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This paper presents a review of structural health monitoring techniques for carbon-based materials and structures. Based on the

piezoresistivity of carbon, elastic deformation and the failure of carbon structures are visible by monitoring the electrical resistance.

Carbon structures have an in-situ real-time self-sensing capability, eliminating the need for additional sensors. Numerous researchers

have investigated the electromechanical properties of carbon materials by conducting experiments, numerical analyses, and

simulations. In addition, the electrical conductivity of carbon is reinterpreted as an electrically equivalent circuit in order to

investigate orientation-dependent sensing.
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1. Introduction

As more and more large structures, such as buildings, bridges, and

aircraft, are constructed and at the same time existing structures are

being aged, ensuring their structural integrity and safety is becoming

more important. In 1995, the Sampoong Department Store in Seoul,

South Korea, collapsed resulting in more than 500 deaths. The financial

damage and number of casualties were so great that the entire nation

was shocked. Similarly, an interstate bridge collapsed in Oklahoma,

U.S., in 2002 resulting in 14 deaths. The safety of a structure must be

thoroughly monitored to predict and prevent disasters, which

necessitates structural health monitoring (SHM). If SHM had been

conducted in advance, such accidents shown in Fig. 1 could have been

prevented. Due to a lack of an efficient monitoring system, only a few

people were aware of the danger. Thus, we must fully understand and

develop effective sensing methods for structures.

Carbon-based materials have received much attention and have

replaced steel owing to their light weight and excellent mechanical,

thermal, and electrical properties. Subsequently, monitoring the health

of carbon structures has emerged as a hot issue with regard to safety.1-6

This article deals mainly with carbon-SHM technologies.

2. Current SHM Methodologies

SHM tests are classified into two types: schedule-based and

condition-based. In addition, some researchers use the terms destructive

evaluation and nondestructive evaluation (NDE). Because preserving

the safety of the structures themselves is more important, this article

deals only with NDE.7-10 Examples of schedule-based and real-time

monitoring are presented below.

The basic level of health monitoring is a visual inspection. To detect

microcracks that cannot be observed by the human eye, the eddy

current method was adopted.11-14 Based on Faraday’s law of induction,

the loops of electric current induced within conductors serve as the

medium for this method. When the loop makes contact with a crack, its
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Fig. 1 Collapses of Sampoong Department Store, Korea (Left) and I-

40 Mississippi River Bridge, U.S. (Right)
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shape is changed. However, a critical limitation is its limited sensing

range, which is just below the device. This can be a fatal disadvantage

when dealing with large structures.

Ultrasonic inspection is a more scientific method for observing

defects inside structures.15-20 An ultrasonic energy pulse is emitted into

the structure, and the reflected signal is analyzed by a method called C-

scan. The defect size and position are drawn on a 2D display, as shown

in Fig. 2(a), based on the time and the amplitude of the travel pulse.21-24

The two aforementioned methods are schedule-based inspections

that have disadvantages such as being laborious, time wasting, costly,

and ineffective. Critically, blind spots between inspection periods are

inevitable limitations. The following paragraphs discuss real-time

inspections that monitor the structures throughout their life spans.

A PZT (Lead Zirconate Titanate) sensor to which the piezoelectric

effect is applied can be utilized as a condition-based sensor for real-

time monitoring. When a transmitter transduces a signal, the

piezoelectric receiver compares a reference signal with the received

signal. If there is a failure, the structure’s natural frequency and phase

are changed, and a PZT sensor alerts to a failure.25-29 This method is

widely used in aircraft because of its sensitivity (5.0 V/µε). Despite this

advantage, this method needs extra devices with corresponding data-

channeling sets, and the complexity of the structure increases with the

number of devices.

Another state-of-the-art health monitoring technology is a Fiber

Bragg Grating (FBG).30-32 Optical fiber constructed of transparent cores

with different and refractive indices penetrates the entire wavelength

from a light source as a default. However, when the optical fiber sensor

is deformed, some specific wavelengths are reflected, while others pass

without any filtration.33 This, schematically described in Fig. 2(b), can

be sensitive to a resolution as small as 2 nm.34-38 However, it has severe

limitations such as high cost and complicated installation requirements.

In addition, the FBG is so fragile that its curvature is limited because

it is made of glass. The glass causes cladding, which is directly related

to poor maintenance resulting from light scattering.

As the sizes of structures have grown, the need for large-area

detection methods have increased. Because the applicable range of a

single sensor is limited, array types have been adopted to cover entire

structures33,39-42 in various fields with wireless strain gauges, PZTs, and

so on. An FBG array32,37,43 is a representative method to meet the needs

of large-structure sensing. The array sensor demerges the structure

based on the devices, and monitors the structure section by section, as

shown in Fig. 2(c).

When the array form was developed, hybrid sensors in arrays were

also suggested, e.g., an acoustic transducer and PZT receivers. The

acoustic wave is generated at the center of the actuator and is

transmitted to the sensors, as shown in Fig. 2(d).44 By comparing the

phases and natural frequencies of the reference signal and the signal

transmitted from the PZT receiver, the location of a crack can be

determined.

As explained above, array-formed sensors can enlarge sensing

coverage. However, as the number of elements increases, device

complexities such as wiring and data handling also increase. Thus, a

real-time in-situ sensor that has lower complexity is desperately

required.

3. SHM Using Carbon-Based Materials

3.1 Carbon-Based Materials

Carbon has a unique characteristic in that it can combine with other

Fig. 2 (a) C-Scan observation of composites from,23 (b) Principle of FBG from,33 (c) FBG array measuring the strain of a plate from,43 (d)

Principle of Lamb wave monitoring using PZT receiver from44 (Adapted from Ref. 23, 33, 43, 44 with Permission)
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atoms because there are four electrons in the outer electron shell.

Therefore, it can make more than 2000 compounds and has many

allotropes with different material properties such as diamond, graphite,

fullerene, graphene, CNTs (Carbon Nano-Tubes), and carbon fiber.

Diamond and graphite are natural allotropes, but fullerene (1985), CNT

(1991), and graphene (2004) (Shown in Fig. 3) and carbon fiber (1969)45

are synthesized allotropes. Fullerene is composed of 60 carbon atoms in

the shape of a soccer ball. Carbon nanotube (CNT) looks like a tube, and

graphene resembles a flat sheet. Carbon fiber is the only macroscale

substance among them. It is a fiber-type carbon material composed of a

graphite crystal structure arranged in a turbostratic fashion. Carbon fiber

consists of more than 90% carbon content by weight.

Characteristics of carbon fiber include its high chemical corrosion

resistance as well as highly compatible physical properties to weight

ratios than those of steel. In addition, it has a negative coefficient of

linear expansion ( ), and high electrical and thermal

conductivity.

There are three types of carbon fiber: PAN-based, pitch-based, and

rayon-based. These are classified by which base material is used as a

precursor. The PAN-based carbon fiber, whose precursor is poly-

acrylonitrile, is the most widely used one; it is applicable to the

aerospace industry owing to its high tensile strength and shear strength.

Pitch-based carbon fiber is based on petroleum, and has a wide elastic

modulus range and high thermal and electrical conductivity. Moreover,

it is commonly cheaper than PAN-based fiber. Rayon-based carbon

fiber, made from regenerated cellulose, is the earliest type among the

three. Its applications include nozzles and insulation materials for

aerospace industry. However, it lost competitiveness in both

performance and cost, making it uncommercializable, because PAN-

and pitch-based carbon fibers could be produced and supplied at

reasonable costs.

Carbon fibers are also classified as Low Modulus (LM),

Intermediate Modulus (IM), High Modulus (HM), or Ultra High

Modulus (UHM). LM has material properties with 1000 MPa and

100 GPa. LM is a widely used carbon fiber and other types are called

high performance grade carbon fiber.

Another classification is based on shape: filament, tow, chopped or

milled, and fabric. The initial shape of the carbon fiber is a filament

with a diameter of 5 to 7 µm, and the tow consists of the gathered

filament. The tow can be used as a part of the reinforcement and can

be either chopped or milled. Chopped fiber and milled fiber are similar

in that both are cut materials, but milled fiber is shorter than chopped

fiber. In addition, if it is not cut, the tow can be woven into the fabric

as plain-woven, twill, satin, and so on.

There are many advantages to using carbon-fiber-reinforced

composites rather than existing structural materials. Physical properties

of the composites are superior owing to reinforcing materials that have

reduced weight. This is the prominent advantage compared with steel.46

For this reason, CFRP (Carbon Fiber Reinforced Plastic) can replace

steel in various fields. Because energy efficiency is a critical issue in

the transportation industry, CFRPs have received much attention, and

many companies have adopted carbon fiber composites as structural

materials. CFRP is able to reduce the weight sustaining the strength,

and hence increase the energy efficiency. For instance, the energy

efficiency of the Boeing 787 aircraft increased by 20% due to 60

weight percent of the CFRP use in aircraft.

In addition, another characteristic of CFRP is its electrical

conductivity.47,48 While carbon fiber is highly electrically conductive,

the matrix used is so insulative that the electrical directionality reflects

the fiber orientation. This is the difference between orthogonal CFRPs

and isotropic steel.

The matrix, resin, is classified as either thermoset or thermoplastic.

Whereas thermoset cannot return to its original state after curing,

thermoplastic can be reshaped above its processing temperature. The

reason that thermoset remelting is irreversible is that its curing process

contains cross-linking. However, bonding between the polymer chains

of thermoplastic is the secondary bonding such as intermolecular forces

as weak as melting back is available. This is the critical difference

between the thermoset and thermoplastic matrices.

Although thermoset CFRP has a high modulus and high chemical

and thermal resistance, it has critical limitations. It cannot be recycled

after curing, as previously mentioned, and takes a long time to

manufacture, which limits its productivity. These are the reasons why

thermoplastic CFRP is actively studied even though thermoset plastic

is more dominant in the current marketplace.

3.2 Discontinuous Carbon-Material-Reinforced Polymers

3.2.1 SHM in Elastic Regime

X. Wang, D. D. L. Chung, and their research group are the pioneers

of discontinuous carbon-nano-based composite sensing. In 1995, CNT

composites were analyzed by compression and tensile tests.49

Piezoresistive trends were reported as positive piezoresistivity under

tension, and negative under compression. This meant that the resistance

was proportional to the mechanical strain. The researchers also

investigated reinforced cement.50-53 Cement reinforced by short carbon

fiber was studied based on its piezoresistivity. Gauge factors of short-

carbon-fiber-reinforced cement were calculated under compressive and

tensile tests. One of the studies reported a gauge factor of up to 700

caused by contact resistance.52

S. Wen and D. D. L. Chung54 conducted a comparison analysis of the
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Fig. 3 Allotropes of carbon element: (a) Graphene, (b) Fullerene, (c)

Carbon nanotube, (d) Graphite form45 (Adapted from Ref. 45 with

Permission)
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reinforcement. Discontinuous carbon fiber and carbon black were

discussed in the paper, which concluded that both reinforcing materials

enhance the storage modulus but lower the electrical resistance. In

addition, the researchers showed the possibility of EMI (Electromagnetic

Interference) shielding as well as the softening temperature rise.

J.-M. Park et al.55 showed apparent progress in CNT composites.

They figured out a self-sensing mechanism of carbon fiber and CNT-

epoxy composites with the aid of an electromicromechanical technique

and acoustic emission. They showed a stress, strain, and electrical

resistivity curve in terms of different CNT-dispersed composites. This

is shown in Fig. 4. Moreover, a higher modulus of CNT-epoxy

composites was procured in this study, owing to enhanced interfacial

adhesion and better stress transfer that resulted from choosing an

appropriate solution for high-quality CNT dispersion. In addition,

Alamusi et al.56 investigated the piezoresistivity of CNT composites in

earnest via both experimental and theoretical analyses.

Furthermore, an electrical-resistance equivalent circuit of CNT

composites was created in a study by I. Kang et al..57 Interestingly, they

adopted an electrical resistor-capacitor model that represented strain-

dependent CNT networks. Based on a sensitivity analysis with respect

to CNT concentrations, neuron sensors for large strains as well as

cracking were suggested.

3.2.2 Failure Analysis

In 2002, A. Todoroki et al.58 published a paper about the

delamination identification of cross-ply graphite/epoxy composite

beams. Based on electrical resistance changes, the location as well as

the size of the delamination could be detected. In accordance with this

research, the precision of detecting delamination is determined by

selecting an adequate location and by the number of electrodes used.

P. Feraboli et al.59 conducted various tests such as C-scan, pulsed

thermography analysis, and pulse-echo ultrasonic imaging within a

molded panel. They discussed inaccuracies in the nondestructive

evaluation of composites. However, using piezoresistivity, J. J. Ku-

Herrera and F. Aviles60 verified the self-sensing capability of CNT

composites. They conducted cyclic compression tests and mated the

electrical resistance and the stress curves with respect to the mechanical

strain. They concluded that the electrical resistance catches up the

mechanical behavior of the CNT composites.

L. Boger et al. 61 infused epoxy mixed with reinforcing materials

into glass fiber. Electrical resistance changes in composites with

different CNTs and carbon blacks were compared during tensile tests.

The ILSS (Interlaminar Shear Strength) of the composite was

measured, and a stress/strain analysis and damage monitoring were

conducted. Similarly, N. D. Alexopoulus et al.62 used CNT on glass-

fiber-reinforced plastics. His conclusion was that the electrical

resistance is correlated with composite damage, and correlation

parameters such as resistance, stress, and strain should be changed

according to the loading history of the material.

Fatigue tests of CNT composites were studied by A. Vavouliotis et

al..63 The electromechanical response as a damage index under fatigue

loading was explored, and the characteristic damage state (CDS) was

similar to electrical resistance changes in composites.

J. L. Abot et al.64 suggested the new idea of using a CNT thread

sensor to monitor the strain, damage, and delamination of composite

materials. CNT forests were spun into a thread and embedded inside

the composites. An integrated sensor monitored strain and damage by

electrical resistance changes. During tensile and compressive loading,

changes in electrical resistance were used as criteria for deflection, and

the differences in residual electrical resistance indicated internal

damage of the composites.

3.3 Continuous CFRP Failure and SHM

3.3.1 Types of Failure

Carbon-fiber-reinforced plastic is, literally, a plastic reinforced with

carbon fiber. The location of a broken site decides the type of failure.

Fiber pull-out occurs, as the term indicates, when a broken fiber is

pulled out from the matrix. This is a result of weakness of the

interphase, which is the intermediate section between the reinforcement

and the matrix. To prevent fiber pull-out, the interfacial bonding must

be enhanced.

A weak bonding strength at the interface, between two different

materials, also leads to debonding between the matrix and the fiber.

When the reinforcement is separated from the matrix, the composite

cannot endure high loads. The same result occurs when using pure

resin. Therefore, sustaining the adhesion between the fiber and the

matrix without debonding is important for fiber-reinforced plastics.

Fiber rupture and matrix rupture are failures in the fiber and the

matrix, respectively. These tiny cracks develop into larger failures.

Bridging originates from a matrix rupture and a fiber pull-out, as

mentioned above. A crack in the matrix widens as much as the fiber is

exposed outside without breakage. When this occurs, the fiber acts as

a bridge between the separated parts of the matrix.

The strengths of the reinforcement and the matrix are quite

different. For example, the ultimate strength of carbon fiber is 3.5 GPa,

while that of polyester is 6.6 MPa, and the elastic modulus is 70 GPa

and 243 MPa, respectively. These differences generate interlaminar

shear stress, which is lateral shear stress between two laminars. This

separates the laminars inside the boundary of the matrix, which has a

relatively weak modulus and strength.65 We call this “delamination.”

3.3.2 SHM in Elastic Regime

Since the late 1990s, CFRPs have been investigated by laminate

theories. J. Xiao et al.66 studied tensor and numerical analyses of

CFRPs, and applied physical behavior to piezoresistivity.

S. Wang et al.67 thoroughly investigated the piezoresistivity of

Fig. 4 Schematics comparing (a) Good dispersion and (b) Poor

dispersion of CNTs, (c) Results of the cyclic tensile test

from55 (Adapted from Ref. 55 with Permission)
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continuous unidirectional (UD) CFRPs under cyclic tensile tests. They

compared the results of the four-probe method and the two-probe

method, and measured the composite piezoresistivity and the contact

resistance, respectively. Furthermore, the piezoresistivity of UD CFRPs

decreased with tensile loading owing to the increased degree of fiber

alignment.

S. Wang et al.68 conducted several tests on temperature, humidity,

mechanical stress, and mechanical strain. Analyzing the piezoresistivity

of a carbon-fiber interlaminar interface under different conditions of

temperature, humidity, mechanical strain, and stress, the researchers

determined the self-sensing capability of a CFRP. The uniqueness of

this paper is its consideration of interlaminar behaviors of the

piezoresistive material. Moreover, in-situ self-sensing CFRPs were

widely investigated under various conditions.68-71

J. Abry et al.70 studied UD CFRPs with different methods such as

four-probe and two-probe measurements. This paper dealt with a self-

sensing mechanism beyond the elastic region, so that damage to the

composite could be also detected.

A. Todoroki et al.72,73 carried out a structural numerical analysis of

CFRPs and related it to changes in electrical resistance. As shown in

Fig. 5, the piezoresistive results of CFRPs are represented with respect

to the different loading and the different measuring directions in their

papers. This anisometric piezoresistivity analysis was applied into

laminate theory and FEM (Finite Element Method) analysis in 2011.74

He also showed interest in measuring mechanisms. He and J.

Yoshida75 researched electrode connections. The electrical resistance

change in a single-ply CFRP was investigated by comparing the

electrode connection conditions. The researchers concluded that a poor

electrode connection leads to negative piezoresistivity owing to

electrical contact damage. Further study about poor contact between

the composite and the electrodes was conducted via FEM analysis.

3.3.3 Beyond Fracture

J. Abry et al.76 investigated the composite failure process by

observing the resistance in 1999. In the experiment, electrical resistance

appeared when a failure occurred. J. Park et al. and Z. Xia et al.77,78

proposed an electrical-resistance equivalent model of CFRPs. They

stated that a fracture in the composite is equal to a short in the electrical

network, as depicted in Fig. 6.

A. Todoroki et al.79 utilized the orthotropic electric conductance of

CFRP laminates to detect delamination. In this paper, electrical

conductance was measured using different fiber volume fraction

laminates. In addition, electrical resistance differences in pure and

cracked samples were compared by FEM as well as experimental data.

Analyzing the electrical current flow of the CFRPs by FEM, the

researchers could identify the segment where delamination was

inherent. The authors mentioned that this sensing is equal to using

artificial neural networks.

From a theoretical viewpoint, M. S. Cham Prasad et al.80 applied

fracture mechanics to FRPs. The fracture mechanics were numerically

combined with electrical resistance by A. Todoroki et al.,81 who found

a relationship between the piezoresistance and the mechanical strain

under an elastic region. They compared the consensus between the

electrical resistance and the load when there is a failure. Throughout

these steps, the electrical current density in the through-thickness

direction was also investigated by FEM.

Other types of SHM for CFRP have been investigated. For example,

CFRP dents were discussed in another paper by A. Todoroki et al.,82

who examined the electrical resistance of an artificial indentation in a

CFRP. In addition, based on observations of electrical resistance, the

effects of the number of electrodes were investigated by A. Todoroki83

and Z. Xia et al..78

Recently, A. Todoroki et al.84 adopted a new method for a CFRP self-

sensing method. They measured the voltage of copper tapes impregnated

in a CFRP. When there is a failure, the input voltage is distorted in real

time. The time domain reflectometry (TDR) method and curved

microstrip line (MSL) method measure the time-domain pulse-

transmission signal in small channels. Even though defects far from the

copper line as they cannot be detected, fiber breakage near the line can be

monitored for short periods when the wave velocity is more than 108m/s.

With regard to the delamination rate, M. J. Donough85 examined the

effects of the loading rate when CFRPs were undergoing fatigue tests.

He compared the endurance life with different fatigue loading rates,

and analyzed the fiber bridging law by experiments. The results were

verified by the strain energy rate as well as the fracture energy. 

3.4 Modeling of CFRPs for SHM

Both macro- and microscale CFRP monitoring can be investigated

by computational analysis.86-88 The main advantage of a simulation is

that unseen phenomena such as stress and electrical current density can

be visualized.

Fig. 5 (a) Fiber alignment during tensile loading, (b) Positive

piezoresistivity during the tensile loading both from73 (Adapted from

Ref. 73 with Permission)

Fig. 6 Electrical-Resistance equivalent models of CFRPs extracted

from (a)77 and (b)78 (Adapted from Ref. 77, 78 with Permission)
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3.4.1 Mechanical Failure Modeling by FEM

Because the general failure in FRPs is delamination, A. Todoroki et

al.83 and R. Schueler et al.89 solved the inverse problem of detecting the

size and location of a delamination by using an artificial neural network

and response surfaces method.90 As shown in Fig. 7, the input layer is

the electrical resistance ratio, and the output layer is the normalized

delamination size (a/L) and location (p/L). An artificial neural network

is usually used when there are complex algorithms with numerous

inputs and outputs. In this context, with the aid of FEM, the number of

electrodes can be compromised, and at the same time failures can be

detected by measured the electrical resistance.

3.4.2 Current Distribution and Electrical Resistance Modeling

A. Todoroki et al.79 used FEM analysis to investigate the effects of

orthotropic electrical conductivity during delamination monitoring.

They adopted an ANSYS auto mesh generation system for the analysis.

They measured the voltage change distribution according to the fiber

volume fraction when the delamination was located between

electrodes, and plotted a contour plot of electric voltage from FEM. As

shown in Fig. 8, the electrical current density is gradual in the thickness

direction at Fig. 8(a), but Fig. 8(b) shows the horizontal electric current

flow. Because of the gradual electric current in the thickness direction,

detecting a delamination crack between electrodes with a resistance

change is feasible. This is shown in the upper schematic of Fig. 8(b).

However, if the electric current flows horizontally in a laminate

composite, as shown in the lower schematic of Fig. 8(b), detecting the

delamination within the composite is difficult because the change in

resistance of the delamination is undetectably small. A similar study

with similar results was reported by M. Louis.91

N. Angelidis et al.92 and A. Todoroki93 further analyzed the

electrical current density vector by FEM studies. Fig. 9(a) shows the

electrical current density vector in a cross-sectional view. As indicated

by the circle in the figure, the electrical current flows in the thickness

direction and in the second ply. Current continues to flow until it

reaches the electrode, as shown in Fig. 9(b).

In addition, A. Todoroki74 analyzed the electrical current within

a thick laminated CFRP composite. This study supports the

conclusion that thin-CFRP-plate theory cannot be applied to a thick

CFRP composite.94,95 This is because the voltage difference in a thin

CFRP composite is uniform in the thickness direction, while that of

Fig. 7 Artificial neural network structure from83 (Adapted from Ref.

83 with Permission)

Fig. 8 Specimen configurations for delamination monitoring: (a)

Laminate of [0/90]s and laminate of [90/0]s, (b) Contour plot of electric

voltage from79 (Adapted from Ref. 79 with Permission)

Fig. 9 (a) Electrical current density vectors of cross section, (b)

Schema of electric current of +-45 CFRP laminate from93 (Adapted

from Ref. 93 on the basis of OA)

Fig. 10 (a) Algorithm for analyzing electrical resistance change

generated from delamination, (b) and (c) Comparison of FEM and

experimental results of delamination in terms of different fiber volume

fractions from95 (Adapted from Ref. 95 with Permission)
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a thick CFRP composite decreases with farther distance from the

charged surface.

A. Todoroki et al.95 proposed a delamination monitoring system and

verified that the suggested analytical and experimental results fit each other

with small deviations, as shown in Fig. 10. Furthermore, they investigated

the relevance between electrode spacing and delamination monitoring

performance for both high- and low-fiber-volume fraction laminates.

3.4.3 Electromechanical Modeling

D. D. L. Chung et al.67,96 reported on changes in resistance for a

unidirectional CFRP under tensile loading owing to fiber re-alignment.

Moreover, A. Todoroki et al.73 developed an analytical model for

resistance changes in a misaligned ply model. This paper explained the

negative resistance changes that occurred when the unidirectional

CFRP had a tensile load along the fiber direction.

J. Park et al.77 examined the relationship between CFRP failure and

electrical resistance under tensile loading. Because the carbon fiber

dominates the electrical properties of a CFRP, the electrical resistance

changed abruptly if the carbon fiber was detached from the adjacent fiber

or damaged. The authors used a GLS (Global Load Sharing) assumption

to evaluate the mechanical damage.97 In addition, a CFRP composite can

be converted into an electrical circuit model, as shown in Fig. 6.

However, to consider the fiber contacts, a new concept was

proposed: electrical ineffective length.98 The authors found the relation

between the change in resistance of a proposed DC circuit and the

electrical ineffective length. Eq. (1) represents the resistance change of

the DC circuit under tensile loading, which is affected by the

ineffective length:

(1)

where  is the normalized resistance change,  is the gage factor

of carbon fiber,  is the applied strain,  is the geometry factor,  is the

additional fitting factor,  is Young’s modulus of the carbon fiber, and

m and  are the Weibull shape and scale parameters, respectively,

corresponding to reference length .

In addition, the authors applied the electrical ineffective length to a

Monte Carlo simulation by assuming that the electrical nodes are located

at the same locations within the fiber, although they are randomly

distributed. Moreover, the fiber length is proportional to the possibility of

a fiber breakage, according to Weibull-Poisson statistics.99

Similar research was conducted by Z. Xia et al..100 Fig. 11 shows the

representative schematics of their study. Assuming the contact points of

the carbon fiber are electrical paths, a three-dimensional electrical-

resistance equivalent circuit of the CFRP was established by

assembling the 1-dimensional, 2-dimensional, and 3-dimensional

elements in sequence, as shown in Fig. 11(c).

4. Conclusions

As the usage of carbon-material-reinforced or filled polymers is

constantly increasing, SHM is becoming more and more important to ensure

their structural integrity and safety. Carbon material/polymer composites

unique smart characteristics, such as in-situ self-sensing based on

piezoresistive effects. Regardless of the length scale of reinforcement, such

as CNT, graphene, and carbon fiber, mechanical strains and physical failures

can be monitored by observing the electrical resistance measured from the

conductive carbon material network of the structure. In addition, physical

monitoring can be combined with the equivalent electrical network model

of carbon material/polymer composites to predict deformations and failures.

Refined models, electrode placement schemes, and algorithms to correlated

electrical resistance and structural state are necessary and promising areas

for future research for SHM of large structures.
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