxy plate for detecting simple through-hole damage [26] 

and on a 101 mm × 152 mm carbon black filled glass fiber/epoxy laminates for 

imaging impact damage [23]. They also performed the same EIT algorithm on a 25.4 

mm × 25.4 mm flexible carbon nanofiber/polyurethane composite for imaging tactile 

contacts and distributed strains [36] and reported a detectability limit of 3.18 mm by 

EIT [37]. 

Some experimental studies have shown the potential of using EIT for 

quantitative NDE. For example, Loh, and co-workers [25] quantitatively correlated the 

reconstructed EIT maps with the applied strain. They monitored the surface strains of 

a PVC coupon axially loaded from -0.2% to 0.2% strain using a 25 mm × 25 mm 

CNT-based sensing film. A standard regularized Gauss-Newton algorithm was 

employed to solve the reconstruction of conductivity. They found a linear relationship 
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between the contrast of the reconstructed conductivity maps and strain. Similarly, Hou 

and Lynch [27] used EIT to detect the flexural strain on a conductive fiber-reinforced 

cementitious composite beam subjected under three-point bending. The reconstructed 

conductivity maps were executed at multiple strain levels and coupled to the stress-

strain response of the beam in accordance with the maps’ contrast.  

Furthermore, some EIT applications have also been conducted to image 

surface cracking of concrete members [28] and to detect internal anomalies [30]. 

Recently, Hallaji, et al. [29] performed EIT on a 45.7 cm × 10.2 cm silver painted 

sensing area using an absolute imaging scheme to detect cracking of a concrete beam 

under three-point bending obtaining high-resolution quantitative reconstruction maps, 

which accurately show the complex and evolving crack pattern.  

3.3 EIT Methodology 

In order to reconstruct conductivity variation using EIT method, a forward and 

inverse problem are required to be solved. Figure 1 illustrates the reconstruction 

approach for mapping the sensor’s internal distribution of conductivity change. The 

inputs and variables shown in the figure are defined in the following sections detailing 

the theoretical basis for the EIT methodology.  
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Figure 3.1: Flowchart visualizing EIT methodology implemented in this study (from 

Ref.[55]).  
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3.3.1 Forward Problem 

The forward problem solves the physical model for simulating the boundary 

voltages due to the applied electrical current in the 2-D sensor (see Figure 3.2a, b). 

The geometry and boundary conditions are given and the initial conductivity 

distribution of the sensing medium is pre-selected. Mathematically, the relationship 

between the conductivity distribution (σ) inside a linear isotropic material (Ω) and the 

voltages (u) is governed by the following partial differential equation [34], assuming 

the absence of an interior current source [33]: 

 ∇ ∙ (𝜎∇𝑢) = 0, in (2-D Ω) (3.1) 

In this study, the boundary conditions of Equation 3.1 follows the so-called 

complete electrode model (CEM) [36,37,40,41] which is expressed as: 

 u + zl σ 
𝜕𝑢

𝜕𝒏
 = Ul on el, with l = 1, 2, … , L (3.2) 

 ∫ 𝜎
1

𝑒𝑙
 
𝜕𝑢

𝜕𝒏
 dS = Il , on el, with l = 1, 2, … , L (3.3) 

 σ 
𝜕𝑢

𝜕𝒏
 = 0, on 𝜕Ω \ ⋃ 𝑒𝑙

𝐿
𝑙=1 , with l = 1, 2, … , L (3.4) 

 ∑ 𝐼𝑙
𝐿
𝑙=1 =0 and (3.5) 

 ∑ 𝑈𝑙
𝐿
𝑙=1 =0 (3.6) 

where zl is the effective contact impedance between the electrode and the object, Ul is 

the voltage on the electrode el, n is the outward unit normal and L is the number of 

electrodes. Specifically, Equations 3.2-3.4 define the total amount of current and 

voltage at boundary electrodes and for the rest of the domain by considering both the 

shunting effect and the contact impedance for each of the electrodes [33,34,38]. In 

addition, Equation 3.5 and 3.6 ensure the existence and uniqueness of the solution, 

respectively [33,34,38]. 
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As extensively detailed in literature [19-22,28,30,33,34,38], finite element 

(FE) method is employed to numerically solve for the discrete approximation of 

Equation 3.1 with CEM boundary conditions. The domain (Ω) is divided into a finite 

number of small triangular elements as illustrated in Figure 3.2c with Nn nodes. The 

conductivity within each element is assumed to be constant. The weak solution (uFEM) 

is then estimated as: 

 u ≈ uFEM = ∑ 𝑢𝑖𝜑𝑖
𝑁𝑛
𝑖=1  (3.7) 

where ui denotes the nodal voltage of the i-th element and φi are the piecewise linear 

basis functions.  

Details about the FE model used in this study are further explained in Section 

3.3.3. For a finite set of injecting current, the FE system for the forward problem is 

commonly formulated as a system of linear equations [34,38]: 

 [
𝐴𝑀 + 𝐴𝑍 𝐴𝑊
𝐴𝑊
𝑇 𝐴𝐷

] [
𝑢
𝑈
] = [

0
𝐼
] (3.8) 

where 

 [AM]ij = ∫ 𝜎∇𝜑𝑖
1

𝛺
∙ ∇𝜑𝑗 𝑑𝑥𝑑𝑦 (3.9) 

 [AZ]ij = ∑
1

𝑧𝑙
∫ 𝜑𝑖
1

𝑒𝑙
𝜑𝑗

𝐿
𝑙=1 dS (3.10) 

 [AW]i = −
1

𝑧𝑙
∫ 𝜑𝑖
1

𝑒𝑙
𝑑𝑆 (3.11) 

 [AD] = diag (
|𝑒𝑙|

𝑧𝑙
) (3.12) 

with i, j = 1, 2, …, Nn, and |𝑒𝑙| is the length of the electrode el (in 2-D). The unknown 

nodal voltages [u] and boundary voltages [U] at electrodes are then solved with the 

known injecting current [I] at the electrodes. These calculated voltages are used to 
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construct the Jacobian matrix in the inverse problem as explained in the following 

section. 

 

(a) (b) 

Figure 3.2: Illustration of EIT methodology adapted for the proposed CNT 

composite sensor: (a) current injection route (solid red line) along the 

boundary and voltage measurement protocol (dashed yellow lines) for a 

16-electrode (boundary dots) sensor, (b) detailed illustration of the series 

of voltage measurements (i.e., V1 to V13) corresponding to a selected 

current injection electrode pair (for simplicity, only 16 electrodes are 

shown in (a) and (b)), and (c) FE mesh with 2336 triangular elements 

used in modeling of the actual 32-electrode CNT composite sensor (from 

Ref.[55]). 
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(c) 

Figure 3.2: continued. 

3.3.2 Inverse Problem 

The inverse problem reconstructs the sensor’s internal distribution of 

conductivity variation in accordance with the voltage measurements at all electrodes 

resulting from the adjacent current injection scheme (Figure 3.2a, b). This represents 

an ill-posed non-linear problem and the result is sensitive to modeling errors and 

measurement noise [33,34,38]. In this study, for solving the inverse problem a 

maximum a posteriori (MAP) reconstruction approach developed by Adler and 

Guardo [39] was employed. This MAP algorithm makes the Gaussian assumptions for 

the ‘a posteriori’ distribution and is a one-step linearization solver. This algorithm 

reconstructs the normalized variation in electrical conductivity between the intact and 

damaged condition of the sensor. This probabilistic method yields the estimate 

([∆σ/σ0]) following the regularized inverse as [21,22,39]: 

 {
∆𝝈

𝝈𝟎
} = [(𝑱𝑻𝑾𝑱 + 𝜆𝑹)−1𝑱𝑻𝑾] {

∆𝑼

𝑼𝟎
} = 𝑩 {

∆𝑼

𝑼𝟎
} (3.13) 

where 
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 [J]ij= −∫∑ (∇𝑢)𝑖(∇𝑢
∗)𝑗𝑑𝑥𝑑𝑦

2
𝑖=1  (3.14) 

for isotropic 2-D medium [33], [W] is the covariance matrix containing the inverse 

variance of noise for every voltage measurement, [R] is the regularization matrix 

imposing conditions of smoothing and stabilization by using a spatially invariant 

Gaussian high-pass filter to treat the measurement noise, λ is the regularization 

parameter controlling the amplification of noise in the reconstructed images 

[21,22,39], [B] is the image reconstruction matrix corresponding to a given λ, [U0] 

represents baseline voltage measurements from the undamaged state of the sensor, [U] 

includes the voltage measurements taken after damage has occurred, [∆U] = [U]−[U0], 

and [J] is the Jacobian matrix.   

In this study, we implemented two kinds of noise models by setting [W] be a 

sparse or an identity matrix. For the sparse matrix, it is assumed that Gaussian noise 

exists. The identity matrix on the other hand assumes the zero-mean Gaussian white 

noise, ignoring the physical errors within the specimen. The regularization parameter λ 

is determined according to the resulted noise figure (NF) of MAP algorithm, in which 

NF is defined as the signal-to-noise-ratio (SNR) of the voltage measurements (SNRU) 

divided by the SNR of the reconstructed conductivity (SNRσ) according to [39]: 

 NF = 
𝑆𝑁𝑅𝑈

𝑆𝑁𝑅𝜎
=

(𝟏𝒕𝒁)√𝑁∙𝑡𝑟𝑎𝑐𝑒(𝑨𝑩𝑾−𝟏𝑩𝒕𝑨)

(𝟏𝒕𝑨𝑩𝒁)√𝑀∙𝑡𝑟𝑎𝑐𝑒(𝑾−𝟏)
 (3.15) 

where N, M, and [A] are the number of elements, number of voltage measurements and 

the diagonal matrix composing of the areas of the elements, respectively. [Z] = ([U] -

[U0])/[U0] and [B] is defined in Equation 3.13. In order not to under- or over-smooth 

the reconstruction, an optimal regularization parameter, λoptimal, was determined when 

the reconstructed image results in NF = 1 [21,22,39].  
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3.3.3 Numerical Modeling 

The finite element method is employed along with partial calculation routines 

selected from the electrical impedance tomography and diffuse optical tomography 

reconstruction software (EIDORS) [38,40,41] through MATLAB (R2012a, 

MathWorks®). The geometry and mesh generation of the FE models for the CNT-

based composite sensors were developed using a MATLAB-based mesh generator, 

DistMesh [42]. The final mesh of the FE models consists of 1238 nodes and 2336 2-D 

triangular elements as shown in Figure 3.2c where each electrode was modeled as two 

adjoining nodes represented by black dots. By applying the MAP algorithm, the 

difference in voltage measurements between the undamaged and damaged states is 

immediately calculated and used for the EIT reconstruction. In this way, the 

experimental errors associated with the contact impedance, poor electrode contact and 

electrode mismatches do not change in the EIT measurements for both states, then by 

subtracting the initial measurements it’s avoiding these errors influencing the 

reconstruction of the damaged specimens [26,39]. Here, the complete electrode model 

(CEM, [43]) was employed and a unit contact impedance value was assumed for all 32 

electrodes. For the forward problem, the initial electrical conductivity of the FE model 

was considered isotropic. The final EIT reconstruction map for each specimen was 

achieved in correspondence to λoptimal (defined in Equation 3.15). Specifically, 

MATLAB was used to handle the EIT calculations based on a customized script to 

perform the direct inversion of the system matrix. This large sparse matrix is in the 

size of 1270 by 1270 (with conditioning numbers of 3 ~ 6×1017 for the FEMs) and 

stored in the MATLAB program. The solution to the forward problem takes about 4 

minutes of computational time on a 2.40 GHz desktop computer with 8 GB RAM and 

2-3 minutes of computational time to solve the inverse problem. 
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3.4 Experimental Details 

3.4.1 Sensor Fabrication Process 

The CNT-based nonwoven composite sensors were fabricated following the 

previously established two-step manufacturing process as represented in Section 2.2. 

The 34 g/m2 nonwoven aramid veil was employed as the non-conductive carrier fabric 

of CNTs. This 0.5 mm thick fabric consists of 12 mm long randomly oriented short 

fibers. The bulk fabric was first trimmed in to 102 mm × 102 mm square patches as 

shown in Figure 3.3a and then coated with nanotubes through the CNT solution 

casting process per Section 2.2.1. In particular, the used CNT aqueous dispersion was 

prepared by diluting CNT sizing agent with distilled water at the weight ratio of 1:2 

(i.e., CNT sizing : water) and following with a 15-minute bath sonication session. The 

CNT-modified fabric was then dried at 130°C and infused with epoxy resin to form 

the final CNT-based composite sensor via VARTM process. The composite 

manufacturing setup is demonstrated in Figure 3.3b and the details are presented in 

Section 2.2.2. After finishing the resin infusion, the composite sensor was cured in the 

oven at 130°C for 6 hours. The resulting final CNT-based composite sensor has a 

uniform thickness of 0.47 mm across the entire area with the CNT loading of 0.75 

wt.%. Through this process, each individual short fiber becomes conductive and the 

whole nonwoven fabric turns into a dense network of randomly connected resistors. 

As formerly discussed, this manufacturing process using a prepared low CNT 

concentration dispersion significantly reduces the material and labor cost comparing 

with other EIT studies using CNT-based sensors [21,22,24,25]. In addition, solely 

coating the nonwoven fabric significantly improves the efficiency of CNTs as forming 

conductive networks within the nanocomposites by concentrating the limited amount 
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of CNTs onto a small amount of fibers. Therefore, this approach is low cost, simple to 

setup and operate, and able to be easily scaled up. Specifically, the CNT layer 

uniformly coats the individual fibers and is supported by the nonwoven fiber 

architecture, forming a global random network of nanotubes and therefore attributing 

to an isotropic 2-D conductivity.  

 

(a) (b) 

Figure 3.3: Photographs showing (a) a 34 g/m2 nonwoven aramid fabric in size of 

102 mm × 102 mm for fabricating a CNT-based sensing patch, and (b) 

the vacuum-assisted resin transfer molding (VARTM) setup for 

manufacturing two square CNT-based composite sensors. 

3.4.2 Preparation of Test Specimens 

Boundary electrodes were applied to the sensor in order to conduct the EIT 

measurements (described in Section 3.3.1). A 32-electrode arrangement with eight 

electrodes equally spaced along each boundary was selected for this study, as shown 

in Figure 3.4a. For each electrode location, an area of 3.2 mm × 3.2 mm was coated 

with a conductive silver paint (SPI Supplies®, Structure Probe, Inc.). Two lead wires 
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were then attached to each electrode using a conductive epoxy (EPOXIES® 40-3900, 

Epoxies, Etc.). According to the manufacturer the electrical resistivity of the 

conductive epoxy is 0.0001 Ω-cm. The conductive epoxy was cured at 90°C for 30 

minutes. Finally, the sensor was attached to a 178 mm × 114 mm × 3.2 mm glass fiber 

composite (G-10/FR4, Professional Plastics, Inc.) using a 5-minute epoxy (Loctite® 

E-00CL Hysol®, Henkel) to form the final test specimen. The non-conductive 

composite has an elastic modulus of 18.6 GPa and flexural strength of 379 MPa, as 

reported by the manufacturer. A total of three test specimens were prepared for this 

study with reference conductivities for Specimen 1, 2, and 3 of 3.0, 3.5 and, 3.4 S/m, 

respectively. Figure 3.4b shows an example of the three specimens. 

 

(a) 

 

(b) 

Figure 3.4: (a) Illustration of the electrode array for a 32-electrode CNT composite 

sensor made and (b) photograph showing the final EIT specimen used in 

this study where CNT composite sensor is attached on a nonconductive 

composite. Dimensions in (mm) (from Ref.[55]). 
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3.4.2.1 Specimen 1: Square Holes 

Three identical holes each with a size of 12.7 mm × 12.7 mm were introduced 

to Specimen 1 by successively removing the sensing area at three random locations. 

These holes introduce an infinite resistance increase in the electrical field at those 

locations and correspond to 1.6%, 3.1%, and 4.7% of the total sensing area. This test 

aimed at validating the feasibility and sensitivity of our methodology to localized 

damage occurring at different locations simultaneously. 

3.4.2.2 Specimen 2: Simulated Crack 

A 25.4 mm long narrow notch was cut using a razor-blade on Specimen 2 to 

introduce a local discontinuity in the sensor, simulating a crack. Figure 3.10a shows 

the sensor with a 0.4 mm wide cut (i.e., aspect ratio = 64). This localized damage 

represents 0.1% of the total sensing area. The goal of this test was to evaluate the 

sensitivity of this proposed methodology to detect damage with a large aspect ratio, 

similar to an actual crack. 

3.4.2.3 Specimen 3: Impact Damage 

Impact damage is a common problem for composites because of their 

relatively low out-of-plane strength [44]. The objective of this specimen is to examine 

the sensitivity of the proposed methodology to the damage severity. After specifying 

an impact energy level of 6.7 J/mm in accordance with ASTM-D7136 [45], Specimen 

3 was impacted multiple times with 21-J nominal energy impacts using an Instron 

Dynatup 9200 drop weight tester with a 12.7 mm blunt hemispherical tup hitting the 

center of this specimen. Figure 3.5 shows the impact test setup where the specimen 

was clamped on along its long edge with screw bolts. The specimen was impacted six 
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times. After the sixth impact the tup completely perforated the composite laminate. 

Snapshots of the impacted specimen are shown and discussed further in Section 3.5.4. 

 

 

Figure 3.5: Photo of impact test apparatus with Specimen 3 (from Ref.[55]). 

3.4.3 Non-Destructive Characterization 

For each specimen, visual inspection, EIT measurements, and infrared (IR) 

thermography were performed after each impact. Prior to the initial impact boundary 

voltage measurements were obtained and used as the undamaged reference 

measurement.  
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3.4.3.1 EIT Measurements 

For EIT measurements current was sourced using the adjacent (neighboring) 

pattern [31]. Compared to the traditional adjacent current-voltage schemes, we 

measured the voltage differences from all other remaining pairs of electrodes with 

respect to a reference electrode as illustrated in Figures 3.2a and 3.2b to increase the 

number of independent measurements and the overall sensitivity at the center of the 

sensor. The domain used in the EIT inversion has exactly the same dimensions as the 

specimen. As highlighted in Figure 3.2a the simplified sample is a 2-D square sensor 

with 16 electrodes, where all 16 current injection pairs are located successively along 

the boundary (i.e., clockwise from the first pair of electrodes #1 and #2, the second 

pair of electrodes #2 and #3…, to the 16th pair of electrodes #16 and #1) and the 

resulting voltage differences are measured from electrode #1 to #16 between the 

grounded reference electrode #4 shown as the yellow-dashed lines. To minimize errors 

caused by the contact impedance at current-carrying electrodes, only the voltage 

measurements taken from the pairs of electrodes not overlapping the current injecting 

electrodes are used in the EIT reconstruction algorithm. For example, when the current 

is applied between electrodes #2 and #3, as shown in Figure 3.2 (b), 13 voltage 

measurements are acquired and saved. In this way, total of 13 × 14 = 182 voltage 

measurements are obtained. Correspondingly, a complete measurement set of 29 × 30 

= 870 differential voltages are acquired for the CNT-based composite sensor with 32 

electrodes (shown in Figure 3.4b). Following the commonly accepted minimal 

contrast of the EIT approach defined in accordance with the number (Nivol) of 

independent differential voltage measurements as [46]: 

 Nominal resolution = 
1

√𝑁𝑖𝑣𝑜𝑙
×100% (3.16) 
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Therefore, the proposed EIT methodology is believed to hold the minimal 

planar contrast of 1
√870
⁄  = 3.4%. The data acquisition system used to perform the 

current-voltage measurements consists of three components: a current source meter, a 

voltmeter, and an electrical multiplexer as shown in Figure 3.6. These were integrated 

and controlled by a customized National Instruments LabVIEW program. All 64 

connection wires from the test specimens (shown in Figure 3.4b) were connected into 

a Keithley 3750-ST terminal block attached to a Keithley 3706A multiplexer. By 

following the prescribed current injection pattern, a DC current was applied using a 

Keithley 6430 source meter via an electrode pair consisting of a current source and 

current sink. In order to avoid Joule heating while providing an accurate measurement 

with minimal noise, 10 mA was selected for all EIT experiments in accordance with 

the conductivity of the fabricated sensor. The resulting voltage measurements were 

collected using a Keithley 2182A nano-voltmeter. Electrode #8 per Figure 3.4b was 

assigned as the fixed ground electrode. A full set of EIT data was obtained until the 

current as injected to all pairs of adjacent electrodes excluding the two pairs involving 

the ground electrode. The initial (reference) conductivity of the specimens was 

determined in accordance with the average resistance measured in its horizontal (i.e., 

electrodes of #32 and #9, electrodes #31 and #10…, electrodes #25 and #16) and 

vertical directions (i.e., electrodes of #1 and #24, electrodes of #2 and #23…, 

electrodes #8 and #17). The conductivity of each sensor was calculated using Equation 

2.4 that is defined in Section 2.3.5.1 of this dissertation. 
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Figure 3.6: Photograph showing the data acquisition system for EIT experiments 

including the Keithley 6430 source meter, the Keithley 3706A 

multiplexer, and the Keithley 2182A nano-voltmeter. 

3.4.3.2 Infrared Thermography 

Infrared thermography (IRT) is a non-contact non-destructive evaluation 

(NDE) technique frequently used for the inspection of civil structures [47,48], 

electronics [49], machinery [50], and composites [51,52]. IRT utilizes an infrared 

detector to capture the infrared radiation emitted by an object [53]. For this study, 

active IRT was used to perform the post-damage inspection with the handheld IR 

camera (i7, FLIR® Systems, Inc.). Active IRT uses a heat source to produce thermal 

contrast between the damage and damage-free regions in an object. The entire 

specimen was heated up to a temperature of 125ºC in the oven to maintain a consistent 

thermal reference for all IRT images, followed by cooling outside the oven. Due to the 

different thermal conductivities between the composite, the adhesive layer, and the 

damaged and undamaged regions within the sensor, the heat energy dissipates from 

the specimen at different rates which results in temperature differentials in different 
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areas. For each specimen, multiple thermograms were taken at different temperatures 

and the one with the best resolution of showing the damage is reported.  

3.5 Results and Discussion 

3.5.1 Baseline Measurements 

Prior to damaging the specimen, EIT measurements were conducted to obtain 

the baseline reconstruction maps and quantify the background noise level. As detailed 

in Section 3.3.2, two kinds of covariance matrices including the sparse and identity 

matrix were employed in this study. Figure 3.7a shows a photo of the undamaged 

sensor used for the three damage cases. As displayed in Figure 3.7b, the sparse 

covariance matrix leads to scattered background noise and corresponds to a λoptimal = 

4.1289×10-7 (defined in Section 3.3.2). The identity covariance matrix produces 

concentrated background noise only along the boundary as presented in Figure 3.7c 

and the corresponding λoptimal = 0.0519. It can be seen that both approaches cause 

minimal background noise (< -0.5% conductivity change).   
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    (a)                                      (b)                                       (c) 

Figure 3.7: Baseline reconstruction results: (a) photo of undamaged sensor, and EIT 

reconstructions of normalized conductivity change for (b) Specimens 1 

and 2 using sparse covariance matrix and for (c) Specimen 3 using 

identity covariance matrix (from Ref.[55]). 

3.5.2 Specimen 1: Square Holes 

The executed EIT reconstructions for Specimen 1 corresponding to the three-

step damage test described in Section 3.4.2.1 were obtained by using a unit NF with 

λoptimal = 6.3939 × 10-7 (per Section 3.3.2) and are shown in Figures 3.8a-2 through 

3.8c-2. Photos of Specimen 1 for the different damage stages are shown in Figures 

3.8a-1 through c-1. The dashed squares represent the holes removed from the CNT-

based composite sensor. While our EIT methodology accurately maps the location of 

all three holes, the damage severity and shape are slightly overestimated and shown as 

round-shaped areas with a negative conductivity change. A possible reason may be 

that the sensor is treated as an electrically homogeneous object where, in reality, it 

likely contains some local anisotropy due to the fibrous structure. Quantitatively, the 

predicted damage areas are 2.87, 5.91, and 10.3% of the total sensing area, which 
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results in an 84, 89, and 119% overestimation compared to the actual damage size, 

respectively.  

As damage is added to the sensor more background noise is evident in the EIT 

reconstructions. Figure 3.8c-3 shows an IRT temperature map for Specimen 1 for the 

case where all three square holes are present. The shape of the holes is distinctly 

represented by the darker (hot) lines indicating non-uniform heat flux occurring along 

the sharp edges of the discontinuities. The electrodes are also clearly observed as 

yellow-green dots corresponding to a much lower temperature because the thermal 

conductivity of the silver-filled epoxy electrodes is much higher than the rest of the 

specimen. In short, it is feasible to detect and map damage at multiple locations 

simultaneously using the proposed EIT methodology. 
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Figure 3.8: Experimental results: Columns show (1) Photo of CNT composite sensor 

on Specimen 1, (2) EIT reconstructions of normalized conductivity 

change, and (3c) temperature map from IR thermography. Rows (a) 

through (c) correspond to the number of square holes (from Ref.[55]). 

A histogram of the elementary results from the EIT reconstruction is shown in 

Figure 3.9. It can be observed that the number of elements with ≥ -100% change in 
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conductivity are 67, 138 and 240 corresponding to one, two and three square holes, 

respectively. At the same time, the number of elements with no conductivity change 

decreases. Both trends follow a linear fashion, which validates the use of the linear 

reconstruction algorithm of MAP. These observations are in line with the experimental 

study conducted by Loyola et al. [21,22].  

 

 

Figure 3.9: Distribution of the obtained 2336 EIT element results of Specimen 1 

from each damage case (from Ref.[55]). 

3.5.3 Specimen 2: Simulated Crack 

A photo of Specimen 2 is shown in Figure 3.10a, and the obtained EIT 

reconstruction of Specimen 2, as described in Section 3.4.2.2, is shown in Figure 

3.10b. Similar to the previous case, the reconstruction was executed using the sparse 

covariance matrix when solving the inverse problem. The λoptimal corresponding to a 

unit NF (described in Section 3.3.2) was found to be 2.0842 × 10-7. As a result, these 

maps of normalized conductivity change for Specimens 1 and 2 show similar levels of 
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noise and types of artifacts. It can be observed that the area with ≥ -100% 

conductivity change fully covers the simulated crack. In addition, the EIT 

reconstructed area with localized conductivity change is stretched along the diagonal 

direction. Figure 3.10c shows an IRT thermogram for Specimen 2. The shape of the 

simulated crack is shown by a darker (hot) area indicating the non-uniform heat flux 

caused by the discontinuity. The electrodes are also visible, similar to Specimen 1. 

Both EIT and IRT images are able to locate the simulated crack. Although the exact 

shape is not resolved there is a clear aspect ratio to the damaged area, indicating an 

elongated area of damage. Nevertheless, it is feasible to detect and map a discontinuity 

with a large aspect ratio (i.e., 64 in this case) using the proposed EIT methodology. 

 

                       (a)                                                       (b)                             (c) 

Figure 3.10: Experimental results: (a) Photo of CNT composite sensor on Specimen 2 

with insert of artificial crack, (b) EIT reconstructions of normalized 

conductivity change, and (c) temperature map from IR thermography 

(from Ref.[55]). 
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A histogram of elementary results from the EIT reconstruction is plotted in 

Figure 3.11, in which 82% of the elements maintain unchanged in conductivity and 

2.7% of them represent ≥100% decrease in conduction due to the applied damage on 

the sensing skin. This is consistent with the minimal planar contrast of 3.4% defined in 

Section 3.4.3.1. 

 

 

Figure 3.11: Distribution of the obtained 2336 EIT element results of Specimen 2 after 

applying the crack damage (from Ref.[55]).  

3.5.4 Specimen 3: Impact Damage 

For Specimen 3 the identity matrix was used for [W] to further reduce 

background noise. This implies that all boundary voltage measurements have 

uncorrelated noise (i.e., equal noise). Figures 3.12a-3 through 3.12f-3 present the 

resolved EIT reconstructions of Specimen 3, which show minimized boundary noise 

and a clean background. The λoptimal corresponding to the unit NF (described in Section 

3.3.2) is found to be 0.0464, which is much bigger than that for the previous two 
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specimens. Similar to the previous two cases, the location of the impact damage is 

accurately predicted, although the size is slightly overestimated. Nevertheless, the 

proposed EIT methodology is able to capture the evolution of the accumulated 

damage. The color gradient of the EIT identified damage areas is consistent with the 

severity of the imposed damage, revealing in general a good sensitivity to damage 

severity. After each impact, the specimen was visually inspected. Photos of the 

impacted top face (sensor) and the back face (composite laminate) taken during the 

six-step impact test are shown in Figures 3.12a-1 through 3.12f-1 and Figures 3.12a-2 

through 3.12f-2, respectively. It is evident that damage in Specimen 3 accumulates 

with each impact. A comprehensive description of the visual observations from the 

test is presented in Table 3.1 and 3.2. 

The IRT temperature maps for Specimen 3 are shown in Figures 3.12a-4 

through 3.12f-4. It can be observed that the temperature images for the first three 

impacts (Figures 3.12a-4 to 3.12c-4) do not indicate any signs of impact damage. This 

is likely due to the fact that heat dissipation from the hot specimen to the cold ambient 

air can still be accomplished by the bridging fibers within the matrix-cracked zone. 

After the third impact, thermal images show the impact damage (Figures 3.12d-4 to 

3.12f-4), and match the location of the boundaries of the real damaged areas on the 

test specimen. For this test, the EIT reconstructions were able to detect damage that 

was barely visible. IRT, on the other hand, required severe damage (i.e., surface 

cracking or fiber fracture) before the damage was detectable. 
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Table 3.1: Visual Observations of the Impacted Face of the Specimen 3 from the 

Six-Step 21-J Impact Test (from Ref.[55]). 

Impact 

No.  

Impacted Face: Sensor 

Figure 11a-1 through f-1 

Figure Observations Damage mode 

1 (a-1) 

3 mm-diam. dot, 

no sign of surface 

cracking 

Barely visible 

damage 

2 (b-1) 

7 mm-diam. spot, 

no sign of surface 

cracking 

Slightly visible 

damage 

3 (c-1) 

Barely visible ring-

shaped surface cracking 

with 10 mm-quatrefoil-

shaped central dent 

Minor surface 

cracking 

4 (d-1) 

22 mm-diam. ring-

shaped cracking with 12 

mm-quatrefoil-shaped 

central dent 

Surface cracking 

5 (e-1) 

22 mm-diam. ring 

cracking with 12 mm-

quatrefoil-shaped central 

dent and cross cracking 

Sever surface 

cracking 

6 (f-1) 
hole penetrated through 

the panel 
Puncture 

 

  



 127 

Table 3.2: Visual Observations of the Back Face of the Specimen 3 from the Six-

Step 21-J Impact Test (from Ref.[55]). 

Impact 

No.  

Back Face: Composite Laminate 

Figure 11a-2 through f-2 

Figure Observations Damage mode 

1 (a-2) 
10 mm-square spot with 

surface cracking  
Matrix cracking 

2 (b-2) 

20 mm- cross-shaped 

spot with surface 

cracking 

Matrix cracking 

3 (c-2) 

31 mm-cross-shaped 

spot with partial bulging, 

surface cracking 

Delamination / 

Fiber fracture 

4 (d-2) 

41 mm-cross-shaped 

bulge with broken fiber 

at the corner  

Fiber fracture 

5 (e-2) 

47 mm-cross-shaped 

bulge with broken fiber 

along the edge 

Fiber fracture 

6 (f-2) 

41 mm-cross-shaped 

opening with broken 

lamina 

Lamina fracture 

and penetration 
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Figure 3.12: Experimental results: Columns show (1) Photo of CNT composite sensor 

on Specimen 3, (2) Photo of GFRP panel (backside), (3) EIT 

reconstructions, and (4) thermograms from IR thermography. Rows (a) 

through (f) correspond to the 1st to 6th 21-J impact, respectively (from 

Ref.[55]). 
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Figure 3.12: continued (from Ref.[55]). 

A histogram of the elementary conductivity changes for Specimen 3 is plotted 

in Figure 3.13. It can be observed that the number of elements with no conductivity 

change in the EIT reconstructions correlate well to the six successive impacts in a bi-

linear fashion, which is explained by visual observations included in Table 3.1 and 

3.2. Since the first impact only causes minor damage in the specimen without 

permanently cracking the CNT composite sensor, the conductivity change is small at 

the impacted areas and a large number of conductive pathways around this area exist. 

Once the surface cracking is initiated after the 3rd impact, a large and direct reduction 

in local conductivity due to the damage on the CNT composite sensor is introduced. 

Next, the local change in conductivity continues declining with each successive 
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impact and finally reaches the infinitesimal level due to the loss of sensing area after 

full penetration. From these results, we demonstrate that our damage detection 

methodology is capable of detecting, locating, and estimating the severity of 

accumulating damage due to impact. 

 

 

Figure 3.13: Distribution of the obtained 2336 EIT element results of Specimen 3 

from each impact damage case (from Ref.[55]). 

3.6 Discussion 

In general it can be observed that the resolved EIT reconstructions are able to 

predict the location and size of damage. However, the shape is not predicted well and 

for the damage having a large aspect ratio, such as a crack, the area of damage is 

significantly overestimated. This relatively low spatial resolution is a common issue 

existing in all EIT applications [19-21,23,25,26,35] due to the inherent difficulties of 

this problem: (1) EIT is a diffusion problem where the injected electrical current 

propagates within the entire material [34,38], (2) solving the severely ill-posed inverse 
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problem continuously depends on the boundary voltage measurements, which are not 

always stable and accurately measurable [34], and (3) the smoothing regularization 

used in the inverse problem usually exaggerates the area with decreased conductivity 

[28].  

It can also be seen from the EIT reconstructions that artifacts appear at the 

electrodes and are rippling around the vicinity of conductivity-changed regions in 

Figures 3.8 and 3.10. Obviously, these artifacts are intensified as more conductivity 

discontinuities are introduced as for Specimen 1. Possible reasons for this could be the 

anisotropic conductivity around areas under the electrodes that violates the assumption 

of isotropic conductivity in the FE model and results in an inappropriate interpolation 

of the voltage measurements or the small electrode contact impedance leads the 

voltage measurements at the electrode depending on the neighboring mesh’s 

conductivity in the FE model [54]. In addition, the use of a sparse [W] (described in 

Section 3.3.2) in the MAP algorithm, assumes that the noise in the voltage 

measurements is correlated and causes relatively low measurement accuracy simulated 

in the inverse problem [31]. Meanwhile, the level of this correlated noise is amplified 

as more differential voltage measurements are associated with the enlarged regions 

with conductivity change (i.e., more holes on the sensor).  

Additionally, λoptimal (described in Section 3.3.2) values for Specimens 1 and 2 

are very small, suggesting that these specific inverse problems are close to where 

linear approximation is valid. After employing an identity [W] for Specimen 3, a 

comparatively large λoptimal is obtained. As discussed by others [20,39], large λoptimal 

leads the regularization to amplify large singular value decomposition (SVD) 

components of the calculated voltage change corresponding to the conductivity change 
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but to restrain the smaller SVD components. Since the large SVD components are 

associated with the voltage changes closer to the electrodes, therefore amplifying the 

large SVD components increases the contrast in the area around the electrode and 

results in the reduction of noise near the electrodes as shown in Figures 12a-3 through 

12f-3. On the other hand, the small SVD component controls the reconstruction of 

conductivity at the interior of the object and to restrain them reduces the background 

noise and the resolution at the areas away from the electrodes in the EIT 

reconstruction map.  

3.7 Summary and Conclusions 

This chapter has presented the methodology implementing a novel carbon 

nanotube-based composite sensor in conjunction with electrical impedance 

tomography (EIT) for detection and imaging of a variety types of damage. The novel 

sensor is based on a CNT-modified nonwoven aramid fabric and possesses isotropic 

electrical conductivity, mechanical robustness, and the ability to be adhered to 

complex surfaces. Additionally, the manufacturing process is cost efficient and allows 

the sensor to be scaled up for large engineering applications. A difference imaging-

based EIT algorithm was implemented and adapted to enable 2-D spatial damage 

sensing capability of the sensor.  

A series of tests were conducted to evaluate our methodology with a newly 

defined adjacent current-voltage measurement scheme. Damage included: (1) square 

holes cut into the sensor, (2) a narrow cut simulating a crack, and (3) progressive 

impacts on a composite laminate. The results demonstrate that the proposed EIT-based 

methodology is possible to adeptly detect and locate damage as well as capture the 

severity of the accumulated damage. However, the size is typically overestimated and 
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the shape not well represented. This is a particular problem for cracks, which have a 

large aspect ratio. Infrared thermography (IRT) images were also taken for 

comparison and produced comparable results. In some cases, however, the EIT-based 

methodology was able to detect the initiation of damage well before it was visible with 

IRT. Based on these results, it is believed that the presented sensing methodology of 

CNT-based sensors integrated with EIT has considerable potential for SHM and NDE 

of civil, aerospace, and mechanical structures. In addition, the presented methodology 

has advanced a considerable improvement over the commonly implemented point-to-

point resistance sensing methods for the conductive composite-based SHM and NDE, 

by enabling the spatial sensing capability.  
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SYSTEMATIC INVESTIGATION OF THERMORESISTIVE BEHAVIORS IN 

CARBON NANOTUBE-BASED NANOCOMPOSITES AND MULTISCALE 

COMPOSITES 

4.1 Introduction 

Chapter 2 established a 1-D sensing approach for strain monitoring using self-

sensing CNT-based nonwoven composites, and Chapter 3 considerably expanded the 

sensing capability of these composite sensors for 2-D damage sensing and imaging by 

effectively integrating EIT into the sensing approach. For future field implementation 

it is important to understand the sensor response under a variety of environmental 

conditions. This chapter presents a systematic characterization of the thermoresistive 

behaviors of binary-phase (i.e., CNT/epoxy) nanocomposites and ternary-phase 

hierarchical (i.e., CNT/fiber/epoxy) hybrid composites using in situ electrical 

measurements during thermal cycling between 25 to 145 ºC.  

Four sets of composite sensors were manufactured with controlled carbon 

nanotube morphologies (via three-roll-milling, dip-coating and electrophoretic 

deposition methods. After characterizing the thermoresistive responses, a temperature 

compensation approach using a Wheatstone bridge circuit is proposed for the CNT-

based composite sensors. 

4.1.1 Temperature Dependence of Resistance in Carbon Nanotubes  

It is known that individual CNTs (SWCNT or MWCNT), entangled CNT 

networks (in form of ropes, bundles, mats, films and agglomerations) as well as CNT-

Chapter 4 
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based nanocomposites and multiscale composites are distinctly different in many 

aspects, such as the atomic structures of tubes, the morphology of tube-based networks 

and the interfacial interactions between CNTs and the surrounding matrix. 

Consequently, different CNT-based piezoresistive sensors may demonstrate unique 

thermoresistive behavior due to the various physical and chemical interactions.  

Individual SWCNT can be either metallic where the electrical resistance 

increases as temperature raises, i.e., a positive temperature correlation (PTC) or 

semiconducting where the resistance decreases as temperature increases, i.e., a 

negative temperature correlation (NTC) depending on the tube diameter and chirality 

[1-3] and shows ballistic conduction [4,5]. Since only the outermost tube contributes 

to its conduction [6,7], a large-diameter MWCNT mostly shows a metallic character 

with the weak inter-tube coupling [8] and its conductance is commonly described by 

the Luttinger liquid model [9]; on the other hand, a small-diameter MWCNT behaves 

similar to an SWCNT as the interaction between adjacent shells is too strong to be 

neglected [10]. For an individual MWCNT, the individual walls that are metallic have 

relatively low electrical resistance compared to the semiconducting ones [11]. At the 

nanoscale, the electrical properties of tubes are also significantly influenced by 

structural defects and impurities, and therefore the measured response can be entirely 

different than theoretical expectations [2].  

Additionally, Fischer et al. [12,13], Hone et al. [14], Bae et tal. [15] and 

Skakalova et al. [8] have studied the electrical transport phenomena in SWCNT-thin 

films and -thick mats. They found that both macroscopic networks of SWCNTs are 

semiconducting in low temperature but metallic above the room temperature and the 

data can be fit to the model of interrupted metallic conduction [16]. This response is 
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independent of the aligned tube directions and dominated by the Schottky contacts 

between metallic and semiconducting tubes [8,17], and the metal-metal crossed 

junctions between metallic tubes for the thin- and thick-networks of SWCNTs 

[8,15,18], respectively. As an outlier, Barnes et al. [19] did not observe the crossover 

phenomenon but a monotonous semiconducting behavior shown by their SWCNT 

films, which can be caused by the doping from atmospheric impurities [20]. In 

comparison, MWCNT films almost always show a monotonously semiconducting 

behavior in a wide temperature ranges as tested from -272 to 27 ºC by Baumgartner et 

al. [21] and Pohls et al. [22], -150 to 300 ºC by Koratkar et al. [23], -48 to 147 ºC by 

Di Bartolomeo et al. [24], 20 to 150 ºC by Lu et al. [25] and 27 to 1627 ºC by 

Barberio et al. [26]. Particularly noteworthy, the conduction mechanism is dominated 

by the defects in tubes and intertube contacts at low temperatures and the intertube 

tunneling at higher temperatures [22].  

4.1.2 Temperature Dependence of Resistance in CNT-Based Composites 

Inevitably, the complexity of electrical conduction mechanisms is further 

complicated when CNTs are dispersed into polymers, and there is wide variation in 

the scientific literature on the thermoresistive behavior of CNT-based nanocomposites. 

For example, Barrau et al. [27] studied the DC conductivity of the MWCNT-epoxy 

composites with 0.4 to 2.5 wt.% CNT in the temperature range 20-110 ºC; they found 

that all specimens show a monotonous NTC, which is not necessarily due to nature of 

the polymer but is dominated by the tunneling effect in the CNT network. However, a 

monotonous PTC in the MWCNT (1-5 wt.%)-epoxy nanocomposite from 60 to 100 ºC 

was reported by Alamusi et al. [28]. They also found that the temperature coefficient 

of resistance (TCR) increases with increasing temperature and MWCNT content, and 
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they identified the temperature-dependent tunneling effect to be the primary 

conduction mechanism. In particular, a PTC-to-NTC crossover phenomenon in the 

MWCNT (2-3 wt.%)-epoxy composites from -20 to 110 ºC was recently published by 

Njuguna et al. [29] that as the temperature increases, the resistance first rises to a local 

peak around 50 ºC, then suddenly drops to a local minimum near 80 ºC, and finally 

increases again. By combining the polymer properties examined from DSC and 

Raman spectroscopy analyses with the thermoresistive behavior of the 

nanocomposites, they concluded that this phenomenon is attributed to physical aging 

of the epoxy matrix and the rearrangement of the CNT network.  

Similarly, it has been reported that MWCNT-HDPE (high-density-

polyethylene) composites show both the monotonous PTC [30] and the crossover of 

PTC to NTC [31,32], which in general are considered to be dominated by the CNT 

network and the polymer properties of matrix. Moreover, the temperature dependence 

of resistance has been investigated among a wide range of nanocomposites including 

SWCNT-polycarbonate [33], MWCNT-PEEK [34],-SEBS [35],-polyamide-6 [36] and 

-polyurethane [37] show the resistive responses with monotonous NTC. Additionally, 

MWCNT-vinyl ester [38] and -PVDF [39] demonstrate a PTC-to-NTC crossover in 

their resistance while, on the other hand, the low-polymer-content/CNT films of the 

SWCNT/PDDA+PSS [40] and the MWCNT/PSS+PVA [41] exhibit a NTC-to-PTC 

crossover in a manner similar to SWCNT mats [8]. 

To date, investigation of the temperature dependence of resistance for the 

CNT-hybridized multiscale composites has been quite limited. Only very few studies 

have performed on the micron-scale composite specimens. Gao et al. [42] introduced 

MWCNTs onto a single glass fiber through a dip-coating procedure and then 
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embedded into an epoxy to form a multiscale composite. The resistance of the 

specimens were measured in real-time as it was heated from -150 to 180 ºC in a hot-

stage, showing a monotonous NTC, which was regarded as the results of the 

semiconducting characteristics of the used MWCNTs. Later, Zhang et al. [43] 

repeated the same experiment with fiber samples having CNTs coated via EPD and 

found their resistance showing a strong PTC-NTC crossover phenomenon, which was 

firmly correlated with local changes of polymer properties. However, a systematic 

investigation of the thermoresistive behaviors of macro-level CNT-based hierarchical 

composites has not been found in the scientific literature. 

4.1.3 Experimental Approach and Significance 

Carefully comparing the results presented above highlights the need to better 

understand the dominant mechanism for the thermoresistive behavior of CNT-based 

nanocomposites. In addition, there is little published information on the 

thermoresistive behavior of multiscale composites. Several key parameters that 

contribute to the bulk resistive responses include the morphological structures of 

nanotubes and tube-based networks, the interfacial interactions between CNTs and the 

surrounding polymer, internal residual stresses in the composites, and the polymer 

thermomechanical properties. To address these key parameters, four types of CNT-

based composites with the different morphological states of CNTs are created 

including (1) randomly dispersed CNTs in epoxy, i.e., the nanocomposite, (2) loosely- 

and (3) densely-concentrated CNTs, and (4) randomly dispersed CNTs in fibrous 

composites, as illustrated in Figure 4.1. 
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(a) (b) 

(c) (d) 

Figure 4.1: Schematic illustrations of the four common morphological states of 

CNTs evaluated in this study including (a) randomly dispersed CNTs in 

epoxy, (b) loosely-concentrated (inhomogeneous) CNTs as the fiber 

coating in multiscale composites, (c) densely-localized (homogeneous) 

CNTs as coated on the fiber surfaces in multiscale composites and (d) 

randomly dispersed CNTs in the matrix of multiscale composites. 

In this chapter, a comprehensive study of the thermoresistive response of the 

different sensor systems has been conducted and the structure and morphology of the 

as-manufactured sensors characterized. A thermomechanical analyzer was used to 

study the temperature-dependent material properties and a finite element analysis was 
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performed to better understand the residual thermal stresses developed in fiber/epoxy 

composites. Through combining knowledge of thermomechanical properties with the 

modeling and sensor characterization research a fundamental understanding of the 

interrelationship between the processing-structure-response of these sensors is 

described. Finally, this specific investigation promotes a comprehensive understanding 

on thermoresistive behaviors of CNT-based composites and highlights the 

multifunctional potentials of using CNT-based multiscale composites. Besides serving 

as SHM sensors, these novel composites can be utilized for in situ fast-sensing and 

monitoring temperature, thermal transitions, and curing process, which could be 

transferred to real applications.  

From this specific study, it has been observed that except the two-phase 

nanocomposite (with randomly dispersed nanotubes) showing a monotonous PTC, the 

bulk resistance changes in all multiscale composites demonstrate a reversible double-

crossover-phenomenon as thermally cycled from 25 to 145 ºC, indicating that a 

dynamic dominance responsible for the thermoresistive behaviors is existing and 

based on the competition between the polymer thermo-mechanical/dynamic-motion 

driven and the thermal stresses-induced changes to the CNT networks. Additionally, 

this striking thermoresistive behavior is strongly depending on the CNT 

arrangement/rearrangement, CNT concentration, thermal expansion, fiber properties, 

interfacial interactions, and the polymer properties (before and after glass transition 

temperature).  
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4.2 Experimental Details 

4.2.1 Materials, Composite Manufacture and Specimen Preparation 

To manufacture the sensors in different morphologies (CNTs in forms of raw 

powder, aqueous sizing agent, and thin bulk sheet) three processing techniques (three 

roll milling, dip-coating and electrophoretic deposition) were utilized to 

experimentally manufacture the CNT-based composite sensors with the specific 

morphologies (Figure 4.1). Epoxy and nonwoven fabrics were used in common among 

all composite specimens: 

(1) An epoxy system in this study was a bisphenol-f epichlorohydrin epoxy 

cured with an aromatic diamine curing agent (EPON 862 epoxy, Epi-Kure W curing 

agent; Momentive Specialty Chemicals Inc.) at a ratio of 100:26.4 (862:W by weight) 

at 130ºC for 6 hours.  

(2) Nonwoven fabrics (Technical Fiber Products, Inc.) were chosen as the 

carrier for being coated with nanotubes and representing the microscale fiber phase in 

the multiscale composites. Its in-plane random fiber orientation results in an isotropic 

surface electrical conductivity in the bulk composites [44,45]. Two different non-

conductive fibers were chosen for their different coefficient of thermal expansion and 

mechanical properties resulting in different thermally-induced stresses. The two 

nonwoven fabrics include a 27 g/m2 Aramid (12 mm fiber length, with 12.5 wt.% 

cross-linked polyester binder) and the 50 g/m2 E-glass (12 mm fiber length, with 12.5 

wt.% polyvinyl alcohol (PVA) binder). The two nonwoven fabrics have similar 

porosity (about 90%).   
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4.2.1.1 Nanocomposites with CNTs Dispersed via Three-Roll Milling Technique 

Bulk multi-walled carbon nanotubes (CM-95, 95 wt.% purity, Hanwha 

Nanotech, Korea) in their as-received state are highly entangled and have diameters 

between 10 and 20 nm were dispersed into the epoxy resin using a three-roll-mill 

(EXAKT 80E, EXAKT Technologies, Inc.), where the mixture was repeatedly passed 

through the adjacent rollers at gradually smaller gap settings down to the minimum 

setting to 5 µm following previously established processing protocols [46]. After 

milling, the mixture was degassed in a vacuum oven for 20 min and the curing agent 

was added to the dispersion by hand mixing. Two batches of carbon nanotube-epoxy 

matrix material with 0.25 and 0.5 wt.% CNT loading were prepared following the 

same procedures. The part of the prepared resin mix was poured into aluminum molds 

in order to be cast into nanocomposite specimens after curing. 

4.2.1.2 Multiscale Composites with CNT-Hybridized Fibers via Dip-Coating 

Approach 

As established in Section 2.2, the dip-coating approach is used where a 

commercially available fiber sizing agent with approximately 1.5 wt.% CNTs are 

dispersed in an aqueous solution with about 3.0 wt.% sodium dodecyl benzene 

sulfonate (SDBS) surfactant and 1.5 wt.% film former, resulting in about 6 wt.% 

solids after drying. It is notable that the dispersion of nanotubes is stabilized by the 

electrostatic repulsion between the micelles [47], and further enhanced by the 

formation of a strong aromatic stacking between the phenyl rings in SDBS and CNT 

within the micelle [48]. Two batches of CNT dispersions were prepared by diluting 

the sizing with ultra-pure distilled water at the mass ratios of 1:1 and 1:2. To ensure a 

uniform CNT dispersion, the diluted sizing was pre-mixed using a centrifugal mixer 

for 120 s and then sonicated for 15 min (see Section 2.2.1). Finally, the fabric was 
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immersed in the CNT aqueous dispersions for 20 min. After drying, the epoxy system 

was infused into the CNT-modified fabrics via VARTM process (see Section 2.2.2) to 

form a 0.4 to 0.5 mm thick, free-stranding composite sensing layers with 0.75 and 1.0 

wt.% CNT. Particularly, one CNT-E-glass nonwoven composite layer with 1.0 wt.% 

CNT was made as the comparative sample group. 

4.2.1.3 Multiscale Composites with CNT-Hybridized Fibers via Electrophoretic 

Deposition (EPD) 

The multi-walled carbon nanotubes (the same nanotubes used in Section 

4.2.1.1) were first oxidized using an ultrasonicated-ozonolysis (USO) method [49,50] 

by bubbling ozone gas into a mixture of nanotubes and ultra-pure water while 

continuously sonicating the dispersion. Next, the USO treated CNTs were 

functionalized with polyethylenimine (PEI, H(NHCH2CH2)58NH2, Mw=25000, Sigma-

Aldrich, USA) in a high power sonicator (Sonicator 3000, Misonix, USA) as described 

in the previous work [49,50] in order to create a stable dispersion of CNTs. The pH of 

the PEI-functionalized CNTs was adjusted using the glacial-acetic acid (Sigma-

Aldrich, USA) to a pH around 6 in order to protonate the PEI, which resulted in a zeta 

potential of the positively-charged CNTs of around +40 mV. Aqueous dispersion was 

prepared for EPD with the CNT concentration of 1.0 g/L. 

EPD of the ozone and PEI-treated CNTs onto a single sheet of aramid-

nonwoven fabric was performed at room temperature in a self-assembled apparatus 

with two parallel steel electrodes as discussed in [49,50]. The fabric was placed firmly 

on the cathode and fully immersed in the CNT dispersion. Cathodic deposition was 

conducted under the constant DC field of 37.5 V/cm and deposition times of 5 and 10 

min for two pieces of fabric. After the deposition, the fabric layers were removed from 
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the CNT dispersion and allowed to dry at room temperature for 24 h. Finally, the 

epoxy system was infused into the as-prepared CNT-coated fabrics via VARTM 

approach. Two multiscale composite layers were obtained with the CNT 

concentrations of 1.8 and 3.4 wt.%, respectively.  

4.2.1.4 Multiscale Composites with CNT-Modified Matrix 

A portion of the carbon nanotube-epoxy mixture prepared in Section 4.2.1.1 

was infused into the single-ply preforms of the aramid and E-glass nonwoven fabrics 

using the previously established VARTM technique to fabricate the multiscale 

composites with the dispersed carbon nanotubes in the epoxy matrix phase.  

4.2.1.5 Control Samples 

Three groups of control samples were manufactured for this study to serve as a 

reference material in the thermomechanical and the thermoresistive characterizations:  

(1) Plain nonwoven fabric composites (no CNTs): two single sheets of each 

aramid and E-glass nonwoven fabric were infused with the epoxy using the VARTM 

technique. After curing, two plain nonwoven composite layers were obtained and then 

characterized using a thermomechanical analyzer.  

(2) Carbon nanotube sizing film on glass slide (no epoxy): a small batch of 

CNT sizing dispersion with a dilution ratio of 1:0.5 was prepared first. Borosilicate 

glass slides (75 mm × 25 mm × 1 mm, Fisher Scientific, USA) were rinsed with water 

and thoroughly cleaned with acetone. Next, the as-prepared aqueous dispersion was 

filled in a 10-mL syringe to carefully spread 2 mL on one face of the glass slide and 

then completely dried out at 130ºC for 30 min. This procedure was repeated four times 

to obtain a visually uniform CNT coating on the glass slide. The resulting 0.1 mm 
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thick CNT sizing films on the glass slides were finally trimmed to the size of 15 mm × 

40 mm, shown in Figure 4.2.  

 

(a) (b) 

Figure 4.2: Photographs showing (a) the control specimens of CNT sizing film on 

glass and (b) the cross-section of an individual specimen. 

(3) Carbon nanotube sheet/epoxy composites (no fibers): Commercially 

available multiwall carbon nanotube sheet (25 µm thick, MiralonTM Sheets, Nanocomp 

Technologies, Inc.) as shown in Figure 4.3a was infiltrated with the epoxy via 

VARTM approach. After curing, the composite layer was 0.2 mm thick and finally cut 

into 13 mm × 64 mm specimens as presented in Figure 4.3b and 4.3c. 



 151 

 

(a) (b) (c) 

Figure 4.3: Photographs showing (a) the as-received thin CNT sheet, (b) CNT-

sheet/epoxy composite layer and (c) the control specimens of CNT-

sheet/epoxy composite.  

4.2.1.6 Specimen Preparation 

The different composites were trimmed into the same size and the specific 

sample dimensions were selected in accordance to the experimental limitations and 

requirements. For instance, the batch samples of composite layers fabricated in 

Sections 4.2.1.2 to 4.2.1.4 as shown in Figure 4.4a were in the same size of 102 mm × 

127 mm, which finally were cut into 102 mm × 13 mm specimens for testing as shown 

in Figure 4.4b. As for the CNT-nanocomposites made in Section 4.2.1.1, the 

specimens were trimmed into the dimensions of 5 mm×3 mm×15 mm using a 

diamond saw as shown in Figure 4.4c. In addition, for thermoresistive 

characterization, electrodes and lead wires were attached to the specimens. To erase 

thermal histories resulting from the fabrication processes and to avoid the effects of 

humidity and the absorbed moisture, all specimens were annealed at 130ºC for 15 min 
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and then cooled in a desiccator cabinet (FisherbrandTM, Thermo Fisher Scientific Inc.) 

for 48 h before testing. 

 

(a) (b) 

(c) 

Figure 4.4: Photographs showing (a) one fabricated CNT-based multiscale composite 

layer and (b) several prepared multiscale composite specimens, and (c) a 

group of six CNT-based nanocomposite specimens. 

4.2.2 Methods and Testing 

4.2.2.1 Scanning Electron Microscopy 

The dispersion state of carbon nanotubes, the microscopic morphologies of 

CNT coatings on fiber surfaces, and the fracture surfaces of the as-fabricated CNT-

based composites were studied using an AURIGATM 60 CrossbeamTM FIB-SEM with 

3~5kV acceleration voltages. The composite specimens were fractured after freezing 
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in liquid nitrogen for 15 min. To minimize sample charging, all fracture surfaces were 

coated with a thin conductive Pt/Au layer (~5 nm) in a vacuum sputter coater prior to 

imaging.  

4.2.2.2 Thermomechanical Analysis 

The thermomechanical analysis was conducted using a thermomechanical 

analyzer (TMA) (Hyperion® TMA 402 F1, Netzsch). The samples were heated to 

180ºC from room temperature at a ramp rate of 2ºC/min in an inert gas environment 

where pure nitrogen was purged into the chamber at 20 mL/min. Based on the 

dimensions of the samples, neat epoxy and CNT nanocomposites were tested under 

the expansion mode in TMA with an expansion probe, as shown in Figure 4.5a. The 

thin composite layers were characterized under the tension with a double-clamp 

tension probe with a gage length of 10 mm as shown in Figure 4.5b. A static normal 

force of 100 mN was applied by the TMA probe to all specimens while testing. The 

coefficient of linear thermal expansion (CTE) given by the normalized change of 

specimen height with temperature is calculated by the operating software and reported 

in this chapter.  
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                                             (a)                                     (b) 

Figure 4.5: Snapshots showing the TMA setup with (a) the expansion mode sample 

stage for neat epoxy and nanocomposite specimens, and (b) the tension 

mode sample stage for thin layer specimens.  

4.2.2.3 Finite Element Analysis 

Thermal stresses are developed in the composite due to the mismatch in 

thermal expansion between the fiber and the matrix. The thermal stresses were 

investigated using finite element analysis (FEA). A microscale thermal stress 

simulation of the local constituents in terms of fiber and matrix is performed using 

COMSOL Multiphysics software (4.3b, COMSOL Inc., USA). The three-dimensional 

solid model comprising a quarter of two concentric cylinders in the height of 10-µm is 

created in the cylindrical coordinates. The FEA model (Figure 4.6a) has two domains 

including the fiber and the epoxy which are discretized into the tetrahedral elements 

with eight layers of finer boundary layer meshes between the fiber and the epoxy 

(Figure 4.6b). The boundaries are traction-free and assigned to be symmetric. The 

continuity of dependent variables across the internal boundaries between the two 
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domains is enforced automatically by the software. A specific temperature boundary 

was designated at the exterior surface of the matrix shown as highlighted in blue in 

Figure 4.6a. The initial and final temperature used during the simulation was set as 

120 ºC (i.e., the glass transition temperature of epoxy) and 25 ºC, respectively. At 

glass transition the composite is in a stress-free state and the thermal stresses develop 

upon cooling. 

  

(a) (b) 

Figure 4.6: Illustrations of the microscale quarter cylinder model of the single aramid 

fiber/epoxy composite built by COMSOL Multiphysics software 

including (a) the 3D model with two domains (i.e., the fiber and the 

epoxy) with the assigned symmetric boundary conditions (shown in 

Gray) and the fixed temperature boundary condition on the outermost 

side of the epoxy (shown in Blue) and (b) the FE model with tetrahedral 

elements and the refined boundary layer meshes (the inset) between the 

fiber and epoxy. 
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In this FEA model, the aramid and E-glass fibers are modeled as the 

orthotropic (transversely isotropic) and isotropic linear elastic materials, respectively. 

Without considering mechanical loadings and large deformations, a simplification was 

imposed in the modeling of the epoxy matrix by considering it as the linear elastic 

material. In real multiscale composites, carbon nanotubes are concentrated on the fiber 

surfaces and entirely immersed into the epoxy. This fiber-CNT-resin interphase region 

was not modeled due to the lack of its mechanical properties, but simply assumed to 

be the same as the epoxy. In addition, a perfect interfacial bonding was assumed to be 

existing between the fiber and epoxy matrix. As a result, a 10 µm thick epoxy zone 

was preselected to cover around the fiber and the resulted thermal stresses due to 

temperature changes within the domain of the epoxy were extracted and used to 

represent the thermal stress level afforded by the CNT coating. In particular, the 

material properties were input from experimental measurements or material property 

data from the manufacturer (Table 4.1). 

Table 4.1: Material Properties for Finite Element Models. 

 

Material 

 

Radius 
(µm) 

Young’s 

Modulus 
(GPa) 

Poisson’s 

Ratio 
CTE (α) 
(10-6/ºC) 

Thermal 

Conductivity 
(W/(m*K)) 

Heat 

Capacity 
(J/(kg*K)) 

Density 
(kg/m3) 

Epoxy Resin 

(isotropic) 

10 µm 

thick 
2.58 0.35 72 0.202 1060 1110 

E-Glass 

(isotropic) 
10 75.0 0.22 5 1.275 802 2575 

Aramid Fiber 

(orthotropic) 
6 

Err = 2.3 

Eθθ = 2.3 

Ezz = 80.0 

νrθ = 0.25 

νzr = 0.60 

αrr = 78 

αθθ = 78 

αzz = -5.4 

0.040 1420 1440 
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4.2.2.4 In Situ Thermoresistive Characterization 

Specimens were first moved into an environmental chamber (CSZ Z8-plus, 

Cincinnati Sub-Zero Products LLC.) and subjected to a total of three temperature 

cycles between 25 and 145 ºC at a ramping rate of 2 ºC/min. A 30-second isothermal 

segment was programmed for 25 and 165 ºC to enable the specimen reaching thermal 

equilibrium. The real-time thermoresistive behaviors of the carbon nanotube-based 

composites were measured with a multifunctional data acquisition system that was 

controlled by a customized LabVIEW program (National Instruments, NI). This 

integrated system consists of five devices including the Keithley 3706A System 

Switch/Multimeter, Keithley 3750-ST terminal block, NI-SC-2345 signal conditioner, 

NI-SCC-TC02 thermocouple input module, and a Type-K thermocouple. A two-probe 

current-voltage measurement scheme was used for collecting resistances of the 

specimens. Based on the resistance of the connected specimen, the input direct current 

provided by the 3706A meter varied from 10 mA to 10 µA. A minimum of four 

specimens of each composite group were tested in order to ensure repeatability of the 

observed response. To maintain the consistency with Chapters 2 and 3, electrical 

resistance measurements are represented in normalized form as defined by Equation 

2.1 in Section 2.3.2. The measured average baseline resistances/resistivities of all 

composite groups investigated in this study at room temperature are summarized in 

Table 4.2 as follows. 
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Table 4.2: Baseline Electrical Resistances and Resistivities of CNT-Based 

Composites at Room Temperature. 

Composite Group  
R0* 

(kΩ) 

𝜌𝑣0  

(Ω·m) 

3-Roll-Mill CNT (0.5 wt.%)-Epoxy 34.3±3.7 33.4±3.5 

3-Roll-Mill CNT (0.25 wt.%)-Epoxy 112.5±23.4 105.2±21.4 

Aramid/3-Roll-Mill CNT(0.5 wt.%)-Epoxy 607.4±83.6 38.0±5.2 

Aramid/3-Roll-Mill CNT(0.25 wt.%)-Epoxy 2811.0±644 175.7±40.3 

E-Glass/3-Roll-Mill CNT(0.5 wt.%)-Epoxy 1099.3±283.7 68.7±17.7 

E-Glass/3-Roll-Mill CNT(0.25 wt.%)-Epoxy 5792.5±1348 362.0±84.3 

Aramid-Sizing (1.0 wt.%CNT)/Epoxy 3.1±0.1 0.19±0.01 

Aramid-Sizing (1.0 wt.%CNT)/Epoxy 

(After Post-Cure) 
2.9±0.04 0.18±0.004 

Aramid-Sizing (0.77 wt.%CNT)/Epoxy 4.7±0.5 0.30±0.03 

Aramid-Sizing (0.61 wt.%CNT)/Epoxy 7.3±0.7 0.45±0.04 

Aramid-Sizing (0.17 wt.%CNT)/Epoxy 66.1±3.5 3.8±0.22 

Aramid-Sizing (0.05 wt.%CNT)/Epoxy 402.3±28 25.0±1.7 

E-Glass-Sizing (1.0 wt.%CNT)/Epoxy 2.6±0.3 0.16±0.02 

Aramid-EPD CNT (3.4 wt.%CNT)/Epoxy 442.4±83.4 27.2±5.1 

Aramid-EPD CNT (1.8 wt.%CNT)/Epoxy 3125±534 226.8±38.8 

CNT Sizing Film on Glass Slide  

(Control Sample) 
(60.7±4) × 10-3 (2.2±0.15) ×10-3 

CNT Sheet/Epoxy (Control Sample) (2.7±0.2) × 10-3 (0.11±0.008) ×10-3 

* All data are shown in the format of average value ± ½ difference between the 

highest and lowest value.  
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In addition, the temperature coefficient of resistance (TCR) is defined as the 

resistance change with respect to the unit change of temperature and calculated using 

Equation 4.1 as follows. 

 TCR = 
𝑅−𝑅0

𝑅0
 / (T-T0) (4.1) 

where R0 is the baseline resistance of the specimen at room temperature (T0) and R is 

the transient resistance at temperature (T). 

4.3 Results and Discussion 

4.3.1 Morphological States of Carbon Nanotubes  

4.3.1.1 Dispersed Carbon Nanotubes in Nanocomposites 

Figures 4.7a and 4.7b show the cryogenic fracture surface of the neat epoxy. 

Obviously, there is no any microscale roughness, but smooth and uniformly 

distributed cracks, representing a typical brittle fracture feature. On the other hand, 

Figures 4.7c through f show the fracture surfaces of the CNT-based nanocomposites 

(Section 4.2.1.1). At low magnification, the fracture surface shown in Figure 4.7c 

shows substantial surface roughness due to the addition of 0.5 wt.% CNT where a 

great deal of short and highly curved structural features in the micron-level are 

randomly distributed, hindering the crack propagation, indicating that the failure was 

accompanied with localized plastic deformation [46,51]. The higher magnification 

image shown in Figure 4.7d shows a localized CNT-agglomerate near crack tip region 

where CNTs are either pulled out or fractured, demonstrating a strong interaction 

between CNTs and the epoxy. It can be also seen that as the fracture energy is 

dissipated while interacting with CNTs, the crack tips in the form of tail-like structures 
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are forced to frequently change its propagation direction, which gives rise to a 

disordered crack pattern.  

Similarly, as demonstrated in Figure 4.7e and 4.7f the nanocomposite with 

0.25 wt.% CNT show relatively reduced surface roughness with less, smaller and even 

more scattered CNT agglomerates, exhibiting a less interactive bonding with 

neighboring epoxy.  

 

(a) (b) 

Figure 4.7: SEM images showing typical fracture surfaces of (a) the neat epoxy and 

(b) the circled area on (a) at the high magnification, (c) the 

nanocomposites with 0.5 wt.% CNT, (d) a high magnification image of 

(c) near the region of crack initiation, and (e) the nanocomposites with 

0.25 wt.% CNT, (f) a high magnification image of (e) evidencing a well-

dispersed CNT morphology with submicron-level CNT agglomerates. 
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(c) (d) 

(e) (f) 

Figure 4.7: continued. 

4.3.1.2 Dispersed Carbon Nanotubes in Multiscale Composites 

Figure 4.8 represents the fracture surfaces of the multiscale composites 

consisting of aramid fibers and 0.5 wt.% CNT randomly dispersed in the epoxy 

matrix. A clean and smooth fiber pullout hole was observed in this composite system, 

which demonstrates the weak wettability and interfacial bonding between the matrix 

and fiber. Compared with the nanocomposite, the micro-level surface roughness (seen 

in Figure 4.8a) of the matrix phase is reduced, although CNTs are well dispersed 

through the epoxy matrix. Additionally, as shown in Figure 4.8b, instead of causing 
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CNT ruptures, a lot of CNTs are just pulled out which are consistent to the 

experimental results found by Schadler et al. [52], indicating a relatively low-level 

stress transfer between CNT and epoxy. This could attribute to that most of the 

fracture energy was dissipated through fiber debonding rather than transferred to the 

matrix.  

 

(a) 

(b) 

Figure 4.8: SEM images showing (a) the fracture surface of multiscale composite 

with random aramid fibers and CNT (0.5 wt.%)-dispersed epoxy matrix 

and (b) the high magnification image of the circled area in (a).  
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In short, being consistent with the experimental results found by Wong et al. 

[53], Gou et al. [54] and Watts and Hsu [55], it is obvious that as the non-

functionalized CNTs randomly dispersed in epoxy, the interaction between CNTs and 

the surrounding epoxy is moderately strong and able to maintain a stable mechanism 

of energy dissipation such as the CNT pullout, although this interfacial action is most 

likely dominated by the physical interactions and the mechanical interlocking at the 

molecular level [52,53,56,57]. 

4.3.1.3 Loosely Concentrated Carbon Nanotubes in Multiscale Composites 

Figure 4.9a shows the typical morphology of the dehydrated raw CNT sizing 

agent in form of a thin film, which shows the same solid surface characteristics as the 

CNT coating on the fiber surfaces (as shown in Figure 2.13 in Section 2.3.3.2). In this 

image, the free surface of the film is a very thin, smooth layer likely due to residual 

surfactant and film formers [58]. On the other hand, the core of the film shows a 

porous packing structure of highly agglomerated CNTs. During the drying process, the 

particle wettability of the CNT dispersion prompts capillary effects as water 

evaporates [59,60], which induces attractive interactions between SDBS wrapped 

CNTs and consequently reorganize the CNT network into a solid cellular structure 

with numerous micro-level voids that are originally filled with solvent before drying. 

As shown in Figure 4.9b, the charge-contrast image at high magnification shows a 

loosely packed CNT network where the networks of CNTs are mixed with the voids 

created by solvent evaporation.  

In addition, to make a comparative analysis, a CNT sheet was selected to 

specifically replicate the locally porous network architecture of concentrated CNTs. 

Figure 4.9c depicts the surface morphology of the raw CNT sheet where all pristine 
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CNTs are randomly oriented and exhibiting a random microstructure. After the CNT 

sheet was infiltrated with epoxy, a thin sandwich-like composite layer was formed as 

shown in Figure 4.9d, in which both the top and bottom faces are covered with the 

epoxy resin and the core of CNT sheet is fully saturated with epoxy, indicating good 

wetting of the nanotubes with the epoxy resin. 

 

(a) (b) 

(c) (d) 

Figure 4.9: SEM images of the CNT-based materials including (a) the dehydrated 

CNT sizing agent in form of a thin film (i.e., the control sample without 

epoxy), (b) a high magnification charge contrast SEM image of the film 

core in (a), (c) the as-received CNT sheet (in-plane view) and (d) the 

CNT sheet-epoxy composite. 
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Figure 4.10 shows a typical fracture surface of the as-fabricated multiscale 

composite consisting of CNT-coated aramid fibers and epoxy matrix. It is apparent 

that the most parts of the epoxy resin zone are smooth and absent of any structural 

features, showing brittle fracture. In the areas where fibers are protruding micron-level 

surface roughness is formed due to the appearance of CNT-coating. Additionally, the 

aramid fibers demonstrate three failure modes including fiber pullout, splitting and 

fracture. Like all oriented synthetic fibers, aramid fibers have different moduli in the 

longitudinal and transverse directions due to the inherent asymmetry of the consisting 

organic molecules [61,62]. Therefore, aramid fiber fracture is always accompanied 

with the fiber splitting (i.e., fibrillation). In general, the nonwoven fabric/epoxy 

composite has a low fiber volume fraction, below 10%. 

 

 

Figure 4.10: SEM image showing the typical fracture surface of the multiscale 

composite consisting of CNT-deposited aramid fibers (dip-coated) and 

epoxy matrix. 
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In this study, two types of CNT-grafted nonwoven fabrics were developed 

using the CNT-sizing-based dip-coating approach and the ozone-PEI-functionalized-

CNT-based electrophoretic deposition (EPD) method. Figure 4.11 shows the resulting 

morphologies of the loosely-concentrated CNTs developed in the multiscale 

composites. Specifically, Figure 4.11a and 4.11c show the mixed fracture surfaces of 

nonwoven aramid composites with 0.75 and 1.0 wt.% CNT, respectively. It is clear 

that a non-uniform CNT sizing zone is confined by matrix-rich regions between 

adjacent aramid fibers in the composites. Similar to previous observations, the epoxy 

and aramid fiber exhibit a brittle and ductile failure mode, respectively. Interestingly, 

it can be seen that CNTs tends to accumulate in the narrow space (~5 µm wide and 

~20 µm long) between neighboring fibers rather than entirely wrap around the fiber 

surface, which is like due to the capillary action while drying.  

Figure 4.11b and 4.11d show the morphologies of the interfacial regions of 

epoxy-CNT coating and CNT coating-fiber at a high magnification. It is apparent that 

the cellular structure of the CNT coating is fully infiltrated with the resin matrix, 

indicating a high degree of epoxy wetting and infusion. Meanwhile, a good adhesion 

at the interface of CNT-epoxy is further ensured by forming the hydrogen bonding 

between the hydrophilic segment of SDBS and the epoxy [63,64]. In addition, the 

thickness of the locally concentrated CNT zone varies sharply and the alignment of 

CNTs is randomly oriented, evidencing a locally inhomogeneous CNT coating on the 

fiber surface, which is consistent with the experimental results found by Gao et al. 

[42] and Rausch and Mader [65,66] who implemented a similar dip-coating approach 

to coat MWCNTs onto single glass fiber and the fiberglass yarn bundles, respectively. 

However, the aramid fiber is completely debonded throughout the CNT coating, 
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indicating a poor adhesion at the fiber-coating interface. This is likely due to the poor 

compatibility between the epoxy infiltrated CNT coating and the existing cross-linked 

polyester binder layer on the aramid fibers.  

 

(a) (b) 

(c) (d) 

Figure 4.11: SEM images showing the fracture surfaces of the multiscale aramid 

composites with (a) 0.75 and (c) 1.0 wt.% CNT (dip-coated); (b) and (d) 

the high magnification images of interfacial regions in (a) and (c), 

respectively. 
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The fracture surface of the multiscale E-glass composite with 1.0 wt.% CNT is 

shown in Figure 4.12a, and reveals a distinctly different fracture morphology as 

compared with aramid composites. It can be seen that all E-glass fibers fracture in a 

brittle manner due to their isotropic nature of mechanical properties [61]. A clear view 

of the typical E-glass fiber crack plane with steep ridges can be seen in Figure 4.12c. 

In addition, in the higher magnification image shown in Figure 4.12b, the protruding 

fibers show micron-level surface roughness where a thin layer of highly agglomerated 

CNTs stays on the fiber surface indicating fracture through the CNT coating. 

Coincidentally, the fiber debonding trace remained in the matrix phase as shown in 

Figure 4.12d possesses a similar level of texture, indicating that there is likely a strong 

interaction at the interface between the fiber and CNT coating. This can be a result of 

the polymer-surfactant complexation between PVA (the binder layer on E-glass 

fabric) and anionic SDBS (the surfactant in CNT-sizing dispersion) that the alkyl 

chain polymerizing capacity of SDBS enables the co-operative hydrogen bonding with 

the amphiphilic chain of PVA [67]. Meanwhile, it may also partially due to that PVA 

is able to be more effectively adhering with the epoxy within the CNT coating since 

the hydroxyl groups in PVA can react with the epoxy resin [68]. 
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(a) (b) 

(c) 
(d) 

Figure 4.12: SEM images showing the fracture surfaces of the multiscale E-glass 

composites with 1.0 wt.% CNT (dip-coated) including (a) a low 

magnification image, (b) a high magnification image showing the 

residual CNT coating on the fiber surface of the fractured E-glass fiber, 

(c) the cross-sections of the fractured E-glass fibers and (d) the fiber 

debonding trace remained in the matrix phase, evidencing visible surface 

roughness.  

4.3.1.4 Densely Concentrated Carbon Nanotubes in Multiscale composites 

As shown in Figure 4.13, the morphologies of the multiscale composites with 

EPD-hybridized CNTs demonstrate a uniform and homogeneous CNT coating around 

the fiber, which is in general much denser than the solution-based CNT coating. This 

is mainly attributed to the EPD mechanism that CNT-deposition occurs through the 
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electrical double layer distortion and thinning, followed by coagulation of the 

electrically-charged CNTs on the nonwoven fabric-covered electrode [69,70], in 

which electrohydrodynamics or electroosmosis effects consolidate CNTs into densely-

packed arrays [70,71]. Specifically, the distinguishable morphological characteristics 

illustrated in Figures 4.13a through f confirm that the EPD method creates a locally 

uniform CNT network onto the fiber surface with a consistent thickness along both the 

circumferential and longitudinal directions of the fiber. It is worth mentioning that the 

existing thickness of the CNT coating (~2 µm, in Figures 4.13a and b) is significantly 

lower than those obtained from dip-coating method (Figure 4.11), although the actual 

concentration of CNTs (1.8 wt.%) in the EPD-processed composites is much higher 

than those composites (0.75 and 1.0 wt.%). This reveals that EPD method deposited 

extraordinarily dense networks of CNTs onto the fiber surfaces, which is further 

validated by the higher magnification images shown Figure 4.13b and 4.13d. In these 

SEM micrographs, the localized coating appears to be compact with the PEI-wrapped 

CNTs randomly embedded in the diffused epoxy resin. Particularly, the amine 

functional groups in the PEI can react with both ozone-treated CNTs and epoxide 

group of the epoxy resin [49,50]. As a result, a strong wettability and adhesion are 

realized between the CNT coating and the resin matrix as observed in Figure 4.13b. 
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(a) (b) 

(c) (d) 

Figure 4.13: SEM images showing the fracture surfaces of the multiscale composites 

with EPD-hybridized CNTs (1.8 wt.%) including (a) a cross-sectional 

view, (c) a longitudinal view, and (d) and (b) high magnification images 

of the CNT coating highlighted in (a) and (c), respectively.  
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4.3.2 Thermomechanical Responses 

The measurements of changes in volumetric dimension as function of 

temperature are shown in Figure 4.14 for a selected group of specimens. Coefficient of 

thermal expansion (CTE) before glass transition temperature (Tg) were measured from 

the slope of curves. Here, Tg appears as the onset of the abrupt change in slope in the 

linear thermal expansion curve, that is referred to as 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡. Table 4.3 lists the CTE 

and 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 measurements of 12 different composites characterized in this study. It can 

be seen that the dimensional change in all composite systems increases as temperature 

goes up until 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡; however, after Tg the multiscale composites show a reduced CTE 

as compared with the nanocomposites with an elevated CTE. Generally, the overall 

molecular structure of a cured epoxy is amorphous and there exists significant free 

volume mixed with the rigid crosslinked network [72]. As an epoxy is heated up, its 

specific volume expands linearly due to the local vibration of the pendant phenyl 

group controlled by the steric hindrance of neighboring elements of chains [73]. As 

the temperature reaches 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡, the long chain backbone becomes mobile and 

undergoes the segmental motion within the available free volume, causing a 

significant drop in the modulus and a dramatic change in volume expansion due to the 

greater separation between individual polymer chains [73]. 
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(a) 
(b) 

(c) 

Figure 4.14: Thermomechanical responses showing dimensional changes as function 

of temperature of (a) CNT-based nanocomposites, (b) CNT-aramid 

nonwoven multiscale composites, and (c) CNT-E-glass nonwoven 

multiscale composites (CNT loadings shown in wt.%). 
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Table 4.3: Summary of CTE and 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 of a Selected Group of CNT-Based 

Composites Measured Using Thermomechanical and Thermoresistive 

Methods. 

Sample Group 

CTE- 

(10-6/ºC) 

(T < Tg)* 

Tg (ºC)- 

from TMA 

Tg (ºC)- 

from TCR 

Analysis 

Aramid nonwoven fabric (raw) 15±3 
N.A. 

(no resin) 
N.A. 

(not 

conductive) 

E-Glass nonwoven fabric (raw) 23±2 

EPON862 Epoxy-0 wt.% CNT 74±4 121±3 

EPON862 Epoxy-0 wt.% CNT  

(post-cured at 160ºC) 
64±2 148±2 

3 roll mill CNT(0.25 wt.%)-Epoxy 81±3 105±3 104±2 

3 roll mill CNT(0.50 wt.%)-Epoxy 68±2 125±4 122±4 

Aramid/Epoxy-(0 wt.% CNT) 68±3 119±3 N.A. 

Aramid-Sizing (1.0 wt.%CNT)/Epoxy 65±4 114±5 114±3 

Aramid-Sizing (0.6 wt.%CNT)/Epoxy 64±5 115±4 113±3 

Aramid-EPD CNT (1.8 wt.%CNT)/Epoxy 61±3 120±3 119±2 

E-Glass/Epoxy-(0 wt.% CNT) 38±2 121±2 N.A. 

E-Glass-Sizing (1.0 wt.%CNT)/Epoxy 36±3 110±2 109±2 

* Note: all all Tg values shown in this table are equivalent to 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡

 and showing the 

average of four specimens. TCR analysis is explained in Section 4.3.4. 
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It is clear that the neat epoxy in Figure 4.14a shows 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 at 121ºC and then 

following a crossover phase transition to its rubbery state after 130ºC in which the 

CTE becomes two to three times higher than its value below the 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡, resulting from 

the substantial changes in physical properties. Since post-curing results in a 

considerable increase in the crosslink density, the neat epoxy post-cured at 160ºC 

shows 22% increase in 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 with a sharp transition as shown Figure 4.14a. In 

specific, the EPON 862 molecules are in the size of 2.3×0.9×0.6 nm [74] which is 

comparable to the dimension of individual carbon nanotubes. Therefore, the presence 

of CNTs in epoxy can significantly influence the molecular motions and interfere with 

the formation of the crosslinked network of the resin matrix during curing. Compared 

with the neat epoxy, the nanocomposite with 0.25 wt.% CNT displays 9% increase in 

CTE and 15% decrease in 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡, which can mainly arise from the fact that the 

residual catalyst impurities attached on the raw CNT material and the physisorption of 

the curing agent surrounding CNTs can accelerate curing rate, leading to a reduced 

degree of cure and a low crosslink density [57,75-77]. It may also partially result from 

the well dispersed CNTs (as demonstrated in SEM images of Figure 4.7c-d) that can 

increase the intermolecular distance of the epoxy, resulting in decreased 

intermolecular forces and then a further reduced 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 [76]. On the contrary, for the 

nanocomposite with 0.5 wt.% CNT (a significant CNT loading much greater than the 

percolation threshold of 0.1 wt.% [46], these negative effects to 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 are 

counterbalanced by the restricted mobility of the polymer chains [51] due to the well-

established CNT network (as evidenced in SEM images of Figure 4.7a-b) and 

interfacial interactions over a huge interfacial area between the CNTs and the polymer 

matrix [78], showing a slightly increased 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 and 8% reduction in CTE. 
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Figures 4.14b and 4.14c show the thermomechanical behaviors of the fibrous 

composite systems. The plain aramid and E-glass composite have the identical 

𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 as the neat epoxy but with a reduced CTE due to the strengthening effect of the 

fibers. As discussed previously in Section 4.3.1.3, the interfacial adhesion between the 

E-glass fiber and epoxy resin is much stronger than that in aramid fiber composites, 

which consequently results that the CTE of the aramid composite is close to the CTE 

of the neat epoxy (i.e., a matrix dominated response), whereas the CTE of the E-glass 

composite approaches the CTE of the raw aramid fabric (i.e., a fiber dominated 

response). Coincidentally, the CNT-based multiscale composites with the localized 

CNTs in the vicinity of the fibers follow the similar trend. In particular, some 

quantitative differences in 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 are apparent that the CNT sizing-based composites 

exhibit a slightly reduced 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 (~6%) in comparison with the plain composites, 

which can be attributed to the local perturbation effect of the inhomogeneously 

concentrated CNTs that the thin or thick and the partial or complete CNT coating at 

the fiber-scale may unevenly decelerate or accelerate the curing rate of nearby epoxy 

resin and diminish the heat curing reaction locally, leading to a non-uniformly 

crosslinked polymer network with reduced crosslink density [79].  

In contrast, the multiscale composite with EPD-hybridized CNTs displays an 

unchanged 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 of 120ºC and about 9% reduction in CTE. This can result from that 

the uniform and dense CNT coating as well as the enhanced interfacial bonding at the 

epoxy-CNT interface (as demonstrated in Section 4.3.1.4) allow CNTs to act as 

effective reinforcement which can hinder the mobility of epoxy chains within the local 

interphase, ensuring an undisturbed bulk thermomechanical response. For comparison, 
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the 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 obtained from the thermal coefficient of resistance (TCR) analysis are also 

included in Table 4.3 and will be discussed in Section 4.3.4. 

4.3.3 Simulated Thermal Stresses in Multiscale Composites 

In fiber composites, thermal stresses are induced resulting from the mismatch 

in CTE and Young’s moduli of the fibers and the matrix [80-86]. Additionally, 

changes in these thermal stresses can cause the embedded CNT network within the 

multiscale composites to display different electrical resistive outcomes. Thus, a 

micromechanical analysis is needed to study the effects of residual stresses in micro-

level. In this context, a 10-µm high cylinder representative volume element (RVE) can 

be considered to describe the composite structure of the proposed CNT-based 

multiscale composites as shown in Figure 4.15, in which the localized CNT-coating is 

fully immersed within the epoxy resin and directly contacting the fiber surface in 

accordance with the findings of the electron microscopic analysis per Section 4.3.1.3. 

The thermal stresses exerted on the fiber/resin system can induce a stress field on the 

CNT-coating that can be resolved into three normal stresses including the radial (σrr), 

hoop (σθθ) and axial (σzz) stress as shown in Figure 4.15. Particularly, increasing σzz 

and σθθ will extend the CNT network, enlarge the tunneling gaps between CNTs, and 

consequently give a rise to the increase of the bulk resistance. While the growth in σrr 

will compress the CNT network in its through-thickness direction, create CNT 

junctions, shorten CNT-tunneling gaps, and therefore reduce the resistance. 
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Figure 4.15: Schematic model of a cylinder representative volume element from the 

proposed CNT-based multiscale composites, and the detailed illustration 

showing the resolved normal stresses exerted on a typical volume 

element of the epoxy resin infiltrated CNT-coating on fiber surfaces. 

Here, the finite element analysis of thermal stresses was performed on a 

quarter of the RVE (as illustrated in Figure 4.6) from 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡  to room temperature (i.e., 

the cooling process). The 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 was selected as the initiate reference temperature 

because during the glass transition state of the epoxy resin, the molecular motion of 

the polymer and the amplitude of this motion are very high and the macromolecule is 

not practically in contact with each other [51,78], resulting in a stress-free state 

without physical interactions between fiber and matrix [85]. Figure 4.16a and 4.16b 

plot σrr, σθθ and σzz in the aramid/resin and E-glass/resin system, respectively. It is 

apparent that as temperature decreases, these stresses increase linearly in the matrix of 

both composite systems that σθθ and σzz are tensile and σrr is compressive. In specific, 

σzz ultimately reaches about 18 MPa in both systems, which is comparable to the 

residual axial tension of 45.5 MPa in matrix of the unidirectional Kevlar®29/epoxy 

composite experimentally studied using laser Raman microscopy by Anagnostopoulos 
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et al. [87]. Whereas, σrr and σθθ are respectively 17 MPa and -12 MPa in the E-

glass/resin composite which are about five time higher than those in the aramid/resin 

system. Compared with their ultimate strength of about 55 MPa as reported in Section 

2.3.4, these residual stresses are not negligible and can induce a significant resistive 

effect to the CNT network. Obviously, the CNT coating in both multiscale composites 

are substantially pre-tensioned around the fiber surface as ramping down to the room 

temperature. Due the thin thickness of the CNT coating, the compacting effect to the 

CNT network caused by σrr may not be as dominant as the combined expansion 

induced by σθθ and σzz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                             (a)                                                (b) 

Figure 4.16: FEA results of thermal residual stresses in the close vicinity of the fiber-

resin interface in (a) aramid/resin and (b) E-glass/resin composite system 

as cooling from 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡  to 25ºC. 
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Figure 4.17a and 4.17b show the stress distributions along the radial direction 

of the matrix phase with respect to the distance from the fiber-resin interface at room 

temperature. It is clear that a constant σzz is sustained throughout the whole resin 

matrix in the both aramid and E-glass composite systems. On the other hand, σrr and 

σθθ decrease as being away from the interface, exhibiting trends similar to those 

reported elsewhere [80,81,84]. Especially, these two stresses in the aramid/resin 

composite are found to be less than 1 MPa in magnitude after moving 5 µm against the 

interface within the matrix. Likewise, at the same relative location in the E-glass/resin 

composite σθθ and σrr are 10 MPa and -2 MPa, respectively. Consequently, it is 

believed that a minimal 5µm-wide influencing zone dominated by the residual tensile 

stresses is existing around the fiber surface in the aramid and E-glass composites. 

Furthermore, this zone of influence is large enough to impact the entire CNT-coating 

which are about few microns thick around fiber surfaces as shown in Sections 4.3.1.3 

and 4.3.1.4, leading to considerably prestressed CNT networks at room temperature. 
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                                         (a)                                                    (b) 

Figure 4.17: FEA results of the residual stress distributions in the radial direction of 

the matrix from the fiber-resin interface in (a) aramid/resin and (b) E-

glass/resin composite system at room temperature.  

4.3.4 Thermoresistive Behaviors 

4.3.4.1 Nanocomposites with Randomly Dispersed Carbon Nanotubes  

The previous experimental study by Thostenson and Chou [46] demonstrated 

that the formation of a conductive percolating network in a CNT-epoxy 

nanocomposite can be achieved at the CNT concentration below 0.1 wt.% by using the 

three-roll milling approach. In the current research, two nanocomposites with CNT 

loadings of 0.25 and 0.5 wt.% were fabricated and selected to investigate the 

thermoresistive behaviors as thermally cycled. Figure 4.18(a) and (b) show the typical 

electrical responses with respect to temperature (T). It is apparent that both 

nanocomposites display a monotonic growth in resistance as T increases and a 
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continuous reduction in resistance upon cooling during two thermal cycles from 25 to 

145 ºC, evidencing a nonerasable but reversible thermoresistive behavior.  

 

(a) (b) 

Figure 4.18: Thermoresistive responses of CNT-epoxy nanocomposites with (a) 0.25 

wt.% and (b) 0.50 wt.% CNTs during thermal cycling between 25 and 

145 ºC, showing a PTC in general.   

In particular, at the low CNT concentration of 0.25 wt.%, the electrical 

conduction of the nanocomposite is mainly dominated by the electrical tunneling 

effect [88] between the well dispersed CNTs as previously shown in Figure 4.7c. 

Additionally, the tunneling gap formed by the insulating polymer between CNTs 

determines the bulk resistive behavior. As T increases, thermal expansion of the 

polymer results in the extension of the gap, leading to the growth of resistance (i.e., 

the temperature-dependent tunneling effect [28]). As T further rises, the 

-2

0

2

4

6

8

10

12

14

20 45 70 95 120 145

Δ
R

/R
0

(%
)

Temperature ( C)

-0.5

0.5

1.5

2.5

3.5

4.5

5.5

20 45 70 95 120 145

Δ
R

/R
0

(%
)

Temperature ( C)



 183 

macromolecule chain of the polymer starts to vibrate in place at an increasing rate, 

which therefore induces a faster increase in resistance. As T finally passes 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡, 

those dispersed CNTs are significantly separated from each other due to the segmental 

motion of the large polymer chains, consequently giving rise to a dramatic jump in 

resistance. Thus, the curve of this nanocomposite shown in Figure 4.18a is in the 

concave-upward shape with the local peck corresponding to the highest temperature. 

On the other hand, the CNT network in the nanocomposite with 0.5 wt.% 

CNTs contains both the dispersed CNTs and the interconnected CNT clusters (i.e., 

CNT agglomerates in microscale) as shown in Figure 4.7a, resulting in a combined 

dominance of the temperature-dependent tunneling and the tube-tube contacts to the 

bulk electrical response. Since the tunneling gap between CNTs on average is reduced 

in the network with a relatively high CNT loading, the linear thermal expansion from 

25 to 70 ºC can induce more pronounced increases in resistance due to thermally-

activated hopping of electrons [38,89]; whereas in the same temperature range the 

large CNT agglomerates are constrained by the crosslinked polymer network without 

altering the intertube contacts, leading to an inaction of the resistance change. As T 

approaches 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡, polymer chains become mobile, but the mobility is hindered by the 

presence of CNT agglomerates due to the increased thermodynamic interactions 

[51,77,78], as a result the resistance increases at a reduced rate. After glass transition, 

the intense movement of large polymer chains further dissociates both CNTs and CNT 

agglomerates, which can break down the conductive network, resulting in a sharp 

ascending resistance change. Consequently, the shape of the thermoresistive curve 

shown in Figure 4.18b is concave-downward with a dramatic transition to the local 

summit at the great temperatures. As cooling below 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡, the rearranged CNT 
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agglomerates are frozen in the glassy state by the crosslinked network, therefore a 

linear thermoresistive behavior can be observed as ramping down to the room 

temperature.  

It is clear that during the same thermal cycles the 0.25 wt.%- and 0.5 wt.%-

CNT nanocomposites correspondingly show 14% and 5% overall resistance change, 

evidencing the CNT concentration dependence of thermoresistive sensitivity. In order 

to better visualize the effect of temperature, the electrical responses of these two 

nanocomposites during the first ramp-up segment are shown in Figure 4.19a and 

4.19b, respectively. Compared with the curve of 0.5 wt.%-CNT, a distinctive infection 

point appears at 104 ºC on the 0.25 wt.%-CNT curve, which matches the 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 of this 

specific nanocomposite (i.e., 105 ºC in Table 4.3), indicating a strong correlation 

between the local distinction of the thermoresistive response and the TMA-measured 

𝑇𝑔
𝑜𝑛𝑠𝑒𝑡. However, this correlation is ambiguous in the curve of 0.5 wt.%-CNT.  

(a) (b) 

Figure 4.19: The first ramp-up segments of the thermoresistive responses of (a) 0.25 

wt.% CNT and (b) 0.50 wt.% CNT nanocomposites during 25-145 ºC 

thermal cycles. 
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The temperature coefficient of resistance (TCR, as defined in Section 4.2.2.4) 

is widely used to evaluate the thermoresistive sensitivity of nanocomposites including 

CNT-vinyl ester [38], CNT-epoxy [28], CNT-HDPE [30], CNT-PC [33], CNT-SEBS 

[35], etc. Here, the TCR response of these two nanocomposites during the heating 

ramp are shown in Figure 4.20a and 4.20b with respect to temperature. It is obvious 

that both relationships are wavy in shape with multiple local minima and maxima 

corresponding to different temperatures. In general, the TCR curve of the 

nanocomposite with 0.25 wt.% CNT shows more sharp changes with higher 

amplitudes than the one with 0.5 wt.% CNT, demonstrating a network structure with 

the elevated thermoresistive sensitivity. Similar kinds of TCR correlations have been 

reported elsewhere [28-31,35,36].  

In addition, the observed TCR behavior is analogous to piezoresistivity [44,90] 

in CNT nanocomposites where CNT networks with less nanotubes have relatively 

fewer conductive pathways, leading to more pronounced resistance changes in 

reaction to the thermally induced physical effects, which can shed light on the 

influence of CNT concentration to the system sensitivity. As explained previously, the 

CNT network with 0.25 wt.%-CNT is subjected to a dramatic structural change right 

after glass transition, therefore an increased TCR is expected when T ≥ Tg. On the 

other hand, the network of 0.5 wt.%-CNT at elevated temperatures is allowed to 

become more interconnected and less resistive due to CNT-re-agglomeration, 

consequently showing less sensitivity towards temperature variations, i.e., a reduced 

TCR is predictable when T ≥ Tg. Following this logic, the local minimum of 104 ºC 

and the local maximum 122 ºC as shown in Figure 4.20a and 4.20b are filtered out of 

the TCR responses and designated as the local TCR correspondence to 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡, which 
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indeed follows the TMA results listed in Table 4.3. Lastly, these observations confirm 

the sensitivity and feasibility of using the percolating CNT networks distributed within 

the polymer matrix for sensing the polymer transitions. 

 

(a) (b) 

Figure 4.20: Corresponding TCR relationships of (a) 0.25 wt.% CNT and (b) 0.50 

wt.% CNT nanocomposites with the identified local inflection points as 

the 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡

. 
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4.3.4.2 Multiscale Composites with Loosely Concentrated Carbon Nanotubes 

As well explained by the electron microscopic analysis in Section 4.3.1.3, the 

multiscale composites with CNT-modified fibers using the dip-coating approach show 

the unique morphology of loosely concentrated CNTs, following closely as proposed 

in Figure 4.1b. As listed in Table 4.2, six groups of aramid-sizing/epoxy samples for 

in situ thermoresistive characterization show a relatively low resistivity ranging from 

0.18 to 25 Ω·m at room temperature and minor intra-/inter-batch variations of about 

7% in average, which are primarily ascribed to the double-percolating effect 

originated from the exceptional structure of the composite system per Section 2.3.5.1 

and the simple and robust two-step manufacture process per Section 2.2.  

Figure 4.21 represents the typically observed thermoresistive responses during 

two thermal cycles for the selected samples from these multiscale composites with 1.0, 

0.6, 0.17 and 0.05 wt.% CNT. The 1.0 and 0.6 wt.% specimens shown in Figure 4.21a 

and 4.21d that are well above the percolation threshold, present fewer fluctuations 

than the specimens with 0.17 and 0.05 wt.% CNT as shown in Figure 4.21c and 4.21d 

during the heating and cooling cycles. It is clear that the observed trends are following 

a negative temperature correlation (NTC) in overall with double crossover transitions 

as increasing temperature and with dual concave shifting upon cooling, showing a 

unique reversible temperature dependence of resistivity that has not yet been reported 

in scientific literature. 



 188 

 

(a) (b) 

(c) (d) 

Figure 4.21: Thermoresistive responses of aramid-sizing/epoxy multiscale composites 

with CNT loadings of (a) 1.0 wt.%, (b) 0.61 wt.%, (c) 0.17 wt.%, and (d) 

0.05 wt.% during 25 to 145 ºC thermal cycles. 
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stresses. Nonetheless, during heating segment, this pre-tensioning stress can be 

released gradually and then the CNT network contracts back to its original shape, 

leading to persistent decreases in bulk resistance as previously shown in Figure 4.21. It 

is clear that this stress-relieving induced volumetric shrinkage completely surpasses 

the local thermal expansion of the entire epoxy phase at the initial heating stage, 

therefore resulting in a strong NTC up until 70 ºC. Afterwards, the first crossover 

transition appears as the local minimum around 75 ºC for all aramid-sizing/epoxy 

specimens. Following closely, the thermoresistive curve shows a sharp catch-up rally 

as a result of the larger thermal expansion of polymer matrix (especially, the locally 

infiltrated epoxy in the CNT network) that balances out the contraction caused by 

releasing the residual stresses, extending the CNT network outright. Next, the second 

crossover transition shows up at the local peak around 105 ºC and immediately 

switches to a more dramatic NTC to 145 ºC. At the elevated temperature lower than 

𝑇𝑔
𝑜𝑛𝑠𝑒𝑡, the charge carriers in epoxy originating from un-polymerized monomer can 

become substantially excited due to the increased mobility of small polymer chains, 

then facilitating the overall electrical conduction [43,91].  

Meanwhile, for the locally concentrated CNT network, nanotubes appear in 

form of large agglomerates (as shown in Figures 4.11 and 4.12) that the number of 

tube-tube contacts is extremely large, leading to an electronic-movement dominated 

conductive network [34]. Therefore, the resistance is reduced due to the increased 

electron mobility at the raised temperature. As T ≥ 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡, the violent thermodynamic 

interactions driven by the macromolecules of the polymer allows CNT agglomerates 

to be rearranged [29,34,35,39,92] in a relatively reduced free volume [72], creating 

compacted CNT re-agglomerates and then giving rise to a more conductive network. 
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During the cooling segment, a mild resistive relaxation is first observed from 

145 to 140 ºC on all thermoresistive curves shown in Figure 4.21, which is 

presumably due to the thermal hysteresis of epoxy in its rubbery state. Next, a clear 

NTC is found in the temperature range of 140 ºC > T > 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡, in which the volume of 

the polymer slightly shrinks but the long chain molecules in the rubbery state still 

vibrate intensely, may break down the conductive network of the secondary CNT 

agglomerates and thereby resulting in the increasing resistance. At about 115 ºC 

(~𝑇𝑔
𝑜𝑛𝑠𝑒𝑡), the first concave-downward shift is presenting due to the phase transition of 

the polymer. As cooling right below 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡, the thermal stresses in tension starts to 

build up in the CNT interphase, and in the same time the crosslinked polymer chains 

initiate the restraint to the CNT network, leading to a combined consequence that 

makes the thermoresistive response reach a plateau near 110-85 ºC.  

Later, in the glassy state, continuous reducing the temperature introduces a 

sharp rebound in resistance from 85 to 74 ºC which is mainly attributing to the 

resultant structural changes of the CNT network from the competition between the 

linear thermal contraction and the residual stress accumulation, evidencing the 

dominant role of the residual tensile stresses in electrical conduction of the composite 

system. Apparently, the second concave-downward shift shows at around 74 ºC which 

is in a good match with the first crossover temperature in the heating ramp. In 

particular, the multiscale composites with 0.17 and 0.05 wt.% CNT as shown in 

Figures 4.21c and 4.21d present a local reduction of resistance in 74-65 ºC, since the 

thermal contraction can cause more pronounced effects to the considerably thin CNT 

coatings than the 1.0 and 0.7 wt.%-CNT networks. It is obvious that below 65 ºC, all 

thermoresistive curves demonstrate a consistent NTC following the same trend as it in 
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the heating segment, which further confirms the dominance of the residual tensile 

stress to the thermoresistive behaviors at low temperatures. 

In contrast, as shown in Figure 4.22a, the thermoresistive response of the post-

cured specimen (with 1.0 wt.% CNT, same in Figure 4.21a) displays a single 

crossover transition during heating and cooling ramps, which is nearly constant and 

free of hysteresis. In general, the post-cure cycle enhances the degree of cure, 

increases the crosslink density, and reduces the free volume of the epoxy matrix. 

Compared with its original response shown in Figure 4.21a, the crossover temperature 

is delayed until 85 ºC, which is attributed to the increased residual thermal stresses at 

room temperature that accumulated over an extended temperature range from the 

increased 𝑻𝒈
𝒐𝒏𝒔𝒆𝒕

 as well as the enhanced stiffness of epoxy after post-curing.  

Under the glassy state, the entire CNT network is significantly constrained by 

the densified crosslinked polymer network and then displays a plateau of slow growth 

in resistance during 85-145 ºC, due to the dominance of thermal expansion surpassing 

the residual stresses. In addition, the thermoresistive behavior of the E-glass-sizing-

1.0wt.%-CNT specimen is represented in Figure 4.22b that the resistance changes with 

temperature is free of crossover transition and follows a monotonous NTC in a nearly 

linear fashion. It is obvious that two cyclic responses are overlapping from each other, 

indicating a high degree of reversibility. It is believed that this corrected 

thermoresistive behavior is primarily ascribed to first, the intensified residual tensile 

stress field on the CNT interphase by utilizing the isotropic fibers as explained in 

Section 4.3.3 that can result in a long-acting stress-relieving process (i.e., sustaining a 

linear NTC until 110 ºC); second, the improved interfacial bonding between the CNT 

network and the PVA coated E-glass fiber surface as demonstrated in Section 4.3.1.3 
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which can minimize the structural change of CNT network driven by the 

thermodynamic motions of the polymer during the rubbery state. 

 

(a) (b) 

Figure 4.22: Thermoresistive responses of (a) aramid-sizing-1.0 wt.% CNT/epoxy 

composite after post-curing at 160 ºC for 30 minutes and (b) E-glass-

sizing-1.0 wt.% CNT/epoxy composite, during 25-145 ºC thermal cycles. 

In order to better visualize the effect of CNT concentration, the thermoresistive 

responses of five aramid-sizing/epoxy composite specimens during the first ramp-up 

segment are shown in Figure 4.23a. These specimens have CNT loadings of 1.0, 0.77, 

0.61, 0.17 and 0.05 wt.%, and respectively show -1.5, -1.8, -2.4, -3.5 and -4.5% 

overall resistance change, indicating an inverse-proportional trend consistent to the 

CNT nanocomposites as discussed in previous section. The corresponding TCR 

responses are summarized in Figures 4.23b through 4.23f. It is clear that the curves of 
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1.0, 0.77 and 0.61 wt.% CNT are in the same shape that the local inflection point 

appears after 105 ºC (i.e., the second crossover temperature in average) can be 

observed distinctively and obeys 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡, that is 114, 117, and 114 ºC, respectively. 

After glass transition, these three specimens show the reduced changing rate of TCR, 

which is expected for a CNT network with high CNT loading such that tube-tube 

contacts dominate the electrical conduction, resulting in relatively low system 

sensitivity to the polymer thermodynamic effects. On the other hand, the 0.17 and 0.05 

wt.% curves display increased changing rate of TCR after the local minima of 118 ºC, 

which is reasonable for the conductive network with low CNT concentration in which 

electrical tunneling is the dominant conduction mechanism. These observed results are 

in agreement with the thermoresistive experiments on CNT-vinyl ester 

nanocomposites by Lasater and Thostenson [38]. Shortly, the thermoresistive 

measurements of the CNT-nonwoven multiscale composites are sensitive to local 

polymer motions and the system sensitivity is adjustable by altering CNT 

concentrations. 
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(a) 

 

Figure 4.23: (a) Thermoresistive responses of aramid-sizing multiscale composites 

with 1.0, 0.77, 0.61, 0.17 and 0.05 wt. % CNT during the first ramp-up 

segment. (b) through (f) Corresponding TCR relationships with the 

identified local inflection points as the 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡

 . 
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is made of CNT sheet/epoxy composites without fibers (as introduced in Figure 4.9) 

and intended to replicate the local morphological state of CNTs in the proposed 

multiscale composites that a relatively large amount of CNTs are concentrated within 

a narrow local interphase and infiltrated with epoxy as demonstrated in SEM images 

of Figure 4.11. As shown in Figure 4.24a, the thermoresistive responses of the three 

specimens during the first heating ramp present a comparatively similar trend of NTC 

before the first crossover temperature, indicating that the initial NTC shown by the 

multiscale composites cannot only be attributed to residual stresses but can be partially 

due to the unique intrinsic feature associated to the morphology of the macro CNT 

networks similar to those reported elsewhere [19,34,35,40,93]. Therefore, this strong 

NTC is not dominated by the residual thermal histories in polymer and then cannot be 

treated by annealing.  

In addition, as shown in the inset of Figure 4.24a, the thermal cyclic response 

of the control specimen displays a U-shaped trend in general, which, however, is not 

fully reversible. This can result from the peak test temperature of 145 °C is higher than 

the epoxy cure temperature of 130 ºC, that is every heating ramp can induce slight 

permanent change (i.e., post-curing) to the polymer network above 130 ºC, therefore 

leading to the cycle-to-cycle resistance changes shown at 25 and 145 ºC. However, 

this irreversible feature is not observed in the aramid-sizing/epoxy specimens with 

CNT loadings of 1.0 and 0.61 wt.% as presented in Figure 4.21a and 4.21b, which 

reveals that fibers in the CNT-multiscale composites can improve the structural 

stability of the composite system, share the electrical dominance of the CNT network, 

and therefore can be beneficial for overcoming instable resistance changes induced by 

thermal relaxation of polymer matrix. Furthermore, it is clear that the non-fibrous, 
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fibrous and post-cured fibrous CNT composites show the overall resistance changes of 

1.0, -1.5 and -2.0 %, and the crossover temperatures of 60, 75 and 85 ºC, respectively, 

which confirms that combining fibers and polymer matrix can induce a synergistic 

effect for sustaining an extended NTC and leading to a less resistive CNT network.  

The corresponding TCR responses are shown in Figures 4.24b through 4.24d. 

Obviously, the untreated and post-cured specimens display a nearly identical TCR 

before the crossover temperature, which results from that within the thermoelastic 

range the thermoresistive sensitivity is dominated by the intrinsic features of the 

concentrated CNT network such as the morphology and CNT loading and is not 

governed by polymer matrix. Particularly, both the untreated and control specimens 

demonstrate the decreasing TCR after the local peak (that is, 109 and 114 ºC, 

respectively), which obey the previously observed trend that for a CNT-based 

composite with high CNT loading, the thermal sensitivity decreases after 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡. 

Nevertheless, due to the excellent thermal stability, the post-cured specimen shows a 

constant TCR of 50×10-6/ºC in 100-130 ºC, which is considerably smaller in 

magnitude than the reported TCR of -0.005/ºC for CNT/SEBS [35], 0.021/ºC for 

CNT/epoxy [28], -0.003/ºC for CNT/polycarbonate [33] and -0.046/ºC for 

buckypaper/epoxy [25] nanocomposites. 
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(a) 
 

Figure 4.24: (a) Comparison with thermoresistive responses of CNT sheet/epoxy 

composite (control specimen) and aramid-sizing multiscale composites 

with 1.0 wt.% CNT before and after post-curing. Inset: thermoresistive 

behavior of the control specimen as thermally cycled. (b) through (d) 

Corresponding TCR relationships with the identified 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡. The 

magnifier shows the enlarged local TCR response. 

As previously shown in Figure 4.22, the E-glass-sizing multiscale composite 

shows different thermoresistive behavior as compared with the aramid-sizing 

specimens. In order to gain a better understanding on the observed responses, the 

micron-level interface between the CNT and E-glass fiber was replicated on planar 

glass substrates in a macroscale to learn the influence of fiber properties and 

interfacial adhesion on the bulk thermoresistive responses of multiscale composites. 

As shown in the inset of Figure 4.25a, this control specimen shows a fully reversible 

(b)

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

40 55 70 85 100 115 130

Temperature ( C)

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

T
C

R
(%

/º
C

)

T
C

R
(%

/º
C

) 0.02

0.02

0.03

0.03

0.04

0.04

100 110 120 130

109ºC

114ºC

(c)

(d)
-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

30 45 60 75 90 105 120 135

Δ
R

/R
0

(%
)

Temperature (ºC)

Aramid-Sizing (1.0%CNT)/Epoxy

After Post-cure @ 160 C for 30 min.

CNT Sheet/Epoxy-No Fibers

-1.5

-1.0

-0.5

0.0

0.5

1.0

20 50 80 110 140



 198 

temperature dependence of resistance as thermally cycled, indicating a high degree of 

thermal stability and bonding between the CNT-sizing coating and the glass substrate.  

In addition, Figure 4.25a compares the thermoresistive responses of three 

composite systems including the E-glass-sizing/epoxy, the control specimen and the 

aramid-sizing/epoxy. It is clear that the NTC shown by the E-glass-sizing composite 

nearly follows the linear trend of the control specimen, indicating an overall fiber 

dominated thermoresistive behavior supported by the strong interfacial adhesion 

between the CNT network and the fiber. In specific, from 70 to 105 ºC, the E-glass-

sizing composite shows a slight deviation from the linear correlation, evidencing the 

local effect due to the thermal expansion of the epoxy, which coincides with the 

electrical dominance transition between the first and second crossover temperature 

shown by the aramid-sizing composite (dashed line). In the rubbery state, the 

resistance change of the E-glass-sizing composite shows a linear temperature 

dependence parallel to the resistive response of the control specimen, which confirms 

the common character of the CNT-fiber and the modeled interfaces that the CNT 

network is confined by the glass fiber/substrate through a strong interfacial adhesion, 

leading to a synchronized dimensional change corresponding to temperature 

variations. 

Figures 4.25b to 4.25d present the TCR responses of the three composite 

specimens. It is obvious that the local minima are determined as the representative 

𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 of the E-glass-sizing composite and the control specimen which also show a 

nearly constant TCR of -550 and -650×10-6/ºC as T < 70ºC and T > their local 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡. 

This identical behavior is expected in accordance to their uniform thermoresistive 

responses, since the CNT network in both composite systems is formed with the same 
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dehydrated CNT sizing agent, a solid compound of CNTs, SDBS and film former, 

showing a porous structure in micron-scale as imaged in Figures 4.9 and 4.12. In 

addition, the E-glass- and aramid-sizing composites display a comparable 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡

 of 

115 and 114 ºC, respectively, evidencing a good repeatability of TCR among the CNT-

sizing-based multiscale composites. 

(a) 

 

Figure 4.25: (a) Comparison with thermoresistive responses of CNT-sizing coated 

glass slide (control specimen) and the E-glass- and aramid-sizing 

multiscale composites with 1.0 wt.% CNT during the first ramp-up 

segment. Inset: thermoresistive behavior of the control specimen as 

thermally cycled. (b) through (d) Corresponding TCR relationships with 

the identified 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡. The magnifier shows the enlarged local TCR 

response. 
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4.3.4.3 Multiscale Composites with Densely Concentrated Carbon Nanotubes 

As demonstrated by the electron micrographs in Section 4.3.1.4, the multiscale 

composites with CNT-modified fibers using the electrophoretic deposition (EPD) 

approach show a morphology where the nanotubes are densely concentrated and 

uniformly distributed at the fiber interface. Two groups of specimens with CNT 

concentrations of 1.8 and 3.4 wt.% were fabricated using the aramid nonwoven fabric 

as the CNT carrier. As shown in Table 4.2, these two group of aramid-EPD 

CNT/epoxy specimens show considerably high room temperature resistivity of 226.8 

and 27.2 Ω·m, respectively in comparison with other CNT composites, which are 

primarily ascribed to the ozone-PEI functionalization of CNTs (as detailed in Section 

4.2.1.3). The ozone oxidation process can destroy the π-conjugated system of the CNT 

sidewalls [94], leading to a significantly increased intrinsic resistance of nanotubes. 

Meanwhile, the PEI functionalization process can create a thin insulating polymer 

layer on the surface of CNTs [50], giving rise to a high tube-tube contact resistance. 

Figure 4.26 shows the typically observed thermoresistive responses of the EPD 

processed multiscale composites as thermally cycled from 25 to 145 ºC. It is clear that 

the two cyclic responses shown in Figure 4.26a and 4.26b are comparably similar in 

shape, demonstrating an overall monotonous NTC with a short intermediate transition 

plateau and slight hysteresis between each cycle. Undoubtedly, the first portion of the 

thermoresistive curve within 25-80ºC is a residual stress dominated behavior which is 

in an identical trend to the aramid- and E-glass-sizing multiscale composites as 

illustrated in the previous section. Due to the superior thermomechanical stability as 

per TMA in Section 4.3.2, a short plateau appears on the curve from 85 to 102 ºC, 

representing the smooth transition to a polymer dynamics-dominated thermoresistive 

response. This plateau period also resembles the transition interval between the first 
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and second crossover temperature (that is, 70-105 ºC) of the dip-coating-based CNT 

composites, indicating a good inter-batch repeatability.  

In particular, the “hilly” crossover phenomenon as shown in Figure 4.21 is 

completely flattened-out, which can be attributed to the uniform and dense 

morphology of CNTs as previously detailed in Section 4.3.1.4. This localized network 

of highly packed nanotubes can only enable partial infiltration of epoxy resin during 

composite fabrication process, which results in an ultralow resin volume fraction in 

the CNT coating, consequently diminishing the overall effect of polymer dynamic 

motion to a large extent on the thermoresistive response of the CNT network. 

Furthermore, as suggested previously, the applied cure cycle (i.e., 130ºC for 6 hours) 

can cause an incomplete curing reaction. In this way, every thermal cycle can induce 

slight increase in crosslink density of the epoxy as ramping from 130 to 145 ºC, 

therefore leading to the cycle-to-cycle variations of decreasing resistance. Similar 

behavior has been also observed with the CNT sheet/epoxy composite as shown in 

Figure 4.24. 
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(a) (b) 

Figure 4.26: Thermoresistive responses of aramid-EPD/epoxy multiscale composites 

with CNT loadings of (a) 3.4 wt.% and (b) 1.8 wt.% during 25 to 145 ºC 

thermal cycles. 

Based on the results shown in Figure 4.27a, the 1.8 wt.%-CNT specimen 

displays 7% more overall resistance change than that of the 3.4 wt.% one which 

further verifies the trend that the less CNTs are loaded in the network, the more 

resistance change is induced due to the network change, that is the CNT concentration 

dependence of thermoresistive behavior as discussed in the previous sections. 

However, although the dip-coated based CNT composite contains much less 

nanotubes than the EPD processed composites (i.e., 0.05 wt.% vs. 1.8 wt.%), the 

presented total resistance change is five time less than those EPD ones (i.e., -4.5% vs. 

-22%) which is mainly due to the distinctive morphological states and physical 

structures of CNTs in these two composite systems. For the EPD-based composites, 

the ozone-PEI functionalized nanotubes are densely packed and touch each other 

through the PEI molecular coating in which the hyperbranched PEI can induce a 
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relatively high activation barrier for electrons, therefore leading to an increased 

resistance change corresponding to temperature variations, just as implied by the 

thermal fluctuation induced tunneling model [89]. In contrast, the dip-coating 

approach is based on the dispersion of the SDBS surfactant-treated CNTs in which the 

SDBS particles on the CNTs promote the capability of charge movement and facilitate 

the wall-to-wall electrical conduction through CNTs [95], thereby resulting in a 

considerably less resistive CNT network. In particular, the TCR correlations shown in 

Figures 4.27b through 4.27d further confirms that the overall thermoresistive 

sensitivity of the tunneling-dominated CNT network in the EPD-based composites is 

higher in magnitude than the tube-tube contact dominated CNT network in the dip-

coating-based composites. 

 In addition, the TCR curves of the EPD-based specimens show a local 

inflection point at 119 ºC, which conforms the 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 of the epoxy (i.e., 121 ºC in 

Table 4.3), indicating a high degree of accuracy and repeatability for sensing the 

polymer segmental motion. Particularly, compared with the CNT nanocomposites and 

the dip-coating-based multiscale composites (as discussed in previous sections), the 

EPD-based composites are not likely to enable the CNT re-agglomeration during the 

rubbery state, which is attributed to the low volume fraction of infiltrated epoxy in the 

extraordinarily dense CNT network. Therefore, a relatively reduced rate of resistance 

change is expected and represented as the gradually decreasing TCR after 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 as 

shown in Figure 4.27c and 4.27d. 
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(a) 

 

Figure 4.27: (a) Thermoresistive responses of EPD-based and dip-coating-based 

composites during the first ramp-up segment. (b) through (d) 

Corresponding TCR relationships with the identified 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡. 
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4.3.4.4 Multiscale Composites with Randomly Dispersed Carbon Nanotubes 

This study finally investigates the thermoresistive responses of the multiscale 

composites with randomly dispersed CNTs in the polymer matrix. The 0.5 and 0.25 

wt.%-CNT-modified epoxy processed via three-roll mill technique was infused into 

the aramid and E-glass nonwoven fabrics respectively in order to obtain four sets of 

multiscale composite specimens for the in situ thermoresistive characterization. 

Figures 4.28a through 4.28d show the typical responses during two 25-145 ºC thermal 

cycles. At the first glance, the curves are quite diverse in shape from each other that 

the 0.5 wt.%-CNT specimens (in Figure 4.28a and c) present reversible temperature 

correlations with negligible hysteresis. Nevertheless, the 0.25 wt.%-CNT specimens 

(in Figure 4.28b and d) demonstrate irreversible behavior with a double-crossover 

transition and certain amount of resistive hysteresis cumulated between each cycle. 

Meanwhile, with the same CNT loading of 0.5 wt.%, the E-glass specimen presents a 

complete NTC as shown in Figure 4.28c, whereas the aramid specimens show a clear 

transition from NTC to PTC as shown in Figure 4.28a. 
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(a) 
(b) 

(c) (d) 

 

Figure 4.28: Thermoresistive responses of the multiscale composites with CNTs 

randomly dispersed in matrix including (a) aramid/3 roll mill CNT (0.5 

wt.%)-epoxy composite; (b) aramid/3 roll mill CNT (0.25 wt.%)-epoxy 

composite; (c) E-glass/3 roll mill CNT (0.5 wt.%)-epoxy composite and 

(d) E-glass/3 roll mill CNT (0.25 wt.%)-epoxy composite during thermal 

cycling from 25 to 145 ºC. 
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In general, the thermal residual stresses can develop in this composite system 

following the same trends as explained in Section 4.3.3. To better envision their 

influences on the dispersed CNT network, the entire matrix phase can be separated 

into two domains including the close vicinity around the fiber, i.e., the residual-

tensile-stress zone, and the region 10 µm away from the fiber surface, i.e., the 

residual-stress-free zone. For this particular category of fibrous composites, the CNT 

network is simultaneously influenced by these two distinctive zones such that as 

temperature starts increasing, the CNT network in the residual-tensile-stress zone 

contracts due to stress-relieving, leading to the decrease in resistance; meanwhile, the 

CNT network in the residual-stress-free-zone experiences the increasing resistance as 

result of the polymer thermal expansion. Therefore, the resultant effect dominates the 

bulk thermoresistive response.  

As shown in Table 4.2, the aramid and E-glass composites with 0.5 wt.% 

CNT-dispersed epoxy matrix shows the average room temperature resistivity of 38 

and 68.7 Ω·m, respectively, which is 14% and 106% more than that of the non-fibrous 

0.5 wt.% CNT-epoxy nanocomposite (i.e., 33.4 Ω·m), confirming that the CNT 

network in the E-glass composite is considerably more pre-tensioned that that in the 

aramid composite. In particular, the non-fibrous 0.5 wt.%-CNT nanocomposite 

displays an overall resistance change of 5.0% as thermally cycled from 25 to 145 ºC 

(in Figure 4.18). Then, it is reasonable to find that the aramid composite presents the 

residual tensile stress dominated NTC in 25-62 ºC connecting with the thermal 

expansion dominated PTC till 145 ºC as shown in Figure 4.28a. Nevertheless, the 

relieving of the fairly high residual tensile stress in the E-glass composite results in 

dramatic decrease in resistance changes that balances out the thermal-expansion 



 208 

induced increase in resistance, leading to a monotonous NTC as shown in Figure 

4.28c. 

Comparing with 0.5 wt.%-CNT composites, the effect of thermal expansion to 

the thermoresistive behavior becomes more pronounced as the CNT loading reduced 

to 0.25 wt.%. Particularly, the resistance change in the first thermal cycle of both 

aramid and E-glass composites represents an irreversible trend with lots of fluctuations 

as shown in Figure 4.28b and 4.28d, which is presumably due to the residual thermal 

histories built-up during the heating process. In contrast, the second thermal cycle of 

both composites are in a comparably similar shape that the first crossover temperature 

is shown as the local minimum around 65 ºC and the second crossover temperature 

peaks locally at 108 ºC, following the 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 of the 0.25 wt.%-CNT nanocomposites 

(i.e., 105 ºC listed in Table 4.3). Obviously, the CNT network pre-stressed under the 

residual-tensile-stress zone contributes to the initial NPC in both composites.  

Especially, the E-glass specimen presents a much steeper NPC, evidencing a 

more intensively pre-tensioned CNT network. As temperature increases, the well 

dispersed CNTs in the residual-stress-free zone starts dominating the resistance 

change as tunneling gaps greatly extend due to the polymer thermal expansion, 

therefore leading to a sharp increase in resistance following a similar trend displayed 

by the 0.25 wt.%-CNT nanocomposites as shown in Figure 4.18. Additionally, after 

glass transition, the thermomechanical responses of the fibrous composites as shown 

in Figure 4.14, are significantly reduced and limited to the fiber-level expansion. On 

the other hand, the epoxy matrix at the elevated temperatures can promote the curing 

reaction between uncured monomers, increase crosslinking of polymer chains and 

therefore can considerably reduce the free volume, leading to a compressed CNT 
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network overall that demonstrates a sharp reduction in resistance during 108-145 ºC as 

shown in Figure 4.28b and 4.28d. 

Finally, Figure 4.29 shows the corresponding TCR relationships of the four 

multiscale composites during the first ramp-up segment. It is apparent that the 0.5 

wt.%-CNT composites shown in Figure 4.29b and 4.29d display a less in magnitude 

but more stable thermoresistive sensitivity in overall as compared to the 0.25 wt.% 

ones. In particular, the E-glass composites with 0.5 wt.% CNT presents an average 

TCR of -350×10-6/ºC from 40 to 115 ºC. Additionally, the TCR curves of the aramid 

and E-glass-0.25 wt.%-CNT composites respectively show local peak values of 

0.002/ºC and 0.0012/ºC around 67 ºC (as pointed by blue arrows), evidencing a good 

sensitivity to the local transition of the electrical dominance in resistance change of the 

CNT network. It also can be found that the identified 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 of the 0.25 and 0.5 wt.% 

composites correspond to the local minima and maxima of their TCR curves 

respectively, which is consistent to the CNT nanocomposites shown in Figure 4.20, 

indicating a high degree of repeatability. It is also noteworthy that the TCR after 

𝑇𝑔
𝑜𝑛𝑠𝑒𝑡 decreases in magnitude for all four specimens which is primarily ascribed to 

the fact that the promoted crosslinking of polymer chains significantly constrains the 

dispersed CNTs, leading to an overall reduced rate of the bulk change to the CNT 

network and therefore decreasing thermoresistive sensitivity. 
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(a) (b) 

(c) (d) 

Figure 4.29: Corresponding TCR relationships of (a) aramid/3 roll mill CNT (0.25 

wt.%)-epoxy composite, (b) aramid/3 roll mill CNT (0.5 wt.%)-epoxy 

composite, (c) E-glass/3 roll mill CNT (0.25 wt.%)-epoxy composite and 

(d) E-glass/3 roll mill CNT (0.5 wt.%)-epoxy composite with the 

identified local inflection points as the 𝑇𝑔
𝑜𝑛𝑠𝑒𝑡. 

-0.4

-0.2

0.0

0.2

0.4

0.6

40 70 100 130

Temperature ( C)

T
C

R
(%

/º
C

)

105ºC

Crossover

Transition

@ 66  C 

-0.4

-0.2

0.0

0.2

0.4

0.6

40 70 100 130
Temperature ( C)

T
C

R
(%

/º
C

)

0.2

0.2

0.2

0.2

0.2

0.2

0.2

110

119ºC

-0.4

-0.2

0.0

0.2

0.4

0.6

40 70 100 130
Temperature ( C)

T
C

R
(%

/º
C

)

102ºC

Crossover

Transition

@ 68  C 

-0.4

-0.2

0.0

0.2

0.4

0.6

40 70 100 130

Temperature (ºC)

T
C

R
(%

/º
C

)

-0.05

110 120 130

Temperature (ºC)

117ºC



 211 

4.4 Temperature Compensation for CNT-Based Composite Sensors 

As demonstrated in previous sections, the CNT-based nanocomposites and 

multiscale composites are showing considerable temperature dependence in their 

resistances. Therefore, to made use of these sensing composites as practical strain 

sensors for SHM, temperature compensation is necessary. For this purpose, a 

commonly applied electrical measurement method using Wheatstone bridge circuit 

[96] is customized in this study and integrated with the previously characterized 

aramid-sizing/epoxy composites as a pilot test to show the compensation of 

temperature effects. In particular, a full bridge circuit is experimentally developed and 

schematically illustrated in Figure 4.30. The four arms of the bridge are formed by the 

active sensors with baseline resistances R1 to R4. The known excitation voltage (VE) is 

first subjected into the bridge through the excitation diagonal between node 2 and 4, 

and then the bridge output voltage (Vout) is acquired through the measurement diagonal 

between node 1 and 3.  

 

Figure 4.30: Schematic illustration of the implemented Wheatstone bridge circuit for 

temperature compensation, showing a full bridge with four active sensing 

elements. 
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In general, the value of Vout depends on the ratio of R1 : R4 and R2 : R3 

following the Equation 4.2. 

 
𝑉𝑜𝑢𝑡

𝑉𝐸
= 

𝑅1∙𝑅3−𝑅2∙𝑅4

(𝑅1+𝑅4)(𝑅3+𝑅2)
 (4.2) 

 When R1 = R4 = R2 = R3,  (4.3) 

 or R1 : R4 = R2 : R3,  (4.4) 

a so called ‘balanced bridge’ is resulted such that 

 
𝑉𝑜𝑢𝑡

𝑉𝐸
= 0 (4.5) 

where no bridge output voltage is detectable. However, as R1 to R4 of the sensing 

elements vary under interference effects such as temperature, the bridge is detuned and 

a Vout appears.  

For compensating temperature effects, all four sensors are exposed to the same 

environment under the same temperature. When the baseline resistances and TCR of 

all four sensors are identical, the resistance changes (ΔR) corresponding to temperature 

variations have the same sign and magnitude, that is ΔR1 = ΔR2 = ΔR3 = ΔR4. In this 

ideal scenario, the state of the balanced bridge is maintained and the contribution of 

temperature change to the bridge output voltage is negligible. Consequently, the 

temperature effects are compensated. In addition, as demonstrated in Section 4.3.4.2, 

the inter-/intra-batch variations of the as-fabricated CNT-base nonwoven multiscale 

composites are relatively small such that the baseline resistances of the composites are 

similar and their thermoresistive behaviors are observed highly repeatable. As a result, 

four samples of aramid-sizing-1.0 wt.% CNT/epoxy composite sensors are integrated 

into the full bridge and assumed abiding by a single thermoresistive figure of merit (K) 

as thermally cycled, leading to an updated correlation as follows.  
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𝑉𝑜𝑢𝑡

𝑉𝐸
=

(𝑅1+𝑅1∗𝐾)(𝑅3+𝑅3∗𝐾)−(𝑅2+𝑅2∗𝐾)(𝑅4+𝑅4∗𝐾).

(𝑅1+𝑅1∗𝐾+𝑅4+𝑅4∗𝐾)(𝑅3+𝑅3∗𝐾+𝑅2+𝑅2∗𝐾)
 (4.6) 

where R1 = 2830.4 Ω, R2 = 3073.9 Ω, R3 = 3047.4 Ω, R4 = 3144.1 Ω, VE = 5 volts, and 

Vout is measured in real-time during 25-145 °C thermal cycles. In particular, the 

excitation voltage was provided via Keithley 6430 source meter and the bridge output 

voltage was recorded by Keithley 2182A nanovoltmeter.  

After expanding Equation 4.6, it obtains  

 [(R1+R4)(R2+R3)(Vout / VE) + (R1R3 - R2R4)]∙K2 +  

 2[(R1+R4)(R2+R3)(Vout / VE) + (R1R3-R2R4)]∙K +  

 [(R1+R4)(R2+R3)(Vout / VE) − (R1R3-R2R4)] = 0 (4.7) 

by setting  

 m = [(R1+R4)(R2+R3)(Vout / VE) + (R1R3 - R2R4)], (4.8) 

 n = 2[(R1+R4)(R2+R3)(Vout / VE) + (R1R3-R2R4)],  (4.9) 

 and c = [(R1+R4)(R2+R3)(Vout / VE) − (R1R3-R2R4)] (4.10) 

K is solved as  

 K = 
−𝑛 ± √𝑛2−4𝑚𝑐

2𝑚
 (4.11) 

which represents the temperature-compensated bridge response in real-time.  

Figure 4.31 shows the transient response of the measured bridge output voltage 

during two 25-145 °C thermal cycles. As expected, the output voltage is nonzero but 

fairly small in magnitude (i.e., less than 0.006 volt of variations) due to the 

experimental errors mainly coming from the variations of fabrication process and the 

errors of electrical measurements. In addition, the overall trend of the output voltage is 

highly repeatable and closely follows the applied temperature profile, revealing a high 
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measurement uniformity acquired from thermoresistive response of the composite 

sensors.  

 

 

Figure 4.31: Transient response of the recorded bridge output voltage form the 

implemented Wheatstone bridge circuit consisting of four aramid-sizing-

1.0 wt.% CNT/epoxy composite sensors. 

Although all four composite sensors are responsible for the temperature 

compensation in the full bridge, the resulting resistive response for the Wheatstone 

bridge is presented by the normalized K which can be calculated using Equation 4.11. 

Figure 4.32a shows the measured real-time responses including the applied thermal 

profile, the compensated resistive response and the original resistive response of the 

bridge sensor #2. It is apparent that the compensated resistive response is nearly flat 
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and very close to zero during the entire temperature protocol, indicating a high degree 

of compensation. The enlarged view of the compensated response is shown in Figure 

4.32b. It is notable that the resistance change of the proposed Wheatstone bridge is 

now less than 0.04%, which is about 50 times smaller than the original thermoresistive 

response of one composite sensor shown as the dashed line in Figure 4.32a. In 

particular, the compensated response demonstrates a monotonous PTC as shown in 

Figure 4.32c, which however, is not universal and not applicable to the other 

compensation testing. Depending on the resistance distribution of the active sensing 

elements in the full bridge, the temperature dependence can either have a positive or 

negative gradient, which is randomly distributed. It is believed that the higher is the 

uniformity of the composite sensors (with respect to the baseline resistance and TCR), 

the more considerable is then the degree of the temperature compensation. In addition, 

the current compensating methodology of the CNT-based nonwoven composite 

sensors shows much higher effectiveness than the similar approach performed by Dinh 

and Kanoun [97] on CNT-epoxy-based force sensors. 
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(a) 

(b) 
(c) 

Figure 4.32: (a) Comparison between the original and compensated resistive response, 

indicating a high degree of compensation; (b) the enlarged view and (c) 

the temperature dependence of the compensated resistive response. 
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4.5 Summary and Conclusions 

So far, a vast variety of CNT-based sensing composites have been developed 

and demonstrated attractive multi-functionalities including mechanical damage 

detection [45,98,99], structural health monitoring [44,100-102], chemical detection 

[103,104], process monitoring [25,105], bolometric sensing of infrared radiation 

[33,106,107], etc. However, the great majority of the published experimental studies 

on the CNT-based multifunctional composites were limited only to the room 

temperature characterizations in laboratory without considering the temperature-

dependence of their electrical properties. This lack of knowledge significantly hinders 

the potential applications of these novel composites in real-world applications.  

In this chapter, a systematic study on the thermoresistive behaviors of CNT-

based nanocomposites and multiscale composites was presented. In the beginning of 

this study, four types of composites with the typically observed morphological states 

of CNTs were specifically created including (1) randomly dispersed CNTs in epoxy, 

(2) loosely- and (3) densely-concentrated CNTs as well as (4) randomly dispersed 

CNTs in fibrous composite, via three CNT dispersion techniques of three-roll-milling, 

dip-coating and electrophoretic deposition in dealing with the untreated, SDBS 

surfactant-modified, and the ozone-PEI functionalized CNTs, respectively. In 

addition, both aramid and E-glass nonwoven fabrics were used to fabricate the 

multiscale composites following the vacuum-assisted resin transfer molding 

(VARTM) approach.  

In general, as the composite sensors are thermally cycled from 25 to 145ºC, the 

two-phase CNT nanocomposites showed the thermoresistive response with a 

monotonic positive temperature correlation due to thermal expansion; however, the 

multiscale composites demonstrated a reversible but crossover-shaped thermoresistive 
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behavior suggesting a dynamic dominance in their electrical resistance at different 

temperatures in accordance with the structural changes of the CNT network resulting 

from the competition between the thermal stresses and the polymer thermo-

mechanical/dynamic-motion. It is worth nothing that the presence of fibers in 

multiscale composites generates thermal residual stresses during the curing process, 

leading to a pre-stressed CNT network at room temperature. Meanwhile, the fiber-

induced confining effect can stabilize the CNT network at elevated temperatures.  

In short, combining the various results from the scanning electron microscopy, 

the thermomechanical and the finite element based thermal stress analyses with the in 

situ thermoresistive behaviors of the CNT-based composites, the main conclusions 

with respect to the key parameters are drawn as follows: 

(1) CNT arrangement: controls the structure of the CNT network, determines 

the electrical dominance of electrical conduction of the CNT-based composites, 

simply that the intertube tunneling governs the well dispersed CNT network and the 

tube-tube contacts dominate the concentrated CNT networks as well as the CNT 

agglomerates; in particular, compared with the densely concentrated CNTs in the 

EPD-based composites, the network of loosely concentrated CNTs in the dip-coating-

based composites was locally infiltrated with more epoxy due to the highly porous 

structure at the submicron-level, leading to a more pronounced polymer thermal 

interactions at high temperatures shown as the significant fluctuations in their 

thermoresistive response.     

(2) CNT rearrangement: may occur only among the large CNT agglomerates 

(i.e., in composites with high CNT concentration) promoted by the polymer segmental 
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motion in the rubbery state as cooling, leading to a more conductive but less sensitive 

CNT network via increasing tube-tube contacts, and causing more cyclic hysteresis;  

(3) CNT concentration: for a CNT-based composites dominated by the 

electrical tunneling, the more CNTs are loaded, the less thermoresistive sensitivity can 

be resulted in; for a tube-tube contacts dominated CNT networks as seen as the fiber 

coating in the multiscale composites, higher CNT loading leads to a lower resistivity 

and may not influence the system sensitivity; particularly, the ozone-PEI 

functionalized CNTs always form the intertube tunneling-based network due to the 

PEI polymer wrapping effect, enabling a high thermoresistive sensitivity of a dense 

CNT network with high CNT loadings; 

(4) Fiber properties: controls the bulk thermal expansion of the multiscale 

composites and determines the pre-stress level of the CNT network, therefore 

dominating the degree of negative temperature correlation shown by the multiscale 

composites; simply, the composites with isotropic E-glass fibers showed much less 

crossover phenomena in their thermoresistive responses than the ones with orthotropic 

aramid fibers due to the enhanced pre-tensioning of the CNT network at the room 

temperature.  

(5) Interfacial interactions: high degree of interfacial bonding as shown in 

SEM images was achieved at the interfaces between the epoxy and respectively the 

untreated, ozone-PEI-functionalized and surfactant-modified CNTs; a strong chemical 

bonding between the CNT-sizing coating and the E-glass fibers was also observed and 

made the CNT coating resistant to the vigorous polymer thermodynamic motions, 

resulting in a linear negative temperature correlation in thermoresistive response at 

high temperatures; 
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(6) Thermal expansion: is the major momentum driving the positive 

temperature correlation in thermoresistive behavior of CNT-based composites in the 

glassy state, and causing the first crossover transition in the thermoresistive responses 

of multiscale composites, which however, can be balanced out from the 

thermoresistive responses as shown by the E-glass-sizing/epoxy composites;   

(7) Polymer thermal mobility: changes in the free volume and mobility of the 

polymer above the glass transition causes structural changes to the CNT network, 

leading to the second crossover transition shown in the thermoresistive responses of 

the multiscale composites; particularly, post-curing process can increase the crosslink 

density of the polymer matrix and reduce the free volume, resulting in a relatively 

constrained CNT network with a high stability in the thermoresistive response at high 

temperatures; 

(8) Temperature coefficient of resistance (TCR): is a key parameter indicating 

the thermoresistive sensitivity of the CNT-based composites; its correlation with the in 

situ temperature was shown able to detect transition effects in the composites resulting 

from the thermodynamic motions, such as the onset of glass transition.  

The knowledge obtained from this study promotes a comprehensive 

understanding about the temperature dependence of resistance in CNT-based 

composites and can serve as a good guide for developing CNT-based multifunctional 

composites such as the thermal sensors for in situ fast-sensing and monitoring 

temperature, thermal transitions and curing process in advanced fiber composites, 

which could be transferred to real applications.  

Finally, the proposed Wheatstone bridge-based temperature compensation 

approach demonstrates a high degree of compensation for the highly repeatable 
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sensors, which therefore becomes a useful tool, facilitating the overall performance of 

the established CNT-based composite sensors in this study.  
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A HYBRID SYSTEM FOR STRUCTURAL REHABILITAION AND HEALTH 

MONITORING OF CONCRETE STRUCTURES USING CARBON 

NANOTUBE-BASED SENSING COMPOSITES AND GLASS FIBER 

REINFORCED POLYMERS 

5.1 Introduction 

As the nation’s infrastructure continues to deteriorate and design requirements 

become more stringent, structural repair, strengthening, and upgrading of the aging 

and substandard structures have been widely recognized and received considerable 

attention over the past three decades [1-6]. Due to the exceptional strength and 

stiffness-to-weight ratios, superior resistance to chemical corrosion and weathering, 

and excellent adaptability, fiber reinforced polymer (FRP) composites have become 

particularly attractive for civil infrastructure and offer great benefits for structural 

rehabilitation [2,7]. In FRP composites, fibers such as carbon, glass and aramid with 

high strength and high stiffness are embedded in and bonded together by the low-

modulus and -strength polymeric matrix such as epoxy, polyester, and vinyl ester 

resins [7]. As a result, the reinforcing fibers constitute the backbone of the FRP 

composites and dominate the strength and stiffness of the composites in the direction 

of fibers [7]. Todays, the use of FRP composites in civil engineering structures covers 

a broad range of applications including strengthening structures vulnerable to 

earthquake hazards [8], bridge construction and repair [3], manufacturing and 

retrofitting of oil/gas pipes and tanks [9], as well as rehabilitation of timber [4], 

masonry [6], concrete [6,10] and steel [11] structures. FRP composites in forms of 

Chapter 5 
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plates, sheets, strips or jackets are commonly adhered to the exterior surfaces of 

structural members such as beams, girders and columns of the existing members of 

bridges and buildings to provide additional flexural, shear and axial strength [12,13]. 

Recent reviews by Rollins [14], Wu et al. [15] and Zaman et al. [16] represented 

numerous FRP-based structural rehabilitation applications performed since 1990s and 

highlighted a major concern of the long-term performance of this relatively recent 

technology, suggesting the crucial need for a fast, effective, and reliable structural 

health monitoring system for rehabilitated structures as well as the applied FRP 

composites.  

As reviewed in Chapter 1, the introduction of carbon nanotubes into fiber 

composites has been successfully achieved and offers active and distributed sensing 

capabilities to the composites in responding to the external and internal stimuli, 

resulting in so-called smart composites. These materials have great potential to extend 

the performance of conventional FRP-based engineering systems well beyond FRP 

composites that are often used as the structural reinforcement during the past thirty 

years.  

For example, Schumacher and Thostenson [17] developed a structural sensing 

strip using a CNT-integrated fiber composite for concrete structures. This 51-mm wide 

and 530-mm long sensing composite consisted of two-ply unidirectional glass fabrics. 

It was first applied to a 152 mm × 152 mm × 533 mm concrete beam specimen by 

impregnating the glass fibers with the 0.5 wt.% nanotube-dispersed epoxy resin with 

curing agent using a hand lay-up technique and then permanently integrated onto the 

beam surface after curing the composite under a vacuum bag. The final specimen was 

loaded monotonically in three-point bending with the structural sensing composite 
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representing the flexural tension reinforcement. The in situ electrical response of the 

sensing composite was measured during the entire loading process and found to 

exhibit a strong correlation with the specimen’s mid-span deformation. Damage 

appearing along the tensile face of the concrete beam was also observed in the 

measurements, which validates the feasibility of using the CNT-based smart FRP 

composites as not only the structural reinforcement but also as an in situ strain/damage 

sensor for SHM purpose.  

Similarly, Zhang et al. [18] developed a smart carbon fiber composite with 

enhanced fracture toughness and integrated damage sensing capabilities by spray-

coating of CNTs on the carbon fiber prepreg. A 3.3 mm thick carbon fiber composite 

composed of 10 plies of twill prepreg of which coated with nanotubes by airbrushing 

was first cured using a vacuum bag molding and then cut in to 20 mm × 135 mm 

specimens for mechanical and electrical testing. They finally reported that the 

localization of nanotubes within inter-ply regions of the carbon fiber composite leads 

to the increase in interlaminar fracture toughness of 22% and 47%, respectively at low 

CNT loadings of 0.02 wt.% and 0.047 wt.%. In addition, the collected resistive 

response of this composite demonstrated good correlation with the crack propagation 

during the fracture Mode-1 loading condition.  

In addition to structural sensing composites, Song et al. [19] established a self-

sensing cross-ply carbon composite by embedding a network of CNT sensing threads. 

They first produced continuous 20-25 µm diameter CNT threads by pulling a web of a 

spinnable CNT array and simultaneously twisting, and then installed a 4 × 4 grid of 

CNT threads into a 200 mm × 200 mm × 2.4 mm eight-ply [0/90]2 carbon fiber 

composite panel for impact testing. The real-time resistive responses were collected 
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from the 16 CNT thread sensors and displayed instant spikes as soon as the impact 

was applied. In addition, the location of the impact damage was roughly approximated 

at the grid point with the highest resistive peak locally. They finally concluded that the 

CNT thread sensor is a simple, reliable, accurate and practical technique for SHM.  

With continuing advancements in both composite engineering and 

nanotechnology, it is most likely that high-performance smart composites with 

multiple activating physical mechanisms will be created and pursue large increases in 

new capabilities and usage for future civil infrastructure [20]. In particular, smart 

sensing composites need to be integrated to enable SHM of the entire structure or pre-

selected critical locations. As experimentally characterized in Chapter 2 to 4, the 

CNT-based nonwoven sensing composites have electrically isotropic nanotube-based 

conductive networks and have demonstrated fast and effective sensing capabilities of 

mechanical strain, spatial damage, temperature, and polymer motion. The previously 

presented results are plausible and have confirmed the utilization of this established 

composite as a sensitive, promising, and cost-effective multifunctional sensor. 

Nevertheless, similar to the mainstream research of smart sensing composites, the 

focus has been limited to coupon-scale testing and simplified numerical modeling.  

This chapter deals with the integration of smart composites and advanced 

sensing techniques for large-scale applications. Specifically, a novel hybrid composite 

system is developed for integrated structural rehabilitation and health monitoring of 

concrete structures. The central concept is that nanotubes are first coated onto a non-

structural fabric following the ‘wetting’ approach as described in Chapter 2 to form an 

electrically conductive network that offers high strain sensitivity and distributed 

sensing capabilities. Next, the CNT-modified fabric is integrated with glass fiber 
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reinforcement using the on-site vacuum-assisted-resin-transfer-molding (VARTM) 

technique to create an integrated reinforcing and sensing solution. Strains and 

degradation in form of cracking are directly related to the overall resistance change 

measured between electrodes attached to the sensing layer. By employing a 

multiplexing approach, damage locations can be approximately quantified spatially 

within the sensing sheet. This approach provides the capability of real-time SHM of a 

structural concrete member and potentially ensure it to operate within its serviceability 

limits (i.e., elastic mechanical response without experiencing severe structural 

damage, yielding, and sudden failure of concrete). 

In the following sections, the basic principles of the experimental approach are 

first discussed, and then the application on two full-size reinforced concrete laboratory 

beams (1 ft × 2 ft × 16 ft), which had been precracked to create typical service-level 

type cracking, prior to be retrofitted using the proposed strategy is presented. In 

particular, the first beam was rehabilitated with a 14 ft long and 1 ft wide composite 

patch at the tension side to increase its flexural strength; the second beam was 

intentionally designed with unsymmetrical transverse reinforcement and strengthened 

at its weaker side with three U-jackets. Both beams were tested to failure and the real-

time resistance data were collected during the entire loading process and compared 

with member deformations (in form of strains and mid-span displacements) and the 

outputs of two acoustic emission sensors. 

5.2 Experimental Details 

The large-scale experiments were carried out in the Structures Laboratory at 

the University of Delaware (UD) in order to validate and study the potential and 

capabilities of the proposed sensing-retrofitting methodology under a nearly practical 
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scenario. The fabrication of the hybrid composite system was performed on-site with 

raw materials prepared in advance from the Center for Composite Materials at UD 

including nanotube dispersions, epoxy resin, fabric cloth, composite manufacturing 

supplies and tools, etc. In particular, large temperature variations were experienced 

during the experimental investigations in the wintertime due to the prolonged tests and 

the poor thermal insulation of the laboratory, where the average day and night 

temperature in those testing days was measured about 15 °C and 10 °C, respectively.  

5.2.1 Large-Scale Concrete Beam Specimens 

Two concrete beam specimens of identical dimensions, 1 ft × 2 ft × 16 ft were 

cast in-place with normal-weight concrete mix and steel reinforcement as detailed in 

Figure 5.1 and 5.2, respectively, which are referred as the flexure beam and the shear 

beam in the following sections. The two full-scale beam specimens were designed and 

used on previous work at UD [21], and tested under four-point bending conditions as 

described in Figure 5.1 and 5.2.  



 238 

 

 

Figure 5.1: Flexure beam elevation view of reinforcing details, geometry, and the 

typical beam loading setup for four-point bending test. Courtesy by: 

Thomas Schumacher.  
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Figure 5.2: Shear beam elevation view of reinforcing details, geometry, and the 

typical beam loading setup for four-point bending test. Courtesy by: 

Thomas Schumacher.  

5.2.1.1 The Flexure Beam 

For the flexure beam, a total number of 29 #3 stirrups, 2 #8 and 4 #4 steel 

reinforcing bars were used to reinforce the concrete beam, which results in a section 

that fails in flexure in its ultimate state. Following the current U.S. code provision, 

Building Code Requirements for Structural Concrete (ACI 318-11) [22], the nominal 

flexural and shear capacity of the flexure beam section can be calculated using 

Articles 10.2-5 and 11.1-2, respectively. Table 5.1 lists the material and section 
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properties of the flexure beam and Table 5.2 shows the U.S. to metric conversion 

factors. 

Table 5.1: Material and Section Properties of the Flexure Concrete Beam. 

Symbol Notation Unit Value 

𝑓𝑐
′ 

Specified compressive strength of 

concrete 
psi 4000 

𝑓𝑦 Specified yield strength of reinforcement ksi 68 

𝑓𝑦𝑡 
Specified yield strength of shear 

reinforcement 
ksi 60 

𝐸𝑠 Modulus of elasticity of reinforcement ksi 29000 

𝐸𝑐 Modulus of elasticity of concrete ksi 3606.5 

𝐴𝑠 
Area of longitudinal tension 

reinforcement 
in.2 1.58 

𝐴𝑠
′  

Area of longitudinal compression 

reinforcement 
in.2 0.4 

𝐴𝑠
′′ 

Area of longitudinal reinforcement at the 

mid-plane 
in.2 0.4 

Av Area of shear reinforcement in.2 0.22 

𝜀𝑦 Yield strain of reinforcement in./in. 0.00234 

𝑏 Width of compression face of member in. 12 

ℎ Overall height of member in. 24 

𝑑 

Distance from extreme compression 

fiber to centroid of longitudinal tension 

reinforcement 

in. 21.625 

𝑑′ 
Distance from extreme compression 

fiber to centroid of longitudinal 

compression reinforcement 

in. 2.125 

s 
Center-to-center spacing of shear 

reinforcement  
in. 6.25 
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Table 5.2: Conversion Factors. 

U.S. Metric 

1 in. 25.4 mm 

1 in2 645.16 mm2 

1 lb 4.45 N 

1 psi 6.89 kPa 

1 ksi 6894.7 kPa 

 

Following the ACI 318-11 design code, the distance from the extreme 

compression fiber to neutral axis (c) is first obtained based on the force equilibrium 

when the concrete in compression reaches its assumed strain limit (𝜀𝑐𝑢) of 0.003 per 

Article 10.3.3 and calculated as 3.6 in. after several iterations [23]. In particular, 

according to Article 10.2.7, the equivalent rectangular stress block of this beam 

section is used to calculate the concrete stress distribution and resultant forces, which 

is schematically illustrated in Figure 5.3. Here, 𝜀𝑠 = 0.0151 (> 𝜀𝑦) as c = 3.6 in. 

 

(a)                                    (b)                                   (c) 

Figure 5.3: Schematic illustrations showing (a) the concrete section, and (b) strain 

and (c) stress distributions of the flexure beam at its nominal flexural 

capacity according to ACI 318-11 design code.  
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Next, the nominal moment capacity (Mn) of this beam section corresponding to 

its flexural strength is calculated as 250.6 kip-ft using Equation 5.1, that is the total 

resultant bending moment due to the tension forces from the tension reinforcement, 

and the compression forces from the compression reinforcement and concrete with 

respect to the plane of the bottom tension reinforcement. 

 Mn = (𝐴𝑠
′′ ∙ 𝐸𝑠 ∙ 𝜀𝑠

′′) ∙ (𝑑 − 12) 

+𝑎 ∙ (0.85𝑓𝑐
′) ∙ 𝑏 ∙ (𝑑 −

𝑎

2
) 

 +(𝐴𝑠
′ ∙  𝐸𝑠 ∙ 𝜀𝑠

′) ∙ (𝑑 − 𝑑′) (5.1) 

In addition, following ACI 318-11 Section 10.5, this beam section satisfies the 

requirement for the minimum tensile reinforcement (𝐴𝑠,𝑚𝑖𝑛) of flexural members 

denoted in Article 10.5.1 and given by Equation 5.2. 

 𝐴𝑠,𝑚𝑖𝑛 =
3√𝑓𝑐

′

𝑓𝑦
𝑏𝑤𝑑 ≥ 200 𝑏𝑤𝑑/𝑓𝑦      ACI 318-11 (10-3) (5.2) 

where bw is equal to b for a rectangular section. The calculation yields As,min = 0.763 

in2, which is less than the provided As of 1.58 in2 in this concrete beam.  

The shear capacity (Vn) of the beam section is determined following ACI 318-

11 Chapter 11. Prior to calculation, ACI 318 requires a check to ensure minimum 

transverse steel area and spacing. Also, Article 11.1.2.1 limits the value of √𝑓𝑐
′ to 100 

psi, unless the section of interest contains at least minimum reinforcement. Minimum 

shear reinforcement (Av,min) is required as outlined in Article 11.4.6.1 when the 

factored shear force Vu exceeds 50% of the factored nominal concrete shear strength. 

Once met, the Av,min is determined in Article 11.4.6.3 using Equation 5.3. 

 Av,min = 0.75√𝑓𝑐
′ 𝑏𝑤𝑠

𝑓𝑦𝑡
 ≥ (50𝑏𝑤𝑠)/𝑓𝑦𝑡      ACI 318-11 (11-13) (5.3) 
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For this beam section, the Av,min is calculated as 0.0625 in2 with the parameters 

listed in Table 5.1, which is less than the provided Av of 0.22 in2. In addition to 

minimum area requirements, Article 11.4.5 limits spacing of the shear reinforcement 

to the lesser of d/2, 0.75h, or 24 in. for nonprestressed members, except when the 

shear strength provided by the shear reinforcement (Vs) is greater than 4√𝑓𝑐
′𝑏𝑤𝑑, the 

above spacing limits must be reduced by 50%. Once minimum area and spacing 

requirements are satisfied, the nominal shear resistance resulting from the contribution 

of shear reinforcement (Vs) and concrete (Vc) can be determined as respectively 

outlined in Articles 11.2 and 11.4 using Equations 5.4, 5.5 and 5.6 as follows. 

 𝑉𝑐 = 2√𝑓𝑐
′𝑏𝑤𝑑      ACI 318-11 (11-3) (5.4) 

or using the more detailed equation as: 

 𝑉𝑐 = (1.9√𝑓𝑐
′ + 2500𝜌𝑤

𝑉𝑢𝑑

𝑀𝑢
) 𝑏𝑤𝑑 < 3.5√𝑓𝑐

′𝑏𝑤𝑑      ACI 318-11 (11-5) (5.5) 

where 𝜌𝑤 = 𝐴𝑠/(𝑏𝑤𝑑) is the flexural reinforcement ratio; 𝑉𝑢 (kips) and 𝑀𝑢 (kip-ft) 

are the factored shear and moment at the section of interest and 𝑉𝑢/𝑀𝑢 < 1.0. 

 𝑉𝑆 =
𝐴𝑣𝑓𝑦𝑡𝑑

𝑠
      ACI 318-11 (11-15) (5.6) 

For this beam section, Vc = 32.8 kips and Vs = 45.7 kips. Then, the nominal 

shear strength is given as  

 Vn = Vc + Vs = 78.5 kips      ACI 318-11 (11-2) (5.7) 

and the factored shear force at the section considered must be limited to   

 Vu ≤ Ф Vn = 0.75 (Vc + Vs)      ACI 318-11 (11-1) (5.8) 

where Ф is the strength reduction factor per Article 9.3.1. 

Under the predefined four-point loading condition as described in Figure 5.1, 

the moment capacity in accordance to Vn of the beam section is determined as 490.5 
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kip-ft corresponding to the bending moment diagram shown in Figure 5.4. This is 

greater than 250.6 kip-ft obtained using Equation 5.1 based on the flexural strength. 

Obviously, the overall moment capacity of the flexure beam is dominated by its 

flexural strength (that is, P = 80.2 kips) and a flexural failure mode is expected as it 

reaches its ultimate capacity. Additional noteworthy this beam was precracked under 

quasi-static loads of 30 kips and 35 kips prior to be structurally retrofitted. Figure 5.5 

shows the traced cracking pattern after this preloading had occured. 

       (a) 

 

 

 

 

       (b) 

 

 

 

 

       (c) 

 

 

Figure 5.4: (a) The free-body, (b) shear force, and (c) bending moment diagrams of 

the flexure beam under the predefined four-point bending condition. 
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Figure 5.5: Photograph showing the elevation (top) and bottom (bottom) view of the 

traced cracking pattern observed on the flexure beam after 35-kip 

preloading (Note: crack width is exaggerated for clarity). 

5.2.1.2 The Shear Beam 

As illustrated in Figure 5.2, the shear beam has 4 #8 and 4 #4 reinforcing steel 

bars and the unsymmetrical transverse reinforcement (i.e., 8 #3 stirrups in the left 

portion with larger spacing and 14 #3 in the other side with smaller spacing), resulting 

in a weak and strong shear zone in its left and right portion, respectively. The aim of 

this special design is to produce shear cracks in a controlled manner and eventually 

force shear failure on the weak side as the beam is loaded to its ultimate capacity. 

Table 5.3 lists the material and section properties of the shear beam. 
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Table 5.3: Material and Section Properties of the Shear Concrete Beam. 

Symbol* Unit Value Symbol Unit Value 

𝑓𝑐
′ psi 4000 Av in.2 0.22 

𝑓𝑦 ksi 68 𝜀𝑦 in./in. 0.00234 

𝑓𝑦𝑡 ksi 60 𝑏 in. 12 

𝐸𝑠 ksi 29000 ℎ in. 24 

𝐸𝑐 ksi 3606.5 𝑑 in. 21.625 

𝐴𝑠 in.2 3.16 𝑑′ in. 2.125 

𝐴𝑠
′  in.2 0.4 s in left side in. 6 

𝐴𝑠
′′ in.2 0.4 s in right side in. 12 

* Note: the notations of the symbols are presented in Table 5.1. 

 

Following the same procedures for finding the load carrying capacity of the 

flexure beam described in Section 5.2.1.1, the neutral axis of the shear beam is first 

found at 6.4 in. from the top concrete cover, which results in 𝜀𝑠 of 0.0072 in 

accordance to 𝜀𝑐=0.003 following strain compatibility per ACI 318-11 Article 10.3.3, 

and then the nominal flexural moment capacity of the beam section is calculated as 

404.6 kip-ft. In other words, the shear beam can sustain a point load of 161.8 kips 

based on the force diagram of the beam presented in Figure 5.6 that corresponds to the 

four-point bending condition (see Figure 5.2).  



 247 

 

       

      (a) 

 

 

 

 

      (b) 

 

 

 

      (c) 

Figure 5.6: (a) The free-body, shear force, and bending moment diagrams of the 

shear beam under the predefined four-point bending condition. 

In addition, the shear strength provided by concrete of this beam is identical to 

that of the flexure beam due to the same material and section size used, that is Vc = 

32.8 kips as per ACI 318-11 Section 11.2. As previously shown, the shear strength 

provided by shear reinforcement depends on the spacing between the shear 

reinforcement. Therefore, according to Equation 5.6, the strong zone with s = 6 in. in 

the right side of the beam (see Figure 5.2) yields 𝑉𝑠
𝑟𝑖𝑔ℎ𝑡

= 47.6 kips, whereas the weak 

zone in the left side only gives 𝑉𝑠
𝑙𝑒𝑓𝑡

= 23.8 kips at s = 12 in., the maximum spacing for 
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shear reinforcement of this beam section as per ACI 318-11 Article 11.4.5. Based on 

Equation 5.7, the nominal shear capacity of this beam in its strong and weak portion is 

80.4 kips and 56.6 kips, respectively, which can correspondingly sustain the bending 

moment of 402 kip-ft and 283 kip-ft in its left and right side as calculated according to 

the moment diagram shown in Figure 5.5.  

As can be observed, the right portion of the shear beam is designed with the 

sufficient flexural and shear reinforcement and has comparable flexural and shear 

moment capacity (i.e., 404.6 kip-ft vs. 402 kip-ft), but the left portion is approximately 

30% under-designed in shear strength compared to its nominal flexural strength (i.e., 

283 kip-ft vs. 404.6 kip-ft). Thus, shear failure is most likely expected to occur on the 

left side before the beam reaches its ultimate flexural capacity. This beam was quasi-

statically loaded-unloaded under four-point bending (see Figure 5.2) with eight cycles 

up to 95 kips in order to induce service-level shear cracking. The shear cracks started 

to appear at the 85 kip and 95 kip cycles. Figure 5.7 shows the traced cracking pattern 

after the preloading process. 
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(a) 

(b) 

Figure 5.7: Photographs showing the traced cracking pattern observed on the shear 

beam on its (a) weak and (b) strong side after 95-kip preloading (Note: 

crack width is exaggerated for clarity).  

5.2.2 Design of Externally Bonded Fiber Reinforced Polymer Composites for 

Structural Rehabilitation 

As previously demonstrated, the special design of the reinforcement made the 

flexure beam most likely fail in flexure and the shear beam prone to exhibit shear 

failure on its left side. For both cases, strengthening using E-glass fiber reinforced 
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polymer (GFRP) composites is designed and implemented on these two concrete 

beams to increase their load-carrying capacities. 

The 2015 American Concrete Institute (ACI) Manual of Concrete Practice [24] 

includes guidelines and specifications of Committee 440 regarding structural 

retrofitting of concrete structures with FRP systems including ACI 440.2R-08: Guide 

for the Design and Construction of Externally Bonded FRP Systems for Strengthening 

Concrete Structures [25], and ACI 440.8-13: Specifications for Carbon and Glass 

Fiber-Reinforced Polymer (FRP) Materials Made by Wet Layup for External 

strengthening of Concrete and Masonry Structures [26]. The design recommendations 

in ACI 440.2R-08 are based on the limit-states design principle to be compatible with 

the ACI 318 design code. Specifically, two limit states are considered for design, 

including the service limit state for controlling excessive deflections, cracking, 

vibration, etc., and the strength limit state for restraining failure of the member, stress 

rupture, and fatigue [27,28].  

5.2.2.1 Flexural Strengthening with FRP Patch 

Bonding FRP reinforcement to the tension face of the concrete flexural 

member with structural fibers oriented along the longitudinal axis of the member can 

provide additional flexural strength [25]. Therefore, a flexural strengthening approach 

using externally-bonded unidirectional GFRP patch was designed for the formerly 

analyzed flexure beam. The FRP design details are covered in Chapter 10 of ACI 

440.2R-08. In addition to Table 5.1, Table 5.4 summarizes the GFRP properties 

needed for the flexural strengthening design calculations. In general, the additional 

strength gain from the GFRP repair is analogous to the flexural strength contribution 

from tension reinforcement and can be calculated based on the internal strain and 
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stress distribution diagrams ensuring strain compatibility and force equilibrium. At the 

ultimate capacity, concrete crushing is assumed to occur if the compressive strain in 

the concrete reaches 𝜀𝑐𝑢 (=0.003). Figure 5.8 illustrates the strain and stress 

distributions of the FRP reinforced beam section under flexure at its ultimate limit 

state. 

 

                       (a)                          (b)                                           (c) 

Figure 5.8: Illustration showing (a) the cross-section of the FRP-concrete section, 

and (b) strain and (c) stress distributions of the FRP reinforced flexure 

beam at the ultimate flexural limit state per ACI 440.2R-08.  
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Table 5.4: Material Properties of GFRP for Flexural Strengthening of Concrete 

Beam per ACI 440.2R-08 Specifications. 

Symbol Notation Unit Value* 

Ef 
Tensile modulus of elasticity of E-

glass fiber 
GPa 72.4 

Em 
Tensile modulus of elasticity of 

EPON 862 epoxy resin 
GPa 2.75 

Vfiber Fiber volume fraction in GFRP None 60% 

Efrp 
Tensile modulus of elasticity of 

GFRP 
GPa 44.54 

𝜎𝑓 Tensile strength of E-glass fiber MPa 2155 

𝜎𝑚 
Tensile strength of EPON 862 

epoxy resin 
MPa 58 

𝜀𝑦
𝑓
 Yield strain of fiber in./in. 0.0298 

𝜀𝑦
𝑚 Yield strain of matrix in./in. 0.0211 

𝜀𝑦
𝑓𝑟𝑝

 Yield strain of GFRP in./in. 0.0211 

n 
Number of plies of GFRP 

reinforcement 
None 12 

𝑡𝑓 
Nominal thickness of one ply of 

GFRP reinforcement 
in. 0.0167 

𝑤𝑓 Width of FRP reinforcing plies in. 12 

𝐴𝑓 
= n 𝑡𝑓𝑤𝑓, area of GFRP external 

reinforcement 
in.2 2.4 

𝑑𝑓 
Effective depth of GFRP flexural 

reinforcement 
in. 24 

𝜀𝑏𝑖 
Strain level in concrete substrate at 

time of GFRP installation  
in./in. 

-0.000019 (explained 

in the following section) 

𝜀𝑓𝑑 
Debonding strain of externally 

bonded GFRP reinforcement 
in./in. 

0.00462 (explained in 

the following section) 

𝜀𝑓𝑒 
Effective strain level in GFRP 

reinforcement attained at failure 
in./in. 

0.00462 (explained in 

the following section) 

* Note: values are found experimentally. 

According to numerous experimental studies [2,6,25,29], the most common 

failure mode of the externally-bonded FRP-strengthened concrete member is FRP 

debonding in conjunction with the internal steel reinforcement in elastic or rather 
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yielding state. To prevent such an intermediate crack-induced debonding failure mode, 

ACI 440.2R-08 Article 10.1 requires the effective strain in FRP reinforcement to be 

lower than the debonding strain level (𝜀𝑓𝑑) as calculated using Equation 5.9.  

 𝜀𝑓𝑑 = 0.083√
𝑓𝑐
′

𝑛𝑡𝑓𝐸𝑓𝑟𝑝
≤ 0.9𝜀𝑓𝑢        ACI 440.2R-08 (10-2) (5.9) 

where 𝜀𝑓𝑢is the rupture strain of FRP.  

It is clear that a thick FRP layer is more prone to debond from the concrete 

substrate than a thin ones. Here, a 0.1 in. and 0.2 in. thick GFRP layer corresponds to a 

debonding strain limit of 0.00653 and 0.00462, respectively. Next, following Article 

10.2.3, the initial strain level on the bonded substrate (𝜀𝑏𝑖) is determined from the 

elastic analysis of the existing member by considering all loads applied on the member 

during the installation of the FRP. For this laboratory experiment, the flexure beam 

was flipped over to deploy the FRP on its soffit. Thus, the beam self-weight was the 

only load contributing to the initial strain state, subsequently calculated as 𝜀𝑏𝑖 = -

0.000019, i.e., slightly in compression.  

It is well known that FRP composites are linear elastic until failure [6,7]. As a 

result, the elastic strain level in the FRP dominates the stress level developed in the 

FRP. The attainable ultimate strain level in the FRP really depends on the flexural 

failure modes including concrete crushing, FRP debonding and rupture, which is a 

complex phenomenon in nature and impossible to be represented by simple equations. 

As for designing FRP, a lower bound of this strain level (i.e., the effective strain level, 

𝜀𝑓𝑒) in FRP (as shown in Figure 5.8) is adopted by ACI 440.2R-08 guideline and 

calculated using Equation 5.10 according to Article 10.2.5: 

 𝜀𝑓𝑒 = 𝜀𝑐𝑢 (
𝑑𝑓−𝑐

𝑐
) − 𝜀𝑏𝑖 ≤ 𝜀𝑓𝑑      ACI 440.2R-08 (10-3) (5.10) 
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which results in the stress level in the FRP (Tfrp) as: 

 𝑇𝑓𝑟𝑝 = 𝐸𝑓𝑟𝑝𝜀𝑓𝑒      ACI 440.2R-08 (10-4) (5.11) 

Afterwards, the strain level in the steel reinforcement can be obtained using 

strain compatibility (see Figure 5.8) as: 

 𝜀𝑠 = (𝜀𝑓𝑒 + 𝜀𝑏𝑖)(
𝑑−𝑐

𝑑𝑓−𝑐
)      ACI 440.2R-08 (10-10) (5.12) 

which consequently causes the stress level (Ts) in the steel following: 

 𝑇𝑠 = 𝐸𝑠𝜀𝑠 ≤ 𝑓𝑦      ACI 440.2R-08 (10-11) (5.13) 

It is notable that the determination of the neutral axis depth c is the key to 

fulfill the FRP design routine. Similar to ACI 318-12, c is calculated following a trial-

and-error procedure [22,23]. That is, making an initial guess of c first, calculating 

strain levels the associated stress levels in all materials with the above equations, and 

then checking the internal force equilibrium. This process is repeated by revising c and 

finished when convergence is attained. In this study, a 12-in. wide, 0.2-in. thick GFRP 

layer was deployed on the flexure beam. After the iterative process, c was found to be 

5.4 in. Finally, the nominal flexural strength of the FRP-reinforced concrete beam was 

computed by summing the resultant bending moments due to the internal forces from 

all contributions. Bonding this 12 in. × 0.2 in. GFRP to the beam produces an 

improved flexural moment capacity of 318 kip-ft, which is 27% greater than the 

original 250.6 kip-ft, as calculated in Section 5.2.1.1. This rehabilitated beam can 

sustain a point load of 102 kips under the predefined four-point bending configuration 

(see Figure 5.1), which is equivalent to a shear load at section (Vu) of 51 kips. 

Additionally, comparing with the shear strength of the section (i.e., Vn = 78.5 kips per 

Section 5.2.1.1), it is obvious that Vu < Vn satisfying Equation 5.8, which means that 
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this GFRP-reinforced beam is capable of resisting the shear forces associated with the 

increased flexural strength, validating the design specifics of the GFRP.  

To produce effective and strong structural strengthening action, FRP 

reinforcement details must be considered rigorously, so as to avoid bond-related 

failures, such as FRP debonding and FRP end peeling. Debonding has been observed 

to most likely initiate at flexural cracks, flexural/shear cracks, or both, near the region 

of maximum bending moment [25,30]. Under loading, these cracks can open and 

induce high interfacial shear stress resulting in FRP debonding that can propagate 

across the shear span in the direction of decreasing moment [28]. Meanwhile, the bond 

capacity of FRP is developed over a critical length 𝑙𝑑𝑓. To develop the effective FRP 

stress, a minimum anchorage length of the FRR layer deployed on the concrete 

member must exceed 𝑙𝑑𝑓 past any cracks [25]. Article 13.1.3 in ACI 440.2R-08 

guideline quantifies this length using Equation 5.14 as follows. 

 𝑙𝑑𝑓 = 0.057√
𝑛𝑡𝑓𝐸𝑓𝑟𝑝

√𝑓𝑐
′

      ACI 440.2R-08 (13-2) (5.14) 

For the beam reinforced with a 0.2 in. thick GFRP patch in this study, 𝑙𝑑𝑓 is 

determined as 8.2 in. Additionally, FRP end peeling (i.e., concrete cover delamination) 

can result from the normal stresses developed at the ends of externally bonded FRP 

reinforcement and can be partially controlled by the level of stress at the termination 

points of the FRP [25,31]. As per Article 13.1.2, each successive ply must be 

terminated extending not less than a 6-in. beyond the previous ply. Once the shear 

force is greater than 2/3 of Vc, the FRP patch must be extended further toward the 

supports. 
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Finally, the designed GFRP reinforcement for strengthening of the flexure 

beam is detailed in Figure 5.9. The existing flexural cracks observed in the bottom 

tension face (see Figure 5.5) are covered by this GFRP patch. Additional U-wraps to 

reinforce the flexure beam against cover delamination were not provided.  

 

 

Figure 5.9: Graphical representation showing the GFRP reinforcement details for 

flexural strengthening of the flexure beam. 

5.2.2.2 Shear Strengthening with FRP U-Wraps 

According to Malvar et al. [32], Chajes et al. [33], Norris et al. [34], and 

Kachlakev and McCurry [35], the shear strength of existing concrete members can be 

increased by fully or partially wrapping members with FRP composites. To enable 
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effective shear strengthening action, the structural fibers in the FRP need to be 

distributed transverse to the axis of the member (i.e., aligning parallel to the steel 

stirrups) or perpendicular to shear cracks [36,37]. Strengthening for shear is 

encompassed in Chapter 11 of the ACI 440.2R-08 guideline. The three types of FRP 

wrapping schemes including complete wrap, three-sided U-wrap, and two-sided wrap, 

can be used to increase the shear strength. Evidently, completely wrapping around the 

concrete section is the most efficient wrapping scheme and is most commonly used in 

column applications where the entire member surface is accessible. For beam 

strengthening, it is impractical to completely wrap a member due to the geometric 

constraints of the integral slabs or superstructures between adjacent beams. Of the two 

remaining wrapping schemes, a U-wrap is more efficient than the two-sided wrap. 

Similar to the FRP-based flexural strengthening presented in above, the added 

shear strength of the concrete member resulting from the addition of FRP shear 

reinforcement is analogous to the shear strength contribution of the concrete section 

from tension steel, stirrups and concrete. In this respect, the design equations for FRP 

shear strengthening are adapted from shear strength equations of the ACI 318 codes, 

giving the nominal shear strength of a FRP-strengthened concrete member as: 

 𝜙𝑉𝑛 = 𝜙(𝑉𝑐 + 𝑉𝑠 +Ψ𝑓𝑉𝑓𝑟𝑝)      ACI 440.2R-08 (11-2) (5.15) 

where 𝜙 is 0.75 for shear design. 𝑉𝑐 is calculated using Equation 5.4 or 5.5, and 𝑉𝑠 is 

calculated using Equation 5.6. The Ψ𝑓 term is an additional reduction factor for the 

shear contribution from FRP and equal to 0.85 for U-wraps. 𝑉𝑓𝑟𝑝 is the nominal shear 

strength provided by FRP reinforcement corresponding to its effective stress level. 

It is notable that once a repair scheme is selected, the FRP fiber orientation to 

the estimated failure crack is determined. According to Article 11.4, 𝑉𝑓𝑟𝑝 is calculated 
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as the force resulting from the tensile stress in the FRP across the failure crack, as 

presented in Equation 5.16. 

 𝑉𝑓𝑟𝑝 =
𝐴𝑓𝑣𝑓𝑓𝑒(𝑠𝑖𝑛𝛼+𝑐𝑜𝑠𝛼)𝑑𝑓𝑣

𝑠𝑓
      ACI 440.2R-08 (11-3) (5.16) 

where α is the inclination of the FRP fibers to the longitudinal axis of the member. dfv 

is the depth of the FRP. 𝑠𝑓 is the spacing between the discrete U-wraps. Afv and 𝑓𝑓𝑒 are 

the effective cross-sectional area of U-wraps and the effective stress in FRP at failure 

that are correspondingly computed using Equation 5.17 and 5.18, respectively.  

 𝐴𝑓𝑣 = 2𝑛𝑡𝑓𝑤𝑓      ACI 440.2R-08 (11-4) (5.17) 

 𝑓𝑓𝑒 = 𝜀𝑓𝑒𝐸𝑓𝑟𝑝      ACI 440.2R-08 (11-5) (5.18) 

where 𝜀𝑓𝑒 is the effective strain in the FRP at failure and calculated depending on the 

wrapping scheme as per ACI 440.2R-08 Article 11.4.1. 

For the current investigation, as the shear beam has unsymmetric transverse 

reinforcement as demonstrated in former Section 5.2.1.2, three distributed GFRP U-

wraps were deployed to provide the shear strength enhancement on the lightly 

reinforced side of the beam. Figure 5.10 represents the FRP strengthening details, 

where the associated shear deficiency of 23.8 kips is highlighted on the left side of the 

shear beam that the deployed strengthening scheme needs to account for. In addition, 

these planned U-wraps are able to cover more than 95% of the existing shear cracks on 

the weak portion of the beam (see Figure 5.7). To fulfill the calculations, in addition to 

Table 5.3 and 5.4, Table 5.5 shows the material properties of the GFRP U-wraps for 

shear strengthening of the concrete beam.   
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Table 5.5: Materials Properties of GFRP U-Wraps Designed for Shear 

Strengthening of the Concrete Beam per ACI 440.2R-08 Guideline. 

Symbol Unit Value Symbol Unit Value 

n None 6 Vf None  60% 

wf in. 15 𝜀𝑦
𝑚 in./in. 0.0211 

α Degree 90° 𝜀𝑦
𝑓
 psi 0.0298 

dfv in. 23 𝜀𝑦
𝑓𝑟𝑝

 in./in. 0.0211 

Afv in.2 3 𝑓𝑓𝑢 ksi 129.5* 

sf in. 18.5 𝜀𝑓𝑢 in./in. 0.0200* 

* Note: the design material properties have been applied with an environmental-

reduction factor of 0.95 per ACI 440.2R-08 Article 9.4. 

 

 

Figure 5.10: Illustration showing (a) the cross-sectional view of the FRP-reinforced 

shear beam, (b) configuration of the planned GFRP U-wraps, and (c) 

shear diagram presenting demand versus existing strength. 
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To quantify the added shear strength from GFRP and to further validate the 

effectiveness of the aforementioned strengthening scheme, the effective strain level in 

the GFRP layer needs to be estimated first using Equation 5.19. In correspondence 

with the 3-sided U-warp, the failure mode is dominated by the bond strength between 

FRP and concrete. Thus, a reduction coefficient (Κ𝑣) must be considered.  

 𝜀𝑓𝑒 = Κ𝑣𝜀𝑓𝑢 ≤ 0.004      ACI 440.2R-08 (11-6b) (5.19) 

where Κ𝑣 is calculated based on the concrete strength, the wrapping scheme, and the 

stiffness of FRP, as denoted in Equation 5.20 below. 

 Κ𝑣 =
𝑘1𝑘2𝐿𝑒

468𝜀𝑓𝑢
 ≤ 0.75      ACI 440.2R-08 (11-7) (5.20) 

where 𝑘1 and 𝑘2 are the bond-reduction coefficients relating to the concrete strength 

and wrapping type, respectively. These two factors are computed using Equations 5.21 

and 5.22. 

 𝑘1 = (
𝑓𝑐
′

4000
)2/3      ACI 440.2R-08 (11-9) (5.21) 

 𝑘2 =
𝑑𝑓𝑣−𝐿𝑒

𝑑𝑓𝑣
 for U-wraps     ACI 440.2R-08 (11-10) (5.22) 

where 𝐿𝑒 (in.) is the active bond length over which the majority of the bond is 

maintained per Article 11.4.1.2 and given as: 

 𝐿𝑒 =
2500

(𝑛𝑡𝑓𝐸𝑓𝑟𝑝)
0.58      ACI 440.2R-08 (11-8) (5.23) 

For the 0.1-in. thick GFRP U-Wraps shown in Figure 5.10, the calculations of 

the above Equations 5.23 through 5.18 produce 𝐿𝑒 = 1.07 in., 𝑘2 = 0.953, 𝑘1 = 1, Κ𝑣 = 

0.109 (≤0.75), 𝜀𝑓𝑒 = 0.0022 (≤0.004), and 𝑓𝑓𝑒 = 14.2 ksi, respectively. Finally, the 

shear strength contribution from the provided FRR is computed from Equation 5.16 as 

Vfrp = 53 kips.  
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Therefore, the nominal shear strength of the GFRP U-wrap-based 

strengthening scheme for the left portion of the shear beam is obtained as 101.7 kips 

per Equation 5.15, which represents an approximately 80% enhancement in shear 

strength of the original shear beam (see Figure 5.2). Moreover, the strengthened side is 

now 26% stronger than the beam’s right side (i.e., 80.4 kips). This improved shear 

strength can now sustain a point load of 203.4 kips under the four-point bending 

condition (see Figure 5.2), which is approximately 25% higher than the load capacity 

corresponding to its nominal flexural strength (i.e., 161.8 kips as determined in 

Section 5.2.1.2), most likely avoiding the occurrence of shear failure as originally 

expected. In short, the GFRP U-wrapping method detailed in Figure 5.8 is anticipated 

to rehabilitate the deficiency in shear strength of the weak side of the shear beam to 

make this beam section with nearly balanced shear load carrying capacity from its left 

to right side. 

5.2.3 Manufacturing of Hybrid Composite Systems 

As previously demonstrated, the flexure beam was strengthened with a 166 in. 

long, 12 in. wide, and 0.2 in. thick unidirectional GFRP patch (see Figure 5.9) for 

flexural enhancement; meanwhile, the weak portion of the shear beam was 

rehabilitated with three 0.1 in. thick and 15 in. wide GFRP U-wraps (see Figure 5.10) 

for strengthening its shear capacity. Particularly, nonstructural CNT-based nonwoven 

sensing sheets (established in Section 2.2.1 of Chapter 2) are integrated within the 

FRP strengthening composites at the bond interface for a comprehensive SHM of both 

the concrete beam and the deployed FRP composites. For the first time, this 

demonstrates a large-scale smart hybrid composite system for simultaneous structural 

rehabilitation and health monitoring of concrete structures. To experimentally 
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accomplish this novel idea, the vacuum-assisted resin transfer molding (VARTM) 

technique was implemented directly on the beams in this study to manufacture the 

hybrid composite systems. 

5.2.3.1 Fabrication of the CNT-Based Sensing Sheets 

Prior to applying the FRP strengthening scheme, the sensing strategy for SHM 

was developed. Owing to the excellent scalability and simplicity in process, the 

proposed CNT-based nonwoven sensing technique (as established in Section 2.2) 

allows mass fabrication of large area strain/damage sensors. For this study, the sensing 

sheets were customized individually and fabricated on-site for the two concrete beams.  

The 34 g/m2 aramid nonwoven fabric was selected as the nanotube carrier and 

trimmed into the appropriate size based on the dimensions of the used GFRP 

composites. Figure 5.11a and 5.11b present the raw nonwoven fabric carriers 

including the 11 in. wide and 160 in. long strip for the flexure beam and three 12 in. 

wide and 58 in. long strips for the shear beam, respectively. Next, nanotubes were 

coated onto the fabric following the solution casting method as presented in Section 

2.2.1. In particular, two 500 mL masterbatches of CNT dispersions with nanotube 

loadings of 0.75 wt.% and 0.5 wt.% were prepared using a commercially available 

fiber sizing agent (See Section 2.2.1), in which the long and short nonwoven strips 

were first rolled up and correspondingly impregnated for 20 minutes in a plastic 

container as shown in Figure 5.11c. Later, the soaked fabric rolls were extended 

horizontally and dried in air for 24 hours. Figure 5.11d and 5.11e present the 

fabricated nonstructural large-scale sensing sheets. Finally, electrodes and lead wires 

were anchored on the sensing sheets to enable the electrical measurements. The 

multiplexing configuration is explained in Section 5.2.4.   
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(a) 

(b) 

(c) 

(d) 

(e) 

Figure 5.11: Photographs showing the fabrication process of CNT-based sensing 

sheets including the trimmed aramid nonwoven carrier fabrics for (a) 

flexure and (b) shear beam, (c) the dip-coating procedure, and (d-e) the 

fabricated sensing sheets for the current large-scale applications. 
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5.2.3.2 Manufacturing of Hybrid Composites 

5.2.3.2.1 Preliminary Preparation 

The application of the FRP repair scheme on the surface of the beams requires 

significant surface preparation and quality control of materials, plus attention to 

environmental factors such as temperature, humidity, and moisture. Prior to applying 

the composite retrofits, the concrete surface was prepared by mechanically abrading it 

with a high-speed electric grinder until the layer of ‘milky-looking’ laitance was 

removed [4], i.e., the coarse aggregates start to appear. Figure 5.12a and 5.12b show 

the appearance of the concrete beam surface before and after the mechanical grinding 

surface preparation. Additionally, the edges of the concrete beam were rounded and 

smoothed using the grinder. Next, high-pressure air-blasting was applied to the treated 

surface to remove any loose particles. In particular, inch-sized voids left on the side 

faces of the shear beam during concrete casting were filled with a high-strength putty 

material (BONDO® All Purpose Putty, 3M) and then sanded smoothly to create a 

uniform and solid surface for bonding FRP composites.  

 

(a) 
(b) 

Figure 5.12: Photographs showing the appearance of the concrete beam surface (a) 

before and (b) after mechanical grinding preparation.  
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A 100 ft-roll of 13 oz/yd2 unidirectional fiberglass cloth supplied by 

Jamestown Distributors (Bristol, RI, USA) was used as the structural FRP fibers. The 

bulk cloth was trimmed into the proper fabric patches following the FRP design details 

as shown in Figures 5.9 and 5.10. Next, the CNT sensing sheets were placed on the 

concrete surface at the location of the FRP strengthening scheme. Subsequently, these 

fiberglass patches were laid up on top of the sensing sheets. 12 layers of fiberglass 

cloth were stacked on the flexure beam and three U-wraps formed with 6 layers of 

fabric were distributed along the longitudinal direction of the shear beam. Figure 5.13a 

and 5.13b illustrate the fabric preform finished on the flexure and shear beam, 

respectively. It can be observed that the CNT-based sensing sheets are fully covered 

by the structural fabric, which additionally offers the favorable protection to the 

sensing networks from environment.  

It is also noted from Figure 5.13b that two supplemental layers of 

unidirectional fiberglass cloth were placed perpendicularly to the fiber direction of the 

U-wrap at the soffit (shown as the top in Figure 5.13b after flipping over during 

fabrication), to add additional stiffness to the soffit of the U-wrap in the longitudinal 

beam direction. In this way, the local transverse deformation (i.e., the matrix 

deformation perpendicular to the unidirectional fibers) developed over the bottom 

region of the U-warp under bending could be restrained, consequently reducing the 

occurrence of matrix splitting at high-level loads. 
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(a) 

 (b) 

Figure 5.13: Photographs showing the unidirectional glass fabric preform on (a) the 

flexure as a continuous patch and (b) shear beam in form of three U-

wraps. (Note: both concrete beam specimens were flipped over prior to 

laying up the glass fabrics.) 
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5.2.3.2.2 On-Site Manufacturing Process 

To attain high quality hybrid composite parts, the vacuum-assisted resin 

transfer molding (VARTM) technique was utilized to infuse the epoxy resin into the 

glass fabric preforms directly onto the beam. Compared to the conventional wet layup 

approach, where dry fiber reinforcement is manually impregnated with a resin matrix 

layer by layer, VARTM utilizes vacuum pressure to draw the resin into the fiber 

preform and simultaneously impregnate numerous layers. When cured in-place on the 

beam the composite forms a bond on surfaces of the structure. Therefore, the VARTM 

process enables high efficiency of application, uniform distribution of resin to the fiber 

reinforcement, and intimate contact (i.e., the improved bond) between the FRP 

composites and the application surfaces. 

In addition, common issues associated with a hand lay-up process including 

intensive labor, human application errors, and high waste factor [7,38,39], can be 

significantly minimized in the semi-automated VARTM process. Due to the vacuum 

pressure-based consolidation, the composite parts fabricated via VARTM normally 

possess relatively high fiber volumes of 55 to 65% and a low void content of less than 

1% [40], whereas wet lay-up FRP composites have low fiber volumes of 25 to 40% 

per ACI 440.2R-08 guideline [25]. Therefore, from the perspective of design, less FRP 

fiber materials are needed to provide additional strength making this approach more 

cost-effective. Although the VARTM technique has been implemented to produce 

fiber composites in aerospace and automotive industries for decades, this approach has 

not been widely adopted in the field of civil engineering [5]. It is believed that with 

ongoing research and applications of FRP-based structural rehabilitation, applications 

of VARTM will increase compared to hand lay-up and eventually become a 

mainstream field technique.  
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Pilot studies of using VARTM for strengthening of concrete structures have 

been reported since 2004. Among others, Uddin et al. [41] first introduced VARTM 

process for concrete bridge girder strengthening. For laboratory demonstrations, they 

initially studied the bond strength between the carbon fiber composite coupons and 

concrete surface based on in-plane shear test. Particularly, the bonding interface 

developed using VARTM showed slightly higher interfacial strength than using hand 

lay-up. Next, they covered the entire soffit of a 6 in. × 12 in. × 72 in. concrete beam 

with a continuous U-wrap for both flexure and shear reinforcement. This U-wrap 

consisting of one single ply of carbon fiber/epoxy resin composite was fabricated and 

simultaneously attached on the concrete surface via on-site VARTM process. This 

beam showed end debonding at U-wrap bottom due to flexure failure. Both laboratory 

experiments demonstrated the feasibility of using VARTM approach for bonding and 

strengthening concrete members with FRP composites.  

Finally, they implemented the VARTM process in the field for repairing a 63-

in. tall pre-cracked reinforced concrete T-bulb bridge girder located on I-565 highway 

in Huntsville, Alabama. The strengthening scheme involved a three-sided wrap of four 

CRFP cross-plies in an area of 60 in. × 157 in. To conform the complex shape of the 

structure, multiple vacuum and infusion lines were placed in the VARTM setup and 

total filling time took about one hour. Notably, this entire project was completed 

within two days without causing any traffic interruption. 

Recently, Ramos et al. [42] applied the VARTM process to fabricate FRR U-

wraps on twelve 6 in. × 11 in. × 36 in. concrete beams. In particular, a series of 

vertically align 1/8 in. deep grooves in width of 1/8 in. and 1/4 in. were cut on the 

concrete surfaces of eight specimens to study the influence of grooving surface on 
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resin infusion time. For the 24 in. × 33 in. wrapping area, the resin infusion time on 

the grooved surface was significantly shortened to 22% of that on the smooth concrete 

surface, suggesting a useful method for further improving the efficiency of VARTM 

process for concrete strengthening applications.  

In this research, the VARTM process was implemented to integrate the CNT-

based sensing sheets with the structural glass reinforcement on the concrete member 

of interest within a single procedure to produce a hybrid composite with consistent 

mechanical properties and uniform bonding over the concrete surface. A typical 

VARTM configuration is shown in Figure 2.3a of Chapter 2. For these large-scale 

applications, VARTM was set up on-site by using two portable vacuum pumps and the 

essential materials as shown in Figure 5.14.  

For the flexure beam, one continuous infusion line using the spiral tube was 

placed longitudinally along the centerline of the fabric preform and two vacuuming 

vents were located at the edges with two 3 in. wide strips of breather fabric bridging 

over to the part on the peel ply. Since this concrete beam was precracked, in order to 

prevent air leakage from the existing cracks, the two side faces of the beam were also 

fully bagged and vacuum applied with the second pump. Figure 5.15a shows the 

VARTM setup applied on the flexure beam at the state of full vacuum. The enlarged 

view of the secondary vacuum bag is shown in Figure 5.15b.  

For the shear beam, the three U-wraps were infused within one process, then 

the entire left portion of the beam was bagged as shown in Figure 5.16. To create an 

effective vacuuming environment for all three U-wraps, a 4 in. wide breather fabric 

strip was placed over the spacing between them. The infusion line was located 

continuously along the centerline of the top face and two vacuuming outlets were 
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placed at the bottom (see Figure 5.16 inset). In both applications, a distribution mesh 

was used and placed on top of the peel ply. This distribution mesh only partially 

covers surface of the fabric preform, in order to promote resin infusion in the through-

thickness direction, which however, extends the total infusion time. 

 

 

Figure 5.14: Photograph showing the essential materials for VARTM setup.  
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Figure 5.15: Photographs showing (a) the VARTM setup constructed on the flexure 

concrete beam at the state of full vacuum, and (b) an enlarged view of the 

secondary vacuum bag on the side face for preventing air leakage from 

the existing cracks. 

 

Figure 5.16: Photograph showing the VARTM setup built on the shear concrete beam. 

Inset image showing the bottom of the specimen. 
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After maintaining full vacuum (-30 inHg) in the whole VARTM arrangement 

for 30 minutes, a low viscosity epoxy resin (EPON 862) was mixed with EPIKURE 

3230 curing agent at the mass ratio of 100 : 35.5 and infused into the mold. It took 10 

minutes for the resin to fully fill the fabric preform on the flexure beam, which was 

indicated by saturation of the breather fabric strips along the edges (see Figure 5.17a). 

For the U-wraps on the shear beam, the infusion took about one hour due to its 

complex shape. Figure 5.17b shows the resin front appearing in the U-wrap fabric 

preform during the infusion process, which is in a symmetrical shape, indicating the 

consistent pressure in the mold.  

After complete infusion was achieved, both parts were kept under vacuum 

during the cure cycle. Customized thermal tents were built on-site with aluminum foil 

insulation sheets in order to cover the wet parts and meet the required curing 

temperature of 75 °C with the assistance of using two heat guns and multiple heating 

lamps. Figure 5.18 shows the experimental setup during curing. After completing the 

two-hour 75 °C curing cycle, the specimens were debagged and followed with a one-

hour post-curing cycle at 80 °C. Figure 5.19 shows the appearance of the final 

product. There are no dry spots or voids observed, indicating the high quality of the 

fabricated hybrid composite. 
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(a) 

(b) 

Figure 5.17: Snapshots showing the resin front in (a) the long part on the flexure beam 

and (b) the U-wraps on the shear beam during the infusion process.  
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(a) 

(b) 

Figure 5.18: Photographs showing (a) the experimental setup for curing the long 

composite part on the flexure beam and (b) the box hot tent built for 

curing the shear beam specimen. 

 

Figure 5.19: Photograph showing the finished hybrid composite specimen with a 

close-up view of the final composite, which is smooth and uniform in 

appearance, indicating the high quality. 
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Two supplemental 12 in. × 58 in. nonstructural CNT-based sensing sheets 

were added to the strong portion of the shear beam (i.e., the right side) in form of U-

wraps to evaluate the sensing-only application. These two sensing U-wraps were 

placed at 16 in. and 37 in. from the beam centerline, respectively. Both were 

integrated on the concrete beam using the hand lay-up method. A room temperature 

curing epoxy resin (i.e., 100 parts of EPON 862 mixed with 12 parts of EPIKURE 

3223 curing agent by weight) was used to saturate the sensing sheets. To remove 

excessive resin and air bubbles from the sensing sheets and to create a uniform and 

strong bond to the member, wet U-wraps were first covered with peel ply and breather 

fabric, then encapsulated with a vacuum bag, and cured under vacuum pressure for 24 

hours. Figure 5.20 shows the finished specimen.  

 

 

Figure 5.20: Photograph showing the nonstructural CNT-based sensing U-wraps 

attached in the strong side the shear beam for SHM. 



 276 

5.2.4 Mechanical and Electrical Characterization 

The aforementioned flexure and shear beam were tested under four-point 

bending conditions for mechanical characterization. The loads were applied using a 

150-kip MTS hydraulic-driven actuator reacting against a 10 ft × 20 ft steel frame 

anchored to the laboratory strong floor. The concentrated load was distributed equally 

by a spreader beam to two points along the beams, generating a constant moment 

region at mid-span. The two-point loads were offset 12 in. from the mid-span of the 

beam. The simple span of the flexure and shear beam measured 174 in. and 144 in., 

respectively (see Figure 5.1 and 5.2). Two static loading scenarios including low 

frequency and low amplitude cyclic loading and a progressively increasing stepwise 

loading were applied to the beam specimens. The objectives were to demonstrate the 

structural enhancement of the hybrid composite system for the concrete beams as well 

as to evaluate the electrical behaviors of the integrated large-scale CNT-based sensors 

for SHM of both the concrete member and the strengthening FRP composites.  

The cyclic loads were applied using a closed-loop system programmed to 

apply a sinusoidal load at a frequency of 0.2 Hz. Load stability with cycling was 

guaranteed by the servo valve controller. The load amplitude was varied for these two 

specimens based on their flexural capacities in order to generate representative 

deformations that are likely observed in an actual bridge due to normal daily traffic 

but at the same time are large enough to activate the embedded CNT-based sensors. 

The flexure and shear beams were subjected to 15,000 cycles of load oscillating from 

15 to 5 kips and 35 to 15 kips, respectively.  

After cyclic testing, both beams were slowly loaded and unloaded at the same 

rate of 5 kip/min. with progressively increasing peak loading until failure. Between 

each loading-unloading step, a short cyclic loading session, that is 500-cycle of the 
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previously defined cyclic loading protocol, was applied to both beams. In particular, 

before loading to failure, the flexure beam was loaded in a step-wise manner at 25, 30, 

35, 45, 55, 65, 80, and 95 kips. Similarly, the shear beam was incrementally loaded 

with two 150-kip actuators to 45, 55, 65, 75, 85, 95, 115, and 140 kips.  

Deflection measurements were taken at mid-span and both end supports (on 

both sides of the beam) using a total of six 0.5 in. linear potentiometers. The 

potentiometer measurements at the beam supports were used to subtract the 

deformation of the flexible bearing pads from the measurements at the mid-span to 

capture the actual deformation response of the beams. Additionally, a series of 350 Ω 

strain gages (Vishay Micro-Measurements) with 2-in. long gage lengths were bonded 

to the GFRP composites to determine their mechanical responses under the applied 

loads. Furthermore, a two-channel acoustic emission (AE) system (Physical 

Acoustics) was used to record acoustic events throughout the test. Two identical AE 

transducers (Physical Acoustics R6α, 100KHz) were mounted on the specimen (i.e., 

one on the GFRP composite surface, and the other one on the concrete surface) using a 

hot-melt adhesive. A threshold of 40 dB was set to filter-out low amplitude AE. The 

pencil lead break test was performed prior to applying load in order to confirm the 

reproducibility of the AE system. Three HD digital cameras were located around the 

concrete specimens to record from different angles during the entire loading protocols 

at a recording speed of 30 frames per second.  

A multiplexing sensing scheme was used to collect the real-time SHM 

response of the hybrid composite systems. Specifically, the 160-in. long CNT-sensing 

sheet deployed on the flexure beam was divided into seven sensing sections by 

anchoring six intermediate electrodes over the sensing sheet between the two end 
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electrodes. Similarly, each sensing U-wrap applied on the shear beam was divided into 

three sensing sections including the front, back, and bottom, finally adding up to 15 

sensing channels from the five sensing U-wraps. The in-situ resistive response of the 

embedded CNT-based sensing sheets were measured with the Keithley 3706A System 

Switch/Multimeter following a two-probe current-voltage measurement configuration, 

which was controlled by a customized LabVIEW program. Based on the resistance of 

the connected sensing channel, the input direct current provided by the 3706A meter 

varied from 10 mA to 10 µA and the resulting voltage was instantly measured and 

converted to resistance based on Ohm’s law.  

Figure 5.21 and 5.22 shows the experimental setup configured for the flexure 

beam and shear beam, respectively. Table 5.6 presents the baseline resistances and 

resistivities measured from each individual channel of the CNT based sensing sheets.  

 

 

Figure 5.21: Instrumentation of the flexure beam specimen. 
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Figure 5.22: Instrumentation of the shear beam specimen. Note: (1) U-wrap #4 and 

#5 are nonstructural CNT-based sensors for SHM only; (2) sensing 

sections #2, 5, 8, 11, and #14 are on the soffit; (3) sensing sections #3, 6, 

and #9 are on the backside and 2 in. shorter than the front ones; (4) 

strain gages on the back face are symmetric to the arrangement of gages 

on the front face.  

Table 5.6: Baseline Resistance (R0), Resistivity (𝜌0) of the Multiplexed CNT-Based 

Sensing Sheets for SHM of the Flexure (F) and Shear (S) Concrete 

Beam. 

Sensing  

Section 

Processing 

Parameters 

R0 

(Ω) 
𝜌0 

(Ω∙m) 

Sensing  

Section 

Processing 

Parameters 
R0 

(Ω) 
𝜌0 

(Ω∙m) 

F-#1 
34 g/m2-

aramid-

carriers, 1.0 

wt.% CNT, 

VARTM, 

cured @ 

75°C 

2257 0.517 S-#5 (continued) 

 

VARTM, 

cured @ 

75°C 

3212 1.927 

F-#2 3314 0.569 S-#6 8720 2.378 

F-#3 1302 0.595 S-#7 10195 2.548 

F-#4 2439 0.558 S-#8 3659 2.195 

F-#5 3171 0.545 S-#9 9083 2.477 

F-#6 1207 0.553 S-#10 50 g/m2-

aramid-

carriers, 1.0 

wt.% CNT, 

hand lay-up, 

cured @ 

22°C 

22699 5.675 

F-#7 1868 0.428 S-#11 14236 8.542 

S-#1 34 g/m2-

aramid-

carriers, 0.75 

wt.% CNT, 

7894 1.973 S-#12 24658 6.164 

S-#2 3217 1.930 S-#13 19530 4.882 

S-#3 7047 1.922 S-#14 15364 9.218 

S-#4 9152 2.288 S-#15 24532 6.133 

DAQ

#1 #4 #7 #10 #13

#1 #2 #3 #4 #5

U-wrap #4 and #5 are nonstructural CNT-based sensors for SHM only;

Sensing Section # 2, 5, 8, 11, and #14 are on the soffit; 

Sensing Section #3, 6, and #9 are on the back side and 2’’ shorter than the front ones;

Strain gages on the back face are symmetric to the arrangement of gages on the front face.

Potentiometers

HD Cameras

Bi-axial Strain 

Gages

AE Sensors
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5.3 Experimental Results 

5.3.1 Mechanical Responses of GFRP Strengthened Concrete Beams 

The mechanical effects of the low-amplitude repeated loading and the 

progressively increasing loading on the performance of the strengthened concrete 

beams were evaluated based on their force-displacement behaviors, crack growth, and 

measured strains during the applied loading protocols. The accumulation and 

extension of cracks observed in both GFRP composites and concrete beams during 

testing were monitored by visual inspection and acoustic emission sensors to 

characterize deterioration. The force-displacement responses of the strengthened 

beams following the stepwise increasing loading-unloading tests were compared with 

their original responses during the preloading tests (prior to the GFRP retrofit). These 

experimental observations and results on the GFRP-based flexural and shear 

strengthening of concrete beams are presented in the following sections.  

5.3.1.1 Externally Bonded GFRP Patch for Flexural Strengthening 

5.3.1.1.1 Service-Level Cyclic Loading 

Figure 5.23a summarizes the overall transient response of the applied load and 

the recorded mid-span deflection of the flexure beam during the 15,000-cycle, 0.2 Hz 

cyclic testing. It is clear that a uniform and stable cyclic loading (5 to 15-kip in 

sinusoidal shape) was applied on the concrete beam and constantly maintained during 

the entire 22-hour protocol. On the other hand, the beam deflection showed a 

consistent trend with some variations observed during the first three-hour and last two-

hour loading period. Figure 5.23b and 5.23c present the closer look at the beginning 



 281 

and ending of the cyclic testing, respectively. As can be observed, the concrete beam 

responded linearly to the applied cyclic loading protocol.  

A minor residual deflection of 0.008 in. was observed right after the beam was 

unloaded. The force-displacement relationship is illustrated in Figure 5.24. Overall, 

the concrete beam behaves linear-elastically under the applied cyclic loading without 

observing a loss of stiffness. The mid-span displacement responds uniformly between 

valley and peak loads at a constant difference of 0.035 in. It is also notable that a small 

amount of drifting deflection (about 0.012 in.) accumulates over the 15,000 loading 

cycles, which might be due to the gradual consolidation of the neoprene pads (see 

Figure 5.1) at the load supports. In addition, during the applied service-level cyclic 

loads, the flexure beam did not exhibit significant accumulation of damage, as 

indicated by the formation of new cracks or growth of existing cracks that are 

noticeable by visual inspection. In short, the flexure beam shows no significant 

structural change during the repeated loading, because of the improved performance of 

the applied GFRP patch. 
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(a) 

(b) (c) 

Figure 5.23: (a) Total responses of the applied load and the recorded mid-span 

displacement of the flexure beam during the 15,000-cycle, 0.2 Hz cyclic 

testing, and the close-up views showing the responses in (b) the first 5 

cycles and (c) the last 5 cycles. 
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Figure 5.24: The load versus displacement response of the flexure beam during the 

cyclic testing phase (15,000 cycles). 

The mechanical behavior of the attached GFRP patch during the repeated 

loading is represented by the strain responses from the seven distributed strain gages 

along the composite. Figure 5.25 shows the transient strains measured from three 

consecutive cycles at four time steps including Cycle-1-2-3, Cycle-5,000-5,001-5,002, 

Cycle-10,000-10,001-10,002, and Cycle-15,000-15,001-15,002. Similar to the beam 

deflection response (see Figure 5.23a), the strains on the composite patch became 

stabilized after approximately 2,000 cycles (that is, three hours after loading). For 

instance, the initial strains measured in the maximum moment region (i.e., the sensing 

section #4) reaches 240 and 85 microstrain (µε) at the peak and valley loads, 

respectively. That is a 155- µε difference between peaks. Afterwards, the range 

changes to the level of 355-155 µε, corresponding to 200 µε, for the rest of the cyclic 

testing. This reveals the evolution of large local strains in the GFRP composite 

Mid-span Displacement (in.)
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resulting from strain incompatibilities with the concrete substrate as the concrete 

develops cracks (see Figure 5.5). Similar strain relationships are also shown in sensing 

sections #3, #5 and #2 at reduced magnitudes. Additionally, in the low moment 

regions at a far distance from the loading points, such as sensing section #1 and #2, the 

highest strain is recorded as about 20 µε. 

The AE responses recorded from the two sensors are presented in Figure 5.26a 

and 5.26b. It is clear that a large number of AE hit counts are registered from both AE 

sensors during the initial stage of cyclic loading test, matching the three-hour variable 

period as previously mentioned. These phenomena correspond to the extension of the 

existing concrete cracks (see Figure 5.5) and are possibly exaggerated by the rapid 

growth and propagation of microcracks within the precracked concrete beam. This is 

shown by the high level of AE activity in Figure 5.26a. Afterwards, AE activity 

stabilized at a relatively low level, as the peak load remained unchanged at 15 kips. It 

can be observed that cumulative AE hits (solid lines) from the sensor located on the 

concrete are more than 35 times greater than that from the sensor located on the GFRP 

patch. 

Additionally, the rate of AE activity shown as the slope of the cumulative AE 

hits curve remains nearly constant in the concrete beam shown in Figure 5.26a, but 

follows a ‘L-shape’ trend in GFRP composite presented in Figure 5.26b. In particular, 

the opening of an existing concrete crack can produce local debonding of the GFRP 

composite at the crack, causing the local strain incompatibilities and manifests itself 

with a large number of AE hits. Meanwhile, at the low service-level loading condition, 

local debonding is confined at a micro scale that is not noticeable by visual inspection 

and prevented from further propagation due to the strong interfacial bonding. Once the 
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nonvisible local debonding is fully stabilized under the repeated loads, opening of the 

existing crack under the same level of loading can avoid causing excessive AE hits, 

seen as the extremely low level of AE activity after 600 min. in Figure 5.26b. To 

conclude, the AE responses generally agree with the measured concrete beam 

deflection and the strain behavior of the GFRP composite patch and suggests a robust 

structural performance of the GFRP strengthened beam under the applied service-level 

cyclic loading.  
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Figure 5.25: The distributed strain responses recorded along the GFRP composite 

(corresponding locations shown in the bottom inset) at the Cycle-1-2-3, 

Cycle-5,000-5,001-5,002, Cycle-10,000-10,001-10,002, and Cycle-

15,000-15,001-15,002.  
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 (a) 

 (b) 

Figure 5.26: Real-time counts of AE hits and cumulative AE hits recorded from two 

sensors located at (a) the flexure concrete beam and (b) the GFRP patch 

during the 15,000-cycle repeated loading test.  
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5.3.1.1.2 Static Loading-Unloading Cycles up to Failure 

The structural performance and flexural capacity of the GFRP strengthened 

concrete beam was evaluated under static loading conditions. A special loading 

protocol using a combination of stepwise and repeated loads was applied to the 

specimen in order to investigate its responses due to progressively accumulating 

damage at different levels of loading. Figure 5.27 shows the response of the flexure 

beam during the static eight-step loading-unloading cycles and the final failure cycle. 

Overall, the mid-span displacement closely follows the applied loading program. It 

can be observed that a residual deflection appears after the 65-kip cycle (Figure 

5.27a), suggesting the initiation of the plastic deformation. This permanent change 

increases to 0.2 in. in the end of the 95-kip cycle, demonstrating the early stage of the 

ductile response.  

In addition, seven 500-cycle repeated loadings were performed between the 

static loading steps. A general trend can be observed of an approximately 20% 

increase in the amplitude of deflection between the first session (before the step 

loading) and the last one (after the 95-kip cycle), indicating the reduced structural 

stiffness as the result of the accumulating loading history at high loads. Figure 5.27b 

shows the response of the beam in the last load cycle, where it was loaded to to failure. 

It can be found that the mid-span displacement shows an inflection point at 96 kips, 

after which the beam deforms in a faster rate, revealing yielding of the beam. The 

abrupt increase of mid-span displacement suggests the loss of member stiffness, 

indicating the failure of the strengthened concrete beam. Eventually, this specimen 

failed at the peak load of 115.2 kips at an ultimate mid-span deflection of 1.8 in.   
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(a) 

 

 

 

 

 

 

 

 

(b) 

Figure 5.27: Applied load and the mid-span displacement of the flexure beam during 

(a) the static stepwise loading-unloading cycles and (b) the final load 

cycle.  

  

96 kips
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Figure 5.28 illustrates the comparison on the force-displacement responses of 

the flexure beam before and after strengthening with the GFRP composite. It is 

obvious that the force-displacement relation of the strengthened beam is linear elastic 

and demonstrates a nearly 75% increase in member stiffness as compared to the 

original concrete beam, indicating the strong confining effect resulting from the GFRP 

retrofitting. It is also notable that the original beam exhibited a permanent residual 

deflection of about 0.03 in. and 0.05 in. after the 30-kip and 35-kip cycle, respectively. 

On the other hand, the strengthened beam does not show any accumulation of residual 

deflection in the end of 25-kip, 30-kip, and 35-kip cycle, revealing the improved 

serviceability of the beam due to GFRP retrofitting. 

 

Figure 5.28: Load-displacement responses of the flexure beam before and after GFRP 

flexure strengthening.  

0

5

10

15

20

25

30

35

40

0.00 0.05 0.10 0.15 0.20 0.25 0.30

A
p

p
lie

d
 L

o
a
d

 (
k
ip

s
)

Mid-span Displacement (in.)

25-kip-Cycle (after strengthening with GFRP)

30-kip-Cycle (after strengthening with GFRP)

35-kip-Cycle (after strengthening with GFRP)

30-kip-Cycle (Original Concrete Beam)

35-kip-Cycle (Original Concrete Beam)



 291 

Figure 5.29 summarizes the isolated force-displacement response of the 

strengthened flexure beam during the eight static load cycles and the final failure 

cycle, in which the noticeable loss in stiffness of the beam is first observed in the 65-

kip cycle and then exaggerated in the 80-kip and 95-kip cycles. In particular, plastic 

deflection appears after loading above 85 kips, resulting in the pronounced increase of 

residual displacement of 0.14 in. after the 95-kip cycle. This behavior was likely 

caused by progressive accumulation of plastic strains in the steel reinforcement, 

extension of flexural cracks that opened during loading, local slippage of the 

reinforcing steel bars at the crack locations, and progressive debonding of the GFRP 

patch.  

In the final cycle as the beam was loaded to failure, it displayed a tremendous 

amount of plastic deflection when the loading exceeded 96 kips, which then suddenly 

terminated at an extreme load of 115.2 kips when the beam failed. This ultimate load 

carrying capacity is approximately 44% greater than the nominal strength of the 

original beam (i.e., 80.2 kips, see Section 5.2.1.1) and 10% more than the ACI-440 

design capacity of the GFRP strengthened beam (i.e., 102 kips, see Section 5.2.2.1), 

revealing the validity and effectiveness of the deployed flexural strengthening strategy 

for this beam. In addition, the linear elastic force-displacement response of the 

strengthened beam is maintained up to 85 kips, which is slightly higher than the 

flexural capacity of the original concrete beam (i.e., 80.2 kips, see Section 5.2.1.1), 

indicating the significantly improved serviceability after the structural rehabilitation. 
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Figure 5.29: Total load-displacement responses of the GFRP patch strengthened 

flexure beam under the applied stepwise loading cycles (inset). 

Figure 5.30 shows the strain distribution in the GFRP composite along the 
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concrete substrate and the composite, it can be deduced that the strains in the 
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demonstrated by the force-displacement responses. In addition, as the applied loads 

further increase, the strain distribution in the GFRP composite becomes irregular and 

shows large variations along the longitudinal axis, with strain values in the central 

region increasing significantly more rapidly than the rest of the beam. For instance, the 

95-kip cycle causes a high strain level of 3600-4700 µε in the central 4-ft-zone, which 

inevitably induce the accumulation of plastic strains in the steel bars, leading to the 

plastic response of the beam. At 114 kips, strains along the 80% test span are higher 

than the yield strain of the steel bars (i.e., 2100 µε) and display a considerably higher 

strain level of 5500-7100 µε in the central region, suggesting the imminent failure of 

the beam that promptly occurred at 115.2 kips. To conclude, the strain distribution in 

the GFRP composite clearly demonstrates the transition from elastic to plastic 

behavior of the beam as the applied load increases.  
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Figure 5.30: Strain distribution on GFRP patch along flexure beam longitudinal axis 

during the static loading test (the red arrows highlighting the locations of 

the loading and support points). 

This strengthened flexure beam exhibited a brittle flexural failure mode 

evidenced by the exaggerative growth of the existing vertical flexural cracks at the 

tension face that had originated during the preloading test (see Figure 5.5). While 

loading to 110 kips, some cracking sounds were heard, but continuous visual 

inspection did not observe the formation of new cracks. After the specimen was 

further loaded above 110 kips, the abrupt opening of large cracks generated 

tremendous audible ‘popping’ noise, suggesting the imminent failure. Figure 5.31 

shows the progressive debonding process of the GFRP patch during which rapid 

failure occurred. This figure shows five consecutive frames extracted from the video 

footage recorded with the HD camera in front of the beam. 
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As can be observed from Frame #1 and #2, the entire failure process 

simultaneously demonstrated two modes including the concrete cover delamination 

within the constant moment zone and the peeling of FRP from concrete substrate in 

the shear span. It is also noticed that the spalling of concrete cover was most likely 

caused by the insufficient lateral confinement (i.e., only the beam bottom face is 

restrained by the composite and the concrete is free to dilate transversely at the large 

moment.), displaying an explosive and catastrophic appearance. In nature, the concrete 

cover bridges the GFRP composite to the steel reinforcement. At extreme loading 

condition, the yielding of steel reinforcement can locally generate tremendous 

deformation, leading the bars to be splitting from the neighboring concrete, which 

suddenly induces the tension failure of the concrete cover without altering the bond 

between the composite and the concrete substrate.  

Meanwhile, a significant flexural crack (see Frame #1) opened initiating 

ultimate debonding of FRP. This severe cracking damage induced considerably high 

interfacial shear stresses between the GFRP composite and the concrete substrate that 

consequently led to the sudden local debonding at this critical crack (see Frame #2), 

then promptly propagating along the longitudinal axis of the bond-line (see Frame #3 

and #4), and resulting in the eventual fracture shown as the falling-off of the 

composite patch (see Frame #5). Additionally, in the shear span region, the shear-

moment ratio is high, but the strain level is reduced (see Figure 5.30) and then the 

steel reinforcement can remain in the elastic range. Consequently, the ripping of 

concrete cover can be avoided in this region and the considerably opened debonding 

crack can only propagates through the relatively flexible epoxy bond-line (see Frame 
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#2 in Figure 5.31), resulting the peeling of GFRP patch along the direction of 

decreasing moment. 

This observed failure process is in a good agreement with other similar 

experimental studies [29,43-47]. Additional noteworthy, as recommended by ACI 440 

committee [25], the supplemental wrapping of this specific region using some 

anchoring FRP wraps can substantially mitigate the failure modes of concrete cover 

spalling and FRP debonding by providing additional lateral confinement [31,48,49]. 
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Figure 5.31: Snapshots showing the progressive debonding of the GFRP composite 

patch at the failure of the concrete beam specimen.  
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Figure 5.32 shows the post-failure appearance of GFRP strengthened beam. It 

can be found that the GFRP composite itself is overall intact and shows some 

longitudinal matrix cracking (see Figure 5.32a) as a result of the splitting of the resin-

rich zone along the fiber bundles due to the Poisson effect. The fractured concrete 

surface shows a brittle ‘teeth-like’ pattern (see inset), revealing the action of the steel 

reinforcement as the bond breaker. The severe but common flexural cracking pattern 

in central loading span is captured in Figure 5.32b. Similar fracture surface and crack 

pattern have been also demonstrated in other experimental research on the FRP-based 

flexural strengthening of concrete beams [29,45,46,50-52]. 

Figure 5.33 depicts the left portion of the specimen after failure where about 

3.5 ft long GFRP patch (from the left support) is survived during the catastrophic 

testing. It is clear that this part of the composite is in an excellent structural condition 

without showing any visual damage, like the matrix cracking observed in the peeled 

part (marked in red), indicating the good composite quality and bond formation due to 

the implemented GFRP manufacturing process used in this study. 
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 (a)  

(b) 

Figure 5.32: Photographs showing the close-up view of (a) the GFRP composite patch 

after debonding and (b) the concrete crack pattern in the central loading 

span of the beam after failure. 

Loading Points

Longitudinal 

Splitting of 

GFRP Matrix

Explosion of 

Covercrete



 300 

 

Figure 5.33: Photograph showing the distinctive appearance of the GFRP composite 

patch in the conjunctional area after failure. 

5.3.1.2 Externally Bonded GFRP U-Wraps for Shear Strengthening 

Being consistent with the testing scheme applied to the aforementioned flexure 

beam, the shear beam strengthened with the GFRP U-warps (see Figure 5.22) was 

subjected to a similar two-part loading protocol including the low amplitude service-

level cyclic loads and the progressively increasing stepwise loads. Key experimental 

observations and results on the structural performance of the shear beam are presented 

in the following two sections. 

5.3.1.2.1 Service-Level Cyclic Loading 

Figure 5.34a shows the mid-span displacement of the shear beam during the 

15,000 cycles of 15-35-kip repeated loads at 0.2 Hz (Figure 5.34b). It can be observed 

that both the loading history and the beam deflection are following a uniform and 

stable fashion over the entire 22 hours testing. The corresponding force-displacement 

response is shown in Figure 5.34c, which follows a linear elastic trend showing a 

constant change of 0.078 in. between peak and valley loads. Overall, a residual 

displacement of about 0.010 in. accumulated in the end of this cyclic test, which is 

Complete DebondingIntact

No Visual Damage Matrix Cracking
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comparable to the previously tested flexure beam. In addition, the shear beam did not 

exhibit any visible accumulation of damage in the formation of new cracks or growth 

of existing cracks, indicating that the GFRP strengthened beam is performing 

adequately. 

(a) 

 

 

 

(b) 

(c) 

Figure 5.34: Total responses of (a) the mid-span displacement of the shear beam 

during (b) the applied repeated loads, and (c) the corresponding force-

displacement relationship (15,000 cycles). 
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The structural response of the attached GFRP U-wraps under the repeated 

loading is shown by the strains measured on the composite. Figure 5.35 shows the 

typical longitudinal strain responses collected from the strain gages at the soffit center 

of these three U-wraps (see Figure 5.35 inset) at four points in time throughout the 

test. It can be seen that all strain responses closely follow the sinusoidal shape of the 

applied cyclic loads and are gradually decreasing in the direction of decreasing 

moment (i.e., from the loading point to the left support corresponding to Figure 5.35a 

though c) at an overall level of less than 100 µε. It is also notable that the longitudinal 

strains at the bottom of U-wrap #3 shown in Figure 5.35a show a small drift of about 

10 µε after cyclically loading for several hours (i.e., Cycle-1-2-3 vs. Cycle-4,999-

5,000-5,001), which is likely due to the stabilization of the existing cracks (see Figure 

5.7) that can release the surface strains on the bottom, especially as the uncovered 

cracks in the vicinity of the U-wrap (see Figure 5.7a) are repetitively opening and 

closing under the cyclic loading. 

The progression of invisible microcracks in concrete due to the repeated loads 

is detected and monitored using the AE sensor (see Figure 5.22). The total AE 

response is presented in Figure 5.36. It can be found that the bulk trend is comparable 

to the AE behavior observed in the flexure beam (see Figure 5.26) in which significant 

AE activity is recorded in the initial stage of the cyclic loading test as a result of the 

opening and further propagation of the existing cracks (especially in the right side of 

the beam that is not rehabilitated with composites), which then become stabilized at a 

relatively low level as the peak loads remain at 35 kips. Again, the accumulated AE 

counts (solid line) demonstrate a nearly linear trend similar to that of the flexure beam, 

indicating a constant rate of AE activity throughout the test. Notably, the total amount 
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of the accumulated AE counts is about 75% more than that observed from the flexure 

beam, which can most likely attributed to the evolution of cracks originating from the 

non-strengthened right portion of the shear beam. 

 

(a) 

 
(b) 

(c) 

 

 

Figure 5.35: Typical strain responses at the soffit of the GFRP composite U-wrap (a) 

#3, (b) #2, and (c) #1. Inset shows the location of strain gages. 

U-wrap #1 #2 #3
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Figure 5.36: Real-time AE hits and cumulative AE counts recorded from the shear 

beam during the whole cyclic loading test. 

5.3.1.2.2 Static Loading-Unloading Cycles up to Failure 

Similar to the flexure beam, the GFRP U-wraps strengthened shear beam was 

first loaded following an eight-step loading-unloading protocol and then statically 

loaded to failure. The corresponding beam mid-span deflection is represented in 

Figure 5.37. It can be observed that the shear beam displayed noticeable residual 

deflections after the 75-kip cycle (Figure 5.37a), which accumulated to 0.05 in. in the 

end of the 140-kip cycle. In addition, the nine 500-cycle repeated loading sessions 

between the static loading cycles exhibited a comparable trend, where approximately 

15% increase in the amplitude of deflection was observed between the first session 

(before the step loading) and the last one (after the 140-kip cycle), suggesting the 

lower stiffness as the result of the accumulated damage during high loads. Figure 

5.37b presents the beam response during the final load step. As can be seen, the 

response of the mid-span displacement shows a distinctive inflection point at 157 kips, 

after which the beam deforms sharply, revealing the yielding of the beam. The sudden 
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increase of mid-span displacement indicates the loss of member stiffness. Eventually, 

this specimen failed at the peak load of 172.3 kips with the maximum mid-span 

deflection of 3.2 in. 

 

(a) 

Figure 5.37: Applied load and mid-span deflection of the shear beam during (a) the 

static stepwise loading-unloading cycles and (b) the final failure cycle. 
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(b) 

Figure 5.37: continued.  

Figure 5.38 shows the force-displacement responses of the strengthened shear 

beam in comparison with its original responses up to 95 kips. For a clear presentation 

of the data, the six loading-unloading cycles are presented in two graphs, i.e., four 

cycles (45-55-65-75-kip) in Figure 5.38a and the rest two cycles (85-95-kip) in Figure 

5.38b. It can be observed that the force-displacement relations of the strengthened 

beam (colored lines) are linear elastic under these cycles. Notably, significant 

hysteretic effects exist in the original responses (black and gray lines), which are 

completely corrected after the GFRP U-wrapping rehabilitation, revealing the 

enhanced serviceability control of the strengthened beam. In addition, it can be found 

that the initial member stiffness (before 15 kips, in Figure 5.38a) is comparably close 

before and after the FRP retrofitting, and only about 20% increase is demonstrated by 

the strengthened beam at high loads as the concrete beam softens (after 35 kips, in 

Figure 5.38a and b). This observation is expected because the design philosophy of the 
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GFRP U-wraps for this specific beam is only to compensate the deficiency in shear 

strength of the weak (left) portion of the concrete beam (see Section 5.2.2.2) and not 

to overly strengthen it. In this way, this beam is able to fail following a natural mode 

as the strong (right) portion of the beam remains in its original condition, free of any 

strengthening modification (see Figure 5.22).  

 

(a) 

 

Figure 5.38: Force-displacement responses of the shear beam before and after GFRP 

flexure strengthening during (a) 45, 55, 65, 75-kip, and (b) 85, 95-kip 

loading-unloading cycles. 
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(b) 

 

 

 

Figure 5.38: continued. 

Figure 5.39 shows the force-displacement responses of the strengthened shear 

beam during the static loading test. To clearly present the data, the eight loading-

unloading cycles are first highlighted in Figure 5.39a and the final failure cycle is 

shown in Figure 5.39b in comparison with the former loading cycles. It can be seen in 

Figure 5.39a that all force-displacement relationships are nearly linear elastic, 

however, the loss in member stiffness becomes exaggerated in the 115-kip and 140-

kip cycles. It is also notable that the holding of peak loads at 115 and 140 kips (for 

about 20 minutes, see Figure 5.39b inset) causes a noticeable residual displacement of 

0.02 in., suggesting the accumulation of permanent damage in the concrete beam at 

high loads. From Figure 5.39b, it is apparent that as testing to failure, this beam 

displays a significant amount of plastic deformation after first yielding at 157 kips 
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(also see Figure 5.37b). This is because the propagation of concrete cracks is not 

restrained on the right side of the beam, resulting in large deformations under high 

loads. Afterwards, the fracture process continues until reaching 3.2 in. displacement as 

evidenced by the rapid unloading of the beam, revealing the final failure.  

It is worth mentioning that the ultimate load carrying capacity of this shear 

beam, i.e., 172.3 kips, is approximately 6% greater than its nominal flexural strength 

(i.e., 161.8 kips, see Section 5.2.1.2), which however, is about 15% less than the ACI-

440 shear capacity (i.e., 203.4 kips, see Section 5.2.2.2) of the strengthened left side of 

the shear beam due to flexural failure at its ultimate. These results prove the FRP 

design philosophy of this specific task and validates the effectiveness of the deployed 

GFRP U-wraps for shear strengthening. In particular, the corrected force-displacement 

response of the strengthened beam maintains a linear elastic trend up to 150 kips, 

demonstrating the considerably improved serviceability after the structural 

rehabilitation. 
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(a) 

  
(b) 

Figure 5.39: The total force-displacement responses of the strengthened shear beam 

(a) under the applied stepwise loading cycles and (b) up to failure; Inset 

shows the applied loading protocol. 
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To evaluate the effort of the deployed GFRP U-wraps, a series of strain gages 

were mounted on the composite surface to monitor their mechanical responses under 

the applied loading protocol. It is worth mentioning that at each selective location for 

strain measurement, strains were measured in both parallel and perpendicular direction 

with respect to the unidirectional fiber in the composite. In particular, since a 45-deg 

inclined shear crack formerly developed during preloading (see Figure 5.7a) is 

presently covered by the U-wrap #2, a denser arrangement of strain gages was 

implemented on the side face of this composite wrap. 

Figure 5.40 shows the strain distributions on the side faces of the three GFRP 

U-wraps at their top and bottom regions under different levels of loading. Clearly, all 

distributed strains increase as loading level rises. In particular, all vertical strains (i.e., 

parallel to the fiber direction) are in tension, demonstrating the positive contribution to 

shear resistance. In the top region of the composite, as shown in Figure 5.40a the 

tensile strains increase along the direction of increasing moment, showing a low strain 

level of less than 210 µε. On the other hand, in the bottom region (i.e., 3.25 in. from 

the lower edge) the maximum tensile strain of 515 µε (Figure 5.40c) is represented at 

the central wrap (i.e., #2) that covers the critical shear crack. In comparison, at the 

height of 2.25 in. from the bottom edge, the maximum strain level is reduced to 230 µε 

(Figure 5.40e) due the redirection of tensile loads near the corner zone. As expected, 

the horizontal strains (i.e., normal to the fiber direction) on the composite are 

compressive at top (Figure 5.40b) and tensile in the bottom (Figure 5.40d and f) due to 

the bending moment. Both the maximum compressive strain of 580 µε and tensile 

strain of 1400 µε appear on the U-wrap #3 next to the loading point. Apparently, the 

horizontal strains at the height of 3.25 in. from the bottom edge (Figure 5.40d) are 
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following a comparably trend as the vertical strains at the same location. However, 

near the corner zone, the horizontal strains (Figure 5.40f) increase in the direction of 

increasing bending moment. Just prior to failure of the concrete beam, strain 

measurements corresponding to the 170-kip load (red lines in Figure 5.40) show that 

all GFRP U-wraps are in the elastic range, far below their tensile capacity, indicating 

no local debonding at the critical cracks as a result of the extensive coverage and high 

quality of the provided composite U-wraps. 

Figure 5.41 shows the strain distributions at the soffit of the GFRP U-wraps as 

statically loaded. The used bi-axial strain gages measured the strains in the transverse 

(i.e., normal to the beam axis) and longitudinal (i.e., parallel to the beam axis) 

direction as presented in Figure 5.41a and 5.41b, respectively. All strains are in 

tension at the soffit. Particularly, the transverse strains (Figure 5.41a) are at a 

relatively low level (less than 360 µε) and display a similar trend as the horizontal 

strains in the bottom region of the composite side face (Figure 5.40f) that these strains 

are increasing along the direction of increasing bending moment. Meanwhile, the 

longitudinal strains (Figure 5.41b) are moderately large (less than 800 µε) and follows 

a comparable fashion as the vertical strains in the lower region of the composite side 

face (Figure 5.40e). The phenomena indicate a smooth transition of the applied point 

load from the side face to the soffit over the corner zone. Additionally, at the high load 

of 170-kip, the measured longitudinal strain at the soffit of the U-wrap #3 (Figure 

5.41b) drops suddenly, attributing to the extended opening of the flexural crack in very 

close proximity to this wrap (see Figures 5.7a and 5.44c) that releases the tensile strain 

and suggests imminent failure. 
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Figure 5.42 represents the strain distributions on the side face of the individual 

GFRP U-wrap #2 at its central line, which is also the location of the critical shear 

crack. Before loading to the ultimate capacity of the beam, strains in both vertical 

(Figure 5.42a) and horizontal (Figure 5.423b) direction show the similar decreasing 

trend as distancing from the crack path (but towards the loading point), at a low level 

of a few hundred µε, suggesting a strong anchorage of the composite in arresting the 

shear crack. In particular, just prior to the failure of the beam, the horizontal strain 

sharply jumps under the load of 170 kips near the right edge of the composite wrap 

(red line in Figure 5.42b). This is because of the local bonding stress transfer zone 

between the composite and concrete where the mix-mode stress condition possibly 

exists and is dominated by the large deformation change at the sudden yielding of the 

beam (see Figures 5.37b and 5.39b).  

To summarize, the strain distributions on the GFRP U-wraps are in a very low 

level of less than 1500 µε, suggesting that all composite wraps are in their elastic 

range as the shear beam fails. Due to the extensive coverage of the critical shear crack 

using the narrowly-spaced wide U-wraps (i.e, both the lower and upper region of the 

shear crack are fully covered by the wraps.), local debonding at the crack is eliminated 

at high loading conditions. Therefore, the composite wraps were not fully utilized in 

resisting shear forces as failure occurred. In comparison, many experimental studies 

have shown that as the shear cracks are partially covered by the narrow U-strips, it is 

common to observe a rapid increase in strain of the composite due to the local 

debonding at the cracks, as demonstrated by Chajes et al. [33], Teng et al. [53], and 

Kim et al. [28]. For shear rehabilitation purposes, the deployed GFRP U-wrapping 

strategy appears effective.  
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(a) (b) 

(c) 
(d) 

(e) (f) 

Figure 5.40: Strain distributions on the side faces of the GFRP U-wraps in vertical and 

horizontal direction at (a, b) 2.75 in. from the top beam edge, (c, d) 3.25 

in., and (e, f) 2.25 in. from the bottom beam edge during the static 

loading test; (g) shows the relative locations of the strain gages. 
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(g) 

Figure 5.40: continued. 

(a) (b) 

 

 

 

 

 

 

(c) 

Figure 5.41: Strain distributions on the soffits of the GFRP U-wraps during the static 

loading test in (a) the transverse and (b) longitudinal direction; (c) shows 

the relative locations of the strain gages. 
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(a) (b) 

 

 

 

 

 

 

 

(c) 

Figure 5.42: Strain distribution along the central line of the GFRP U-wrap #2 during 

the static loading test in (a) vertical and (b) horizontal direction; (c) 

shows the relative locations of the strain gages.  

The progressive failure process of the strengthened shear beam was captured 

using the HD cameras. Four representative frames extracted from the recorded video 

footage are shown in Figure 5.43. It was found that this beam exhibited a brittle 

flexural failure mode evidenced as the crushing of the concrete in its compression 
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shear beam section is overdesigned, and (2) substantial reserve capacity exists prior to 

steel yielding due to composite wrapping. Although concrete crushing in general is not 

favorable for traditional steel reinforced concrete (RC) members due to the suddenness 

and inadequate warning associated with crushing of concrete prior to member failure 

[22,23], this failure mode in the externally bonded FRP-strengthened RC members is 

more desirable than other brittle failure modes commonly seen as FRP debonding and 

rupture. Since FRP- strengthened RC members normally exhibit much less ductility 

than steel RC members [4,6], in comparison with FRP debonding and rupture, 

concrete crushing allows the FRP RC members to undergo certain plastic behavior 

prior to the final failure, enabling adequate deformability. This phenomenon has been 

confirmed in this study as well (i.e., Figure 5.39 vs. Figure 5.29) and also agrees with 

other experimental studies [10,29,37,45,47,51]. In addition, the failure process takes 

longer time as crushing of concrete in the compression zone than debonding or 

rupturing of FRP, just as demonstrated in present study that the failure process only 

took 0.4 second in the flexure beam test (see Figure 5.31), but 15.5 seconds in the 

shear beam test (see Figure 5.43). Simply, it is notable that the dominance of the 

failure mode of this concrete beam changed from shear in its original state to flexure 

in present study, indicating the effectiveness of shear strengthening using the deployed 

composite wrapping scheme. 

Figure 5.44 shows the post-failure appearance of the central region of the 

GFRP U-wrap strengthened shear beam. It is clear that severe flexural concrete cracks 

originating from the bottom tension face are extensively propagating up to the 

compression zone within the loading span. Concrete in this compression zone is badly 

crushed and spalling off. The compression steel reinforcing bars are apparently 
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buckled at both front and back sides. Therefore, the previously observed large 

deformation at failure is most likely due to the extensive opening of significant 

flexural cracks as yielding of the compression zone that can locally introduce the 

plastic strains in the steel reinforcement and results in the local slippage of the 

reinforcing steel bars at the crack locations. 

Figure 5.45a and 5.45b depicts the left and right portion of the specimen after 

failure, respectively. Obviously, the GFRP U-wraps are in the excellent structural 

condition without presenting any damage. In particular, the soffit of the composite 

wrap is free of any cracking (that is typically observed in GFRP patch on the flexure 

beam as shown in Figure 5.32a). On the other hand, the unstrengthened right portion is 

severely cracked that both vertical and inclined cracks are visible on concrete beam 

and the CNT-based sensing U-wraps.  

It is worthy of mentioning that in this experiment, the shear beam with U-

wraps has outperformed the GFRP bottom side bonded flexure beam with regards to 

debonding failure. Simply because each GFRP U-wrap is bent at two 90 degree 

corners and anchoring over the side faces, debonding potentially occurring at the 

boundary of the single side-bonded patch is effectively delayed due to the lateral 

confining effect, leading the composite to sustain a higher tensile load [28,30,54,55].  
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Figure 5.43: Snapshots showing the progressive failure process of the GFRP U-wrap 

strengthened shear beam evidenced as the concrete crushing in the 

compression zone.  
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(a) 

(b) 

(c) 

Figure 5.44: Photographs showing the close-up view from (a) front side, (b) back side, 

and (c) bottom side of the central region of the shear beam after failure 

presenting a sever cracking pattern and buckling of the compression bars. 
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(a) 

(b) 

Figure 5.45: Photograph showing the appearance of (a) the GFRP U-wraps 

strengthened left portion and (b) the unstrengthened right portion of the 

shear beam after failure.  
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5.3.2 In Situ Resistive Responses for SHM 

As introduced in the beginning of this chapter, the proposed hybrid composite 

system for concrete members simultaneously enables structural rehabilitation and 

health monitoring. Apparently, the validity and effectiveness of the developed GFRP 

schemes using the on-site VARTM-based fabrication approach for flexural and shear 

strengthening of concrete beams have been extensively demonstrated in the previous 

sections. During the mechanical characterization experiments of the flexure and shear 

beam, the real-time electrical measurements were collected from the large CNT-based 

area sensors that were specially integrated in the hybrid composites at the bonding 

interface (see Section 5.2.3). In the following sections, the in situ resistive responses 

will be presented and discussed with respect to the SHM of the GFRP-strengthened 

concrete beams. The interesting features of the CNT-based nonwoven sensors 

including the piezoresistivity, behaviors under cyclic and static loading, and the 

resistive reactions in responding to the temperature effects and damage progression, 

will be demonstrated.  

5.3.2.1 SHM of the Flexure Beam 

In order to ensure the viability of the measurement scheme for the electrical 

resistance of the CNT-based sensors. A voltage-current (V-I) sweep test was 

performed prior to the electrical characterization for SHM. All seven multiplexed 

sensing sections of the long sensor on the flexure beam (see Figure 5.21) were 

individually injected with the electric current ranging from 1 microamp to 10 

milliamps (based on the baseline resistance of each channel) using the Keithley 6430 

source meter and the resultant voltages were measured with the Keithley 2182A nano-

voltmeter. Figure 5.46 shows the typical V-I characteristics of CNT-based nonwoven 
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sensor. It is clear that all V-I curves of the seven sensing channels are straight lines, 

indicating a great linearity fashion. Therefore, the unstrained CNT-based nonwoven 

sensor is demonstrating the constant electrical resistance (represented by the slope of 

the V-I curve) in the wide range of the supplied current, obeying the Ohm’s law, 

which validates the implemented 2-wire measurement scheme as presented in Section 

5.2.4. 

 

 

Figure 5.46: Typical V-I characteristics of the proposed CNT-based nonwoven sensor 

(R2 = 1).  
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5.3.2.1.1 Cyclic Loading Condition 

Figure 5.47a shows the typical real-time resistive response of one sensing 

section (#4, the central one, see Figure 5.21) from the continuous CNT-sensor under 

the 15,000-cycle repeated loads. Different with the measured beam deflection shown 

in Figure 5.23a, the bulk resistive response is not constant but in a fluctuant fashion 

that likely follows the variation of the temperature (green line) recorded during the 22-

hour test. Two close-up views of the resistive data in the beginning and ending of the 

test are presented in Figure 5.47b and 5.47c, respectively. From these figures, it is 

clear that the CNT sensor is effectively responding to the applied cyclic loading 

protocol, showing a neat sinusoidal shape and strict matching to the peak and valley 

loads with a constant change of about 0.65 Ω as represented by this specific sensing 

section #4 located at the central region of the maximum moment. 

(a) 

Figure 5.47: Typical transient resistive response of the CNT-based sensor on the 

flexure beam subjected to the 15,000-cycle repeated loads showing (a) 

the bulk response and the close-up view of few cycles in (b) the 

beginning and (c) the ending of the test. 
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(b) 

(c) 

Figure 5.47: continued. 

It was noted that due to the normal human activities, laboratory door was 

frequently opened and closed in the first three and last six hours of testing which 

caused abrupt temperature variations because of the large temperature difference 

between the inside and outside of the laboratory in the winter (green line in Figure 

5.47a). Coincidently, the resistive behavior shows dramatic fluctuations in these 

durations (red line in Figure 5.47a). Therefore, prior to performing the further analysis 

0

2

4

6

8

10

12

14

16

18

20

2438.7

2438.9

2439.1

2439.3

2439.5

2439.7

2439.9

43 43.5 44 44.5 45 45.5

L
o

a
d

 (
k
ip

s
)

E
le

c
tr

ic
a
l R

e
s
is

ta
n
c
e

 (
Ω

)

Time (min.)

CNT Sensing Section #4

0

2

4

6

8

10

12

14

16

18

20

2439.1

2439.4

2439.7

2440.0

2440.3

1294.1 1294.4 1294.7 1295

L
o

a
d

 (
k
ip

s
)

E
le

c
tr

ic
a
l R

e
s
is

ta
n
c
e

 (
Ω

)

Time (min.)

CNT Sensing Section #4



 326 

of the resistive data, the observed temperature effects need to be compensated for the 

bulk resistive responses. In particular, during 270-960 min., the variations of 

temperature are found to be relatively stable. As the first step, both the temperature 

and the baseline resistance of the sensing section measured in this specific period are 

fitted to the 2nd-order polynomials as shown in Figure 5.48a so as to obtain a simple 

analytical model of the transient variations of the both measurements. Afterwards, the 

fitted parabolic functions of the temperature and resistance change are normalized 

with respect to the time and plotted in Figure 5.48b, where the slope of the curve 

stands for the resistance change due to the temperature variation, i.e., the 

thermoresistivity. In particular, the sensing section #4 demonstrates a constant 

thermoresistivity of 0.019 %/°C as shown in Figure 5.48b.  

With the understanding of the thermoresistive behavior, the temperature 

change induced resistive deviations can be calculated and subtracted from the bulk 

resistive responses, resulting in the temperature effect compensated resistive response 

of the CNT-based sensor. In this context, all resistive responses measured from the 

sensing sections of the CNT-based sensors were corrected following the 

aforementioned method.  
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(a) 

(b) 

Figure 5.48: (a) Transient responses of the temperature and baseline resistance of the 

CNT sensor fitted to the 2nd order polynomial functions for temperature 

compensation procedure and (b) the thermoresistive relationship 

developed using the previously obtained functions of temperature and 

resistance change. 
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Figure 5.49 shows the typical transient resistive response of the long CNT-

based sensor in all of its seven sensing sections at four time points of the cyclic test. It 

is apparent that the sensing sections including #4, #3 and #5 (shown in Figure 5.49a, b 

and c) are effectively responding to the applied loads and demonstrating the inerratic 

sinusoidal fashion as following the loading protocol. Notably, the resistance changes 

in corresponding to the peak and valley loads are found to be 0.029%, 0.025% and 

0.014% respectively presented by the sensing section #4, #3 and #5, which are fairly 

small amplitudes due to the low strain levels of less than 350 µε resulted in the GFRP 

patch (see Figure 5.25) under the 5-15-kip repeated loads. In addition, the sensing 

section #2 and #3 (Figure 5.49d and 5.49e) show the sinusoidal trend with some local 

dissimilarities attributing to the noise in resistance measurements observed at the 

further reduced strain levels of up to 110 µε, which causes only about 0.01% 

resistance change in one full cycle.  It is also found that the two sensing sections 

located next by the supports (i.e., #1 and #7 in Figure 5.49f and g) are barely showing 

the anticipated sinusoidal relationship, but resistance changes are less than 0.005%, 

which is nearly equal to the baseline resistance under the extremely low strain level 

around 20 µε. It is worth mentioning that this small resistance change excites a fairly 

low resistive signal of less than 0.1 Ω in the system, leading to a reduced signal to 

noise ratio and consequently a resistive response with higher noise.  

The baseline resistance of the CNT-based sensor during the 22-hour test 

exhibits an upward drift in the time domain. For instance, as shown in Figure 5.49a 

and b, a relatively large shift about 0.02%, between the first three cycles and Cycle-

5,000-5,001-5,002 was observed, which mainly results from the self-stabilization of 

the concrete beam under the applied repeated loads, comparable to the observed 
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responses of the beam deflection (see Figure 5.23a) and strains on GFRP patch (see 

Figure 5.25). Afterwards, nearly 0.01% resistance change accordingly accumulated 

after Cycle-10,000 and Cycle-15,000, even though the mechanical state of the 

specimen under those loading periods was very stable as presented by the beam 

deflection and strains (Figures 5.23 and 5.23). This time-based drift is most likely due 

to the material polarization [56-63].  

In this study, the established CNT-based nonwoven sensing composite is in 

nature a conductively heterogeneous material from a microscopic perspective. During 

the electrical measurement, the constantly applied DC electric field polarizes the 

dielectric epoxy in the vicinity of the nanotube networks (i.e., at the dielectric 

boundaries), resulting in the oriented dipole moments of molecules and consequently 

leading to a localized electric field near the nanotube/epoxy interface in the direction 

opposite to the applied electric field, i.e., the interface polarization (also called 

‘Maxwell-Wagner-Sillers polarization) [56,63]. This phenomenon has been observed 

and experimentally investigated in numerous nanocomposites including the 

CNT/epoxy [61], CNT/cement [56,57], CF/cement [64], CNT/polysulfone [62], 

CNT/PVDF [59], CNT/polystyrene [63] composites, and etc. In addition, since the 

degree of the interfacial polarization and charge density are originating from the 

conductivity difference between the nanotubes and the insulating polymer matrix, the 

higher resistivity of the composite material, the greater tendency of the composite is to 

polarize [56,57,63]. It is also notable that the changes of the dielectric constant of the 

constituent materials in the nanocomposites can attribute to the material polarization 

as presented by Saleem et al. [60] and Cao and Chung [64]. 
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In particular, this time-dependent drift associated with the electrical behavior 

of carbon-based self-sensing materials can be effectively mitigated using a proper AC-

based sensing scheme (that is, to continuously charge and discharge the composite as 

testing) as proposed by D’Alessandro et al. [57]. Moreover, this issue can also be 

eliminated using a biphasic DC measurement approach according to the recent study 

by Downey et al. [58].   

 

                         (a)                                     (b) 

 

                            (c)                                      (d)                                      (e) 

Figure 5.49: The comprehensive transient resistive responses (a – g) of the long CNT 

sensor on the flexure beam as illustrated in (h) under the repeated loads. 
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                                                     (f)                                     (g) 

(h) 

Figure 5.49: continued.  

Figure 5.50 shows the typical piezoresistive responses in the CNT sensing 
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piezoresistivity becomes exaggerated when the strain level on the monitored member 

diminishes in the direction of reducing moment.  

Table 5.7 presents the thermal coefficient of resistivity (TCR) and gage factors 

demonstrated by the seven sensing sections of the long CNT sensor as monitoring the 

flexure beam under the cyclic loads. Clearly, the variations in TCRs are comparably 

small and likely following a decreasing trend as observed in resistivity (see Table 5.6) 

of the sensing sections #1 through #7, suggesting a desirable repeatability. As for gage 

factors, except sensing section #4, all other sensing sections display certain amount of 

permanent increments in the end of the test as comparing with the beginning, 

revealing slight structural change. This is most likely due to the progressive evolution 

of microcracks in concrete beam and at the bonding interface near the existing flexural 

cracks (due to local stress concentration) under the low service-level loading, as 

confirmed by the AE responses shown in Figure 5.26. 
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                                       (a)                                                           (b) 

                                       (c)                                                          (d) 

Figure 5.50: Typical piezoresistive responses of the long CNT-based sensor as 

monitoring the flexure beam under service-level cyclic loads; (a) though 

(d) showing the piezoresistive responses of sensing sections #4, #3, #6, 

and #7, respectively. 
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Table 5.7: Summary of TCR and Gage Factors Observed from the Seven Sensing 

Sections of the Deployed CNT-Based Sensor on the Flexure Beam. 

CNT Sensing 

Section 
TCR (%/ºC) 

Gage Factor 

(in 1st cycle) 

Gage Factor 

(in 15,000th cycle) 

#1 0.0204 1.325 2.034 

#2 0.0206 1.185 1.327 

#3 0.0193 1.191 1.223 

#4 0.0191 1.439 1.417 

#5 0.0189 1.653 1.842 

#6 0.0167 1.181 1.542 

#7 0.0162 1.397 1.960 

 

5.3.2.1.2 Static Loading-Unloading Cycles up to Failure 

During the mechanical characterization of the GFRP-strengthened flexure 

beam under the static loading condition, its structural performance was continuously 

monitored with the deployed long CNT-based composite senor on concrete surface of 

the beam soffit. Figure 5.51 shows the typical resistive response of the CNT sensor in 

real-time. In particular, the responses of the sensing section #4 and #1, covering the 

central region of maximum moment and the partial shear span next by the right 

support, and the corresponding strains measured at the centers of these sections are 

presented in Figure 5.51a and 5.51b, respectively. The applied quasi-static loading 

protocol and the measured temperature at the GFRP surface are shown in Figure 

5.51c. Clearly, both sensing sections are effectively responding to the mechanical 

strains resulted from the applied loads. The sensing section #4 (Figure 5.51a) 

demonstrates the nearly identical variation trend as the measured strain. However, 

under a low strain level, section #1 (Figure 5.51b) displays obvious deviations in 

resistances during the first six hours of loading, which is mainly induced by the 

dramatic temperature change (green line in Figure 5.51c) in that period. 
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Figure 5.51: Typical transient resistive and strain responses of the selected sensing 

section (a) #4 and (b) #1 of the long CNT-based sensor as monitoring the 

flexure beam under the stepwise static loads (blue curve in (c)), and the 

measured temperature on the GFRP surface during the test (green curve 

in (c)).  
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From Figure 5.51, it is apparent that the nanotube networks in the CNT sensor 

are responding to both the strain and temperature variations simultaneously. 

Therefore, the bulk resistive behavior represents the resultant effects due to 

counteracting with different levels of strains and temperature changes. For instance, 

the sensing section #4 (see Figure 5.51a), under the high strain level, shows minor 

resistive deviations in the first six hours of loading, as compared to the slightly-

strained section #1. Moreover, during the 55-kip cycle (highlighted yellow in Figure 

5.51), temperature is relatively constant and then both sensing sections are able to 

correctly estimate the variation of strain without showing any deviation. It is also 

notable that sensing section #1 demonstrates the sudden increase in resistance when 

loading to 65 kips, indicating the incipient damage developed in that section. 

Similarly, sensing section #4 shows obvious residual resistive change after the 95-kip 

cycle, suggesting the permanent structural damage occurred in the central loading 

span. Overall, under the static loading-unloading cycles, sensing sections #4 and #1 

show resistance changes of 21 Ω and 3.8 Ω, respectively. 

Figure 5.52 shows the synchronous resistive responses of the sensing sections 

#4 and #1 as the specimen was statically tested to failure. Clearly, both sensing 

sections display sharp increases in resistance after loading above 96 kips, as the 

concrete beam starts to yield (see Figure 5.27). Afterwards, the two sensing sections 

present abrupt resistance changes out of the range of the DAQ due to the fracture of 

electrodes as the explosive debonding occurs at failure (see Figure 5.31). In total, 42 Ω 

and 8 Ω of resistance changes are respectively shown by the sensing section #4 and #1 

during the final failure cycle. It should be noted that other sensing sections are 
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presenting the fairly similar trends as sections #4 and #1. Apparently, the proposed 

long CNT-sensor provides the comprehensive SHM of the flexure beam. 

 

(a) 

(b) 

Figure 5.52: Typical transient responses of the CNT sensors in the selected sensing 

section (a) #4 and (b) #1 as the flexure beam statically tested to failure.  
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Figure 5.53 shows the typical piezoresistive response of long CNT sensor in its 

section #4 under the increasing stepwise loads. For clarity and accuracy in 

presentation of the experimental data, the total responses are presented in three 

Figures, 5.53a though c, in accordance to the first four cycles (i.e., 25-kip to 45-kip), 

the next four cycles (i.e., 55-kip to 95-kip), and the last failure cycle. This sensing 

section demonstrates the linear elastic piezoresistive behavior up to 0.38% strain and 

zero residual resistance changes as the flexure beam is loaded to 80 kips. Notably, the 

instantaneous non-linearity in piezoresistivity appears as the GFRP patch is strained 

above 0.3% when the beam is loading to 95 kips (see Figure 5.53b), revealing the 

structural damage developed in the specimen at high loads. In addition, about 0.22% 

resistance change is permanent at the end of the 95-kip cycle, further indicating the 

accumulation of damage. As shown in Figure 5.53d, to quantify the elastic 

piezoresistivity of the sensing section, the response corresponding to the 55-kip cycle 

is selected to apply the linear regression for data fitting due to the stable temperature 

observed during this cycle. The gage factor of sensing section #4 is then represented as 

the slope, i.e., 1.737.  

Similarly, the 55-kip piezoresistive responses of the rest six sensing sections 

are shown in Figure 5.54. It is clear that the four sections including #3, #5, #2, and #6 

(Figures 5.54a through d) present the linear elastic piezoresistivity that is 

quantitatively close to that of the sensing section #4 (i.e., 1.705, 1.683, 1.875, and 

1.700), demonstrating the high repeatability in strain sensitivity for SHM. In 

particular, the sensing sections #1 and #7 (Figure 5.54e and f) display nonlinear 

piezoresistive behavior with relatively high noise during the loading ramp of the 55-

kip cycle. Clearly, the inflection point in piezoresistivity is shown at the extremely low 
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strain of 0.008% that is even lower than the cracking strain limit of the concrete (i.e., 

0.013% according to ACI318-11 with the moduli of rupture 𝑓𝑟 = 7.5√𝑓𝑐
′  and 

elasticity 𝐸𝑐 = 57000√𝑓𝑐
′, giving the concrete cracking strain 𝜀𝑐𝑟 = 𝑓𝑟/𝐸𝑐). Naturally, 

no structural damage is expected to occur in concrete beam at this low level of load. 

However, in the statically discontinuous region with the concentrated support 

reactions, localized effects exists and induces a complex strain field [23]. According to 

St. Venant’s principle, the disturbance regions can extend one member-depth from the 

supports, which are exactly covered by the section sections #1 and #7 and 

consequently results in the abrupt piezoresistive nonlinearity as concrete cracks 

locally.  
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(a) 
(b) 

(c) 
(d) 

Figure 5.53: Typical piezoresistive response presented in sensing section #4 of the 

long CNT sensor as the flexure beam statically loaded during (a) 25-, 30-, 

35-, and 45-kip cycles, (b) 55-, 65-, 80-, and 95-kip cycles, and (c) the 

failure cycle; (d) shows the linearized piezoresistivity. 
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Figure 5.54: Typical piezoresistive responses presented in CNT sensing sections (a 

through f) covering the shear span (g) of the flexure beam under the 55-

kip static loading cycle. 
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Figure 5.55 shows the piezoresistive responses of sensing section #4 in the 

CNT sensor as the flexure beam was cyclically loaded during the intervals between 

consecutive loading-unloading cycles (see Figure 5.51c for the loading protocol). In 

general, the entire piezoresistive responses are comparably similar, presenting the 

linear elastic trend with minor deviations in resistance change accumulated during 500 

cycles of low service-level loads. In particular, relatively large resistive deviations 

(about 0.02%) are shown in the third cyclic loading session when temperature changes 

sharply as observed in Figure 5.51c. As shown in Figure 5.55b and c, the 

piezoresistivity is nearly constant during the individual cyclic sessions. Additionally, 

the permanent change in piezoresistivity is shown in the 7th cyclic loading session as 

comparing with the initial session, which indicates the accumulated damage in the 

beam specimen. This interesting behavior is also demonstrated in sensing sections #2, 

#3, #5, and #6 as shown in Table 5.8, suggesting the promising action of the proposed 

CNT- based sensor for SHM under the low service-level loads. 
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                                   (a)                                                                  (b) 

(c) 

Figure 5.55: Typical piezoresistive responses presented in sensing section #4 of the 

long CNT sensor as the flexure beam cyclically loaded during (a) the first 

five, (b) the sixth, and (c) the seventh intervals between successive 

loading-unloading cycles. 
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Table 5.8: Linearized Gage Factors Demonstrated by the Sensing Sections of the 

Long CNT Sensor as the Flexure Beam Cyclically Loaded during the 

Intervals between Successive Loading-Unloading Cycles.  

CNT 

Sensing 

Section 

Linearized Gage Factors During Cyclic Loading Sessions 

1st 

Loading 

Ramp 

5th 

Loading 

Ramp 

6th 

Loading 

Ramp 

6th 

Unloading 

Ramp 

7th 

Loading 

Ramp 

7th 

Unloading 

Ramp 

#2 1.347 1.584 1.492 1.559 1.709 1.709 

#3 1.227 1.447 1.530 1.567 1.639 1.610 

#4 1.424 1.570 1.560 1.591 1.658 1.619 

#5 1.516 1.503 1.648 1.644 1.678 1.665 

#6 1.547 1.460 1.456 1.701 1.661 1.661 

 

In order to further demonstrate the damage sensing capability of the CNT 

sensor as the flexure beam statically loaded to failure, the resistive responses of the 

CNT sensing sections during the last 30 seconds of testing are extracted and reviewed 

in detail. Figure 5.56a shows the transient resistive response (red line) of the sensing 

section #4 at beam failure. It is clear that significant local nonlinearities in resistance 

change appears 15 seconds prior to the beam being rapidly unloaded due to the 

propagation of GFRP debonding, foreseeing the imminent failure. Nevertheless, the 

strain behavior (yellow line) does not show any useful reactions (other than two 

ignorable local pulse of less than 0.001% change in strain) for detecting the structural 

damage, mainly resulting from that the strain gage is at a discrete location where is far 

from the source of damage.  

In particular, a closer look at the last 4 seconds of the ultimate failure process 

(Figure 5.56b) reveals that the resistance change sharply declines coincidently with 

sudden drop of load and abrupt increase in beam deflection. This shows the failure 

mechanism that as the GFRP patch debonding from the beam, the tensile stress on the 
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composite is instantaneously diminishing as the load is directly carried by the beam 

itself. At the meantime, the applied load is far greater than the flexural strength of this 

under-designed concrete beam (see Section 5.2.1.1), which consequently induces the 

sudden failure of the beam seen as the dramatic increase in mid-span displacement, 

suggesting the quick yielding of the steel reinforcing bars. Since the emergency brake 

was trigged when the concrete beam lost more than 80% member stiffness, the entire 

MTS hydraulic system was automatically shut down and suddenly unloaded to 65 

kips, finally finishing the entire test.  

 

(a) 

Figure 5.56: Transient resistive response of the CNT sensing section #4 (a) at beam 

failure, and showing (b) the enlarged view at the ultimate 4-second 

failure process, the highlighted zone in (a). 
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(b) 

Figure 5.56: continued.  

In addition, as highlighted in Figure 5.56b, the failure process evolves within a 

rapid period of about 0.5 second which is in  good agreement with the real-time 

snapshots shown in Figure 5.31. It is also worth noting that after failure the resistance 

change of the sensing section #4 fluctuates intensively (that is most likely due to the 

post-debonding movement of the GFRP patch, i.e., being tensioned as colliding on the 

floor (see Frame #5 in Figure 5.31) and then being compressed as bouncing back from 

the ground) and eventually returns to zero at rest.  

Other CNT sensing sections display the consistent resistive responses similar 

to that of the section #4 when the flexure beam fails. Typical responses from the 

sensing sections #2, #5, and #7 are presented in Figure 5.57a through c, with the 

enlarged views of the ultimate failure process shown in Figure 5.57d through f, 
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respectively. Based on Figure 5.31, it can be found that the debonding failure was 

initiated in the left shear span where is particularly within the coverage of the sensing 

section #2. As a result, the strain in this section shows the comparable nonlinearities as 

the resistance change of the CNT sensor (see Figure 5.57a) while GFRP debonding 

occurs. However, the strains in section #5 (Figure 5.57b) presents a smooth increasing 

trend to failure and only the resistive behavior of this sensing section is in responding 

to the structural damage, similar to the sensing section #4. Additionally, the enlarged 

views at the resistive responses of these two sensing sections during the ultimate 

failure process (Figure 5.57d and e) represent the comparable variations that the 

clearly visible 0.5-second zone shows the complete debonding of GFRP composite 

and the infinite resistance change after failure is due to the fracture of electrodes.  

 

(a) 

Figure 5.57: Transient resistive responses of the CNT sensing sections #2, #5, and #7 

(a-c) at beam failure, and showing corresponding enlarged views (d-f) at 

the ultimate 4-second failure process, the highlighted zones in (a-c). 
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(b) 

(c) 

(d) 

Figure 5.57: continued. 
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(e) 

(f) 

Figure 5.57: continued. 

Figure 5.57c shows the resistive response of the sensing section #7 which 

survived after the beam failed. Noticeable nonlinearities of about 0.1% resistance 

change are observed during the propagation of GFRP debonding. Coincidently, very 

minor variations in strains (that is, less than 0.0005%) are also perceived locally. It is 

notable that after failure the sensing section shows extensive local fluctuations in 

resistance change (see Figure 5.57f) which are most likely due to the post-debonding 

movements of the GFRP composite, and then becomes stable at rest.  
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To conclude, the resistive response of the CNT sensor shows excellent 

correlations with the beam mid-span deflection and the applied load, validating its 

damage sensing and SHM capabilities for large-scale concrete members. 

5.3.2.1.3 Comparison with Acoustic Emission Responses 

The variations of cumulative AE hits versus time during the increasing 

stepwise loading cycles are shown in Figure 5.58 along with the mid-span 

displacement history for the flexure beam. In general, as the load increases, the 

emission count increases. In the first three loading-unloading cycles (i.e., 25, 30, and 

35-kip cycles), the AE hits from the sensor on concrete (purple line) present a nearly 

constant rate of increase merely during the loading ramp and the intermediate service-

level cyclic loading sessions, but stay constant as the beam unloaded, exhibiting the 

so-called Kaiser effect [6,65-67], i.e., the appearance of significant AE activities at a 

stress level above the previous maximum stress. Meanwhile, it is clear that the AE hits 

from the sensor on GFRP patch (green line) display the comparable trend as those 

from the concrete beam, but present a significantly reduced level of counts in essence, 

suggesting a damage-free state of the composite at the low-level of loading.  

Obvious deviation in the AE response is observed as the beam was loaded 

beyond 65 kips that the AE hits from both concrete beam and GFRP patch are not only 

originating during the loading ramp, but also occurring as unloading, presenting the 

known Felicity effect [65,67]. At the meantime, the rate of increase of the AE counts 

rises considerably, revealing the initiation of permanent damage in both concrete beam 

and composite patch, such as the microcracking. It is also notable that very minor AE 

hits are observed from the sensor on GFRP patch (green line) during all intermediate 

cyclic loading sessions, suggesting a improved structural performance of the 
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strengthening composite under the service-level loading that is likely not influenced 

with the progression of damage in concrete.  

 

 

Figure 5.58: Observed cumulative AE hits as GFRP-strengthened flexure beam 

loaded-unloaded statically.   
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To highlight the correlations among the AE sensors, CNT-based sensor, and 

the mid-span displacement sensor for SHM of the flexure beam, typical transient 

responses from these sensors under the 80 and 95-kip loading-unloading cycles are 

presented in Figure 5.59. At the relatively high stress levels, the Felicity effect seen as 

the continuing emission during reloading dominates the AE responses from both the 

GFRP patch (gray dots in Figure 5.59a) and the concrete beam (orange dots in Figure 

5.59b). During the 80-kip cycle, both resistive response (red line in Figure 5.59a) and 

beam deflection (black line in Figure 5.59b) are showing a smooth trend closely 

following the loading protocol (blue line). As shown in Figure 5.59c, no visual 

damage was observed on the composite patch at 80 kips and very minor opening of the 

existing flexural cracks were perceived several inches above the GFRP-concrete 

bonding layer (not visible in Figure 5.59c).  

Before loading to 95 kips, the beam was held constant at 60 kips for 15 

minutes, a lower stress level than the previous 80-kip loading cycle. Interestingly, AE 

activities were generated and registered at a moderate level from both sensors on 

GFRP composite and concrete surface (Figure 5.59a and b), most likely following the 

Dunegan corollary [65,68] and indicating the presence of structural damage. In 

particular, the CNT sensor display the sharp resistance change as the beam loaded 

above 82 kips, indicating the accumulation of the substantial damage, seen as the 

longitudinal matrix cracking in GFRP composite (see Figure 5.59d). At the same 

moment, a local peak of AE hits appears and the beam deflection increases nonlinearly 

that confirms the damaged state of the flexure beam, shown as the extensive opening 

of the vertical concrete cracks in the inset of Figure 5.59d. Therefore, the resistive 
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response of the CNT sensor is validated and proving to be effective for SHM of both 

the concrete beam and the strengthening GFRP composite. 

 

(a) 

Figure 5.59: Transient responses of (a) resistance change and AE events from GFRP 

composite and (b) beam deflection and AE events from concrete beam 

during the 80, 95-kip loading-unloading cycles, and corresponding 

snapshots (c, d) showing the visual condition of the beam specimen. 
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(b) 

(c) 
(d) 

Figure 5.59: continued. 

Figure 5.60a shows the cumulative AE hits collected from the sensor on GFRP 

composite patch and electrical resistance change of the CNT sensor as a function of 

strain during the incremental stepwise loading. Clearly, a strong correlation is 
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observed between the AE counts and resistance change at the peak strain of each 

loading cycle. The aforementioned Kaiser effect of AE counts is shown in the first six 

cycles that an obvious increment in AE counts is observed as the applied load is 

increased beyond the previous peak load. Meanwhile, the resistance-strain curve is 

nearly identical for each cycle, indicating the global elastic deformation of the GFRP 

composite. Therefore, it can be deduced that a good control on the structural 

performance of the strengthening composite is maintained, although microcracking 

damage might be developed inside as suggested by the increase of AE counts. 

Notably, substantial structural damage initiated during the 95-kip cycle results in the 

nonlinearities in both AE and resistive responses.  
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(a)  

 (b) 

Figure 5.60: (a) Accumulated AE events from GFRP composite patch and electrical 

resistance change of the CNT sensor as a function of strain and (b) 

accumulated AE events from concrete beam and applied load as a 

function of beam deflection during the incremental stepwise loading. 
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For comparison, Figure 5.60b represents the cumulative AE hits from the other 

sensor on concrete surface and applied load as a function of mid-span displacement 

during the incremental loading-unloading cycles. As expected, a close correlation is 

observed between the AE counts and the structural performance of the GFRP-

strengthened concrete beam. Clearly, the progression of concrete cracking due to 

increasing loading, shown as the growth of AE counts, most likely results in the 

gradual decrease in member stiffness that evidences as the declining of the slope of the 

force-displacement curve. The consistent presence of the Kaiser effect as loaded to 80 

kips indicates that the concrete has experienced stress levels below 75%-85% of its 

ultimate strength [6]. In particular, the sharp increase of AE counts corresponding to 

the observed plastic deformation in the 95-kip cycle reveals the accumulation of 

severe damage in the concrete beam. 

Figure 5.61 shows the cumulative AE hits collected from both sensors as the 

flexure beam statically tested to failure. It is apparent that the AE counts follow a 

strong correlation with the deformation of the concrete beam. The rate of increase of 

the AE counts is suddenly rising after the beam reaching 0.8 in. of mid-span 

displacement (i.e., loading beyond 97 kips), indicating severe damage to the concrete 

beam developed at the high stress levels. In addition, during the 3-min. load-hold at 

110 kips, it is observed that substantial AE counts were registered from the sensor on 

concrete surface (purple line) which follows the previously mentioned Dunegan 

corollary (see Figure 5.59a and b), indicating the imminent failure. At the ultimate 

failure point, AE counts from both concrete beam and GFRP patch display the prompt 

and sharp increments. 
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Figure 5.61: Cumulative AE counts as flexure beam statically tested to failure. 

Figure 5.62a looks at the instantaneous relationship between acoustic 

emissions and resistance change at the failure of the flexure beam. Apparently, the 

resistive response of the CNT sensor is showing a close correlation with the registered 

AE activities that the local nonlinearities in resistance change appear as soon as the 

AE hits collected from the sensor on GFRP composite (green spikes), validating the 

formerly defined 15-second zone of GFRP debonding shown in Figures 5.56 and 5.57. 

Additionally, a closer view of the last 4-second failure process represented in Figure 

5.62b reveals that tremendous amount of AE hits are observed from sensor on the 

concrete surface (purple dots) instantly as the GFRP patch completely debonded from 

the concrete beam, indicating the sudden fracture of concrete. Coincidently, in this 

0.5-second fracture period, acoustic emissions recorded from the sensor on GFRP 

patch (green dots) present a moderate level of counts, most likely due to the rapid 

releasing of tensile stresses as the composite debonding from the concrete surface. 
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(a) 

 
(b) 

Figure 5.62: Instantaneous responses (a) of AE hits and resistance change with a 

closer view (b) of the ultimate 4-second failure process, the highlighted 

zone in (a).   
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Figure 5.63a shows the relationship between the resistance change and 

cumulative AE counts (collected from the sensor on GFRP composite) during the 

entire static loading test. Clearly, significant deviations on the bulk shape of the 

response are observed in the 95-kip cycle. As explained previously, this results from 

the damage (i.e., fiber bundle splitting, see Figure 5.59d) developed in the composite 

at the high stress levels. In particular, the relation corresponding to the final fracture 

(red) presents extensive local nonlinearities, most likely attributed to GFRP 

debonding, which is useful information for SHM of the local bonding interface 

between the GFRP and concrete.  

Similar damage sensing features are also demonstrated in the relationship 

between the beam deflection and cumulative AE hits recorded from the sensor on 

concrete surface as shown in Figure 5.63b. It is observed that a certain amount of AE 

activities are generated during the intermediate cyclic sessions, indicating a relatively 

reduced structural performance of the concrete beam under the service-level loading, 

once cracking damage developed inside. Particularly, a smooth and sharp increasing 

trend is shown, revealing the brittle fracture of the concrete beam at failure.  

To conclude, it can be seen that the proposed CNT-based sensor is able to 

detect structural damage initiated in both the strengthening composite and the concrete 

member, as well as the incipient/imminent failure of the entire structural system in 

real-time.  
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 (a) 

 (b) 

Figure 5.63: Relationships between (a) resistance change with respect to accumulated 

AE counts from GFRP composite patch and (b) beam deflection with 

respect to accumulated AE counts from concrete beam during the entire 

static loading test of the flexure beam up to failure.   
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5.3.2.2 SHM of the Shear Beam 

5.3.2.2.1 Cyclic Loading Condition 

Figure 5.64 shows the typical transient resistive response of the CNT sensors 

underneath the GFRP U-wraps on the shear beam as cyclically loaded from 15 to 35 

kips at 0.2 Hz. In particular, the presented resistance data in Figure 5.64a are from the 

sensing section #8 which covers the soffit of U-wrap #3, the one next by the left 

loading point (see Figure 5.22 for the position). Clearly, the CNT sensing section is 

effectively responding to the 15,000 cycles of repeated loads. In general, this sensing 

section shows a constant change of 0.75 Ω, corresponding to the peak and valley 

loads. During the first 13 hours of testing, the temperature is relatively stable (Figure 

5.64b), but minor drift is observed in the resistive behavior. This phenomenon is 

consistent with the resistive response of the long CNT sensor deployed on the flexure 

beam and most likely caused by the interfacial polarization of the CNT-based 

composite as explained in Section 5.3.2.1.1.  

In contrary to the constantly stable loading protocol (Figure 5.64c) and beam 

deflection (see Figure 5.34a), a sudden jump in resistance appears as the temperature 

changes rapidly during 800-900 min., showing the inherent thermoresistivity of the 

CNT sensor that likely dominates the bulk resistive behavior at low strain levels (i.e., 

less than 50 µε, see Figure 5.35 for strain distribution).  

A closer view at the resistive response of sensing section #8 at several selected 

times during the cyclic testing is presented in Figure 5.64d. It is clear that the overall 

shape of the resistance change curves is barely sinusoidal following the applied load 

(see Figure 5.35) with the peak and valley resistance change appearing at the half-

cycle points. Additionally, the fluctuations in resistance change are also visible and 
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likely caused by the local nonuniformity in the strain distribution under the low 

service-level loads. The corresponding piezoresistive behaviors are shown in Figure 

5.64e. It can be observed that all curves follow a linear trend. The linearized gage 

factors of 1.08 and 1.12 observed in the beginning and ending of the cyclic testing are 

fairly close and therefore present a good repeatability of the deployed CNT sensor and 

indicates a great structural condition of the strengthening composite after withstanding 

the applied 15,000 repeated loads. 

(a) 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

(c) 

Figure 5.64: Typical resistive response of the CNT sensor underneath the GFRP U-

wraps on the shear beam as cyclically loaded, including (a) the total 

resistive response of sensing section #8, (b) the measured temperature 

profile during the 22-hour test, (c) the applied load, (d) enlarged view of 

resistive response at four points of time, and (e) the corresponding 

piezoresistive behaviors of the sensing section #8 at selected cycles. 

Applied Load 

CNT Sensing Section #8 

(from U-wrap #3) 

GFRP Surface Temperature
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(d) 
(e) 

Figure 5.64: continued.  

In addition to Figure 5.64, the resistive responses of the other two sensing 

sections (i.e., #5 and #2) covering the soffits of the U-wrap #2 and #1 are shown in 

Figure 5.65. Due to the lower strain levels in these two locations (see Figure 5.35), the 

bulk resistance change curves are all out of sinusoidal shape and presenting the local 

extremes barely corresponding to the peak and valley loads. Since the piezoresistivity 

of the CNT sensor is hardly activated at the extremely low strains. The piezoresistive 

responses shown in Figure 5.64b and d, display significant deviations to the linear 

trend of expectancy. As a result, the linearized gage factors of the sensing sections #5 

and #2 are found to be quite diverse from each other. 
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Figure 5.65: Transient resistive responses (a, c) and corresponding piezoresistive 

relationships (b, e) of selected sensing sections #5 and #2 at soffits of the 

CNT-based U-wrap sensors #2 and #1, respectively.  
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Figure 5.66 shows the resistive response of the CNT sensing sections that 

cover the side faces of the U-wraps during the cyclic testing of the shear beam. Based 

on the previously demonstrated strain distributions on the side faces of the GFRP 

wraps (see Figures 5.40 and 5.42), it is clear that only the horizontal strains in the top 

region are in compression, which likely leads to a tension-dominated surface strain 

field across the side faces. Consequently, the bulk resistive responses of the side 

sensing sections present the resultant resistance changes similar to those of the bottom 

sensing sections (shown in Figures 5.64 and 5.65), i.e., a tensile fashion with 

compressive effects balanced out. Again, the resistance change curves shown in 

Figures 5.66a through d, hardly follow the sinusoidal shape of the applied load, but 

show the local minima and maxima, matching the applied loads. It is also noted that 

the two side sensing sections in U-wrap #1 are likely inert under the extremely low 

strain levels, showing random fluctuations as shown in Figure 5.66e that are barely in 

correlation with the applied loads. 

It has been shown that under the low service-level loads the deployed CNT 

sensors display consistent resistive responses with significantly small changes in 

electrical resistance, most likely resulting from that the piezoresisitivity of the 

nanotube networks are not fully stimulated at extremely low strain levels. Although 

the resistance changes are not quantitatively beneficial for estimating the stress levels 

the shear beam experienced, a qualitative evaluation of the overall structural condition 

of the strengthened member can be based on the lack of observed random sharp 

anomalies that both the concrete beam and the strengthening GFRP U-wraps are able 

to effectively resist the applied service-level cyclic loads without causing structural 

damage.  
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(a) (b) 

(c) (d) 

 

Figure 5.66: Transient resistive responses of the CNT sensing sections covering the 

side faces of (a, b) U-wrap #3, (c, d) U-wrap #2, and (e) U-wrap #1 at 

selected cycles during the cyclic testing of the shear beam. 
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(e) 

 

Figure 5.66: continued.  

In particular, the typical thermoresistive response of the CNT sensors are 

presented in Figure 5.67. The sensing sections integrated with the GFRP composites 

(i.e., #1, #4 and #7) display the consistent thermoresistivity, similar to those of the 

long CNT sensor on the flexure beam (see Table 5.7), revealing a good repeatability of 

the hybrid composite system in this study. On the other hand, the nonstructural 

sensing U-wraps (i.e., #10 and #13) demonstrate a relatively divergent trend that is 

much more thermoresistive than those in the hybrid composites. This is mainly 
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because of the distinctive differences in CNT concentration, epoxy properties, and 

concrete-sensor insulation between these two types of CNT sensing U-wraps.  

 

 

 

Figure 5.67: Typical thermoresistive responses of the CNT sensing U-wraps 

implemented on the shear beam. 
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5.3.2.2.2 Static Loading-Unloading Cycles up to Failure 

For clarity and accuracy in presentation of the experimental data, the entire 

resistive responses of the CNT sensors on the shear beam are divided into two parts 

and presented separately in accordance to the flexural responses of the beam during 

the eight-step loading-unloading cycles (see Figure 5.37a). Figure 5.68 shows the 

resistive behaviors of the CNT sensing sections under the 45, 55, 65, and 75-kip cycles 

while the strengthened shear beam deforms elastically. It should be noted that transient 

resistive responses of the bottom (i.e., #2, #5, and #8 covering the U-wrap soffits) and 

the side (i.e., #3, #6, and #9 covering the side faces of the U-wraps) sensing sections 

are represented in Figures 5.68a-c and 5.68d-f, respectively. 

All selected CNT sensing sections are effectively responding to the applied 

loads. The overall resistance changes observed depend on the strain levels the sensing 

section experienced and showing a decreasing trend in the direction of declining 

moment. For example, the sensing section #2 (Figure 5.68a) located in the low stress 

discontinuity region next by the left support shows a highly noisy resistive response 

that is only able to estimate the 65 and 75-kip cycles with less than 0.025% resistance 

change in overall. On the other hand, the resistive responses of the sensing section #5 

(Figure 5.68b) and #8 (Figure 5.68c) are closely following the shape of the loading 

profile (Figure 5.68g) showing obvious resistance changes.  
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(a) 

(b) 

(c) 

(d) 

Figure 5.68: Typical transient resistive responses of the selected bottom sensing 

sections including (a) #2, (b) #5, (c) #8, and side sensing sections 

including (d) #3, (e) #6, and (f) #9 of the CNT-based U-wrap sensors as 

monitoring the shear beam under the stepwise static loads (g) up to 75 

kips. 
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(Side Face of U-wrap #1) 
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(e) 

(f) 

(g) 

Figure 5.68: continued.  

In addition, the side sensing sections (Figures 5.68d-f) show a less sensitive 

behavior in estimating the applied loads with even lower level of resistance changes 

than those of the bottom sensing sections. This is mainly resulting from the relatively 

complex strain distributions across the side faces of the U-wraps. In particular, sensing 

sections #6 and #9 (Figure 5.68e and f) show a clear correlation to the 65 and 75-kip 
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cycles. It is also notable that during the first 5.5-hour test, all presented CNT sensing 

sections display the slow time variations of electrical resistance, seen as the 

‘decreasing drift’. This is most likely induced by the different levels of electrical 

polarization. For instance, the uncured epoxy molecules inside of the CNT sensor can 

easily get polarized under the applied electrical field [61-63], therefore attributing to 

the electrical conductivity of the bulk sensing composite. In addition, the higher 

resistive networks in the side sensing sections (Figures 5.68d-f) can probably 

introduce more significant interfacial polarization that sometimes impedes the resistive 

responses in the 45 and 55-kip loading cycles, as compared with the bottom sensing 

sections #5 and #8. 

Figure 5.69 shows the resistive responses of the CNT-based U-wrap sensors as 

the shear beam subjected to higher loads including the 85, 95, 115, and 140-kip 

loading-unloading cycles. It is clear that all bottom (i.e., #2, #5, and #8) and side (i.e., 

#1, #4, and #7) sensing sections (Figures 5.69 a through f) show consistent resistance 

responses that instantly respond to the variations in applied loads (Figure 5.69g), 

demonstrating an overall shape comparable to that of the loading protocol. The 

resistance changes are observed from 1.8 Ω (0.055%) in sensing section #2 (Figure 

5.69a) up to 3.5 Ω (0.1%) in sensing section #8 (Figure 5.59c), which in general are 

small resistive variations, revealing the structural condition of the monitored areas. It 

is also noted that the side sensing sections (Figures 5.69d-f) show the activated 

piezoresistivity that promotes a strong correlation with the applied loading profile, 

indicating the likelihood of a tension-dominated strain field across the side faces of the 

U-wraps. Quantitatively, the resistance variations of 3.7 Ω (0.052%), 6.1 Ω (0.067%), 

and 5.9 Ω (0.065%) are observed in sensing sections #1, #4, and #7, respectively. 
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(a) 

(b) 

(c) 

(d) 

Figure 5.69: Typical transient resistive responses of the selected bottom sensing 

sections including (a) #2, (b) #5, (c) #8, and side sensing sections 

including (d) #1, (e) #4, and (f) #7 of the CNT-based U-wrap sensors as 

monitoring the shear beam under the stepwise static loads (g) from 85 to 

140 kips. 

CNT Sensing Section #1

(Side Face of U-wrap #1) 
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(e) 

(f) 

(g) 

Figure 5.69: continued.  

Obviously, under the relatively high loadings, these minor changes can infer an 

extremely low possibility of the opening of the existing shear cracks underneath the 

side sensing sections, suggesting a strong shear strengthening action of the deployed 

GFRP U-wraps to the weak side of the shear beam. In addition, the presented bulk 

resistive responses are showing a concave shape of the baseline resistance during the 
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7-hour test, which likely corresponds to the temperature variations shown in Figure 

5.69g. 

Compared with the side faces of the U-wraps, strain distributions on the soffits 

of the wraps are relatively uniform under the applied bending moment and then can be 

represented in two major directions, i.e., the longitudinal and transverse strains (see 

Figure 5.41). As a common practice [69], the resistance variations of the CNT sensing 

sections are correlated with these two principle strains to demonstrate the planar 

piezoresistivity of the CNT sensors in these two orientations. Here, the longitudinal 

direction refers to the beam axis direction that is perpendicular to the fiber direction of 

the composite U-wrap in soffit, and vice versa. Figure 5.70 shows the longitudinal 

piezoresistive responses of the sensing sections #8, #5, and #2 as the shear beam 

loaded to 75, 85, 95, 115, 140, and 160 kips (Figures 5.70 a though f). It is clear that 

all piezoresistive curves are linear elastic under the observed low strain levels, 

indicating a consistent piezoresistivity. It is also noted that the sensing section #8 

(black lines) shows higher piezoresistivity than other two sensing sections during all 

six loading cycles, which is likely an amplified piezoresistivity due to the disturbed 

strain measurements at the discrete location. Besides the level of loading, the 

longitudinal strains on soffit are naturally dominated by the material properties of the 

epoxy matrix, which is much weaker than the concrete. Therefore, the opening of the 

existing flexural cracks in close proximity to the sensing section #8 (see Figures 5.44c 

and 5.7a) can cause tremendous variations in the surface strain field, leading to that 

the strain measurements at the center of the soffit may not be representative for the 

entire area covered by the sensing section #8.  
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In addition to Figure 5.70, the transverse piezoresistive responses are shown in 

Figure 5.71. It should be first noted that the response of section #2 are not included in 

this figure, because the measured transverse strains in this section are extremely low 

(less than 20 µε) and noisy throughout the entire test. In general, the piezoresistive 

behavior (Figure 5.71a) appears due to the noisy electrical measurements when the 

strain level is less than 50 µε. Notably, the transverse piezoresistive responses of the 

sensing sections #5 and #8 (Figure 5.71b through f) represent a stable and linear 

elastic fashion as the beam loaded beyond 85 kips. In addition, the discrepancy 

between the transverse piezoresistivity of the sensing section #8 and #5 is significantly 

reduced as compared with the longitudinal one (see Figure 5.70). This is because the 

transverse strains on soffit are controlled by the reinforcing glass fibers following a 

decreasing trend in the direction of declining bending moment.  

As a useful figure of merit, the gage factor demonstrates the strain sensitivity 

of the CNT-based sensors. Table 5.8 lists the linearized gage factors of the bottom 

sensing sections at different levels of loading. As usual, they are calculated as the 

slopes of the piezoresistive responses shown in Figures 5.70 and 5.71. Apparently, 

every CNT sensing section presents comparable gage factors along the longitudinal 

direction that follows a slight increasing trend as the load increases, indicating a high 

repeatability of the deployed CNT sensors. It is also noted that the sensing section #5 

and #8 represent consistent transverse gage factors that are nearly 2.5 and 6.5 times 

higher than the longitudinal ones, highlighting the planar strain sensitivity of the 

proposed CNT-based sensors. Similar results have been presented in Section 2.4.1.3 in 

Chapter 2. 
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Figure 5.70: Piezoresistive responses of the bottom sensing sections #8, #5, and #2 in 

the longitudinal direction as the shear beam loaded to (a) 75, (b) 85, (c) 

95, (d) 115, (e) 140, and (f) 160 kips.  
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Figure 5.71: Piezoresistive responses of the bottom sensing sections #8 and #5 in the 

transverse direction as the shear beam loaded to (a) 75, (b) 85, (c) 95, (d) 

115, (e) 140, and (f) 160 kips.  
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Table 5.9: Linearized Longitudinal and Transverse Gage Factors Demonstrated by 

the Bottom Sensing Sections of the CNT-Based U-Wrap Sensor as the 

Shear Beam Statically Loaded. 

CNT 

Sensing 

Section 

Linearized Longitudinal Gage Factors 

75-kip 

Cycle 

85-kip 

Cycle 

95-kip 

Cycle 

115-kip 

Cycle 

140-kip 

Cycle 

Failure Cycle 

(Upto 160 kips) 

#2 1.00 0.94 0.82 0.87 0.90 0.93 

#5 1.05 0.95 1.01 1.01 1.06 1.14 

#8 1.93 1.96 1.96 2.00 2.06 2.15 

CNT 

Sensing 

Section 

Linearized Transverse Gage Factors 

75-kip 

Cycle 

85-kip 

Cycle 

95-kip 

Cycle 

115-kip 

Cycle 

140-kip 

Cycle 

Failure Cycle 

(Upto 160 kips) 

#5 
N.A. 

6.66 7.04 7.04 6.41 6.04 

#8 4.87 4.84 4.84 4.78 4.55 

 

The non-rehabilitated portion of the shear beam (i.e., the right strong portion, 

see Figure 5.22) behaves as a conventional reinforced concrete member under the 

applied increasingly stepwise loading, presenting the progressively accumulated 

flexural and shear cracking damage (see Figures 5.43 and 5.45). The implemented 

nonstructural sensing U-wraps #4 and #5 aim at providing the continuous real-time 

health monitoring of this specific region. The transient resistive responses of the 

selected bottom and side sensing sections from these two CNT-based U-wrap sensors 

are shown in Figure 5.72 and 5.73, respectively. In general, both sensors are 

effectively responding to the applied loads and demonstrate distinctive variations in 

resistance (change) at different loading levels which consequently indicates different 

stages of damage progression occurred in the concrete beam.  

In particular, the sensing section #11 (Figure 5.72a) shows a sharply increasing 

trend of resistance change over the entire loading protocol and a considerably large 

change of 44% in resistance is observed during the 140-kip cycle, indicating the 
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severe cracking damage accumulated at the soffit region close to the loading point. 

Similarly, the bottom sensing section #14 (Figure 5.72b), next to #11 in the zone of 

lower moment, represents a comparable trend of resistance variations as that of #11 

but meanwhile shows a significantly reduced level of resistance change (i.e., < 5%) in 

overall, suggesting a relatively mild stage of damage developed in this region. 

Notably, this sensing section presents an abrupt drift of resistance in the first 

two hours of testing, which is mostly likely caused by the interfacial polarization of 

the CNT-based composite. Additionally, due to the inherently high resistance of this 

CNT sensor as comparing with the low-resistive CNT sensors as shown in Figures 

5.68 and 5.48, the polarization effect becomes aggravated and induces relatively large 

resistance change of ~3%. It is also noted that this slow time variations of electrical 

polarization are totally impeded by the piezoresistive response as the sensor 

experiences large strains (i.e., the cracking damage) as exemplified during the 95-kip 

cycle in Figure 5.72b. 

The side sensing sections #10 and #13 of the CNT-based U-wrap sensors #4 

and #5 (Figure 5.73a and b) demonstrate a strong correlation with the applied loads. 

As expected, a permeant resistance change is observed after each loading-unloading 

cycle, revealing the increasingly accumulated structural damage in the concrete beam. 

To facilitate the understanding of these resistive responses, the tracked pattern of 

concrete cracking progression in the un-retrofitted region of the beam is shown in 

Figure 5.74. Apparently, the previously observed resistance variations of the sensing 

sections #10 and #13 closely correspond to the evolutions of cracks accumulated on 

these two sensing sections, confirming that structural damage progression is 

accompanied with permeant resistance change.  
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Figure 5.72: Transient resistive responses of the bottom sensing sections (a) #11 and 

(b) #14 of the nonstructural CNT-based sensing U-wraps #4 and #5 in the 

non-rehabilitated portion of the shear beam as statically loaded (c). 
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Figure 5.73: Transient resistive responses of the selected side sensing sections (a) #10 

and (b) #13 of the nonstructural CNT-based sensing U-wraps #4 and #5 

in the non-rehabilitated portion of the shear beam as statically loaded (c). 
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Figure 5.74: Photographs showing the traced cracking pattern observed from the shear 

beam in its strong side (un-retrofitted portion) after loading up to 85, 95, 

115, 140, and 160 kips. 
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The nonstructural sensing U-wraps present considerably larger resistance 

variations than those of the hybrid U-wraps sensors, proving the strong and effective 

strengthening action provided by the GFRP-U-wraps to the weak portion of the beam 

that leads to a high structural performance of the retrofitted portion with the nearly 

damage-free state as the beam progressively loaded. 

As planned initially, the goal of the intermediate cyclic loading sessions 

between the loading-unloading cycles (see Figure 5.37a) is to evaluate the structural 

performance of the partially strengthened shear beam under the low service-level 

loading condition after being increasingly loaded statically. Therefore, the outputs of 

the CNT-based sensing U-wraps during these cyclic loading sessions are useful and 

necessary to the continuous SHM of the shear beam. Figure 5.75 shows the typical 

transient resistive responses of CNT sensing sections in the GFRP-strengthened region 

of the beam at the half point of each session. Similarly, Figure 5.76 presents the 

typical responses of nonstructural sensing sections in the non-rehabilitated portion of 

the beam. Although some resistive fluctuations are observed locally, both sensing 

section #8 and #9 shown in Figure 5.75a and b represent nearly constant resistance 

changes of 0.006% and 0.004%, respectively as responding to the cyclic loads during 

the initial session and the rest four sessions correspondingly after the 85, 95, 115, and 

140-kip cycle. Apparently, these responses are expected and showing the undamaged 

resistance change of the CNT sensing sections, which consequently indicates the 

stable and robust structural performance of the GFRP-strengthened region, i.e., 

maintaining a good serviceability in overall. 

In contrast, significant variations in resistance change are observed in the 

resistance responses (Figure 5.76a-d) of the CNT sensors located in the un-retrofitted 
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region. For instance, as shown in Figure 5.76a the bottom sensing section #11 (next by 

the central span of maximum moment) displays 0.04% resistance change in the first 

cyclic session and then sharply increases to 0.16%, 1.0%, and 10% in the following 

sessions after 85, 95 and 140-kip loading cycles. Additionally, the side sensing section 

#10 of the same wrap #4 (Figure 5.76b) present the comparable trend of the increasing 

resistance change. Obviously, the U-wrap sensor #4 shows resistance change due to 

accumulated damage, revealing the damaged state and reduced serviceability of the 

un-retrofitted region of the shear beam. It is also noted that the bulk resistance 

responses of the U-wrap sensor #5 present a neat sinusoidal shape similar to that of the 

applied load. In addition, this sensor shows less accumulated resistance changes in the 

bottom (Figure 5.76c) and side (Figure 5.76d) sections, suggesting the reduced levels 

of damage in this lower moment region as comparing with the region near the loading 

point (i.e., covered by U-wrap sensor #4). 
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(a) 

(b) 

Figure 5.75: Transient resistive responses of the selected sensing sections (a) #8 and 

(b) #9 in the GFRP-strengthened region of the shear beam at the half time 

of five intermediate cyclic loading sessions including the initial one and 

the rest four after 85, 95, 115, and 140-kip static loading cycles.  
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(a) 

(b) 

Figure 5.76: Transient resistive responses of the nonstructural sensing U-wraps #4 (a, 

b) and #5 (c, d) in the non-rehabilitated region of the shear beam at the 

half time of five intermediate cyclic loading sessions including the initial 

one and the rest four after 85, 95, 115, and 140-kip static loading cycles. 
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(c) 

(d) 

Figure 5.76: continued. 
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As the shear beam statically loaded to failure, the CNT-based U-wrap sensors 

distributed on the member are expected to present local information regarding the 

structural performance of the beam specimen in real-time. Figures 5.77 and 5.78 show 

the transient resistive response of the selected sensing sections from the CNT sensors 

located in the GFRP-strengthened and non-rehabilitated portions of the beam. All 

CNT U-wrap sensors display strong correlations with the loading protocol.  

The bottom sensing sections #2, #5, and #8 (Figure 5.77a-c) show distinctive 

resistance variations closely following the trend of the measured longitudinal strains. 

Interestingly, a sharp resistance spike is observed in sensing section #8 (Figure 5.77c) 

as loading up to 157 kips, which exactly corresponds to the inflection point of the 

measured mid-span displacement of this beam shown in Figure 5.37a. Meanwhile, the 

longitudinal strain rapidly drops which is caused by the sudden releasing of surface 

strains as the extensive opening of the critical flexural crack in close proximity to this 

sensing section (see Figure 5.44c), when the beam deforms plastically. After failure, 

both sensing section #5 and #8 show some permeant resistance changes, but the 

resistance of sensing section #2 returns to its original value.  

Similar resistance variations are also observed in the side section sections #1, 

#4, and #7 as showed in Figure 5.77d through f. Therefore, it can be concluded that 

the transient resistive responses of U-wrap sensor #3 (Figure 5.77c and f) show the 

instant feedback on the structural performance of the concrete beam, indicating 

imminent failure. In addition, the resistance changes of all three U-wrap sensors are 

amazingly small in magnitude, i.e., < 0.17%. There are also no any continuous 

nonlinearities observed in the resistive responses throughout the entire failure cycle. 

As a result, it can be deduced that (1) very minor structural damage may be 
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accumulated in the strengthened portion of the beam; (2) the deployed GFRP 

wrapping scheme is effectively providing the adequate rehabilitation to the shear 

beam, enabling the great structural integrity in overall and preserving the nanotube 

networks undamaged across the bonding layer.  

In contrast, the resistive responses of the nonstructural sensing U-wraps #4 and 

#5 shown in Figure 5.78 demonstrate tremendous nonlinearities and sharp variations, 

as the shear beam tested to failure. Due to the close proximity to the central loading 

span, the bottom sensing section #11 is damaged by the progression of flexural cracks 

of concrete (see Figures 5.45b and 5.74). For example, about 3% resistance change 

(Figure 5.78a inset) is recorded as loading to 120 kips. Afterwards, the resistance 

changes of more than 250% are observed in this bottom sensing section (Figure 5.78a) 

at failure of the beam, and closely matches the severe cracking damage developed in 

this area (see Figure 5.45b). The other bottom sensing section #14 (Figure 5.78b) 

located in the region of less moment, displays a smooth increasing trend of resistance 

(i.e., only 1%) up to 157 kips and then presents nonlinear and sharp resistance 

variations (i.e., over 6%) as approaching the final failure.  

As shown in Figure 5.79a and b, the side sensing sections #10 and #13 of the 

U-wrap sensors #4 and #5 show a comparable fashion of resistance variations as those 

observed in the bottom sensing sections, when the shear beam is tested to its failure. 

Before the beam starts to yield (i.e., loaded below 157 kips), the sensing sections #10 

and #13 present about 2% (Figure 5.79a inset) and 4.5% (Figure 5.79b) resistance 

changes, respectively. Abrupt resistive spikes are observed in these two sensing 

sections as the shear beam reaching its load capacity. In total, about 50% and 22% 

resistance changes are displayed in the sensing section #10 and #13, respectively.  
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(a) 

(b) 

(c) 

Figure 5.77: Transient resistive responses of the selected sensing sections (a) #2, (b) 

#5, (c) #8, (d) #1, (e) #4, and (f) #7 in the GFRP-strengthened region of 

the shear beam as statically tested to failure. 
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(d) 

(e) 

(f) 

Figure 5.77: continued.  
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(c) 

 

Figure 5.78: Transient resistive responses of the bottom sensing sections (a) #11 and 

(b) #14 in the nonstructural sensing U-wraps #4 and #5 on the non-

rehabilitated region of the shear beam as statically tested to failure. 
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(a) 

 

 

 

 

 

 

 

(b) 

 

 

 

 

 

(c) 

Figure 5.79: Transient resistive responses of the side face sensing sections (a) #10 and 

(b) #13 in the nonstructural sensing U-wraps #4 and #5 on the non-

rehabilitated region of the shear beam as statically tested to failure. 
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Based on the experimental results, it can be concluded that the deployed 

nonstructural U-wrap sensors demonstrate a comprehensive monitoring of the un-

retrofitted portion of the shear beam. Particularly, the transient resistive responses are 

able to track the stages of cracking damage progression in real-time. In addition, all 

sensors established new resistance baselines instantly after the failure of the beam. 

This is desirable and proves that the proposed CNT-based SHM method can achieve a 

comparably longer in-service life expectancy than that of the monitored concrete 

member, further enabling the in-field applicability of this method.  

5.3.2.2.3 Comparison with Acoustic Emission Responses 

In addition to Figure 5.36, the response of the AE sensor on the GFRP U-wrap 

#2 (see Figure 5.22 for location) during the 15,000-cycle repeated loading test is 

presented in Figure 5.80 and compared with the resistive responses of the CNT 

sensing sections #4, #5, and #9 that are right underneath or nearby this AE sensor. A 

nearly constant rate of increase of the AE count (Figure 5.80a) is maintained during 

the first 10 hours of testing, indicating an unchanged state of the structural 

performance of the structurally-rehabilitated beam system. The observed AE activities 

originate from two sources including the system vibration (of the fixture, load cell, 

hydraulic pump, etc.) during the cyclic testing as well as the releasing of concentrated 

strain energy at the fiber/matrix interface as the composite cyclically loaded.  

Remarkably, an intensive AE hit of about 240 counts was registered around 

730 min. (highlighted in the yellow box) and then the cumulative AE counts 

instantaneously increases (black line), suggesting the growth of damage of the 

structural system. In addition, closer views of the transient resistive responses of the 

CNT sensors (Figure 5.80b-d) located in the same region of the AE sensor show that a 
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series of abnormal resistance changes are observed in all three sensing sections during 

735-740 min. This likely coincides with the sudden AE hit. After 760 min., AE hits 

reduce back to the initial level (i.e., about 75 counts/hit). Similarly, the resistance 

responses of the CNT sensing sections maintain a relatively stable baseline in the same 

level as before. Consequently, it can be deduced that the observed abrupt variations of 

acoustic emissions and resistance possibly result from either the microscale debonding 

at the critical existing shear cracks or the microscale separations of the fiber bundles in 

the composite. Nevertheless, single occurrences of these micro-level damage cannot 

influence the structural performance in overall. 
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Figure 5.80: Total AE responses (a) collected from the AE sensor on the GFRP U-

wrap #2 during the 15,000-cycle repeated loading test, in comparison 

with the resistive responses of the CNT sensing sections (b) #4, (c) #5, 

and (d) #9. 
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Figure 5.81a shows the cumulative AE counts recorded from the sensor on 

concrete surface and the applied static loading-unloading cycles as a function of the 

mid-span displacement of the shear beam. It can be seen that a strong correlation is 

presented between the AE counts and the peak load of each loading cycle. The 

cracking damage progression under the gradually increased loads is exhibited as the 

increments of AE counts.  

It can also be seen that the presence of the Kaiser effect (that was noticed in 

the AE response of the flexure beam, see Section 5.3.2.1.3) is now observed in all 

loading cycles and the first two unloading cycles (i.e., 45 and 55-kip). Afterwards, the 

Felicity effect (shown as the continuous occurrence of emission during the unloading 

and reloading below the previous loading level) dominates the AE response during 

unloading, which is initiated at a much lower load level than that observed in the 

flexure beam. This is because that the shear beam was precracked at 95 kips prior to 

GFRP retrofitting. At this relatively high preloading level, considerable flexural and 

shear cracking damage can be easily generated within the concrete (see Figure 5.7). 

Although the deployed GFRP U-wraps in the left portion of the shear beam can 

substantially restrain the potential opening of these existing cracks in this region, the 

cracking progression in the non-rehabilitated portion of the beam (i.e., the right side) 

is not prevented and stopped during loading. In contrast, the flexure beam was only 

precracked at 35 kips and the GFRP patch was continuously deployed across the entire 

tension face of the beam. Therefore, a greater control on structural performance of the 

flexure beam was maintained by the provided composite than that of the shear beam. 

In addition, the resistance-displacement curves (Figure 5.81b-d) show a nearly 

linear trend as the shear beam was loaded up to 85 kips. However, it can be observed 
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that these curves exhibit relatively high level of noise, which most likely caused by the 

unstable resistance measurements of the side CNT sensing sections, mainly attributing 

to (1) the extremely low strain levels and (2) the complex strain distributions across 

the side faces of the beam.  

It can be also seen that the resistance-displacement relationship of the sensing 

section #4 (Figure 5.81c) begins to deviate from its initial linearity as loaded beyond 

85 kips, revealing the onset of structural damage, presumably the micro-debonding at 

the critical shear crack underneath this section. During the 115-kip cycle, both the 

section #3 and #4 (Figure 5.81b and c) display a remarkable deviation in the trend of 

the resistance-displacement curves, suggesting the aggravation of the accumulated 

damage in the concrete beam at high loads. Clearly, structural damage results in the 

decrease in member stiffness shown by the declining slope of the force-displacement 

curve (Figure 5.81a). In particular, the disrupted stress field (i.e., the support 

disturbance) may also contribute to the observed nonlinearity in the response of the 

sensing section #3 due to the unique location of this section that covers the 

discontinuity region next to the left support.  
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(d) 

Figure 5.81: (a) Cumulative AE counts and the applied load as a function of beam 

deflection and (b-d) corresponding resistance-displacement relationships 

observed in side CNT sensing sections #3, #4, and #9 during the 

incremental stepwise loading. 
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In addition to Figure 5.81, the typical relationship between the resistance 

change and cumulative AE counts during the static loading-unloading cycles is shown 

in Figure 5.82. Particularly, the resistive response of the CNT sensing section #8 is 

selected to correlate with the observed AE response, since this sensing section has 

presented the most resistance changes (in %) among other sensing sections in the 

structural system and more importantly, this sensing section is close to the AE sensor. 

It can be seen that all curves display a comparable trend, showing three distinctive 

regions observed as the initial jump, the plateau (highlighted in yellow ellipses in 

Figure 5.82), and the final ramp.  

In the initial jump region, the resistance of the CNT sensing section sharply 

increases due to the deformation of the shear beam. On the other hand, the AE counts 

remain nearly unchanged since the current loading level is less than the previous 

loading peak, i.e., the Kaiser effect. Nevertheless, this effect does not hold true during 

holding and unloading steps. For example, in the final ramp region, tremendous AE 

counts are displayed as the loading level falling below the previous level, highlighting 

the Felicity effect. It can be found that the observed Felicity effect initiates in the 65-

kip cycle and gradually grows as loading level increases.  

The most interesting results occur in the plateau region where the progressive 

increase in resistance is always accompanied with the instant accumulation of AE 

counts, confirming the correlation between the damage state of the GFRP-concrete 

structural system and the resistive response of the CNT sensor. The overall changes in 

the magnitude of the resistance are consistent with the variations in AE counts from 

the 55-kip to the 115-kip cycles, indicating the reduced structural performance of the 

rehabilitated beam due to the cracking damage propagated in the structural system. 
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Figure 5.82: Typical relationship between the resistance change of the CNT sensor 

and the cumulative AE counts during the static cyclic test of the shear 

beam (Note: yellow ellipses highlight the plateau regions). 
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cracks (underneath the sensor, see Figure 5.44c) at high loads, which immediately 

terminated the task of monitoring acoustic emissions.  

The resistance change-displacement relationships (Figure 5.83b-e) show two 

trends in general. The CNT-based U-wrap senor #2 (Figure 5.83b and c), compassed 

by the GFRP composite in the retrofitted region of the beam, shows a comparable 

fashion as the mid-span displacement (Figure 5.83a). It can be seen that during the 

140-kip cycle, variations in resistance are steadily increasing and decreasing as loaded 

and unloaded, respectively. In the last loading cycle, low-amplitude nonlinearities in 

resistance change are observed constantly after the shear beam starts to yield, 

depicting the failure process of the beam.  

In contrast, the nonstructural U-wrap sensor #4 (Figure 5.83d and e), located in 

the non-rehabilitated portion of shear beam, shows large resistance changes (plotted in 

logarithmic scale) during the 140-kip (black) and the failure (red) cycles. These 

observed sharp resistance changes reveal the severe damage state of the structural 

system, which agrees with the aforementioned AE response. Compared with the 

extremely small and relatively smooth variations in resistance of CNT-based sensors 

located in the strengthened portion of the beam, it can be concluded that the cracking 

damage progression is effectively prevented using the wide and narrowly-spaced 

GFRP U-wraps and the deployed CNT-based sensors are able to correctly estimate the 

structural behavior of the shear beam in real-time.  
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Figure 5.83: (a) Cumulative AE counts and the applied load as a function of beam 

deflection and (b-e) corresponding resistance-displacement relationships 

observed in CNT-based U-wrap sensors #2 and #4 as the shear beam 

statically loaded to 140 kips and tested to failure. 
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In addition to Figures 5.81-83, the AE response during the intermediate cyclic 

loading sessions (see Figure 5.37a) can be a useful figure of merit to evaluate the 

structural performance of the progressively damaged concrete beam, once subjected to 

the low service-level loadings. Figure 5.84 shows the real-time AE hits collected in the 

last three cyclic sessions (i.e., after the 95, 115, and 140-kip static loading cycles) and 

compares the acoustic emission data with the resistive responses of the nonstructural 

CNT-based U-wrap sensor #4 and the hybrid sensor #3 in the un-retrofitted and 

GFRP-rehabilitated portion of the shear beam, respectively.   

From Figure 5.84a, it can be observed that the highest level of AE hits remains 

consistently below 180 counts/hit during all three cyclic sessions. However, more 

concentrated AE hits occur in the period of the 9th cyclic session than those in the 7th 

session. This most likely indicates that the overall structural performance of the 

structural system does degrade due to the cracking damage progressively accumulated 

inside as loaded at high levels (i.e., 95 vs. 140 kips). Particularly, this trend of damage 

progression is instantly demonstrated by spectacular variations in resistance of the 

nonstructural CNT-based U-wrap sensor as shown in Figure 5.84b and c. It can be 

observed that as soon as AE hit appears, a sharp spike of resistance change is observed 

and in general, the resistance change follows an increasing fashion, which further 

confirms the damage sensing capability of the installed CNT-based sensors.  

On the other hand, the CNT sensor #3 (Figure 5.84d and e) located in the 

GFRP strengthened portion of the beam present a comparably unchanged trend of 

resistance changes at a very low level of magnitude during all three sessions. This 

most likely reveals that a robust structural performance of this beam portion is 

maintained due to the effective strengthening action of the depolyed GFRP U-wraps.  
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Figure 5.84: Comparisons between (a) AE hits and (b, c) the resistive responses of the 

nonstructural CNT-based U-wrap sensor #4 and (d, e) the structural 

sensor #3, during the 7th, 8th, and 9th cyclic loading sessions (f). 
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5.4 Summary and Conclusions 

CNT-based smart sensing composites have been developed to offer 

multifunctional sensing capabilities of strain, damage, temperature, PH, gas, 

chemicals, etc. However, the overwhelming majority of the scientific literature on 

damage sensing/structural health monitoring have mainly focused on coupon-level 

experiments and involved complex manufacturing processes that are not suitable for 

large-scale applications. In particular, the applications of CNT-based sensing 

composites on concrete structures are rarely reported in scientific publications. For the 

first time, in this research, large-scale CNT-based hybrid composites have been 

designed and experimentally tested on two full-size concrete beams. The proposed 

hybrid composite simultaneously integrates the CNT-based sensing layer for structural 

health monitoring and the glass fiber reinforced polymer composite for structural 

strengthening. This novel composite system can be a strong candidate as a next-

generation structural retrofitting methodology for concrete structures.  

First, two reinforced concrete laboratory beams in size of 1 ft × 2 ft × 16 ft 

were designed with special steel reinforcement details such that the one beam could 

fail in flexure due to the insufficient tension bars and the other beam could fail in 

shear in its weak portion because of the unsymmetrical transverse reinforcement 

provided [21]. Both beams were cast in-place and preloaded under service-level 

loadings to generate moderate concrete cracks [21]. 

Second, the external GFRP composites were used to rehabilitate these pre-

cracked beams. The design of the strengthening composites closely followed the 

procedures recommended by the ACI 440 Committee (2008) [25]. In particular, the 

first beam was rehabilitated with a continuous composite patch covering the entire 
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tension side to increase its flexural strength; the second beam was strengthened at its 

weaker side with three wide and narrowly-spaced composite U-jackets.  

Next, nanotubes were coated onto nonstructural fabrics following the formerly 

developed ‘wetting’ approach (in Chapter 2) to establish the large planar sensors. 

These customized sensing sheets were first placed on the concrete surface, then 

covered with the glass fiber preforms, and finally integrated together onto the concrete 

beam through a one-step process, i.e., the on-site vacuum-assisted-resin-transfer-

molding (VARTM) technique. After curing the part, the proposed hybrid composites 

were created. According to the existing literature, this 13.5 ft continuous sensing patch 

is the largest CNT-based sensing composite that has been created and tested.  

Finally, both GFRP-strengthened beams were subjected to the low service-

level cyclic loadings and the static incremental loading-unloading cycles, and 

ultimately tested to failure. Multiple kinds of sensors including strain gages, AE 

sensors, potentiometers, and cameras were used to monitor the mechanical responses 

of the beams and to verify and correlate with the real-time resistive responses of the 

deployed CNT sensors.  

Based on the experimental results obtained in this study, the following general 

conclusions can be drawn: 

(1) The implemented VARTM approach created high quality composite parts 

and ensured a smooth and uniform bonding layer between the composite and the 

concrete surface.  

(2) The two strengthened concrete beams, each of which was originally 

designed to fail in a particular failure mode, behaved as expected. Their structural 
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performance and serviceability under the low service-level loads and high loads were 

substantially improved and properly maintained by the provided GFRP composites.  

(3) The ultimate load carrying capacity of the strengthened flexure beams was 

found to be about 10% more than the design capacities according to ACI440.2R-8 

recommendations, which is desirable and has validated the effectiveness of the 

VARTM-based GFRP strengthening approach. In particular, the wrapping scheme 

adopted in this study for the shear beam (i.e., the narrowly-spaced, wide unidirectional 

GFRP U-wraps) demonstrated a more superior shear-retrofitting action (i.e., no 

opening of shear cracks observed even at failure) than the discrete and narrow U-strips 

as commonly reported in literature. 

(4) Large-scale CNT-based planar sensing sheets were successfully created and 

deployed at the bond interface between the concrete beam and GFRP via VARTM-

based one-step process. Both local and integral behaviors of the beam were then 

monitored using these CNT sensors through the customized multiplexing approach.  

(5) All CNT sensing sections were effectively responding to the mechanical 

responses of the concrete beam under difference loading scenarios. Particularly, the 

transient responses of the CNT sensors demonstrated great correlations with the 

responses of the applied loads, strains, deflections, and acoustic emission, validating 

the feasibility of using the integrated CNT sensors to perform continuous SHM of 

concrete structures. 

(6) Based on the in situ AE responses and video monitoring, the observed 

nonlinearities in the resistive and piezoresistive responses of the CNT sensors have 

been confirmed to be an effective figure of merit presenting the local and integral 

damage propagations in both the concrete beam and the strengthening composite, such 
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as the onset of concrete cracking, fiber buddle splitting in GFRP, as well as the 

incipient and imminent failure of the beam member. 

(7) In comparison with point sensors including strain gages, potentiometers 

and AE sensors, the large planar CNT sensors could enable the comprehensive and 

continuous SHM of the concrete members due to their extensive area of coverage, 

selective locations at the critical bonding interface, and the high sensitivities to 

damage. In particular, the nonstructural CNT-based U-wrap sensors demonstrated 

more than 250% resistance changes during the failure process of the concrete beam 

and their real-time resistive responses most likely depicted the entire damage 

progression in concrete.  

(8) Under extremely low strain levels (i.e., < 50 µε), the piezoresistivity of the 

large CNT sensor could not be fully activated and the sensors likely become inert to 

the low loads and meanwhile are more affected by temperature variations.  

(9) CNT sensors demonstrated the slow time variations of electrical resistance, 

seen as the baseline drifts, which are most likely associated with different levels of 

interfacial polarization in CNT-based composites. Sometimes, the electrical 

polarization effect could impede the piezoresistive responses of the CNT sensors at 

low levels of loadings. 
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CONCLUSIONS, SCHOLARLY CONTRIBUTIONS, AND 

RECOMMENDATIONS FOR FUTURE RESEARCH 

This doctoral research presented in this dissertation has drastically progressed 

and expanded the potential of utilizing carbon nanotube (CNT) -based sensing 

composites for structural health monitoring (SHM) of large concrete structures by 

solving four compelling problems including (1) fundamental development and 

characterization of the sensitive and scalable strain sensors using the novel CNT-based 

nonwoven composites, (2) establishment of spatial damage sensing capability of the 

CNT-based sensing composites using electrical impedance tomography (EIT), (3) 

systematic investigations on thermoresistive behaviors of the CNT-based 

nanocomposites and multiscale composites, and (4) large-scale experimental study on 

structural rehabilitation and health monitoring of concrete beams using the hybrid 

composites consisting of CNT-based nonwoven sensors and GFRP. These innovative 

insights and original work on the electrical conductive properties of the CNT-based 

composites and the 1D/2D sensing schemes are synergistically leveraged to develop a 

theoretical and practical framework to fundamentally enhance the CNT-based sensing 

composites for large-scale applications. The major conclusions and scholar 

contributions of each chapter are summarized as follows. 

6.1 Scalable Strain Sensors Based on CNT-Nonwoven Composites 

In Chapter 2, a simple and cost-effective two-step manufacturing approach for 

fabricating CNT-based nonwoven composites was first introduced. This technique is 

Chapter 6 
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scalable and customizable for field applications and has a high degree of application 

flexibility. Then, the proposed nanotube-based strain sensors were successfully 

developed in use of the CNT-based fiber sizing agent as the source of nanotubes, the 

nonwoven fabrics as the scalable carrier for nanotubes, the epoxy resin as the 

nonconductive substrate, and the VARTM approach for composite manufacturing.  

Afterwards, a series of coupon-level experiments including scanning electron 

microscopy, mechanical and electrical tests were performed to characterize the as-

established CNT-based nonwoven composites. Different properties including the 

morphological states, modulus of elasticity, elastic and ultimate strength and strain 

limits, double percolating behavior, electrical conductivity, and piezoresistivity (i.e., 

gage factor) were determined and proved that the CNT-based nonwoven composites 

are mechanically-robust and sensitive to strains.  

In the last part of Chapter 2, three coupon-level case studies of using the 

proposed CNT sensors for ex situ strain monitoring of metal members were conducted 

under a static loading environment. The results demonstrated that (1) this newly 

developed sensors are effectively responding to the elastic and plastic, compressive 

and tensile strains, as well as the distributed strains; (2) strong linearity in the 

piezoresistive responses due to elastic tensile and compressive strains have been 

observed; (3) the permanent electrical resistance change corresponding to plastic 

deformation has also been identified; (4) the planar sensitivity including the major 

longitudinal and transverse piezoresistivities of the sensor has also been established 

and shows negative piezoresistivity (with an elastic gage factor, GF = −3.95) in the 

transverse direction; (5) the real-time strain sensing capacity of the CNT-based 

nonwoven composite sensors has been further verified. 
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6.2 Spatial Damage Detection and Imaging via EIT 

The traditional nondestructive evaluation and testing (NDE&T) methods and 

general SHM systems are dominated by point-type sensors which normally possess 

limited area of coverage and deficient capability of evaluating the spatial damage in a 

structural member. In contrary, EIT is a noninvasive and true 2-D medical imaging 

approach that is capable of producing visual contours of electrical measurements. 

However, this powerful tool has been largely overlooked by the NDE and SHM 

communities until recently. Chapter 3 has explored the integration of EIT with the 

proposed CNT-based nonwoven sensing composites to construct a novel and unique 

spatial damage sensor that is capable of detecting, locating, and sizing the damage, 

and even determining the severity of the damage.  

In this chapter, a series of square CNT-based sensing composites were first 

fabricated following the two-step manufacturing method as developed in Chapter 2. 

The inherent isotropy of the sensors’ global conductivity serves as the cornerstone of 

integrating EIT approach. In particular, a difference imaging-based EIT algorithm was 

implemented and properly tuned to offer the 2D maps of conductivity changes, from 

which the spatial damage can be estimated. Both the forward and inverse problem 

associated with this EIT task were mathematically solved using a finite element model 

developed under MATLAB software. Specifically, a maximum a posteriori (MAP) 

reconstruction approach was used to reconstruct the normalized conductivity changes 

of the senor between its intact and damaged condition. All electrical measurements 

were collected from the 32 electrodes located along the boundary of the sensor by 

following a newly defined adjacent current-voltage scheme.  

Afterwards, the established spatial damage sensing methodology was evaluated 

rigorously under three damage scenarios including (1) randomly distributed holes cut 
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into the sensor, (2) a narrow cut simulating a crack, and (3) progressive impacts on a 

GFRP laminate. For comparison, a commonly used NDE method, the infrared 

thermography (IRT) was also performed to evaluate the posed damage cases. 

The obtained results have demonstrated that the proposed EIT-based 

methodology is possible to accurately detect and locate damage as well as capture the 

severity of the accumulated damage. Meanwhile, this innovative sensing approach 

displayed certain degree of overestimation and distortion in estimating the shape of the 

damage, which is also a common issue in all EIT applications as show in literature. 

Comparing with the IRT results, the proposed EIT approach presents better 

performance in assessing the initiation of damage (i.e., the nearly-invisible damage) 

well before it was visible with IRT. However, this new method displays relatively 

reduced resolution in estimating the sharp damage (i.e., with a high aspect ratio), in 

particular, the crack damage. In short, it is believed that the presented sensing 

methodology of CNT-based sensors integrated with EIT has considerable potential for 

SHM and NDE of civil, aerospace, and mechanical structures. In addition, the 

presented methodology has advanced a considerable improvement over the commonly 

implemented point-to-point resistance sensing methods for the conductive composite-

based SHM and NDE, by enabling the spatial sensing capability. 

6.3 Thermoresistive Behaviors of CNT-based Nanocomposites and Multiscale 

Composites 

To date, a huge amount of resistive CNT-based sensing composites has been 

developed as review in Chapter 1. However, temperature dependence of resistance 

(i.e., the thermoresistive response) of these novel materials are normally ignored and 

not throughout characterized. The relevant investigations of the temperature effects to 
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the resistance of CNT-based composites, especially for the CNT-hybridized multiscale 

composites, are quite limited and not well documented in scientific literature. As a 

result, deficient understanding of this critical property significantly hinders the 

potential applications of CNT-based sensing composites in real-world.  

In the beginning of Chapter 4, a review on the current advances and 

understanding of the thermoresistive responses of carbon nanotubes and their 

composites were rigorously performed so as to find the key parameters contributing to 

the temperature dependence of resistance of these materials, including the 

morphological structures of nanotubes and tube-based networks, the interfacial 

interactions between CNTs and the surrounding polymer, as well as the polymer 

thermo-mechanical/dynamic properties. Due to the complex electrical conduction 

mechanisms in nanotubes and CNT-based composites, the reported experimental 

results of their thermoresistive behaviors are very diverse and sometimes 

contradictory. Therefore, to perform a systematic investigation on this topic, the 

aforementioned parameters have to be properly considered. In this specific study, four 

types of CNT-based composites with the typically observed morphological states of 

CNTs are deliberately created including one kind of CNT nanocomposite (i.e., 

biphasic composites), the randomly dispersed CNTs in epoxy, and three kinds of 

multiscale composites, such as the loosely- and densely-concentrated CNTs, and the 

randomly dispersed CNTs in fibrous composites. To fabricate these specific 

composites, different materials and processing methods utilized such as the raw multi-

walled nanotubes, CNT-based sizing agent, dip-coating method, three-roll milling 

approach, and electrophoretic deposition technique.  
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First, the thermomechanical properties of these four major composites were 

studied using a thermomechanical analyzer to understand the temperature-dependent 

material properties, such as the coefficient of thermal expansion, the glass transition 

temperature, etc. Next, for the multiscale composites, a simplified finite element 

model was created using COMSOL software to perform the thermal analysis on a 

fiber/epoxy system to understand the thermal residual stresses initiated at the fiber-

epoxy interface (i.e., the region concentrating the CNT coating). Third, all of the 

composite samples were thermally cycled from 25 to 145 °C repeatedly in an 

environmental chamber and the in situ resistances were measured to study the 

thermoresistive behaviors.  

It has been found that the CNT nanocomposites display a monotonous positive 

temperature correlation due to the volumetric thermal expansion, while all multiphase 

composites demonstrate a reversible double-crossover-phenomenon in their 

thermoresistive responses. This indicates that a complex dynamic dominance is 

responsible for these thermoresistive behaviors and depending on the competitive 

changes to the CNT networks originating from the polymer thermo-mechanical-/-

dynamic-motions and the thermal stresses. In addition, the factors including the CNT 

arrangement/rearrangement, CNT concentration, thermal expansion, fiber properties, 

interfacial interactions, and the polymer properties (before and after glass transition 

temperature), have demonstrated certain degree of influences to the bulk 

thermoresistive responses of the CNT-based multiscale composites. 

The findings from this comprehensive investigation are important scholarly 

contributions to the fundamental understanding of the thermoresistive behaviors of 

CNT-based composites. Finally, a Wheatstone bridge-based temperature 
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compensation approach was proposed and experimentally examined, which 

demonstrated a high degree of compensation for the temperature effects, facilitating 

the overall performance of the established CNT-based composite sensors in this study. 

6.4 Large-Scale Applications of Using CNT-Based Sensors for SHM of 

Concrete Beams 

Nowadays, FRP composites have been increasingly used in civil infrastructure 

due to their excellent mechanical properties and high resistance to environmental 

corrosions. As a common application method, since 1990s the externally-bonded FRP 

systems have been widely utilized to strengthen the existing civil structures that are 

deficient in flexure/shear strength or damaged due to unexpected loads, hazards, etc. 

Although the critical structures are commonly inspected routinely, the implemented 

FRP composites are rarely monitored according to the literatures. Consequently, the 

continuing concern of the long-term performance of the FRP-strengthened structures 

leads to a critical need for a fast, effective, and reliable SHM system for monitoring 

both the structures and the FRP composites. Despite the potential of CNT-based 

sensing composites for SHM of structures, these novel materials have important 

limitations, especially for large-scale applications. Chapter 5 has advanced the state of 

the art by contributing insightful knowledge on the integration of CNT-based 

nonwoven sensing sheets with GFRP composites to enable a hybrid composite system 

that is capable of simultaneous structural rehabilitation and health monitoring of large-

scale concrete beams. 

First, two steel reinforced concrete beams in size of 1 1 ft × 2 ft × 16 ft were 

specially designed that the one with insufficient tension bars and the other one with 

unsymmetrical transverse reinforcement (i.e, left portion is weaker in shear than the 
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right portion). After preloading, moderate concrete cracks were developed in these two 

beams. Next, the GFRP composites were proposed to strengthen the pre-cracked and 

deficient beams. After closely following the ACI 440.2R-08 recommendations, a 

continuous GFRP patch and three narrowly-spaced wide GFRP U-wraps were planned 

to be implemented on the flexure and shear beam, respectively. Afterwards, the large 

planar CNT-based nonwoven sensing sheets were customized to fit the size of the 

designed GFRP composites and then spectacularly deployed at the selective interface 

between the concrete beam and the GFRP. In particular, a one-step process was 

performed to instantly integrate the CNT sensors with GFRP and bond the composite 

onto the beam through the on-site vacuum-assisted-resin-transfer-molding approach. 

After curing the epoxy resin in-place, the proposed high quality hybrid composite 

parts were fabricated. To enable the distributed sensing capability of the proposed 

CNT sensors, a multiplexing sensing scheme was adopted. 

The strengthened concrete beams were tested under a series of loading 

protocols and statically tested to failure in the end. Besides the planar CNT sensors, 

different point sensors including strain gages, potentiometers, acoustic emission 

sensors, and cameras were utilized to capture the mechanical responses of the concrete 

beams. The continuous SHM of the retrofitted concrete beams has revealed that the 

implementation of the narrowly-spaced and wide GFRP U-wraps for shear 

strengthening leads to the superior structural performance in comparing with the 

discrete narrow composite U-strips as commonly reported in literature. More 

importantly, the experimental results have demonstrated that the in situ resistive 

responses of the CNT sensors are in a great correlation with mechanical responses of 

the beam specimens in terms of displacements, strains, and AE evets. In particular, the 
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onset of damage such as the concrete and epoxy matrix cracking, the incipient and 

imminent failure of the concrete and GFRP were presented as the nonlinearities in the 

resistive and piezoresistive responses of the CNT sensors. In addition, due to extensive 

area of coverage and the selective location of the deployed CNT sensing sheets, a 

comprehensive and instantaneous SHM has been accomplished for the concrete beam 

members and the strengthening GFRP composites. 

Apparently, important scholarly contributions are made by addressing a gap in 

existing concerns on the long-term performance of the FRP-based rehabilitation 

methods and instantly making a broader impact by demonstrating the large-scale 

applicability of the CNT-based nonwoven sensing composites for SHM of concrete 

members.  

6.5 Recommendations for Future Work 

This doctoral research has convincingly demonstrated the potential of CNT-

based nonwoven sensing composites for strain sensing, spatial damage detection and 

identification, temperature sensing, as well as the continuous SHM of large-scale 

structures. Meanwhile, a few uncertainties, challenges, and defects have been also 

observed in some experimental results due to the complex nature of the CNT-based 

composite materials. For instance, these novel composites are prone to present the 

slow time drifts of the electrical resistance associated with the electrical polarization. 

Therefore, before starting the full field deployment of these CNT-based sensors, the 

future work will be performed to address some challenging issues so as to enable the 

full potential of this proposed methodology.  

First, it should be focused on characterizing the long-term performance and 

reliability of these CNT-based sensing composites. In Chapter 5, the continuous SHM 
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was performed for a period of less than 30 hours and the resistive responses of the 

CNT sensors had demonstrated highly promising results. However, in comparing with 

the life expectancy of the civil structures, i.e., at least 30 years, prolonged tests need to 

be scheduled and conducted in order to investigate the fatigue behaviors and long-term 

performance of these CNT sensors. In particular, the sensors’ resistive responses under 

the influences of the hydrothermal effects, UV radiation, water immersion, thermal 

shock, and etc., should be also investigated to enhance the field reliability of these 

novel sensing materials. In addition to the simple two-probe DC sensing scheme, more 

advanced and robust measurement schemes (such as the AC-based or the biphasic DC 

approach) should be researched and developed so as to compensate the time-

dependent variations in the sensors’ resistance from the aspect of sensing devices.  

The second area of future research can be the enhancement of the EIT 

algorithms in order to improve the resolution and stability of the proposed spatial 

damage sensing and imaging methodology. At present, the reconstruction algorithm as 

presented in Chapter 3 is based on the MAP approach which is a fast and simple one-

step linearization solver for reconstructing the conductivity changes. Some literatures 

have shown that the particular implement of iterative absolute imaging algorithm leads 

to the enhanced reconstructions of electrical conductivities with high contrast and high 

resolution. These successful experiences have suggested multiple application-specific 

approaches for reconstructions, such as the Gauss-Newton-based line searching 

method with interior point under the Bayesian inversion scheme and the 

approximation error approach with a total variation prior model for the modeling 

errors. In addition to improving the quality of the conductivity reconstructions, 

increasing the speed of image reconstruction without adversely influencing the image 
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quality will be another future direction in developing EIT-based sensing 

methodologies. In this way, a real-time EIT-based dynamic monitoring system will be 

ultimately achieved. The D-bar-based algorithms, the split augmented Lagrangian 

shrinkage algorithm, and the sparse reconstruction by separable approximation 

algorithm are the potential methods that can enable an on-line reconstruction with the 

fast frame rate.  

Future work will also include further exploring the multi-functionalities of the 

established CNT-based nonwoven sensing composites. As fully demonstrated in 

Chapter 4, these novel composites are inherently sensitive to temperature, polymer 

motions, and phase changes. Therefore, a distributed sensor for on-line, in situ process 

monitoring of manufacturing fiber composites can be developed with the thin, light 

weight, and highly porous CNT-modified nonwoven sensing sheet, which is 

noninvasive to the overall structural integrity of the composites to be monitored and 

can either be integrated directly in the composite or used as sacrificial process layer in 

form of sensing peel ply. In particular, with the addition of the intrinsic 

piezoresistivity of the CNT-based sensors, the vacuuming process can be also 

monitored in real-time. Consequently, this proposed sensing is offering a simple, 

effective, and economical method to monitor the overall manufacturing process (i.e., 

vacuuming, resin flow, and polymer cure) of composite that can be readily integrated 

into existing processes of composites manufacturing industry.  

For preliminary demonstration, Figure 6.1 shows the results of an experiment 

to monitor the progression in one-dimensional flow under vacuum. Figure 6.1a 

illustrates the experimental setup (flow left to right) in which four discrete sensing 

sections (1-4) are used to examine the flow progression and regions 5-8 are duplicate 
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sensing sections from the supplemental sensor for further validation. In particular, 

over section 1 and part of section 2 (Figure 6.1b), a high permeability layer was 

intentionally added to allow resin to flow rapidly while the rest of the flow area had a 

much lower flow permeability. Figure 6.1c shows the transient sensing response and 

the snapshots taken at different stages of resin flow. Clearly, when the resin flows 

through the sensing sections, a distinct change in resistance is observed and the 

resistance change increases at nearly constant slope. The increase in slope in the filling 

section shows the distributed nature of the sensor, where the response changes as the 

flow front progresses.  
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(a) 

 

 

 

 

 

 

 

 

(b) 

Figure 6.1: Photographs showing (a) the layout of two planar sensors for flow 

monitoring experiments with the flow regions monitored from left to 

right (sensor #1 covering sections 1-4, and sensor #2 covering sections 5-

8 for duplicate validation) and (b) the VARTM setup under full vacuum 

with the high flow permeability area placed over region 1 and part of 

region 2 (dashed line marking the end of the high permeability region); 

(c) transient resistive responses showing the start and the end of 1D flow 

for sensing section 1 through 4.  
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(c) 

Figure 6.1: continued.  
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