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Abstract

In this paper, the electrical responses of carbon fiber reinforced cementitious composites (CFRCC) to both monotonic and cyclic loading
were investigated by electrical resistance measurements. Damage occurring within specimens was also investigated by acoustic emission
(AE). Results indicated that the conductivity of the composite was related to the stress level. Under monotonic loading, the electrical
resistance decreased with increasing stress at low stress levels and increased with increasing stress at higher stress levels. Under cyclic
loading, at lower loading amplitude, the electrical resistance of the system showed reversibility with the change of the load, however, when
the loading amplitude was larger, it showed the irreversible increase. Both cases indicated that the breakdown and rebuild-up process of the
conductive network under pressure may be responsible for the stress dependency of conductivity. The damage occurring inside material can

be monitored in real time by measuring the change in electrical resistance during loading and unloading.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Damage occurs when concrete structure is subjected to
dynamic loading and continual monitoring of a structure is
valuable for damage assessment and mitigation. The sensing
of damage is conventionally performed by attached or
embedded sensors, such as optical fibers or acoustic sensors.
However, these sensors add to the cost, are in low durability,
and in addition, the sensing volume and spatial resolution
are limited. A new method of detecting damage by electrical
resistance has been proposed [1—4], which is based on the
notion that damage causes irreversible change in electrical
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resistance, while elastic strain causes reversible changes in
electrical resistance.

CFRCC consisting of insulating cement matrix and
conducting carbon fiber are well known [5-9] to show a
large variation in electrical resistance with changes of
composition and microstructure, and a large decrease in
electrical resistance occurring through formation of con-
ducting paths. In CFRCC containing electrical conduction
paths, damage can be monitored by measuring the change of
electrical resistance generated by microdeformation or
change of connectivity of the conduction path under an
external load [10—13].

This paper reports the electrical responses of CFRCC to
monotonic and cyclic loading at different loading levels.
The compressive stress—strain behavior and the overall
resistance change were monitored simultaneously. The
damage occurring within specimens was also detected by
acoustic emission (AE). Based on the results, the possibility
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Table 1
Properties of carbon fiber

Diameter Density Tensile Young’s Elongation Carbon Electrical
(um) (g/cm3) strength modules  at break content resistivity
(GPa) (GPa) (%) (w.%)  (Qrem)

7+0.2 1.78 >3.0 220~240 1.25~1.60 >95 10°2~10"?

of predicting fracture and detecting damage in CFRCC was
assessed.

2. Experimental details
2.1. Materials and specimens

The carbon fibers were isotropic pitch-based and
unsized. The fiber properties are shown in Table 1. Type
III Portland cement was used and silica fume was used in
the amount 15% of the cement mass. The sand used met ISO
standard. The water-binder ratio was 0.45 and sand-binder
ratio was 1.0.

The mortar mixtures were prepared in a laboratory
mortar mixer, and the procedure was as follows:

1) 30% of total water was added to the mixer.

2) Carboxy-methylcellulose was added while stirring and
then left for approximately 20 min to allow it to dissolve
completely.

3) Carbon fibers were added to the water and stirred gently.

4) The remaining water was added into the mixer followed
by the high-range water-reducing admixture. Silica fume
was then added.

5) After the mixer ran for approximately 10 s at slow speed,
cement was added and mixed for approximate 30 s.

6) Sand was added into the running mixer and the mixture
was mixed for another 30 s.

7) The mixer ran at medium speed for approximate 1 min.

Cubic specimens, 70.7 mm x 70.7 mm x 70.7 mm were
cast in plexiglass molds and six specimens were used for
each test. Two copper electrodes, 70.7 mm x 80.0 mm x 0.2
mm, were embedded in the fresh mix. The distance between
the copper electrodes is 62.0 mm. After 24 h, the specimens
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were removed from the molds and transferred to a moist-
curing room for 27 days.

Generally, there are two types of electrical conduction in
moist specimens: electronic and electrolytic. The former is
through the motion of free electrons in the conductive
phases, e.g. carbon fibers, and the latter is through the
motion of ions in the pore solution. In this investigation, the
principal contribution to the electrical conduction is
expected to be electronic. Hence, one day prior to testing,
the specimens were taken out and dried at 80 °C for 24 h to
reduce the water in the samples, as required by the electrical
resistance measurement [14].

2.2. Testing equipment

Electrical resistance was measured using a four-terminal
technique using a Keithley model 220 as current source and
a Keithley mode 619 for voltage and current measurements.
Conductive silver paint was applied between sample surface
and current electrode to ensure a better electrical contact
between them. The current and voltage electrodes were 4
mm apart in the sample and the current electrodes were
insulated from the machine clamp. The device was
interfaced to a computer to record and process data. The
minimum time required to obtain a measurement was 0.1 s.
The compression tests were performed using an Instron
8501 Digital Servo hydraulic testing system, with a strain
rate of 0.015 mm/min. A SPARTAN-AT 2000 AE system
was used for AE data acquisition; the emitted AE signals
during testing were detected by a sensor with a resonant
frequency of 150 kHz. The AE signals were amplified with
a 40-dB gain in a preamplifier and a 20-dB gain in the
system. The threshold was set at 40 dB to eliminate a high
signal/noise ratio [15]. A schematic diagram of the loading
equipment and the electrical resistance measurement is
shown in Fig. 1.

3. Test results and discussion
Good consistency was found for six specimens in the

same set during the tests. Therefore, the test results
presented here are all average values.

Ammeter
Model 619 (Keithley]

Current Source

Voltmer Model 220 (Keithley

Model 619 (Keithley,

w

Fig. 1. Schematics of DC electrical measurement.
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Fig. 2. Relationship between electrical conductivity and connectivity of
conductivity carbon fibers.

3.1. Percolation network structure of carbon fiber in
CFRCC

Fig. 2 shows the change of electrical conductivity at
different carbon fiber contents. It can be seen that the
electrical conductivity values of the composites increased
with increasing carbon fiber volume fraction. The typical
features of percolation phenomena have been described as
follows.

(1) Before the volume fraction of carbon fiber reaches its

threshold value of percolation (here, 0.5% of volume
fraction), the conductivity increases by one or two

Spol Magn

orders of magnitude with the increase of carbon fiber
content.

(2) After the volume fraction of carbon fiber reached its
threshold value of percolation, the conductivity
remains unchanged with the increase of carbon fiber
content.

Fig. 3, SEM micrographs for carbon fibers distributed in
the cement matrix, suggests that the change of conductivity
with fiber content related to the connectivity change of fiber
distributed in the cement matrix. At very low fiber content,
carbon fiber was distributed homogeneously in the non-
conductive matrix. There was minimal contact between
adjacent fibers. As the carbon fiber content increases, fibers
begin to connect with each other and it results in individual
conduction clusters, and consequent increase of system
conductivity. When the volume fraction of carbon fiber
reaches its threshold value for percolation, the connected
conductive network, formed due to contacts of carbon fibers
within cement matrix, results in a more rapid increase in the
conductivity. After the percolation threshold, the change of
conductivity is not significant with the increase of carbon
fiber content [14—16].

3.2. NPC and PPC effect in CFRCC under monotonic
uniaxial compression

Fig.4 (a) illustrates the relation between applied stress
level and fractional change in resistance (which refers to
(R —Rp)/Rgp) under monotonic uniaxial compression. It was

2 + i
p F—— 100m
9

Fig. 3. SEM fractographs of CFRC with different carbon fibre volume (a) ¢=0.002; (b) ¢¢=0.004; (c) ¢=0.0055; (d) ¢¢=0.008.
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Fig. 4. Relationship between AR/R and P/P,,,, for CFRC at different carbon fiber content, (a) ¢=0.008; (b) ¢#=0.0055; (c) ¢=0.002; (d) ¢¢=0.

observed that at a low stress level, the fractional change in
resistance decreased with increasing stress level (named
negative pressure coefficient effect, NPC effect). When the
stress reached 57% of the fracture stress, a plateau appeared,
where the fractional change in resistance remained almost
constant. Shortly after that, the resistance increased rapidly
with increasing stress (named positive pressure coefficient
effect, PPC effect).

There are two interactive processes in CFRCC under
exterior loading [17]:

(1) On the one hand, the compressive stress increases the
chance for adjacent carbon fibers to connect with each
other or decreases the gap between fibers. At the same
time, those carbon fibers oriented along loading
position will form a new conductive pathway. As a
result, the system conductivity increases, i.e. frac-
tional change of resistance decreases.

(2) On the other hand, cracking inside the specimen will
occur due to loading, which will cause breakage of the
existing conductive network. It results in a decrease in
the system conductivity or an increase in the fractional
change of resistance.

The breakdown and formation of the new percolation
network under stresses is a dynamic balance process. The
former is predominant during the initial loading stage,

which is responsible for the formation of new networks, and
consequently the decrease of resistivity with increasing
stress. The counter-balancing of these two occurs when the
stress reaches its critical value, which indicates some flaws
occurring in the specimen. However, beyond the critical
value, the latter becomes predominant and causes the
existing network breakdown, which responds to PPC effect
of resistance.

Fig. 4 presents the piezoresistance characteristics of
system of CFRCC at different carbon fiber contents under
monotonic uniaxial compression. It can be seen that there
existed significant but different NPC and PPC effects of
resistance in the system at different carbon fiber volume
fractions. As shown in Table 2, the critical value of stress
level, at which NPC effect switched to PPC effect, increased
with increasing carbon fiber content. The sensitivity (the
value of fraction change in resistance) of system to the load

Table 2
Stress level for minimum AR /R occurs and the smart behavior

Properties Carbon fiber volume
0.20 0.55 0.80
Stress level at which the lowest 40 45 78
AR/R occurs (%)
Lowest AR/R —0.128 —0.290 —0.260
AR/R at CFRCC failure 0.146 0.192 0.796
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Fig. 5. Plots of AR/R vs. time and load vs. time during ten cycles of cyclic load for specimens at different stress amplitude (a) 30% of the fracture stress, (b) 60% of the fracture stress, (c) 80% of the fracture

stress, (d) 90% of the fracture stress.
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Fig. 6. Plots of events vs. time during ten cycles of cyclic load for specimens at different stress amplitude of (a) 30% of the fracture stress, (b) 60% of the

fracture stress, (c) 80% of the fracture stress, (d) 90% of the fracture stress.

increased with increasing fiber volume fraction during
failure. For the system without carbon fiber, piezoresistivity
did not exist.

3.3. NPC and PPC effect in CFRCC under uniaxial cyclic
compression

The characteristics of electrical responses for CFRCC
(0.8% of fiber content) under cyclic compression at different
stress amplitudes are shown in Fig. 5. There was a
corresponding relation between fractional change in resist-
ance and stress, i.e. in each cycle, the resistance decreased
with loading, and linearly increased during unloading.
However, there were some differences for different stress
amplitudes. At low stress amplitude (shown in Fig. 5 (a), the
stress amplitude was 30% of the compressive strength),
there existed NPC effect upon loading in the first cycle.
However, after the first cycle, there appeared an irreversible
decrease (which refers to the fractional change in resistance
do not return to zero in resistance after unloading which
reduced gradually as load cycling progressed. After the
fourth cycle, the changes in resistance became reversible,
although it did not return to its initial value. In Fig. 5 (b) and
(c), however, the fractional change in resistance returned to
the initial value at the end of the first cycle. As the load
cycling progressed, the resistance increased gradually after
unloading cycle by cycle. In addition, PPC effects occurred
during loading after 7 cycles in Fig. 5 (c). At a high stress
amplitude (shown in Fig. 5 (d), the stress amplitude was
90% of the compressive strength), the PPC effect appeared
during the first cycle and the fractional change in resistance

returned to the initial value at the end of cycle. As load
cycling progressed, AR/R, increased more and more
positively at zero load.

There also existed the breakdown and formation of the
new percolation network during cyclic compressive loading.
The rebuild process of the conductive network was
predominant at low stress amplitude. The original flaws
and pores in the specimen were compressed and possibly
eliminated after the first two cycles during loading. There-
fore, an irreversible deformation and then an irreversible
decrease in resistance occurred. However, due to lower
stress, no new cracks were forming during the subsequent
loading and unloading cycles. The fractional change in
resistance was thus reversible. When the stress amplitude
was 60% of compressive strength, the re-build and break-
down processes of the conductive network kept counter
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balancing during the first several cycles. As load cycling
progressed, the internal damage of the specimen increased
and the breakdown process of the conductive network
played predominant roles. The resistance could not return to
its initial value after unloading and increases step by step
due to the damage. When the stress amplitude reached
80%—90% of compressive strength, the continual damage
occurring from the first cycle kept the breakdown process
predominant. So, the fractional change in resistance did not
return to zero at the end of each cycle, but increased cycle
by cycle.

In order to verify the reliability of resistance measure-
ment, AE measurement was used simultaneously during
repetitive loading. Fig. 6 shows the corresponding relation
between time and AE events during the repetitive loading at
different stress amplitudes. In Fig. 6 (a) and (b), AE events
only appeared during the first two loading cycles when the
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Fig. 9. Variation of the peak and lowest AR/R, at different stress for
specimens.

specimen was compacted. While during the subsequent
loading cycles, there were almost no AE events and the
fractional change in resistance was reversible. In Fig. 6 (c),
and (d), different intensive AE events occurred in each
loading cycle, which indicated corresponding internal
damage. The peak in AR/R,, which reflects the damage
in materials [18,19] as shown in Fig. 7, increased with
progressive load cycles at high stress amplitude.

Fig. 8 shows the corresponding fractional change in
resistance at an increase of 30 KN of load amplitude for
each loading cycle. At low stress amplitude, there was a
NPC effect, i.e. the resistance decreased upon loading and
increased upon unloading in the first several cycles.
However, when the stress amplitude reached 60% of
compressive strength, an inverse change in resistance (PPC
effect) occurred, i.e. AR/R gradually increased at the end
of cycle. Fig. 9 shows the lowest and peak values of AR/
Ry (at the end of each cycle) for all loading cycles. For
comparison, Fig. 10 gives the plots of AE events for all
cycles. During the first several cycles, some AE events

Events
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Time/S

Fig. 10. Plots of events vs. time for specimen at cycle load with change
stress.
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occurred and the resistance decreased irreversibly. This
was mainly due to specimen compression and formation of
new conductive pathways. As the stress amplitude reached
60% of compressive strength, AE events became intensive,
which indicated there was significant internal damage and
the conductive percolation network broke. At the same
time, the peak and lowest values of AR/R, increased
significantly.

Fig. 11 shows the stress—strain—resistance curves of the
system during repetitive compressive loading at increasing
stress amplitude. In the first cycle, the fractional change in
resistance decreased during loading and increased during
unloading. However, the strain and fractional change in
resistance did not return to zero after unloading and the
value of fractional resistance was lower than zero. As load
cycling progressed, the baseline of the resistance increased
irreversibly and gradually cycle by cycle. The fractional

0.12 T T T T T

0.08 |
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000 = b
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resistance at zero load increased gradually cycle by cycle
and the value was higher than zero.

There was a good correlation between the fractional
change in resistance vs. the residual strain of specimen and
the stress level vs. the residual strain of specimen, as
shown in Fig. 11. During the first cycle of compression,
the specimen was compressed and some pores and flaws
inside the specimen were eliminated, and permanent strain
occurred inside the material. As a result, the fractional
resistance after decompression was irreversible and its
value was negative. During subsequent loading cycles, the
reversible part of AR/R, was mainly due to dimensional
changes, and corresponding reversible strain, while the
irreversible part was due to damage. The great sensitivity
of the irreversible part of AR/R, to damage was also
reflected by the significant non-zero value of the irrever-
sible part of AR/R, after merely the first cycle. Fig. 12
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Fig. 12. Fractional changes in R eiqual and Ryax as a function of strain for the CFRC (¢¢=0.8).
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shows the fractional changes in maximum electrical
resistance during loading ((Ryax—Ro)/Rg) and residual
resistance ((Riesiquai—Ro)/Ro), with the strain for the
system. R egiqual 18 the associated resistance when the load
gets back to zero, and R, is the associated resistance
when the pressure reaches the maximum value during
every cyclic process. These relative changes in electrical
resistance increased parabolically with the strain and were
dependent on the maximum strain applied in the specimen.
The observation from Figs. 11 and 12 showed that CFRCC
were able to memorize strain applied in the system as the
irreversible changes in (R—Rg)/R (named Kaiser memory
effect of resistance to residual deformation), which is
useful for estimating the maximum strain applying to the
composites.

4. Conclusions

(1) Short carbon fibers introduced to cement matrix
homogeneously can increase the conductivity of
system greatly. The conductivity of CFRCC can be
described by percolation theory. In our research, when
fiber content was 0.5% in volume, a continuous
conductive network formed.

(2) There is a marked pressure dependence of the
electrical resistance in CFRCC under both monotonic
and cyclic compression. NPC and PPC effects of
resistance exist under different stress levels. The
breakdown and formation of the conductive network
under pressure may be responsible for the pressure
dependence of the conductivity.

(3) There exists Kaiser memory effect of resistance to
residual deformation under repetitive loading. The
results of AE monitoring in real time showed that the
peak of AR/R increasing with loading cycles reflects
the damage occurring inside material.

(4) With known initial resistance of the specimen, the
loading and strain change history can be monitored by
measuring fractional change of resistance. Therefore,
monitoring the change in electrical resistance during
loading and unloading by self-diagnosis of CFRCC
was found to be a good method for detecting damage
and fractures in material.
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