ELSEVIER

Available online at www.sciencedirect.com

sc.ence@o.“w

Carbon 44 (2006) 1496-1502

CARBON

www.elsevier.com/locate/carbon

Self-sensing of flexural damage and strain in carbon fiber
reinforced cement and effect of embedded steel reinforcing bars

Sihai Wen, D.D.L. Chung *

Composite Materials Research Laboratory, University at Buffalo, State University of New York, Buffalo, NY 14260-4400, USA

Received 10 November 2005; accepted 5 December 2005
Available online 13 March 2006

Abstract

Self-sensing of flexural damage and strain in carbon fiber reinforced cement is attained by measuring the volume or surface resistance
with the four-probe method and electrical contacts on the compression and/or tension surfaces. The oblique resistance (volume resistance
in a direction between the longitudinal and through-thickness directions) increases upon loading and is a good indicator of damage and
strain in combination. The surface resistance on the compression side decreases upon loading and is a good indicator of strain. The sur-
face resistance on the tension side increases upon loading and is a good indicator of damage. The effectiveness for the self-sensing of
flexural strain in carbon fiber reinforced cement is enhanced by the presence of embedded steel rebars on the tension side. For the same
midspan deflection, the fractional change in surface electrical resistance is increased in magnitude, whether the surface resistance is that
of the tension side or the compression side. The fractional change in resistance of the tension surface is increased by 40%, while the mag-

nitude of the fractional change in resistance of the compression surface is increased by 70%, due to the steel.
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1. Introduction

Cement reinforced with short carbon fibers has been
shown to be able to sense its own strain [1-16] and damage
[13-20] by DC electrical resistance measurement. This self-
sensing ability is valuable for structural vibration control,
weighing, traffic monitoring, border security, building facil-
ity management and other applications. It is based on the
reversible effect of strain on the volume electrical resistivity
(a phenomenon known as piezoresistivity) and the irrevers-
ible effect of damage on the resistivity. The strain sensing
behavior is such that the resistivity decreases reversibly
upon compression (due to the slight push-in of crack-bridg-
ing fibers and the consequent decrease of the contact elec-
trical resistivity of the fiber—cement interface) and increases

* Corresponding author. Tel.: +1 716 645 2593x2243; fax: +1 716 645
3875.
E-mail address: ddlchung@buffalo.edu (D.D.L. Chung).

0008-6223/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbon.2005.12.009

reversibly upon tension (due to the slight pull-out of crack-
bridging fibers and the consequent decrease of the contact
resistivity), as shown in detail for a curing age of 28 days
[2-7,11]. However, the strain sensing behavior changes at
a curing age between 14 and 28 days. At 14 days (or less)
of curing, the resistivity increases reversibly under both
tension and compression, in contrast to the behavior at
28 days (or more) of curing [8].

The self-sensing ability of carbon fiber reinforced
cement has been well demonstrated under tension and
under compression. However, its demonstration under flex-
ure has been carried out only at 7 days of curing [1]. As
flexural loading is commonly encountered by concrete
structural components such as slabs, it is important to
demonstrate the self-sensing ability at 28 days (or more)
of curing.

Flexure involves tension on one side of the specimen and
compression on the opposite side. Thus, the prior flexural
self-sensing demonstration involved the use of separate
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electrical contacts on the tension surface and on the com-
pression surface [1], so that the surface resistance (as
opposed to the volume resistance) of each surface is mon-
itored during flexure.

In this work, the resistance measurement during flex-
ure is extended to include measurement of the oblique
resistance and the through-thickness resistance. The
through-thickness direction is in the loading direction, per-
pendicular to the tension and compression surfaces. The
oblique resistance is at an angle between the through-thick-
ness direction and the plane of the tension or compression
surface. The resistances in different directions are expected
to be sensitive to the strain or damage at different locations
of the specimen. Measurement of the oblique and through-
thickness resistances involves the use of two electrical con-
tacts on the tension surface and two other contacts on the
compression surface. For the through-thickness resistance
measurement, the contacts on the two surfaces are directly
opposite, with the current contact of one surface opposite
that of the opposite surface, and the voltage contact of
one surface opposite that of the opposite surface. For the
oblique resistance measurement, the contacts on the two
surfaces are not directly opposite. In contrast, surface resis-
tance measurement involves all four contacts on the same
surface.

In the prior flexural self-sensing demonstration carried
out for carbon fiber mortar at 7 days of curing, it was
observed that both the tension surface resistance and the
compression surface resistance increased upon flexural
loading, such that the fractional increase in resistance
was larger for the compression surface than the tension sur-
face at the same displacement up to failure [1].

The prior flexural demonstration mentioned above
involved carbon fiber reinforced cement mortar (with sand)
that contained methylcellulose but no silica fume for help-
ing the fiber dispersion [1]. Silica fume in combination with
methylcellulose has since been shown to be the most effec-
tive admixture for promoting fiber dispersion [21-24].
Therefore, this paper uses silica fume in combination with
methylcellulose in carbon fiber cement.

The prior flexural demonstration mentioned above
involved carbon fiber mortar (with sand) [1]. In contrast,
this work involves carbon fiber cement paste (without
sand). Although aggregates are used in practice, the perfor-
mance for the case without aggregate provides a reference
point for the self-sensing behavior. This reference point is
valuable for fundamental understanding of the behavior.

Another prior flexural self-sensing demonstration [16]
involved measurement of the volume resistance of the over-
all specimen rather than the surface resistances of the ten-
sion and compression surfaces. The volume resistance was
observed to increase monotonically upon flexure up to fail-
ure [16]. For both scientific and technological reasons, it is
important to study the surface resistance, the measurement
of which can be more conveniently implemented on a con-
crete structure (such as a slab) than the measurement of the
volume resistance.

In both Refs. [1,16], the self-sensing was mainly directed
at damage sensing, since the effect of reversible strain under
flexure was not studied. In contrast, this paper addresses
the self-sensing of both strain and damage under flexure,
with attention on the effects of both reversible strain and
irreversible strain.

Yet another prior flexural self-sensing demonstration
involved a plain cement paste (no admixture) substrate
with carbon fiber reinforced cement paste (with either latex
or silica fume as an admixture) coated on both tension and
compression surfaces of the substrate [10]. This demonstra-
tion was carried out at 28 days of curing. It shows that the
tension surface resistance increases reversibly while the
compression surface resistance decreases reversibly upon
flexure, as expected for a curing age of 28 days. This dem-
onstration shows that carbon fiber reinforced cement is
effective as a strain sensing coating, but it does not demon-
strate the flexural self-sensing ability of carbon fiber rein-
forced cement.

Concrete that is used in load-bearing applications
typically contains steel reinforcing bars (i.e., steel rebars).
Due to the high electrical conductivity of steel (even
more conductive than carbon fiber), there has been concern
that the presence of steel rebar may make carbon fiber
reinforced cement unable to provide the self-sensing
function.

This paper is aimed at investigating the behavior of
strain and damage self-sensing in carbon fiber reinforced
cement under flexure. A second objective is the investiga-
tion of the effectiveness of oblique and through-thickness
resistances for indicating strain and damage in carbon fiber
reinforced cement. A third objective is to study the effect of
steel rebars on the self-sensing ability of carbon fiber rein-
forced cement.

2. Experimental methods

The carbon fibers were isotropic pitch based and
unsized, as obtained from Ashland Petroleum Co. (Ash-
land, KY). The fiber diameter was 15 um. The nominal
fiber length was 5 mm. Fibers in the amount of 0.50% by
mass of cement (corresponding to 0.48 vol%) were used.
The percolation threshold is between 0.5 and 1.0 vol%
[25]. 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 O3 gas (0.6 vol%, in O,) at 160 °C for
10 min. The ozone treatment was for improving the wetta-
bility of fibers by water [7].

The cement used was Portland cement (Type I) from
Lafarge Corp. (Southfield, MI). The silica fume (Elkem
Materials Inc., Pittsburgh, PA, microsilica, EMS 965)
was used in the amount of 15% by mass of cement. The
methylcellulose, used in the amount of 0.4% by mass of
cement, was Dow Chemical Corp., Midland, MI, Methocel
A15-LV. The defoamer (Colloids Inc., Marietta, GA, 1010)
used whenever methylcellulose was used was in the amount
of 0.13 vol% (% of specimen volume).
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A rotary mixer with a flat beater was used for mixing.
Methylcellulose was dissolved in water and then the defo-
amer 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. 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 allowed to cure at room temperature in air (relative
humidity = 100%) for 28 days. The water/cement ratio
was 0.35. Six specimens were tested to confirm the repro-
ducibility of the results of this work.

The specimen configuration for flexural testing (three-
point bending at a span of 140 mm) is illustrated in
Fig. 1. The specimen was a rectangular beam of size
160 x40 x 40 mm. Two parallel steel rebars (diame-
ter =2.95mm, cross-sectional area = 6.83 mm?) were
embedded in each specimen, such that each rebar extended
along the whole length of the specimen (protruding a little
out of each of the two end surfaces) and was centered at a
plane 5 mm from the bottom surface of the specimen. The
cross-sectional view is shown in Fig. 2. Specimens of the
same dimensions but without rebar were prepared for com-
parative testing. Six specimens of each type were tested.

Electrical contacts in the form of silver paint in conjunc-
tion with copper wire were applied on the tension and com-
pression surfaces. Contacts A, A,, Ay and A4 were on the
compression side; contacts By, B,, B3 and B4 were on the
tension side. Each contact was in the form of a strip in
the transverse direction on the tension or compression sur-
face. The various contact strips were parallel to one
another.

The compression surface resistance was measured by
using A; and A4 as current contacts and A, and Aj as volt-
age contacts. The tension surface resistance was measured
by using B; and By as current contacts and B, and Bj as
voltage contacts. The through-thickness resistance was
measured by using A; and B; as current contacts and A,
and B, as voltage contacts. The oblique resistance was

.20, 20| 80 .20 20
NS AN N
A] Az A3 A4

Y4

YIL Y

Bl‘ Bz B3 B4
140
160

Fig. 1. Specimen configuration for flexural testing by three-point bending.
The three points are shown by arrows. A, A,, A; and A, are electrical
contacts on the compression surface, whereas B;, B,, B; and By are
electrical contacts on the tension surface. All dimensions are in mm.
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Fig. 2. Cross-sectional illustration of a specimen containing two steel
rebars (dotted regions). All dimensions are in mm.

measured by using A; and B4 as current contacts and
A, and Bj as voltage contacts. A voltage supply, a volt-
meter and a 1,000 Q standard resistor (in series with the
specimen) were used to measure the DC resistance.

Loading was provided by a hydraulic mechanical testing
system (MTS 810), which also provided measurement of
the displacement during flexure. Loading was repeatedly
applied either at a fixed stress amplitude (i.e., a fixed mid-
span deflection) or at progressively increasing stress ampli-
tudes. For the case of a fixed stress amplitude, one of two
midspan deflections was used. For the midspan deflection
of 0.143 mm, the stress amplitude was 1.75 and 2.60 MPa
for the cases without and with steel, respectively. For the
midspan deflection of 0.215 mm, the stress amplitude was
2.60 and 4.00 MPa for the cases without and with steel,
respectively. In the case without rebars, the stress ampli-
tude was increased up to failure for the purpose of studying
both strain and damage effects. In the case with rebars,
testing was performed only in the elastic regime for the pur-
pose of studying the effect of strain. The four resistances
mentioned in the last paragraph were continuously mea-
sured, such that the tension and compression surface resis-
tances were measured simultaneously and then the
through-thickness and oblique resistances were successively
measured, such that the time elapsed between successive
measurements was 0.3 s.

3. Results and discussion
3.1. Self-sensing under flexure without steel rebar

This section addresses the self-sensing of strain and
damage for the case without rebar. Figs. 3-6 show the frac-
tional change in resistance during flexural loading at pro-
gressively increasing deflection amplitudes up to failure
for the surface resistance on the compression side, the sur-
face resistance on the tension side, the through-thickness
resistance and the oblique resistance, respectively.
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Fig. 3. Fractional change in surface resistance (thick curve) at the
compression side vs. time and deflection (thin curve) vs. time during
flexural loading at progressively increasing deflection amplitudes up to
failure.
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Fig. 4. Fractional change in surface resistance (thick curve) at the tension
side vs. time and deflection (thin curve) vs. time during flexural loading at
progressively increasing deflection amplitudes up to failure.
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Fig. 5. Fractional change in through-thickness resistance (thick curve) vs.
time and deflection (thin curve) vs. time during flexural loading at
progressively increasing deflection amplitudes up to failure.
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Fig. 6. Fractional change in oblique resistance (thick curve) vs. time and
deflection (thin curve) vs. time during flexural loading at progressively
increasing deflection amplitudes up to failure.

The surface resistance on the compression side (Fig. 3)
decreases upon flexural loading, whereas the surface resis-
tance on the tension side (Fig. 4) increases upon loading.
These resistance changes are partly reversible and are due
to strain. That the resistance decreases on the compression
side and increases on the tension side is consistent with
prior results under uniaxial compression [5] and uniaxial
tension [6]. The extent of irreversibility increases with the
deflection amplitude, due to increasing extent of damage.
That damage increases the resistance is consist with prior
results under compression [13-17]. At failure, the resistance
increases abruptly on both compression and tension sides.
The fractional change in resistance, whether due to strain
or damage, is much larger in magnitude for the tension side
than the compression side.

The through-thickness resistance (Fig. 5) increases upon
flexural loading, akin to the behavior of the surface resis-
tance on the tension side. This reflects the much larger
fractional change in resistance on the tension side than
the compression side. However, the fraction change in
through-thickness resistance, whether due to strain or dam-
age, is much smaller than the fractional change in surface
resistance on the tension side, because the through-thick-
ness resistance is measured for the part of the specimen that
is away from the center, which is the core region of the
damage.

The oblique resistance (Fig. 6) increases upon flexural
loading, also reflecting the large fractional change in sur-
face resistance on the tension side. However, the fractional
change in oblique resistance, whether due to strain or dam-
age, is even larger than that of the surface resistance on the
tension side. This large effect on the oblique resistance is
attributed to the long current path within the specimen.
In contrast, the current path for the through-thickness
resistance is short and is located away from the core region
of the damage (i.e., away from the center of the specimen
along the length). The current path for the surface resis-
tances is quite long, and includes the center part along
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the length, but it is restricted to the surface, so that the sur-
face resistances are relatively insensitive to the interior
damage.

The extent of irreversibility of the resistance change in
the regime of major damage (i.e., the last 1.5 cycles of load-
ing) is greatest for the oblique resistance, less for the sur-
face resistance on the tension side, and least for the
surface resistance on the compression side and for the
through-thickness resistance. This means that the oblique
resistance is most sensitive to damage, the resistance on
the tension side is less sensitive to damage, and the resis-
tance on the compression side and the through-thickness
resistance are least sensitive to damage.

Fig. 7 shows that the fractional change in resistance per
unit deflection is highest for the oblique resistance. The
resistance change is quite reversible for the through-thick-
ness resistance and the surface resistance on the compres-
sion side (due to the dominance of strain effect), but
substantial irreversibility (due to damage) is exhibited by
the oblique resistance and the surface resistance on the ten-
sion side.

The curve for the oblique resistance (Fig. 7(d)) is unu-
sual in that the resistance upon unloading is lower than
that upon loading in the regime of high deflection (above
about 0.17 mm), whereas the resistance upon unloading is
higher than that upon loading in the regime of low deflec-
tion (below about 0.17 mm). This behavior is attributed to
the reversible effect due to strain dominating the initial
stage of unloading and the irreversible effect due to damage
dominating the later stage of unloading. This means that
both strain and damage contribute to the overall change
in oblique resistance.

The curve for the surface resistance on the tension side
(Fig. 7(c)) is such that the initial stage of unloading (a stage
that is dominated by the reversible strain effect) is very
minor compared to the later stage of unloading (a stage
that is dominated by the irreversible damage effect). This

Fractional change in resistance (%)

-0.4

0 0.05 0.1 0.15 0.2 0.25 0.3
Deflection (mm)

Fig. 7. Fractional change in resistance vs. deflection during loading and
unloading in the first loading cycle: (a) surface resistance on the
compression side; (b) through-thickness resistance; (c) surface resistance
on the tension side; (d) oblique resistance.

means that the overall change in the surface resistance on
the tension is mainly due to damage.

The curve for the surface resistance on the compression
side (Fig. 7(a)) shows the greatest extent of reversibility
among all the curves in Fig. 7. This resistance decreases
upon loading, indicating that the resistance change is due
to strain rather than damage, which would have caused
the resistance to increase upon loading. Thus, the surface
resistance on the compression side is the best indicator of
strain among the four types of resistances measured in this
work.

The above results show that the oblique resistance is the
best indicator of the combined effect of strain and damage
under flexure. For strain sensing alone, the surface resis-
tance on the compression side is the best indicator. For
damage sensing alone, the surface resistance on the tension
side is the best indicator.

3.2. Effect of embedded steel rebars

This section addresses the effect of steel rebars on the
strain sensing behavior. Figs. 8 and 9 show, for the case
with steel, the fractional change in resistance during
repeated flexural loading at a midspan deflection of
0.143 mm for the surface resistance on the compression
side and the surface resistance on the tension side, respec-
tively. For the case with steel, the initial resistance is very
slightly higher for the compression side [(7.3 £ 1.1) X
10° Q] than the tension side [(6.4 + 0.9) x 10° Q]. This is
due to the proximity of the steel to the tension surface.
That the difference is slight means that the current from
the tension surface penetrates only slightly into the steel.

The surface resistance on the compression side (Fig. 8)
decreases upon flexural loading, whereas the surface resis-
tance on the tension side (Fig. 9) increases upon loading.
These resistance changes are totally reversible (except for
partial irreversibility after the first loading cycle) and are
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Fig. 8. Variation of the fractional change in resistance on the compression
side (thick curve) with time and of the deflection (thin curve) with time
during repeated flexural loading at a midspan deflection of 0.143 mm for
carbon fiber cement with embedded steel.
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Fig. 9. Variation of the fractional change in resistance on the tension side
(thick curve) with time and of the deflection (thin curve) with time during
repeated flexural loading at a midspan deflection of 0.143 mm for carbon
fiber cement with embedded steel.

due to strain. That the resistance decreases on the compres-
sion side and increases on the tension side is consistent with
prior results under uniaxial compression [5] and uniaxial
tension [6]. The irreversibility is probably due to minor
damage, which may be in the form of fiber-matrix debond-
ing on the tension side causing an irreversible resistance
increase [19], and increased fiber—fiber contact on the com-
pression side causing an irreversible resistance decrease
[18]. The fractional change in resistance, whether due to
strain or damage, is much larger in magnitude for the ten-
sion side than the compression side.

Figs. 10 and 11 show corresponding results for the case
without steel, also at a midspan deflection of 0.143 mm.
The initial resistance is (7.6 £0.8)x 10°Q and (7.1 +
0.9) x 10° Q for the compression and tension sides, respec-
tively. These values are essentially the same, as expected,
since steel is absent. Comparison of the corresponding val-
ues with and without steel shows that the steel decreases the
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Fig. 10. Variation of the fractional change in resistance on the compres-
sion side (thick curve) with time and of the deflection (thin curve) with
time during repeated flexural loading at a midspan deflection of 0.143 mm
for carbon fiber cement without embedded steel.
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Fig. 11. Variation of the fractional change in resistance on the tension side
(thick curve) with time and of the deflection (thin curve) with time during
repeated flexural loading at a midspan deflection of 0.143 mm for carbon
fiber cement without embedded steel.

Table 1
Ratio (1072 mm™') of the peak value of the fractional change in surface
resistance to the midspan deflection

Midspan deflection (mm)  Surface Without steel ~ With steel
0.143 Tension 6.5+0.8 93+12
0.143 Compression —2.4+0.8 —4.1£0.5
0.215 Tension 69+0.8 9.6 t1.1
0.215 Compression —2.6+0.3 —43+0.5

surface resistance of the tension side slightly and essentially
does not affect that of the compression side.

Table 1 shows that the strain sensing effectiveness, as
described by the ratio of the peak value of the fractional
change in resistance to that of the midspan deflection, is
larger (by 40%) in the presence of steel for the tension side.
The magnitude is increased by 70% in the presence of steel
for the compression side. These differences between the
cases with and without steel occur for both midspan
deflections.

That the presence of steel causes the ratio (Table 1) for
the tension side to be higher is because of the slight pene-
tration of the current into the steel and the increasing dif-
ficulty of this penetration upon deflection (due to slight
loosening of the steel-cement interface upon deflection).
The difficulty of penetration causes the measured surface
resistance to increase. This effect is reversible, except for
partial irreversibility in the first loading cycle (Figs. 9 and
11). It is in addition to the piezoresistive effect of carbon
fiber cement. The piezoresistive effect also causes the resis-
tance to increase on the tension side. These two effects in
combination result in an increase of the ratio (Table 1) rel-
ative to the case without steel.

That the presence of steel causes the ratio for the com-
pression side to be higher in magnitude is because, at the
same midspan deflection, the stress is higher for the case
with steel. The higher stress causes more local deformation
at the compression side, which is away from the rebar. The
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greater deformation gives rise to more resistance change on
the compression side, relative to the case without steel, thus
resulting in a higher magnitude of the ratio.

Table 1 shows that carbon fiber reinforced cement with
embedded steel is effective for the self-sensing of flexural
strain. For the same deflection, the steel causes the sensitiv-
ity to be higher, whether the resistance is that on the ten-
sion side or that on the compression side.

This paper provides the first study of the effect of
embedded steel on the self-sensing ability of carbon fiber
reinforced cement. The result of this study shows that the
steel enhances the self-sensing ability. However, this
enhancement also means that the relationship between
strain (deflection) and resistance will need to be established
by calibration for each configuration of steel prior to using
the self-sensing function. Since calibration is expected to be
performed for a given structure prior to sensing usage,
whether steel rebars are present or not, the calibration
requirement does not deter the self-sensing implementation
in the presence of steel rebars.

4. Conclusion

Self-sensing of damage and strain is effective in carbon
fiber reinforced cement under flexure. The self-sensing is
attained by measuring the volume resistance or surface
resistance. Electrical contacts are on the compression
and/or tension surfaces. The four-probe method is used.

The oblique resistance, which increases upon loading, is
a good indicator of the combined effect of damage and
strain, whereas the surface resistance (on the compression
side), which decreases upon loading, is a good indicator
of strain alone. The surface resistance (on the tension side),
which increases upon loading, is a good indicator of dam-
age alone. The through-thickness resistance, which
increases slightly upon loading, is a relatively poor indica-
tor of both strain and damage, due to its region of mea-
surement being away from the core of the damage. In
contrast, the oblique resistance and the surface resistances
on tension and compression sides are associated with a
region of measurement that includes the core of the
damage.

The self-sensing ability of carbon fiber reinforced
cement, as shown for the sensing of flexural strain, is
enhanced by the presence of embedded steel. The fractional
change in surface electrical resistance is increased by 40%
on the tension surface of the specimen under three-point
bending, due to the steel. The magnitude of the fractional
change in surface resistance is increased by 70% on the
compression surface, due to the steel.
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