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Abstract

Damage self-sensing (to be distinguished from strain self-sensing) by electrical resistance measurement is effective in carbon fiber rein-
forced cement below the percolation threshold, as shown under uniaxial compression. Major damage that is accompanied by irreversible
strain is indicated by irreversible resistivity increase ranging from 10% to 30%. Minor damage in the elastic regime is indicated by this
increase ranging from 1% to 7%. The irreversible resistivity fractional change per unit irreversible strain is higher in the transverse direc-
tion than the longitudinal direction. The origin of the damage self-sensing ability is attributed to the fracture of fibers that bridge micro-
cracks and the consequent resistivity increase. The fracture of a bridging fiber occurs upon microcrack opening or shear.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

For the purpose of hazard mitigation, it is valuable to
monitor the damage in a concrete structure, whether the
damage is due to earthquake, wind, ocean waves or live
loads. The damage sensing is also referred to as structural
health monitoring. This monitoring may be conducted
occasionally, though continuous monitoring is preferred
for enhanced safety.

Embedded sensors such as fiber-optic sensors have been
used for damage sensing in concrete structures. Continuous
carbon fiber in cement has been reported for damage sens-
ing, due to the increase in electrical resistance of the com-
posite upon fiber breakage [1]. However, embedded
sensors and continuous fibers suffer from the high cost of
installation. A less costly technique involves admixtures,
which can be incorporated in the cement mix. In general,
the use of a structural material (without embedded sensors)
as the sensor is known as self-sensing.
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Self-sensing is made possible by the effect of damage on
the volume electrical resistivity of the cement-based mate-
rial [2]. Damage causes the resistivity to increase, as
observed for damage in the elastic regime [3], in the plastic
(inelastic) deformation region [4-9], and after failure [8],
though information prior to failure is more useful than
that after failure. Damage effects have been reported for
cement-based materials that contain electrically conductive
admixtures (e.g., short carbon fiber) [10,11] and those that
do not contain conductive admixtures [4], whether aggre-
gates are present or not [12]. The occurrence of damage
has been shown by acoustic emission observation during
loading [11]. Although a conductive admixture is not
required, its presence enhances the effectiveness for damage
sensing [2,10]. In particular, the presence of short carbon
fiber as an admixture enhances both damage sensing and
strain sensing [2,13,14].

Sensing by AC impedance measurement [8,9,15] is less
studied than that by DC resistance measurement [2—7,10—
14]. The DC method is simpler for implementation than
the AC method.

Strain sensing by impedance measurement using the
two-probe method (i.e., a configuration involving two elec-
trical contacts) and embedded steel electrical contacts in
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carbon fiber reinforced cement mortar has been reported
during compression, though the absence of observation
during subsequent unloading makes it not possible to dis-
tinguish between the effects of reversible strain and irre-
versible damage [15].

Damage sensing in carbon fiber reinforced cement by
impedance measurement using the two-probe method and
electrical contacts in the form of water-saturated paper
towel has been reported in relation to crack propagation
from a notch made in the specimen prior to tensile testing
[9]. As water is an ionic conductor, the conduction involves
ions. The real part of the impedance increases as the crack
mouth opening displacement increases [9].

Continuous DC resistance measurement for an extended
time causes electric polarization, which results in increase
in the measured resistance [16,17]. However, polarization
is much less in carbon fiber reinforced cement than cement
without carbon fiber [16].

This work is concerned with DC resistance measurement
using the four-probe method, which is a configuration
involving four electrical contacts. The outer two contacts
are for passing current, while the inner two contacts are
for voltage measurement. The four-probe method is advan-
tageous over the two-probe method in that the measured
resistance does not include the contact resistance.

The fiber is typically used at a volume fraction below the
percolation threshold, because of the need to maintain high
compressive strength, high workability and low cost. Fur-
thermore, exceeding the percolation threshold does not
affect significantly the strain sensing ability [18-20]. The
fiber is not a sensor, but is an additive for enhancing the
sensing ability of the cement-based material. This paper
is focused on carbon fiber reinforced cement below the per-
colation threshold.

Damage sensing is to be distinguished from strain sens-
ing, as strain can be reversible and is not necessarily accom-
panied by damage. Compressive strain causes the resistivity
(as obtained by the four-probe method) of carbon fiber
reinforced cement to decrease reversibly, whereas tensile
strain causes the resistivity to increase reversibly [21-23].
The effect of strain on the resistivity is known as piezoresis-
tivity. The combination of damage sensing and strain sens-
ing is valuable for understanding how the damage occurs.

Damage in cement-based materials results in an irrevers-
ible increase in the electrical resistance, as shown by mea-
suring the resistance (four-probe method) in the stress
(longitudinal) direction during loading and subsequent
unloading [4,10,11]. Under compression of carbon fiber
reinforced cement-based materials, reversible strain causes
the resistance to decrease reversibly, whereas damage
causes the resistance to increase irreversibly [10,11]. In
order to distinguish between reversible and irreversible
effects, the resistance needs to be measured during loading
and subsequent unloading. The greater the damage, the
more is the irreversible increase in resistance after unload-
ing. These effects of compressive strain and damage have
been observed in carbon fiber reinforced cement-based

materials. Bontea et al. [10] reported these effects in carbon
fiber reinforced concrete (with fine and coarse aggregates)
containing 0.18 vol.% fiber. Chen et al. reported these
effects in carbon fiber reinforced mortar (with fine aggre-
gate) containing 0.8 vol.% fiber, which is above the perco-
lation threshold [11].

Damage in cement-based materials is more severe when
the deformation is more irreversible. The irreversible strain
is a quantity that can be measured quite simply, say by
using an attached strain gage. Thus, it is useful to correlate
the damage (as indicated by the irreversible resistance
increase) and the irreversible strain for the purpose of
understanding the damage sensing characteristic. Prior
work on the damage sensing ability of carbon fiber
reinforced cement-based materials suffers from one or more
of the following aspects: (i) not providing any strain
measurement [11], (ii) not providing a sufficiently reliable
measurement of the irreversible strain [10], (iii) using the
two-probe method [9,15], and (iv) not making observation
during unloading [9,15]. Correlation of the irreversible
resistance increase and the irreversible strain is an objective
of this work.

Because of the difference in damage sensitivity between
the longitudinal and transverse directions for cement paste
without any conductive admixture [3], it is necessary to
compare the damage sensitivity between these two direc-
tions for carbon fiber reinforced cement. Such comparison
is relevant to practical implementation of the sensing tech-
nology, because the transverse resistance may be more con-
veniently measured than the longitudinal resistance for
certain configurations of the concrete structure. Further-
more, such comparison is expected to shed light on the sci-
ence of the damage sensing ability.

This work involves simultaneous measurement of the
damage (as indicated by the irreversible resistance increase)
in the longitudinal and transverse directions for the same
specimen. This is in contrast to prior work (involving no
fiber) [3], which measured the behavior in the two direc-
tions in different specimens that were different in geometry.
Simultaneous measurement of the resistance in the two
directions in the same specimen is expected to give more
reliable results than separate measurement of the resistance
in the two directions in different specimens that are differ-
ent in geometry. This work is also in contrast to prior work
(involving carbon fiber) [10,11], which measured the behav-
ior in the longitudinal direction only.

The scientific origin of the electrical-resistance-based
damage sensing in carbon fiber cement-based materials
has not been well elucidated in prior work. Bontea et al.
[10] suggested that fiber fracture is a cause of the irrevers-
ible increase in resistance upon damage for carbon fiber
reinforced concrete. On the other hand, based on electrical
resistance results obtained during dynamic loading of car-
bon fiber reinforced mortar containing 0.8 vol.% fiber
(above the percolation threshold), Chen et al. [11] sug-
gested that the origin of the irreversible resistance increase
is the breakdown of the electrically conductive network due
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to cracks. This origin is plausible for a fiber volume frac-
tion above the percolation threshold, although it is not
plausible below the percolation threshold (due to the
absence of a conductive network). In contrast, this paper
addresses carbon fiber reinforced cement at a fiber volume
fraction below the percolation threshold.

This paper is aimed at advancing the science and tech-
nology of electrical-resistance-based damage sensing in car-
bon fiber reinforced cement-based materials. For this
purpose, this work addresses (i) the correlation of the irre-
versible resistivity fractional change and the irreversible
strain indicated by a conventional attached strain gage,
and (ii) the comparison of the damage sensing characteris-
tics of carbon fiber reinforced cement in the longitudinal
and transverse directions.

2. Experimental methods

Silica fume in combination with methylcellulose has been shown to be
the most effective admixture for promoting fiber dispersion [24-27]. There-
fore, this paper uses silica fume in combination with methylcellulose in
carbon fiber reinforced cement.

The carbon fibers were isotropic pitch based and unsized, as obtained
from Ashland Petroleum Co. (Ashland, KY). The fiber diameter was
15 pm. The nominal fiber length was 5 mm. Prior to using the fibers in
cement, they were dried at 110 °C in air for 1 h and then surface treated
with ozone by exposure to O; gas (0.6 vol.%, in O;) at 160 °C for
10 min. The ozone treatment was for improving the wettability of fibers
by water [28].

The mix used Portland cement (Type I) from Lafarge Corp. (South-
field, MI), plus silica fume (Elkem Materials Inc., Pittsburgh, PA, micro-
silica, EMS 965) in the amount of 15% by mass of cement, methylcellulose
(Dow Chemical Corp., Midland, MI, Methocel A15-LV) in the amount of
0.4% by mass of cement, defoamer (Colloids Inc., Marietta, GA, 1010) in
the amount of 0.13 vol.% (% of specimen volume), and carbon fibers in the
amount of 0.50% by mass of cement (corresponding to 0.48 vol.%). The
percolation threshold is between 0.5 and 1.0 vol.% [20].

A rotary mixer with a flat beater was used for mixing. Methylcellulose
was dissolved in water and then the defoamer and fibers were added and
stirred by hand for about 2 min. Then, the methylcellulose mixture,
cement, water and silica fume were mixed for 5 min. The water/cement
ratio was 0.35. After pouring the mix into oiled molds, an external electric
vibrator was used to facilitate compaction and decrease the amount of air
bubbles. The specimens were demolded after 1 day and then cured at room
temperature (about 22 °C) in air (relative humidity = 100%) for 28 days.
Six specimens were tested.

Cross-shaped specimens (as depicted in Fig. 1) were prepared by using
molds of the same shape, such that the vertical direction during curing was
the direction perpendicular to the page in Fig. 1. The specimen dimensions
are shown in Fig. 1.

Compressive stress was applied in the direction shown in Fig. 1. The
stress, which returned to zero at the end of each cycle, was provided by
a hydraulic mechanical testing system (MTS Model 810). Two strain gages
were applied to the center of the specimen (Fig. 1) — one on each of the two
opposite surfaces. One strain gage was for measuring the longitudinal
strain, while the other strain gage was for measuring the transverse strain.
In the case of cubic specimens (51 x 51 x 51 mm, or 2 x 2 X 2 in.), a strain
gage was applied at the center of one of the cube faces that were parallel to
the stress direction.

During repeated compression at progressively increasing stress ampli-
tudes, DC electrical resistance measurement in the longitudinal direction
was made by using the electrical contacts 4, B, C and D, as shown in
Fig. 1. Each contact was in the form of silver paint in conjunction with
copper wire, which was wound perimetrically. In accordance with the
four-probe method of resistance measurement, contacts 4 and D were

Stress

Strain gage

Fig. 1. Specimen configuration. d = 51 mm, 4 = 5 mm, and k£ = 10 mm.

used for passing current while contacts B and C were used for measuring
the voltage. As contacts B and C were close to the central cubic portion
(2-5mm from the edge of the central cubic portion) of the specimen,
the measured resistance was essentially the longitudinal resistance of the
central cubic portion. Electrical resistance in the transverse direction
was measured by using electrical contacts 4’, B, C' and D’, as shown
in Fig. 1. Because the strains involved were small, the fractional change
in resistance was essentially equal to the fractional change in resistivity,
as shown by simple calculation. At no load, the resistivity is the same in
the longitudinal and transverse directions.

The loading (loading rate =0.34 MPa/s) of the cubic specimens
involved three cycles at progressively increasing stress amplitudes, which
were close to those in the first three cycles (Fig. 2) used in testing the
specimens of the cross-shaped specimens. No electrical measurement
was made on the cubic specimens, which only served for measurement
of the residual strength and residual modulus after compressive loading.
For the residual strength/modulus testing, three specimens were tested
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Fig. 2. Variation of the fractional change in longitudinal resistivity (thick
curve) with time and of the longitudinal strain (thin curve) with time
during uniaxial compression at progressively increasing stress amplitudes.
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prior to any loading, and three other specimens were tested after the three
compressive cycles. The residual strength/modulus testing involved mono-
tonic compressive loading up to failure at a loading rate of 0.17 MPa/s.

3. Results and discussion

The resistivity at no load is (1.49 & 0.08) x 10* Q cm.
The fractional change in longitudinal resistivity, along with
the longitudinal strain, is shown in Fig. 2, as a function of
time during uniaxial compression at progressively increas-
ing stress amplitudes. Fig. 3 shows the transverse resistivity
and transverse strain results obtained simultaneously in the
same specimen. Both longitudinal and transverse resistivi-
ties decrease upon uniaxial compression, due to piezoresis-
tivity, as previously reported [18].

The resistivities show partial irreversibility even after the
first cycle, although the strains show no partial irreversibil-
ity until after the third cycle (Table 1). The irreversible
resistivity change is an increase in all cases. The higher
the stress amplitude, the greater are the irreversible change
in resistivity and the irreversible strain (Table 1 and Figs. 2
and 3).

In Figs. 2 and 3, the last half cycle, at the end of which
failure occurs, is characterized by the resistivity increasing
with increasing strain magnitude, due to the dominance of
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Fig. 3. Variation of the fractional change in transverse resistivity (thick
curve) with time and of the transverse strain (thin curve) with time during
uniaxial compression at progressively increasing stress amplitudes.

Table 1

Irreversible strain and irreversible resistivity change after various numbers
of cycles of compressive loading at progressively increasing stress
amplitudes up to failure, which occurs in Cycle 5

Cycle no.  Irreversible strain (107%)? Irreversible resistivity
change® (%)

Longitudinal =~ Transverse Longitudinal ~ Transverse
1 0 0 3.16+£0.23 1.64 £ 0.06
2 0 0 6.50 +0.28 5.45+0.33
3 -2.0+0.1 0.504+0.02 143+1.2 10.4+0.7
4 -2.74+0.2 0.60 +£0.03 244409 20.5+1.5
5 —434+0.3 1.0£0.1 32.0+£2.7 28.9 £2.1

% Relative to the value prior to loading.

damage over strain in affecting the resistivity. In contrast,
in all prior cycles, the resistivity decreases with increasing
strain magnitude, due to the dominance of strain over dam-
age in affecting the resistivity.

Due to polarization, the measured resistivity increases
with time, but the incremental increase diminishes with
time and is mainly in the first 50 s [16]. In contrast, the
incremental increase in this work increases with time, such
that the increase is significant beyond the first 100 s. This
means that the resistivity increase that is attributed to dam-
age in this work has little contribution from polarization.

The small irreversible resistivity changes after the first
and second cycles (Table 1) indicate minor damage in the
elastic regime (irreversible strain absent). The large irre-
versible resistivity changes after the third, fourth and fifth
cycles indicate major damage in the plastic deformation
regime (irreversible strain present). The trends are the same
for longitudinal and transverse resistivities, though the
magnitude of the transverse irreversible strain is smaller
than that of the longitudinal irreversible strain and the
fractional irreversible resistivity change is accordingly
lower in the transverse direction than the longitudinal
direction.

Fig. 4 shows the relationship between the irreversible
resistivity fractional change and the irreversible strain.
The portion of the plot with negative irreversible strain cor-
responds to the longitudinal resistivity in relation to the
longitudinal strain. The portion of the plot with positive
irreversible strain corresponds to the transverse resistivity
in relation to the transverse strain. Although the highest
irreversible strain magnitude and the highest irreversible
resistivity fractional change are smaller for the transverse
direction than the longitudinal direction, the average mag-
nitude of the slope of the curve in Fig. 4 is higher for the
transverse direction than the longitudinal direction. This
slope magnitude describes the damage sensing effectiveness,
i.e., the irreversible resistivity fractional change per unit
irreversible strain.

The resistance method of damage sensing, at least in the
case of carbon fiber reinforced cement, is effective for sens-
ing damage that is accompanied by irreversible strain as
small as 0.5 x 10~*. Both longitudinal and transverse resis-
tivities are effective indicators of damage. Minor damage in

Irreversible resistivity

Irreversible strain (104)

Fig. 4. Relationship of the irreversible resistivity fractional change with
the irreversible strain.
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the elastic regime can also be sensed by resistance measure-
ment, but sensitivity for such minor damage is low com-
pared to that for major damage that is accompanied by
plastic (inelastic) deformation. The low sensitivity for
minor damage in the elastic regime is advantageous for
strain sensing in this regime. In general, damage is indi-
cated by fractional irreversible resistivity increase.

Fig. 5 shows typical stress—strain curves for the com-
pressive testing of cube specimens up to failure for speci-
mens which had no previous load history and for
specimens which had undergone three cycles at progres-
sively increasing stress amplitudes up to 40 MPa. The ini-
tial strength (before loading) was 47.0 + 5.6 MPa; the
residual strength (after loading) was 41.0 + 5.2 MPa. The
initial modulus was 5.4 £ 0.4 GPa; the residual modulus
was 4.6 + 0.4 GPa. The reduction in both strength and
modulus, though small, indicates the occurrence of dam-
age, which is consistent with the irreversible increase in
resistivity and the non-zero residual strain after the third
cycle in both Figs. 2 and 3.

The origin of the electrical-resistance-based damage
sensing in carbon fiber reinforced cement below the perco-
lation threshold probably relates to the fiber breakage and
the consequent irreversible increase in electrical resistivity
of the cement-based material, as explained below. The
bridging of a microcrack by a fiber is a well-known phe-
nomenon in fiber reinforced brittle-matrix composites
[29]. This phenomenon contributes largely to the ability
of fibers to toughen a brittle-matrix composite. However,
carbon fibers are brittle and cannot withstand bending to
a small radius of curvature [30,31]. Upon shear of a micro-
crack, with the shear stress in the plane of the microcrack,
the bridging fiber will be bent sharply at each of the two
surfaces that make up the crack. As a consequence, the
fiber will tend to break at one of these surfaces.

Damage sensing by resistance measurement has been
reported in the elastic regime for cement paste without
any conductive admixture [3]. Although the cement paste
is isotropic in the electrical resistivity, its damage sensing
behavior is different in the longitudinal and transverse
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Fig. 5. Stress—strain curve for compressive testing up to failure. (a) Before
loading (initial state). (b) After loading (state giving the residual strength
and residual modulus).

directions. The resistance in the longitudinal direction is
characterized by complex variation of the resistivity with
strain; the resistivity increases upon first compressive load-
ing, further increases upon subsequent unloading,
decreases slightly during second loading up to the maxi-
mum stress of the first cycle, and then increases as the stress
increases beyond this value [3]. The resistivity in the trans-
verse direction shows little response to strain after the first
cycle [3]. The damage sensing behavior is better in the lon-
gitudinal direction than the transverse direction, in spite of
the Poisson effect and the consequent tension in the trans-
verse direction; cement-based materials are more prone to
damage under tension than under compression. Further-
more, that the damage sensing behavior is different in the
two directions suggests that the damage does not occur
simply through shear, as the shear stress is highest at an
angle of 45° to the axis of the applied compressive stress
and thus would have made the behavior the same in the
longitudinal and transverse directions.

Comparison of the results of this paper for carbon fiber
reinforced cement with those for cement paste without any
conductive admixture [3] is revealing. For either the longi-
tudinal or transverse direction, the damage sensing ability
is much better and the values of the fractional changes in
resistance are much higher in the presence of carbon fiber
than in the absence of fiber. In addition, in the absence
of fiber, the damage sensing characteristic is such that resis-
tance in either direction increases during the first compres-
sive loading, increases further during the subsequent
unloading and decreases during subsequent loading. In
contrast, in the presence of carbon fiber, the resistance
decreases during loading in every cycle, due to strain, and
its value at the end of a loading cycle is higher than that
at the beginning of the cycle when damage occurs. These
differences in behavior between the cases with and without
fiber relates to the difference in mechanism behind the sens-
ing ability. In the case without fiber, the sensing ability
relates to defect generation during the first compressive
loading, defect healing during subsequent loading, and
defect aggravation that dominates during subsequent
unloading [3]. The defects may be microcracks and precur-
sors of microcracks. They are regions of relatively high
electrical resistivity. However, due to the very low volume
fraction of the defects, the dynamics of the defects has only
minor effects on the electrical resistivity of the cement
material. Therefore, the fractional change in resistivity
due to loading is small. On the other hand, carbon fiber
is more conductive than cement by about 8 orders of mag-
nitude. The mechanism involving fiber fracture enables the
fractional change in resistance due to loading to be much
larger in the case with fiber than in the case without fiber.

The electrical-resistance-based damage sensing ability of
cement paste without any conductive admixture is worse in
the transverse direction than the longitudinal direction [3].
In the transverse direction, the sensing ability is so poor
that the resistance almost does not respond to the changes
in load [3]. However, the damage sensing ability of carbon
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fiber reinforced cement is similar (though not identical) in
the two directions, as shown in this work. In the case with-
out fiber, defect generation during loading causes the resis-
tance to increase during first loading and the dynamics of
these defects causes the resistance changes during subse-
quent unloading and loading [3]. Since the loading is uniax-
ial, the defects generated by the loading are necessarily
direction dependent, i.e., they are not randomly oriented
relative to the loading axis. As a result, the sensing behav-
ior is quite direction dependent. However, in the case with
fiber, the microcracks with bridging fibers are already pres-
ent prior to any loading, so they are quite direction inde-
pendent. As a result, the sensing behavior is similar for
the longitudinal and transverse directions in the presence
of fiber, but is quite different for these two directions in
the absence of fiber. It should be noted that, in this work,
the fibers are randomly oriented in the plane of the cross in
the cross-shaped specimen (Fig. 1), since the cross-shaped
specimen lies down during setting and curing.

That the damage sensing behavior is similar for the lon-
gitudinal and transverse directions for the case with fiber is
consistent with the notion that damage occurs through
shear and the consequent fiber breakage. However, there
is a minor difference. The irreversible resistivity fractional
change per unit irreversible strain is higher in the transverse
direction than the longitudinal direction (Fig. 4). This dif-
ference suggests that the damage mechanism does not only
involve microcrack shear with the resolved shear stress in
the plane of the crack, but also involves microcrack open-
ing upon tension in the direction perpendicular to the plane
of the crack. The loading is compressive in the longitudinal
direction and tensile in the transverse direction, due to the
Poisson effect. The transverse tension promotes the open-
ing of cracks that are in the longitudinal direction and that
have bridging fibers in the transverse direction. Conse-
quently, the transverse tension causes the breakage of fibers
in the transverse direction, thereby increasing the resistivity
in the transverse direction. Thus, for the same magnitude
of strain, damage is more severe in the transverse direction
than the longitudinal direction.

4. Conclusion

Damage self-sensing by resistance measurement is effec-
tive in carbon fiber reinforced cement, as shown for uniax-
ial compression specimens. Damage is indicated by an
irreversible increase in the resistivity in the longitudinal
or transverse direction. Major damage that is accompanied
by irreversible strain (with the magnitude as low as
2x107* in the longitudinal direction and 0.5x10~* in
the transverse direction) is indicated by irreversible resistiv-
ity increase ranging from 10% to 30%. Minor damage in
the elastic regime is indicated by irreversible resistivity frac-
tional increase ranging from 1% to 7%. The irreversible
resistivity fractional change per unit irreversible strain is
higher in the transverse direction than the longitudinal
direction.

The origin of the damage sensing ability is attributed to
the fracture of fibers that bridge microcracks and the con-
sequent resistivity increase. The fracture of a bridging fiber
occurs upon shear of a microcrack, with the resolved shear
stress in the plane of the crack. It also occurs upon tension
of a microcrack, with the tensile stress perpendicular to the
plane of the crack.
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