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Abstract

The self-sensing of flexural strain and damage has been demonstrated in carbon fiber polymer-matrix composite by measuring the DC
electrical resistance. Upon strain in the elastic regime, the compression surface resistance decreases reversibly (due to increase in the cur-
rent penetration), while the tension surface resistance increases reversibly (due to decrease in the current penetration), and the oblique
resistance increases reversibly. Upon minor damage, (i) the oblique resistance after unloading decreases, (ii) the oblique resistance
decreases during load increase near the start of loading, and (iii) the curve of the oblique resistance or the resistance of the tension
or compression surface vs. deflection becomes nonlinear. Upon major damage, all resistances abruptly and irreversibly increase, such
that the onset occurs earlier for the compression surface resistance and the oblique resistance than the tension surface resistance. The

surface resistances are superior indicators of strain, whereas the oblique resistance is a superior indicator of damage.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The sensing of strain or stress in a structure is valuable
for structural vibration control, load monitoring and load
history recording. The sensing of damage is valuable for
structural health monitoring, timely repair and safety
enhancement.

Strain and stress are proportional to one another in the
elastic regime. In the inelastic regime, the strain is not
totally reversible, so that a portion of the strain is reversible
and a portion is irreversible. At a sufficiently high stress in
the inelastic regime, damage occurs. However, damage due
to fatigue may occur at a low stress amplitude. In order to
understand the cause of damage, knowledge of the stress/
strain condition during damage infliction and record of
the stress/strain history prior to damage infliction are
useful.
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The ability to sense both damage and stress/strain is
necessary for correlating damage and stress/strain informa-
tion. This ability is superior to that of sensing either dam-
age alone or stress/strain alone. For example, acoustic
emission allows damage infliction sensing, but it does not
allow stress/strain sensing in the absence of damage [1-3];
ultrasonic inspection allows damage (crack) sensing, but
it does not allow stress/strain sensing [4-6]. In contrast,
electrical resistance measurement can provide simultaneous
sensing of both damage and stress/strain, because damage
and stress/strain have different effects on the resistance, as
shown in composite materials that are not electrically insu-
lating, such as continuous carbon fiber (aligned) polymer-
matrix composites [7-29] and short carbon fiber (not
aligned) cement-matrix composites [30-34].

This work is focused on continuous carbon fiber poly-
mer-matrix composites, due to their importance for light-
weight structures such as aircraft, missiles, satellites and
sporting goods. By using electrical resistance measurement,
the ability of these composites to sense their own strain and
damage (i.e., self-sensing) under uniaxial tension has been
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demonstrated [11]. Their ability to sense their impact (drop
impact) damage has also been demonstrated [35]. However,
flexural strain and damage have not been addressed, in
spite of the fact that flexure is one of the most common
types of loading for structures. In particular, flexural load-
ing is more commonly encountered than uniaxial tensile
loading.

Flexure is more complicated than uniaxial tension in
that the strain/stress is non-uniform. Under flexure, one
surface is under compression while the opposite surface is
under tension. As a result, the surface resistance should
be measured under flexure, whereas either the volume resis-
tance or the surface resistance can be measured under uni-
axial tension. In the case of flexure, by separately
measuring the surface resistance of the tension and com-
pression surfaces, the strain and damage of each of these
two surfaces can be determined.

Impact by dropping a weight on the top surface of a
specimen inflicts damage, provided that the impact energy
is sufficiently high. The damage is accompanied by indenta-
tion, which is an irreversible strain effect. Both damage and
strain due to impact are localized. In contrast, the strain is
spread out, though non-uniform, in flexure, and the strain
is spread out and uniform in uniaxial tension. Due to the
high speed associated with impact, strain effect in the elas-
tic regime cannot be conveniently measured by the electri-
cal resistance method. Therefore, damage sensing without
strain sensing has been attained by resistance measurement
for the case of impact [35]. Because of the difference in
damage condition between the top surface (surface receiv-
ing the impact) and the bottom surface, surface resistance
measurement is relevant.

This paper is aimed at demonstrating strain and damage
self-sensing in a continuous carbon fiber polymer-matrix
composite under flexure. A secondary objective relates to
investigation of the damage and its evolution under flexure
at various stress amplitudes for the purpose of understand-
ing the mechanism and process of damage.

Due to its non-destructive nature and fast response,
electrical resistance measurement is attractive for damage
evolution study, as previously shown under tension—
tension fatigue [28]. Tension—tension fatigue damage that
is associated with a decrease in the tensile modulus is indi-
cated by an irreversible increase in the volume electrical
resistivity [28]. In the case of flexure, the ability of the elec-
trical resistance method to probe the compression surface,
the tension surface and the interior simultaneously during
loading is particularly attractive for damage evolution
investigation.

In this work, the conditions of the compression surface,
tension surface and interior are indicated by the compres-
sion surface resistance, the tension surface resistance and
the oblique resistance, respectively. The oblique resistance
is the volume resistance in a direction at an angle (<90°)
to the surface, as measured by using two electrical contacts
on each of the compression and tension surfaces, such that
the contacts on the two surfaces are not directly opposite
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Fig. 1. Schematic of the edge of a composite to illustrate the concept
behind the placement of electrical contacts. A, A,, Az, A4 are contacts on
one surface; By, B,, B3 and By are contacts on the opposite surface. All the
contacts are strips of about 2 mm wide in the direction perpendicular to
the length of the composite.

one another. As illustrated in Fig. 1, contacts A, A, A3
and A, allow measurement of the top surface resistance
using the four-probe method; contacts B, B,, B3 and By
allow measurement of the bottom surface resistance; con-
tacts A; and B4 (as current contacts) and A, and Bj (as
voltage contacts) allow measurement of the oblique resis-
tance. Because the line connecting A; and B4 does not over-
lap exactly the line connecting A, and Bs;, the oblique
resistance thus measured is not exact. Nevertheless, it gives
valuable information about the interior condition of the
specimen.

2. Experimental methods

The composite was a commercially manufactured 24-
lamina quasi-isotropic [0/45/90/-45];, laminate with IM7
carbon fiber (Hexcel Corp., PAN-based, intermediate mod-
ulus of 290 GPa, diameter 5 pm, 12,000 fibers per tow) and
977-3 epoxy (CYCOM, toughened epoxy resin with a cur-
ing temperature of 177 °C). The self-sensing demonstration
involved subjecting a composite laminate specimen of size
100 x 10 x 3.2 mm to repeated three-point bending at pro-
gressively increasing flexural stress amplitudes (i.e., pro-
gressively increasing maximum deflection). Three loading
cycles were carried out at each stress amplitude, which
was progressively increased, with about 20 successive val-
ues that ranged from 22 MPa to the failure stress ampli-
tude. At the highest stress amplitude, failure occurred
during stress cycling. The span in the three-point bending
was 80 mm, as shown in Fig. 2(a). The surface electrical
resistances at both tension and compression sides of the
specimen (as obtained by using all four contacts on the
same surface of the specimen) and the oblique resistance
(as explained in the Introduction and obtained by using
two contacts on each of the two opposite surfaces, i.e., A
and B on one surface and C and D on the opposite surface)
were separately and continuously measured during loading
and unloading by using silver paint in conjunction with
copper wire as electrical contacts. The parts of the speci-
men surface underneath the electrical contacts had been
slightly sanded prior to application of the electrical con-
tacts. The four-probe method was used. The outer two con-
tacts on each surface were 90 mm apart and were for
passing current. The inner two contacts on each surface
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Fig. 2. Specimen configuration for self-sensing testing of laminate under, (a) three-point bending with measurement of surface resistances and oblique
resistance, (b) uniaxial tension/compression with measurement of the through-thickness resistance and (c) uniaxial tension/compression with measurement
of the longitudinal volume resistance. All dimensions are in mm. Electrical contacts on only one of the two opposite sides are shown. A, B, C and D are the
electrical contacts for measurement of the resistance between B and C. The outer contacts (A and D) are for passing current. The inner contacts (B and C)
are for voltage measurement. The X’s indicate points for three-point bending, which was for the purpose of damage infliction.

were 60 mm apart and were for voltage measurement. A
Keithley 2002 multimeter was used for resistance
measurement.

To help explain the results of the flexural self-sensing
demonstration described above, the through-thickness vol-
ume resistance was measured using the configuration of
Fig. 2(b) and the longitudinal volume resistance was mea-
sured using the configuration of Fig. 2(c) during uniaxial
tension (3 cycles) at a stress amplitude of +5.8 MPa, fol-
lowed by uniaxial compression (3 cycles) at a stress ampli-
tude of —5.8 MPa. In the configuration of Fig. 2(b), each of

the two current contacts is in the form of an open rectangle
at the center of the specimen (200 x 12 x 3.2 mm), while
each of the two voltage contacts is in the form of a solid
small rectangle centered within the open rectangle men-
tioned above. Each of the two opposite surfaces has a cur-
rent contact and a voltage contact, such that the
corresponding contacts on the two surfaces are directly
opposite each other. In the configuration of Fig. 2(c), each
of the four electrical contacts is around the whole perimeter
of the specimen in a plane that is perpendicular to the
length of the specimen (200 x 12 x 3.2 mm). All contacts
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in Fig. 2 are made of silver paint. At least two specimens
were tested for each of the three configurations in Fig. 2
in order to show the general reproducibility of the results,
though the data for a single specimen are presented for
each configuration.

In order to assess the degree of damage resulting from
flexural loading at various stress amplitudes, the flexural
strength was measured after flexural loading at progres-
sively increasing stress amplitudes (the series of values
given above, with three cycles conducted at each stress
amplitude) up to 476, 561 and 1000 MPa. Specimens sub-
jected to static flexural loading up to failure for the purpose
of measuring the flexural strength had experienced prior
progressive flexural loading up to one of these three stress
amplitude values. Three specimens were tested for each of
the three highest stress amplitudes.

3. Results and discussion
3.1. Self-sensing under flexure

The surface resistance on the compression side
decreased reversibly (Fig. 3(a)) while that on the tension
side increased reversibly (Fig. 3(b)) in every stress cycle,
even at the low maximum deflection of 0.249 mm (stress
amplitude of 44.1 MPa). However, the oblique resistance
did not show any systematic dependence on the deflection
at this level of maximum deflection (Fig. 3(c)). At a maxi-
mum deflection of 0.521 mm (stress amplitude of
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86.1 MPa), the oblique resistance as well as the surface
resistance on the tension side increased reversibly with
deflection, while the surface resistance on the compression
side decreased reversibly (Fig. 4). Thus, it took higher
deflection (stress) for the oblique resistance to start to
change than for the surface resistances to start to change.
At a maximum deflection of 0.724 mm, (stress amplitude
of 129.7 MPa), the oblique resistance variation became
clear, with relatively little noise (Fig. 5). In addition, both
the peak and minimum values of the oblique resistance in
a stress cycle decreased gradually cycle by cycle
(Fig. 5(c)). At a maximum deflection of 1.199 mm (stress
amplitude of 218.5 MPa), the oblique resistance started
to decrease slightly upon loading prior to the abrupt
increase upon subsequent greater loading (Fig. 6). This
occurred at every stress cycle, thus resulting in the oblique
resistance minimum to not coincide with the tension sur-
face resistance minimum or the compression surface resis-
tance maximum. This behavior is attributed to minor
damage, which caused more touching between fibers of
adjacent laminae and hence a lower oblique resistance. This
minor damage was accompanied by the tension surface
resistance curves becoming nonlinear (Fig. 6(b)). At a max-
imum deflection of 2.098 mm (stress amplitude of
392.3 MPa), the oblique resistance started to have a shoul-
der at the point of minimum deflection of a cycle (Fig. 7).
The shoulder is attributed to the partially reversible nature
of the minor damage mentioned above. This nature caused
the oblique resistance to have a tendency to increase

2.5272

2.527

2.5268

2.5266

2.5264

2.5262

Resistance on tension side (Q2)
o
&
(ww) uonospeq

2.6738 . 0 20 40 60 80
(a) (b) Time (s)
27.8205 0.3
__ 27.82 H0.25
g
& 27.8195 - 02 O
5 g
- [
2 27.8194 4015 &
g :
S 27.8185 - 401 T
Z 3
iy 2
O 27.818 4 4 0.05
27.8175 T T T T 0
0 20 40 60 80
(c) Time (s)

Fig. 3. Resistance (thick curve) during deflection (thin curve) cycling at a maximum deflection

of 0.249 mm (stress amplitude of 44.1 MPa). (a)

Compression surface resistance, (b) tension surface resistance and (c) oblique resistance.
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Fig. 4. Resistance (thick curve) during deflection (thin curve) cycling at a maximum deflection of 0.521 mm (stress amplitude of 86.1 MPa). (a)
Compression surface resistance, (b) tension surface resistance and (c) oblique resistance.
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Fig. 5. Resistance (thick curve) during deflection (thin curve) cycling at a maximum deflection of 0.724 mm (stress amplitude of 129.7 MPa). (a)
compression surface resistance, (b) tension surface resistance and (c) oblique resistance.
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Fig. 6. Resistance (thick curve) during deflection (thin curve) cycling at a maximum deflection of 1.199 mm (stress amplitude of 218.5 MPa). (a)
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Fig. 7. Resistance (thick curve) during deflection (thin curve) cycling at an maximum deflection of 2.098 mm (stress amplitude of 392.3 MPa). (a)
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slightly near the end of the unloading part of a stress cycle.
As the maximum deflection further increased, the shoulder
became clearer and evolved into a small peak (Fig. 8).

Due to the relative complexity of the variation in obli-
que resistance upon flexure, and due to the lower sensitivity
to small deflections, the oblique resistance is not as attrac-
tive an indicator of strain than the tension/compression
surface resistance. Since the strain is higher at the surface,
it is reasonable that the surface resistance is a better indica-
tor of strain than the oblique resistance.

As the maximum deflection increased, the nonlinearity
occurred for the surface resistance of both compression
and tension sides and became more and more severe, as
shown in Figs. 8 and 9. At a maximum deflection of
4.945 mm, (stress amplitude of 996.2 MPa), the nonlinear-
ity in the surface resistance of the tension side became so
severe that the resistance increased with deflection abruptly
at the start of loading, followed by a regime of gradual
resistance increase (Fig. 9). This tendency for the tension
surface resistance to increase more gradually is attributed
to the increase in the degree of fiber alignment due to the
tension causing the longitudinal resistivity to decrease, as
previously reported for the case of uniaxial tension [11].
At a stress amplitude of 1045 MPa, major damage and fail-
ure occurred, as shown by abrupt increases in the three
resistances accompanying abrupt decreases in stress, as
shown in Fig. 10. The compression surface resistance and
the oblique resistance showed abrupt increase before the

2745

tension surface resistance. This is consistent with visual
observation of cracking at the compression surface prior
to cracking at the tension surface. It is also consistent with
the fact that the oblique resistance probes the interior of
the specimen, whereas the surface resistances probe the sur-
face region only.

Upon flexure, the resistance increased for the tension
surface and decreased for the compression surface. This
is because of the decrease in the current penetration at
the tension surface and the increase in the current penetra-
tion at the compression surface, as shown in the next sec-
tion with through-thickness resistance data.

Upon flexure, the oblique resistance increased. This is
due to the flexural strain, which caused a change in the
geometry of the oblique current path. This path is not
straight, due to the anisotropy of the composite. In other
words, the current zigzags between the longitudinal direc-
tion and the through-thickness direction.

The oblique resistance after unloading decreased with
increasing highest prior deflection for highest prior deflec-
tion of at least 2.5 mm (Fig. 11). This effect is accompa-
nied by the slight decrease of the oblique resistance
upon the start of loading and the appearance of a shoul-
der in the oblique resistance curve at the point where
deflection is at its minimum in a cycle (Fig. 7(c)). These
decreases in the oblique resistance are attributed to minor
damage, which caused more fibers of one lamina to touch
fibers of an adjacent lamina, thereby increasing the degree
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of current penetration. This means that the oblique resis-
tance at zero load may serve as an indicator of damage.

This indicator is more amenable for practical implementa-
tion than the decrease of the oblique resistance upon the
start of loading of the size of the shoulder in the oblique
resistance curve. The oblique resistance is a better indica-
tor of damage than the tension/compression surface resis-
tance, because it probes the interior of the specimen,
whereas the surface resistance probes the surface region
only.

Fig. 12 shows a superposition of the curves of resistance
vs. deflection during the first loading at each of the progres-
sively increasing values of the maximum stress/deflection.
For the surface resistance of the compression/tension side
and for the oblique resistance, the curves were linear up
to a maximum deflection of about 1.5 mm, beyond which
the curves became increasingly nonlinear. For the oblique
resistance (Fig. 12(c)), the resistance of the unloaded state
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progressively decreased as the highest prior deflection
increased. A similar but much smaller decrease was
observed for the surface resistance of the tension side
(Fig. 12(b)). This effect was not consistently observed for
the surface resistance of the compression side (Fig. 12(a)).
In the nonlinear regime, the curve of the resistance vs.
deflection exhibited inflection for the tension surface resis-
tance and the oblique resistance. The inflection in the curve
for the tension surface resistance is due to the tendency for
this resistance to increase only gradually at a high deflec-
tion (Fig. 9(b)). The inflection in the curve for the oblique
resistance is due to the slight decrease in oblique resistance
in the regime of low deflection in the presence of minor
damage (Figs. 6(c), 7(c), 8(c) and 9(c).

The decrease of the oblique resistance after unloading
with increasing highest prior deflection (Fig. 12(c)) is con-
sistent with the behavior shown in Fig. 11. It is attributed
to minor damage, which causes more contact between
fibers of adjacent laminae, as explained in relation to
Fig. 11.

The small decrease of the resistance on the tension side
after unloading with increasing highest prior deflection
(Fig. 12(b)) is probably due to irreversible and slight
decrease of the degree of 0° fiber alignment after the distur-
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bance associated with a deflection cycle and the consequent
increase in the current penetration. The higher is the max-
imum deflection, the more is the disturbance and the
greater is this minor effect.

Consistent with Figs. 12 and 13(a) shows that the
magnitude of the maximum reversible fractional change
in resistance increased with increasing maximum deflec-
tion (or stress amplitude) for the compression/tension
surface resistance and the oblique resistance. In case of
the oblique resistance, a slight drop in the maximum
fractional reversible resistance change was consistently
observed in the regime of high maximum deflection
(4 mm in Fig. 13(c)). This drop is probably due to dam-
age infliction, which causes more contact between fibers
of adjacent laminae, thereby decreasing the oblique
resistance.

From a practical viewpoint, the results mean that the
composite is effective for strain/stress sensing and damage
sensing under flexure. Strain/stress sensing involves mea-
surement of the resistance of either the tension surface or
the compression surface and using Fig. 13(a) and (b) as cal-
ibration curves. The sensing of minor damage involves
measurement of the oblique resistance and using Fig. 11
as a calibration curve.

Maximum fractional reversible
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Maximum deflection (mm)
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o
-
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2
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Fig. 13. Maximum fractional reversible resistance change vs. the maximum deflection. (a) Compression surface resistance, (b) tension surface resistance

and (c) oblique resistance.
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3.2. Self-sensing under uniaxial tension and compression

Fig. 14(a) and (b) show that the through-thickness resis-
tance increases upon uniaxial tension (+5.8 MPa) and
decreases upon uniaxial compression (—5.8 MPa) respec-
tively. Fig. 15(a) and (b) show that the longitudinal volume
resistance does not change upon uniaxial tension
(+5.8 MPa) or uniaxial compression (—5.8 MPa). The dif-
ference in resistance scale between Figs. 14 and 15 should
be noted. Comparison of Figs. 14 and 15 shows that the
through-thickness resistance variation upon uniaxial load-
ing is much more significant than the longitudinal resis-
tance variation upon the same loading. Thus, the tension
surface resistance increase observed upon flexure (last sec-
tion) is due to the increase in the through-thickness resis-
tance and the consequent decrease in the current
penetration, while the compression surface resistance
decrease observed upon flexure (last section) is due to the
decrease in the through-thickness resistance and the conse-
quent increase in the current penetration.

Fig. 14(a) also shows that the through-thickness resis-
tance decreases irreversibly at the first stress cycle. This
decrease results in an increase in the current penetration
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and hence a small decrease in the tension surface resistance
under flexure (as shown in Fig. 12(b)).

3.3. Damage degree assessment

The flexural strength loss increased with increasing high-
est stress amplitude such that the fractional loss in flexural
strength was up to 6.5%, which was the value for the high-
est stress amplitude of 1000 MPa. This stress amplitude is
close to that in Fig. 9, where the surface resistance varia-
tion with deflection shows nonlinearity and the shoulder
in the oblique resistance variation becomes a clear peak.
This means that the damage corresponding to such resis-
tance behavior is minor, in contrast to the major damage
at the stress amplitude of 1045 MPa (Fig. 10).

Visible cracking and sound emission occurred only for
the highest stress amplitude of 1000 MPa. They did not
occur for the highest stress amplitude of 561 or 476 MPa.
For the stress amplitude of 1000 MPa, sound was not
heard during the first cycle, but was heard during the sec-
ond cycle. The sound emission was accompanied by a slight
drop in the flexural stress, which indicates a slight decrease
in the load carrying capacity. The crack observed by the
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Fig. 14. Through-thickness resistance during uniaxial loading. (a) Uniaxial tension at a stress amplitude of +5.8 MPa and (b) uniaxial compression at a

stress amplitude of —5.8 MPa.
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Fig. 15. Longitudinal volume resistance during uniaxial loading. (a) Uniaxial tension at a stress amplitude of +5.8 MPa and (b) uniaxial compression at a

stress amplitude of —5.8 MPa.
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naked eyes after the stress cycling at 1000 MPa was in the
form of a line (not perfectly straight) along the whole width
of the specimen at the middle of the specimen on the com-
pression surface only. No crack was observed on the ten-
sion surface. That damage was not observed on the
tension surface is consistent with Fig. 10, which shows that
the resistance on the compression side started to increase
abruptly before the resistance on the tension side started
to increase abruptly.

Since there are 24 laminae in the composite, the incapac-
itation of one lamina due to cracking in the lamina may be
roughly estimated to cause a strength loss of 1/24 or 4.2%.
However, this estimation does not take into account the
fact that damage of the surface region of the outermost
lamina affects the flexural strength more than damage of
the interior region of this lamina. Thus, the strength loss
of 6.5% suggests that the damage mainly occurs in the out-
ermost lamina.

4. Conclusion

Self-sensing under flexure has been demonstrated in car-
bon fiber polymer-matrix composite by measurement of the
DC electrical resistances during flexure. The resistance of
the compression surface decreases reversibly upon flexure,
due to strain-induced increase in the degree of current pen-
etration; the resistance of the tension surface increases
reversibly, due to strain-induced decrease in the degree of
current penetration; the oblique resistance increases revers-
ibly, due to flexural strain. The tension/compression sur-
face resistance is a better indicator of strain than the
oblique resistance, as it is more sensitive to low deflections
and depends on the deflection in a simpler fashion.

Minor damage that is at most in the form of cracking at
the compression surface to a depth of about a single lamina
is indicated by the variation of the resistance (both tension
and compression surfaces) with deflection becoming nonlin-
ear. The degree of nonlinearity increases with the maximum
deflection. However, minor damage is more conveniently
indicated by the oblique resistance. Specifically, it is indi-
cated by (i) the oblique resistance after unloading decreas-
ing, (ii) the oblique resistance during loading decreasing
near the start of flexural loading, and (iii) the appearance
of a shoulder in the oblique resistance curve at the point
where the deflection is minimum in a cycle.

Major damage close to failure is indicated by the tension
and compression surface resistances and the oblique resis-
tance increasing abruptly and irreversibly. The onset of this
abrupt increase occurs earlier for the compression surface
resistance and the oblique resistance than the tension sur-
face resistance.
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