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Abstract

In this work, the electrical sensing properties of carbon fiber reinforced plastic (CFRP) strips
under tension strains were studied. The electrical resistance change ratio of a CFRP strip
responds to the applied axial and transverse strain. Under 500 microstrain, the strain sensing
properties of CFRP strips with different width—length (w//) ratios vary significantly. The
experimental results showed that the nonlinear transverse effect was reduced as the w/I ratio
of CFRP strips increased. For a CFRP strip with gauge length equal to or larger than 500 mm
(i.e. w/l < 0.0012), the magnitude of the transverse effect was greatly reduced. The gauge
factor for the 500 mm long CFRP strip with a linear relationship to the applied strain was
determined. The long gauge length CFRP strip can provide more reliable signal behavior, even
at a low strain level of 200 microstrain or a high strain level of 1000 microstrain. Based on the
results of a long-term cycle tension test, the cycle-ability and the possible noise range of
CFRP strips are quantitatively discussed. Finally, the sensing properties of an effective CFRP

strip on low-level strains are summarized.

(Some figures may appear in colour only in the online journal)

1. Introduction

The applications of carbon fibers (CFs) have been investigated
and applied in industry, aerospace, sports goods and other
fields. Due to the excellent mechanical properties, CFs can
be impregnated with epoxy resin to form different structural
reinforcements, such as CF reinforced plastic (CFRP) sheets
and rods [1, 2]. An increasing number of applications of CFRP
composites in civil engineering have been found in recent
years. Also, the detection ability of the CFRP composites
has been developed due to their electrical properties [3—7].
It has been realized that the CFRP composite can be used
as a self-monitoring material to detect possible damage in
CFRPs and/or CFRP-strengthened structures based on the
electrical conductivity and piezoresistivity of CFRPs. Some
works have been done to produce conductive concrete by short
CF reinforced cement-based composites [8—11]. Although the
conductive concrete is suitable to be used as a self-monitoring

0964-1726/12/0350134+07$33.00

material for a new structure, its application in an existing
structure is limited. Therefore, some research on CFRP has
been done to develop the monitoring function of continuous
CFRPs on new and existing structures by using the electrical
resistance change (AR/R) of CFRPs [12-14]. However, the
poor sensitivity of the continuous CFRP limits its application
in sensing structural macro-strain responses.

In an earlier study, a self-sensing approach with
hybrid-CFRPs (HCFRPs) was developed to upgrade the strain
sensing behavior of the continuous single CFRP [15-18].
The HCFRPs consisted of different types of CFs, including
high-modulus, medial-modulus and high-strength CFs. As
shown in figure 1, the AR/R-strain curve of HCFRPs
can be divided into several zones based on different strain
amplitudes; the number of zones is related to the type
of CF.

In Zone 1, the signal curve of the single CFRP composite
increases slowly and linearly with strain. In Zone 2, this

© 2012 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. Representative macro-strain versus AR/R curves of
hybrid CFRP (dotted line) and single CFRP (line).

curve suddenly jumps to a high value because the CFs
rupture, and then, the electrical resistance increases linearly
with strain. After the final rupture of the CF the sensing
function terminates (not shown). For HCFRPs, the signal
curve changes linearly in proportion to the applied tensile
strain in Zone 1. In Zones 2 and 3, the HCFRP signal
changes in a stepwise manner with increases in the applied
strain. After the increase in electrical resistance, the HCFRP
signal generally increases linearly with applied strain. The
monitoring band of HCFRPs extends to a higher strain range
than that of single CFRPs, and the sensitivity of HCFRPs
is better than that of single CFRPs at the ends of Zones 2
and 3. Because the ruptured CFs in HCFPs in the high
strain range cause an obvious signal singularity, the signal
singularity is useful to point out the applied high strain range
on HCFRPs. Because the signal singularity is an irreversible
change, the HCFRPs is suitable to give a damage alarm but
not a continuous long-term monitoring signal.

A successful structural health monitoring (SHM)
program uses the structural response to assess the state of
health of structural systems through monitoring sensors. In
an actual field SHM application, a long-term monitoring
system in a low strain range is important for detecting
damage before it reaches a critical state [19-21]. Real-time
monitoring in the low strain range requires a sensor that can
accurately reflect the real response of structures, which can
provide a sign of possible structural damage. The existing
researches of CFRP-based sensing materials have focused on
large strains and macroscopic damage to CFRP composites
or CFRP-strengthened structures, and the damage evaluation
system and the sensitivity of CFRPs in the low strain range is
still unclear [22-28].

The main purpose of this paper was to obtain a
high-performance CFRP strip type for the detection of low
elastic strains. The influence of transverse electrical resistance
was studied, where an effective gauge shape (gauge length =
500 mm, gauge width = 6 mm) was proposed to improve
the sensing accuracy in the low strain range. The signals on
different strain ranges showed that the CFRP strip with this
particular shape maintains good linearity to the corresponding
value of elastic strain. Cyclic loading and unloading data

have been utilized to analyze the reliability and the degree of
dispersion of the signal of the CFRP strip.

2. Basic sensing theory of CFRP strips

Because it is an electrical sensor, the output signal of
the CFRP composite is AR/R. For a CFRP composite,
the output signal is related to the strain response of the
longitudinal direction and transverse direction; the relation
can be expressed as follows:

AR = f(ARy, ARy) ey

where AR is the total output signal, AR is the strain response
in the longitudinal direction, and AR; is the strain response in
the transverse direction.

A CFRP strip is composed of many continuous micro-
CFs and each micro-CF is a single sensing unit. For a single
micro-CF, AR is related to the resistivity, the length and the
cross-sectional area. The longitudinal strain response of the
CFRP strip is the integral response of all the micro-CFs, and
the relation in the elastic range can be expressed as follows:

n
AR = Z ARy (2)
i=1

where ARy; is the longitudinal strain response of each sensing
unit.

Micro-CFs have been regarded as a semiconductor
material because their general conductivity is between a
semiconductor and a true conductor [29-31]. According to the
piezoresistance effect for micro-CFs, a change in resistivity
has a much greater effect on resistance than a simple change
in geometry.

3. Experimental setup and materials

In this study, the main objective was to investigate the sensor
performance of CFRP at low-level strains. Repeatability is
an important characteristic of a reliable sensor. Thus, a
cyclic tension test at low strains was used in this study. The
experimental setup included a loading system, a CFRP strip,
a data measurement system and a constant power supply, as
illustrated in figure 2.

The CFRP strip (gauge length = 300 mm, gauge width =
6 mm) was installed on a homogeneous tension plate. The
sensing part of the CFRP was bonded onto the tension plate
using epoxy resin as the adhesive material, which was placed
between the CFRP and the tension plate. During the cyclic
tension test, the loading system supplied a continuous cycle
load to the tension plate. The data measurement system
was constructed with a Wheatstone measuring bridge. The
constant power supply provided a constant input current to
the data measurement system. The CFRP strip is a bridge-arm
of the Wheatstone measuring bridge, and a calibrating CFRP
strip in the free state is used in the Wheatstone measuring
bridge to reduce the temperature influence. The output voltage
signal inside the Wheatstone measuring bridge was measured
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Table 1. Specific properties of the carbon fiber tow reinforcement.
Tensile Tensile Tensile Volume resistivity
Material Thickness  strength modulus (GPa) elongation (%)  Filament (2 cm™)
Carbon fiber T700SC ~ 0.136 mm 4.9 GPa 230 1.478 12000 1.6 x 1073
Epoxy resin FR-E3P  — 51.9 MPa 3.43 1.513 — 10'0-10%0

Loading system

Constant

power supply measurement

system

Tension plate

—

Figure 2. Optical photograph and scheme of the experimental
specimen used in this study.

by the data measurement system to determine AR/R of the
CFREP strip.

Because the applied strain was under the elastic level,
it was believed that the interface between the CFRP and the
tension plate did not change during the test, and the response
of the sensing part of the CFRP was only related to the applied
strain.

The carbon fiber tow used in this experiment was
T700SC, which was produced by Toray Industries, Inc. The
epoxy resin used in this experiment was FR-E3P, which was
produced by Nippon Steel Composite Co., Ltd. The resin
is a bonding material that is approved by the Japan Society
of Civil Engineers. In Japan, the carbon fiber composited
material based on T700SC and FR-E3P is widely applied in
FRP-reinforced concrete structures. The material properties
are shown in table 1.

This paper aims to determine the sensor performance
of CFRP strips due to the physical environment change,
especially the strain change. But the strain change is not the
only signal excitation condition of a CFRP strip. In field
monitoring, the chemical environment change will affect the
output signal of the CFRP strip. A discussion of the chemical
environment change is beyond the range of this paper. The
experiments in this paper are all under stable laboratory
conditions (18-20°C and 25-30% relative humidity), the
signal excitation is considered as the strain change.

4. Discussions

4.1. Basic sensor performance of CFRP strips

Figure 3 shows relative AR/R value and strain measured
at the tension specimen for five applied loading—unloading

—Strain

= Signal of CFRP 0.3

0.25

0.15

Strain (ug)
(v

0.1

0.05

0

500 1000 1500 2000 2500 3000 3500 10000

05
Time (sec)

Figure 3. Strain (line) and AR/R (asterisk) versus time during five
loading—unloading cycles.

cycles. Because random measuring errors could influence the
effectiveness of the signal of the CFRP strip in measuring
small strains, the signal at each loading point is measured 15
times. The AR/R values are roughly related to the applied
strain, but the linearity is poor. As described in section 2,
the micro-CF is the basic sensor unit in a CFRP strip. The
main output signal of a micro-CF is related to the AR; on
it which has a linear relation to the applied strain. But as
shown in figure 3, the total output of the CFRP strip shows a
poor linear relation with the strain. A CFRP strip is composed
of thousands of micro-CFs and during the production of a
CFRP strip the micro-CFs are generally arranged in parallel,
but some of the fibers are connected in longitudinal and
transverse directions. The circuit in a CFRP strip is composed
of longitudinal connections and a transverse connection. The
effect of the transverse connection will be discussed in
section 4.2.

4.2. Transverse connection in CFRP strips

Because the shape of the CFRP strip is a sheet, AR of a
CFRP strip is influenced by AR; and the strain response
in the transverse direction (AR;). To explain the relation
between AR| and ARy, equivalent circuits of CFs in zero
strain and tensile strain state are shown in figures 4(a), (b),
respectively. Under ideal conditions, a CFRP strip can be
considered a parallel circuit that is composed of large numbers
of micro-CFs. Under actual conditions, the microfibers are
not completely straight or arranged in parallel, and the fibers
are somehow connected in the transverse direction. The
distribution of this transverse connection is a random variable.
The electrical model of the CFRP strip can be expressed as in
figure 4(a). Considering a single microfiber as a sensing cell,
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Figure 4. (a) Equivalent circuit model for CFRPs in the zero strain
state. (b) Equivalent circuit model for CFRPs in the tensile strain
state.

the resistance of the longitudinal fiber is Ry;, and the resistance
of the transverse connection is Ry;. Part of the current flows
through the transverse connection, and the total resistance of
the CFRP strip is not only related to the arranged Ry; but also
to Ry;. For our case, the 6 mm wide CFRP strip consists of
two thousand microfibers which cause short circuits along the
CFRP strip. Under the application of a tension force, the fibers
are more concentrated in the transverse direction than when
free from stress [29, 30]. In the corresponding model shown
in figure 4(b), the transverse connection is more constant, and
the output signal of the CFRP strip with a constant transverse
connection is more suitable for detecting strain change. In the
longitudinal direction, the R; is related to the resistivity, the
length and the area, as described in equation (2).

Based on the piezoresistive effect, the piezoresistivity of
a single micro-CF has a much greater effect on AR than
do changes in the length or section; moreover, Rj; has a
linearly increasing relationship with the applied stress. Given
the influence in the transverse direction, Ry; is not constant
because it is affected by the transverse compression at the
beginning of the tension process. Because the conductive
material becomes dense, the unit conductivity of the CFRP
strip increases, and the unit resistance of the CFRP strip
decreases. When the applied stress reaches a certain value, the
unit conductivity of the CFRP strip becomes constant, and the
influence in the transverse direction is gradually limited.

As mentioned above, AR; of a CFRP strip is the electrical
circuit connection change among the CFs during longitudinal
tension. Because the number of CFs is so large and the
interconnection of a CFRP strip is distributed randomly, it
is difficult to use a mathematic model to describe AR; at a
microscopic level. However, AR, can be described as two
stages macroscopically. At the beginning of the tension, both
AR and AR affect the integral AR of a CFRP strip. Because

H Huang et al
Table 2. Width and length of the different CFRP strips used in this
study.
Width Length
(mm) (mm) w/l ratio
Series 1 Specimen1 6.1 100 0.061
Specimen2 6.0 200 0.03
Specimen 3 6.0 300 0.02
Specimen4 6.0 500 0.012
Series2  Specimen5 2.8 100 0.028
Specimen 6 3.2 200 0.016
Specimen 7 3.1 300 0.01
Specimen8 2.9 500 0.0058

of the random interconnection, AR; is irregular but decreases
overall as the applied tension strain increases. When the
applied strain reaches a value, the transverse interconnection
reaches a stable state, which will not change significantly with
increasing applied strain. At this time, AR is the only main
factor of Ae in a CFRP strip. Given the above, it can be
concluded that because of the influence of AR; in a CFRP
strip, there is a nonlinear stage of the CFRP strip in which
AR is nonlinear. This occurs when the applied strain is at
the beginning of tension. When the applied strain reaches the
threshold value, AR; is not necessarily the same as AR of
the CFRP strip, which begins to have an approximately linear
relationship with the applied strain.

4.3. Relation between gauge length and sensor performance

Though the description of the transverse connection is a
random variable in a CFRP strip, it is related to the shape
of the CFRP strip. For two CFRP strips with the same width
but different lengths, the AR; values are the same but the
ARy values are different. The CFRP strip with longer length
is easier to pass through the nonlinear stage than the shorter
one. To explain the relationship between the sensor size and
sensor performance, eight specimens with different gauge
lengths were tested under cyclic tensile loading. This cyclic
tensile loading was controlled at the same load level, and
the maximum strain was less than 1000 microstrain. Table 2
shows the sizes of the eight specimens.

In Series 1 (specimens 1-4), the width of the specimens
was equal to 6 mm, which was determined by the original
width of the CF sheet produced by the maker. In Series 1, the
length of the specimens is increased systematically, and the
width/length (w/[) ratio decreased. In Series 2 (specimens
5-8), the width of the specimens was half the width of
the original specimen. Because these sheets were separated
manually, the widths were not exactly the same. As in
Series 1, the length of the specimens in Series 2 was increased
systematically as well. Optical photographs of the different
specimens are shown in figure 5.

Figure 6 shows the AR/R-strain curves of Series 1 and
2. The linearity in response of the specimens in Series 1
improved with increasing gauge length. The same trend can
also be found in Series 2; their widths were about 50% smaller
and again the linearity of the curve improved with a smaller
w/I ratio. Comparing specimens 4 and 7, both specimens had
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Figure 5. Optical photographs of the CFRP strips used in this
study: (a) specimen 1; (b) specimen 4; (c) Series 1; (d) Series 2.
(c) and (d) show the difference in width between both series.
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Figure 6. Strain versus AR/R curves of Series 1. (b) Strain versus
AR/R curves of Series 2.

great linearity, and their w/[ ratios were equal to or smaller
than 0.012. In figure 7, the changing trend shows that the
linearity in response of the CFRP strip (R-square) improved
when the w/[ ratio decreased.

The plot of the w/I ratio value and the corresponding
coefficient of determination (R-square) of each plot in figure 6
are shown. It can be concluded that the linearity in response
of the CFRP strip can be improved by increasing the gauge
length. From figure 7, it can be seen that excellent linearity

1 '\/\
0.8 \
0.6 \_/\
0.4 \\
02 \
0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
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Figure 7. Linearity in AR/R-strain curves as a function of the w/!
ratio for all specimens tested in this study.
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Figure 8. (a) AR/R-strain curve of a 700 mm long CFRP strip.
(b) AR/R-strain curve of a 1000 mm long CFRP strip.

is found for specimen 4 (gauge length = 500 mm, gauge
width = 6 mm), and, as such, it satisfies the linearity
requirement as a strain sensor.

4.4. Sensitivity in different strain ranges

To examine the conclusion that CFRP strips with long gauge
lengths have good linear response, CFRP strips with a gauge
length larger than 500 mm were tested using the same
experimental conditions. In figure 8, the results from two
specimens with lengths of 700 and 1000 mm tested during
axial loading—unloading cycles are shown. After the increased
axial tension, the signals of the specimens with lengths 700
and 1000 mm increased with good linearity, which is similar
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Figure 9. Strain response of the CFRP strip with a w// ratio of
0.0012 in different strain ranges indicated by data points in different
gray scales.

to the performance of specimen 4 in figure 6. Figure 8 shows
that when the gauge length of the CFRP strip is 500 mm or
longer, the curve of the CFRP strip signal and the applied
strain becomes linear.

4.5. Cycle performance of CFRP strips

Cycle performance is commonly used to study the stability
of a sensor. To evaluate the cycle performance of a 500 mm
long (i.e. w/l ratio 0.0012) CFRP strip, the tension spectrum
measurement was repeated 30 times under different strain
ranges. The ratio of the strain response of the CFRP strip and
the reference strain on the tension spectrum was determined
for each run. Then, the average value of this ratio for all runs
was defined as yl. The sensitivity was also evaluated for the
film after the cycle performance measurement, i.e. after 30
cycles of loading and unloading.

There are three different strain ranges in figure 9; the
maximum strains are 200 microstrain, 500 microstrain and
1000 microstrain. The cycle performances of the CFRP strip
under these three ranges represent the sensor performance of
the CFRP strip from the low strain level to the high level. The
fitted equations are (y1), (y2) and (y3), respectively.

These three curves are very similar. Furthermore, the
ratios of these three equations are approximately equal to
0.0002. The following two conclusions can be drawn: (1) from
the low strain level (200 microstrain) to the high strain level
(1000 microstrain), the linear sensitivity of the CFRP strip
is constant; (2) the CFRP strip can work well under 1000
microstrain. Its gauge factor is approximately equal to 0.0002.

5. Conclusions

In this study, the electrical sensing properties of CFRP strips
with different gauge length were determined. It was found that
the effective sensing behavior of a CFRP strip is related to the
effective gauge length. The transverse connection in a CFRP
strip affects the linear strain response, especially when sensing

in a low strain range. The trend shows that the linear properties
of CFRP strips improved when the w// ratio decreased.
Secondly, when the gauge length of a CFRP strip is 500 mm
or longer (i.e. with a w/[ ratio 0.0012), its strain response has
a good linear relationship with the applied strain, even at a
low strain level of 200 microstrain. The strain response of
a 500 mm long CFRP strip maintained stable linearity for
a long-term cycle tension strain, and the gauge factor was
approximately equal to 0.0002. Finally, the results of a 30
cycle tension test at less than 500 microstrain showed that the
strain response of a CFRP strip has a linear relationship with
the applied tension strain and has good cycle-ability. For each
strain point, the corresponding CFRP strip signals fluctuate
within the constant range which is approximately equal to an
equivalent strain of +50 microstrain.
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