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Abstract

Epoxy containing 10 vol.% short carbon fibers and applicd as a coating (0.2 mm thick) directly on cement mortar was found to be an
effective piezoresistive strain sensor for tensile strain up to 0.042% and compressive strain down 10 —0.11%. Excceding these strain limits
causcd damage in the coating. The strain sensitivity (reversible fractional increase in electrical resistance per unit strain} was 94-97 and 20—
24 when the strain was contraction and expansion, respectively. The irreversible fractional increase in resistance per unit strain was 0.5-2.3
and 15-69 when the strain was contraction and expansion, respectively; it increased with increasing magnitude of strain. The resistance change
was almost totally reversible when the strain was contraction, but was only partly reversible when the strain was expansion. The sensor in

coating form was similar to that in bulk form in the electromechanical behavior.

© 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Polymer—matrix composites containing short carbon fibers
are effective strain sensors ([1,2]) due to piezoresistivity,
which results from the electrically conductive nature of car-
bon fibers and the change in proximity between adjacent
fibers upon strain. Short carbon fibers as the filler ([2]) gave
higher strain sensitivity than carbon black ¢{3]) or contin-
uous carbon fibers ([4]) as the filler. The discontinuous
nature of short carbon fibers allows the composite to be used
as a coating, which can be applied like a paint on any part,
the strain of which needs o be monitored. Previous work on
this composite is limited to the bulk form of the composite,
This work extends the technology from bulk form to coating
form for the purpose of providing an inexpensive strain sensor
technology.

Epoxy was chosen as the matrix of the composites of this
work, due to the adhesive nature of epoxy. Cement mortar
was used in this work as the coating's substrate, the strain of
which was to be monitored. Cementitious materials are
widely used for civil structures, such as bridges and high-
ways. Strain monitoring in real time is important for these
structures for the purpose of in situ structural health moni-
toring, dynamic load monitoring and traffic monitoring.

* Corresponding author. Tel.: + 1-716-645-2593 ext. 2243; Fax: + 1-716-
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Although the substrate used in this work was cement mortar
{with fine aggregate) rather than concrete {with fine and
coarse aggregates) and concrete is the commonly used con-
struction material, the results of this work concerning the
strain sensing ability of the short carbon fiber polymer-matrix
composite coating is expected to apply similarly to mortar
and concrete substrates,

2. Experimental methods

The composite strain sensor used epoxy (Epon Resin 862
and curing agent 3274, for room temperature curing, from
Shell Chemical) as the matrix and short carbon fibers (5 mm
long, resistivity 3 X 10" £} cm, pitch-based, unsized, from
Ashland Petroleum, Ashland, KY) as the filler. The compos-
ite was fabricated by mixing the fibers with the resin (together
with the curing agent} at a weight ratio of 1:12 (correspond-
ing to 10 vol.% fibers after curing) and applying the slurry
as a coating on the substrate, using a blade in conjunction
with a flat plate to control the coating thickness. The average
coating thickness after curing was 0.2 mm, which suggests
that the fibers were preferentially oriented in the plane of the
coating, in contrast to the random arientation of the fibers in
the bulk composite.

The substrate for compressive testing was cement mortar
{2X2X2 in*) made by mixing water, Portland cement
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{Type 1), sand (natural sand, 100% passing #8 US sieve)
and a water reducing agent, which was 93-96% sodium salt
of a condensed naphthalenesulfonic acid (TAMOL SN,
Reohm and Haas, Philadelphia, PA), such that the water/
cement weight ratio was 0.400-0.4735, the sand/cement ratio
was 1.0, and the water-reducing-agent/cement weight ratio
was 0.59%. Curing was conducted in room air for 20 days.
The electrical resistivity of the mortar was 10° {t cm. The
compressive strength of the mortar was 36 + 8 MPa.

The volume resistivity of the composite coating, as meas-
ured by the four-probe method (using silver paint for the
electrical contacts) while the coating was in contact with the
mortar and by neglecting the non-zero conductivity of the
mortar, was 199 + 31 £2 cm. In contrast, the volume resistivity
of the composite in a stand-alone form, as measured by the
four-probe method, was 2434+ 20 {} c¢cm. The difference
between these two resistivity values indicates that the con-
ductivity of the mortar affected the measured resistance
{apparent resistivity ) of the composite coating.

Simultaneous measurements of the uniaxial compressive
stress, longitudinal strain (parallel to the stress) and trans-
verse strain (perpendicular to the stress) were made, such
that each strain was measured by the composite coating ({ A)
on the front face of the cube in Fig. 1 for the longitudinal
strain and (C) on the right face of the cube in Fig. 1 for the
transverse strain} and a resistive strain gage ({B) on the back
face of the cube in Fig. 1 for the longitudinal strain and (D))
on the left face of the cube in Fig. 1 for the transverse strain }.
Each patch of composite coating was square {slightly less
than 22 in., or slightly less than 51X 5] mm). On each
patch of composite coating were four parallel silver paint
electrical contact stripes, as shown by thick lines within (A)
and (C) in Fig. I. The outer two stripes were current contacts,
spaced 38 mm apart; the inner two stripes were voltage con-
tacts, spaced |8 mm apart. The strain gages were EA-13-
120LZ-120 (gage factor=2.115+0.5%) from Micromea-
surements Group, Inc. (Raleigh, NC). Stress and displace-
ment ((}.8 mm/min) were provided by a hydraulic mechan-

Stress

Fig. 1. Compressive testing cement mortar sample. { A) Composite sensor
for longitudinal AR/ R, measurement, { B) strain gage for longitudinal strain
measurement, (C} composite sensor for transverse AR/ R, measurement and
(D) strain gage for ransverse strain heasurement.

ical testing system { MTS Model 810}, The stress amplitude
ranged from 11 to 27% of the substrate’s fracture stress (36
MPa). DC electrical measurements were provided by a Keith-
ley 2001 multimeter. The measured resistances were in the
range of 1 to 2 k{). Five samples were tested.

3, Resulis

Fig. 2 gives the uniaxial compressive stress, longitudinal
strain, longitudinal AR/R, (fractional resistance change),
transverse strain and iransverse AR/R,, for a stress amplitude
of 8 MPa (22% of the compressive strength). Although Fig.
2 shows the result for one sample, similar results were
obtained from four other samples. The strains are indicated
by the corresponding strain gages ((B) and (D) in Fig. 1)
and, as shown in Fig, 2, they are totally reversible. The AR/
R, values are indicated by the corresponding composite sen-
sors ((A) and (C) in Fig. 1). The longitudinal strain is
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Fig. 2. Plots vs. time of uniaxial compressive stress, longitudinal strain,
longitudinal AR/ R,, transverse strain and transverse AR/R,, obtained during
cyclic compression testing for the composite sensor coating on cement
TOTtEr.
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The reversible and irreversible parts of AR/R,, and of AR/R,, per unit strain
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Fig. 3. Plotof reversible part of AR/ R, vs. strain. Negative strain corresponds
to contraction, which occurs in the longitudinal direction. Positive strain
corresponds to expansion, which oceurs in the transverse direction. The
dashed line corresponds to the non-lincarity shown in the longitudinal AR/
R.inFip. 2.

negative, as it corresponds to contraction in the stress direc-
tion. It js associated with a negative AR/R,, (i.e., R decreas-
ing}, due to piezoresistivity. The transverse strain is positive,
due to the Poissen effect. Tt is associated with a positive AR/
R, due to piezoresistivity. Table 1 shows the reversible and
irreversible parts of AR/R,, and of AR/R,, per unit strain for
each stress amplitude (expressed as a fraction of the fracture
stress of the mortar}. The reversible AR/R, per unit strain is
the strain sensitivity (gage factor). It is much larger for neg-
ative stramn (longitudinal) than for positive strain (trans-
verse), as also shown in Fig, 3. The irreversible part of AR/
&, per unit strain is much smaller than the reversible part of
AR/R,, per unit strain when the strain is negative (longitu-
dinal )}, but these two parts are comparable when the strain is
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positive (transverse). Hence, the strain sensing ability is
much better for negative than for positive strain. Except for
the strain range from 0 to — 0.02%, the reversible part of the
longitudinal AR/R,, is linearly related to the negative strain
{ Fig. 3). The reversible part of the transverse AR/R,, is lin-
early related to the positive strain (Fig. 3). Thus, the strain
sensitivity is quite independent of the strain amplitude for
most strains (Table 1). However, the irreversible AR/ R, per
unit strain increases with increasing strain amplitude, sug-
gesting that the irreversible AR/ R, is associated with coating
damage. Comparison of the strain data provided by the resis-
tive strain gages (Fig. 2) and the AR/R, data (Fig. 2) pro-
vided by the composite coating shows that the resistive strain
gages are more sensitive to strain and more linear with strain
than the composite coating. On the other hand, the composite
coating is much less expensive than the strain gages.

Figs. 4 and 3 show the longitudinal and transverse AR/R,,
during static compression of mortar up to failure (Fig. 1).
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Fig. 4. Compressive stress, longitudinal strain and AR/R,, of the compuosite
coating, obtained simultancously during static compression up to fracture.
Solid curve: longitudinal AR/R,, vs. longitudinal strain, Dashed curve: com-
pressive stress vs, longitudinal stran.
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Fig. 5. Compressive stress, transverse strain and AR/R, of the composite
coating, obtained simultancously during static compression up to fracture. ]

Solid curve: tranyverse AR/R,, vs. transverse strain. Dashed curve: com-
pressive stress vs, transverse strain.



X. Wang, DDA, Chung / Sensors and Actaators A 71 (71998) 208-2{2 211

The coating in the transverse direction experienced expansion
during uniaxial compression. The transverse AR/R, (Fig. 5)
wus observed to increase non-linearly to (.03 with strain up
t0 0.04% and then jump to 0.14 upon failure, which was due
to coating fracture { not coating debonding or mortar fracture,
as observed visually). The transverse AR/R,, of the coating
in Fig. 5 exhibited the same trend with strain as the bulk
composite under tension (Fig. 5 in the work of Wang and
Chung [2]). On the other hand, the coating in the longitu-
dinal direction contracted under compression. The longitu-
dinal AR/R,, (Fig. 4) was observed to decrease initially with
strain up to (.11%, and then increase sharply until coating
fracture. The behavior of the longitudinal AR/R,, of the coat-
ing is similar to that of the bulk composite under compression
(Fig. 10 in the work of Wang and Chung [2]), but the strain
at which AR/R, is minimum is 0.12% for the coating and
2.5% for the bulk. This is probably because coating damage
(i.e., sensor damage } occurs more readily than bulk damage,
and damage causes the resistance to increase. This is also
probably because debending of the coating from the mortar
causes the resistance to increase {since the mortar is more
conducting than air). Because of damage in the coating, the
coating is an effective strain sensor up to a strain of 0.042%
(expansion, Fig. 5) and down to a strain of —0.1!% (con-
traction, Fig. 4). The change of AR/R,, under static loading
(Figs. 4 and 5) is consistent with that under cyclic loading
(Fig. 2).

The strain sensitivities reported in Ref. [2] for the bulk
composite were obtained at much higher strains than those in
Table 1 for the composite in coating form. In order to compare
the performance of compasites in bulk and coating forms,
measurement of the bulk composite by Wang and Chung [2]
( with 5.5 vol.% carbon fibers) was made at strains as low as
those of Table 1 under static compression and tension. The
measurement procedure is as described by Wang and Chung
[2]. As shown in Figs. 6 and 7 for the bulk compostte under
compression and tension, respectively, the strain sensitivities
are 82 and 20 under compression and tension, respectively.
These values are not too far from the corresponding values
in Table 1 for the composite in coating form. Hence, the
electromechanical behavior of the composite in bulk and
coating forms are similar, in spite of the absence of fiber
alignment in the bulk form and the presence of fiber alignment
in the coating form.

The strain limits of 0.042% under tension and 0. 11% under
compression for the composite coating strain sensor are lower
than the practical requirement for concrete (0.5% strain).
Nevertheless, this sensor is applicable for local strain testing
and dynamic testing of concrete.

The gage length for sensing the strain of concrete should
be larger than three times that of the coarse aggregate. As the
composite coating can be applied over a large area, the gage
length on the coating can be much larger than the above
requirement.
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' Fig. 6. Compressive stress, longitudinal strain and AR/ R, of bulk composite.
Solid curve: AR/R, vs. strain. Dashed curve: compressive strain vs. strain.
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Fig. 7. Tensile stress, longitudinal strain and AR/ R, of bulk composite. Solid
curve: AR/R, vs. strain, Dashed curve: tensile stress vs. strain.

4, Conclusion

Epoxy containing 10 vol.% short carbon fibers and applied
as a coating on cement mortar was found to be an effective
piezoresistive strain sensor with strain sensitivity 94-97 and
20-24 for negative and positive strains, respectively. Positive
strains up to 0.042% and negative strains downto —0.11%
were detected; excessive damage in the coating occurs when
these limits are exceeded. The resistance change of the sensor
is almost totally reversible when the strain is negative, but is
only partly reversible when the strain is positive. The irre-
versible part of the fractional resistance change per unit strain
increases with the magnitude of strain. The electromechanical
behavior of the composite in coating form 1s consistent with
that of the compostite in bulk form.
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