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ABSTRACT: The electric potential method, which involves measuring the potential at a
distance from the line of current application, is effective for damage sensing of carbon fiber
polymer–matrix composites when the distance is sufficiently small, such as 1.0mm (8 laminae)
in the through-thickness direction. It is ineffective when this distance is 2.1mm (16 laminae).
The electrical resistance method, which involves measuring the potential on the line of current
application, has no thickness limitation. However, it suffers from current path distortion upon
damage and the consequent reduced sensitivity for damage. A minor phenomenon of the
measured resistance decreasing with increasing damage is observed for the regions of the
composite not containing the point of impact. The major phenomenon of the resistance
increasing with damage overshadows this minor phenomenon for the region containing
the point of impact.

Key Words: electric potential, electrical resistance, sensing, damage, composite, carbon fiber,

polymer.

INTRODUCTION

D
UE to aging, lightning, impact, and other causes,
aircraft suffer from structural damage which may or

may not be visible (Wolterman, et al., 1993; Shin et al.,
1995; Chung and Seferis, 1998). In the case of the
structural material being a carbon fiber polymer-matrix
composite, which is attractive for its combination of high
stiffness, high strength and low density, the damage can
be in the form of delamination (local separation between
the layers of fibers in the composite, which comprises
typically tens of fiber layers), fiber-matrix debonding,
and fiber breakage (Shin et al., 1996). A fiber layer,
also known as a lamina, is typically thousands of fibers
in thickness, as each fiber tow consists of thousands
of fibers. Delamination is the most common form
of damage. As the delamination can occur between
the interior laminae of a composite, delamination is
commonly not visible at the surface of the composite.
Fiber-matrix debonding, which occurs locally, can be

due to the inadequate adhesion between fiber and matrix
and thermal expansion mismatch between fiber and
matrix. This mismatch is inevitable, as carbon fiber has

a much lower value of the thermal expansion coefficient
than polymers. Upon temperature variation, as com-
monly encountered due to the difference in temperature
between ground and air, the thermal expansion mis-
match results in thermal fatigue. Fiber–matrix debond-
ing is a relatively subtle form of damage that is not
usually visible at the surface of the composite.

Fiber breakage is a form of damage which typically
occurs when the damage is extensive. If the fibers that
are broken are at the surface of the composite, fiber
breakage can be visible at the surface; otherwise, it is
not visible.

Ultrasonic inspection (Rose et al., 1996; de Freitas
et al., 2000; Sjogren, et al., 2001) is a nondestructive
method for detecting damage in the form of subsurface
cracks that are lateral size of at least about 1mm; the
higher the frequency of the ultrasonic wave, the better
is the ability to detect small cracks. Thus, ultrasonic
inspection is effective for detecting delamination that
is of sufficient size in the plane of the delamination.
For delamination cracks that are insufficiently large in
size or are not welldeveloped (due to the infancy of
the delamination), ultrasonic inspection is not effective.
X-radiography (Avier and Clarke, 1995) is another
nondestructive method for damage detection, but its
ability to detect small flaws is worse than that of
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ultrasonic inspection. Yet another nondestructive
method is acoustic emission (Clerico et al., 1989;
Verma, et al., 1994; Haque and Raju, 1998), which is
limited to the detection of damage during (not after) the
occurrence of damage. The method involving strain or
flexibility measurement for damage detection (Aoki and
Byon, 2001) may not be totally nondestructive, due
to the stress applied to the composite. The embedment
of optical fibers (Staszewski et al., 1999) for damage
detection is of concern, due to the sites of stress
concentration that are associated with the embedded
optical fibers and due to the difficulty of repair.
Electrical measurement is a method of nondestructive

evaluation. It can be in the form of electrical resistance
measurement, as the resistance is changed upon damage
(Prabhakaran, 1990; Muto et al., 1992, 1995; Schulte,
1993; Kaddour et al., 1994; Sugita et al., 1995; Todoroki
et al., 1995; Ceysson et al., 1996; Irving and
Thiagarajan, 1998; Wang et al., 1998a, b; Wang and
Chung, 1999; Wang et al., 1999; Abry et al., 1999, 2001;
Chu and Yum, 2001; Kupke et al., 2001; Wang et al.,
2001; Mei et al., 2002; Wang and Chung, 2002; Chung
and Wang, 2003; Wang et al., 2004; Yoshitake et al.,
2004). As a consequence, the change in resistance
provides an indication of the extent of damage.
Furthermore, the resistance distribution provides an
indication of the damage distribution (Chung and
Wang, 2003; Wang et al., 2004; Wang et al., 2005,
in press (a). The through-thickness resistance of a
composite is increased upon delamination, because the
extent of contact between fibers of adjacent laminae is
diminished by delamination (Chung and Wang, 2003).
The longitudinal resistance (i.e., resistance in the fiber
direction) is increased upon fiber breakage (Wang and
Chung, 1999). Thus, by measuring the resistance in
different directions, different types of damage can be
detected.
Related to, but distinct from, the method of electrical

resistance measurement is that of electric potential
measurement (Masson and Irving, 2000; Todoroki
et al., 2004; Angelidis et al., 2005). In the electrical
resistance method, the current path and the potential
gradient path coincide. In contrast, in the electric
potential method, the two paths in general do not
coincide. Furthermore, in the resistance method, the
current used typically decreases with increasing resis-
tance in a way that is set by the resistance meter, so that
the current is not fixed. Alternatively, the current may
be fixed in the resistance method. In contrast, in the
potential method, the current is necessarily fixed; with a
fixed current between two chosen points on the surface
of the composite, the potential (say, relative to the
electrical ground) is measured at various other points on
the composite surface, or the potential difference is
measured for various pairs of other points on the
composite surface. Thus, in the potential method, the

points for current application are in general not in line
with those for potential measurement. The difference in
potential between two points relates to the resistance
between these points, but the relationship is not simple
when the current path and potential gradient path do
not coincide.

In the method of electric potential measurement, the
meaning of the potential of a particular point is
ambiguous, as the change in potential of a particular
point depends on the condition in the vicinity of the
point and cannot imply the occurrence of damage at
this point. The meaning of the potential difference
between two points is less ambiguous than the potential
at a particular point, due to its having a degree of
relationship with the resistance. However, the potential
technique is attractive in that the measurement of the
potential at a particular point can be made with a single
electrical contact (in addition to the two current
contacts). In contrast, the measurement of the resistance
at a particular point requires two electrical contacts
(in addition to the two current contacts, in case of the
four-probe method, which is preferred to the two-probe
method due to the exclusion of the contact resistance
from the measured resistance). Due to the single
electrical contact, the potential technique can provide
more resolution in spatial distribution sensing than
resistance measurement.

The potential distribution, as displayed in the form of
two-dimensional equipotential contours, has been
shown to provide two-dimensional damage distribution
when the damage is substantial, e.g., damage inflicted by
impact at energy 4 J or above (Angelidis et al., 2005) and
damage corresponding to a delamination size of at least
10mm (Todoroki et al., 2004). The ineffectiveness of the
potential method to provide the damage distribution in
the case of minor damage is due to the fact that the low
electrical resistivity in the plane of the fibers causes the
potential to spread (i.e., be smeared) in this plane
(Angelidis et al., 2005; Wang et al., in press (b)). Even in
the case of major damage, the spatial resolution of the
damage sensing was �10mm (Todoroki et al., 2004).
It has been reported that there is no simple relation
between the location of delamination and the measured
potential distribution (Masson and Irving, 2000).

This article provides a comparative study of the
electric potential and resistance methods, as used for
damage distribution sensing in carbon fiber polymer-
matrix composites. The comparison involves (i) mea-
surement of the surface resistance by having the two
current contacts in line with the two potential contacts
and (ii) measurement of the surface potential by having
the two current contacts not in line with the two
potential contacts (such that the line joining the
current contacts is parallel to that joining the potential
contacts). Two configurations of resistance measure-
ment were used to provide measurement of the top
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surface resistance and the bottom surface resistance
upon impact at the top surface, as illustrated in
Figure 1(a) and (b), respectively. Two configurations
of potential measurement were used to provide measure-
ment of the bottom surface potential difference
during top surface current application and of the top
surface potential difference during bottom surface
current application, as illustrated in Figure 1(c) and
(d), respectively.
The objectives of the study are to: (i) compare the

resistance and potential methods in terms of their
effectiveness for damage sensing and spatial distribution
sensing, (ii) determine the relationship between damage
severity and electrical response, and (iii) compare
composites of different thicknesses in terms of their
suitability for selfsensing using the configurations of
Figure 1. The relationship mentioned in (ii) has not
been addressed explicitly in the prior work on damage
distribution sensing using the electric potential method,
due to the emphasis of prior work (Masson and Irving,

2000; Todoroki et al., 2004; Angelidis et al., 2005) on
damage location determination rather than on damage
severity determination.

This article addresses the potential method in which
the potential is measured at a distance in the through-
thickness direction from the line of current application.
This configuration is relevant to the practical use of the
method, as implementation of the method can involve
applying the current on one surface of the laminate
and measuring the potential at the opposite surface.
In contrast, the potential method used in prior work
involved the potential being measured at a distance
in the plane of the fibers from the line of current
application. Comparison of the resistance and potential
methods for the in-plane (two-dimensional) case is the
subject for a separate paper.

EXPERIMENTAL METHODS

Commercially manufactured composites in the form
of continuous carbon fiber epoxy-matrix laminates were
cut into strips of size 200� 12mm and then lightly
sanded by using 600 grit silicon carbide sand paper
for the purpose of removing the surface layer (about
20 mm thick) of epoxy matrix prior to the application
of electrical contacts. The contacts were in the form
of silver paint in conjunction with copper wire. The
sanding step is not essential, but it helps the electrical
measurement by increasing the accuracy and decreasing
the noise. Although the entire surface was sanded in this
work, only the portions beneath the electrical contacts
needed to be sanded.

Three laminates were studied, namely a 8-lamina
quasi-isotropic [0/45/90/�45]s laminate (thickness¼
1.0mm), a 16-lamina quasi-isotropic [0/45/90/�45]2s
laminate (thickness¼ 2.1mm), and a 24-lamina quasi-
isotropic [0/45/90/�45]3s laminate (thickness¼ 3.2mm).
For each specimen, the 0� direction was along the length
of the specimen. In other words, the fibers of the top and
bottom laminae were along the length of each specimen.

Eight electrical contacts were applied on each of the
two large opposite sides of a laminate, as illustrated in

A1 A2 A3 A4

B1 B2 B3 B4

12

200

X

Point of impact

58 20 16 16 58

A0 A5 A6 A7

B0 
B5 B6 B7

1616

Figure 2. Composite specimen testing configuration. Contacts A0, A1, A2, . . . , A7 are on the top side of the specimen. Contacts B0, B1, B2, . . . , B7

are on the bottom side, such that B0 is directly opposite A0, B1 is directly opposite A1, etc. The point of impact is on the top side at the center of
the specimen along its 200mm length. All dimensions are in mm.

Impact Impact

Impact Impact

+ − 

+ − 

+ − 

+ − 

(a) (c)

(b) (d)

Resistance method Potential method

Figure 1. Edge view of composite showing the configurations for
resistance and potential measurements. Impact is directed at the
center of the top surface. The thick arrow indicates the current: (a)
top surface resistance measurement; (b) bottom surface resistance
measurement; (c) bottom surface potential measurement (with
current on the top surface); and (d) top surface potential measure-
ment (with current on the bottom surface).
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Figure 2. The outer two contacts on each surface are
for passing current (i.e., A0 and A7 on the top surface and
B0 and B7 on the bottom surface). The remaining
contacts are for potential measurement. Six potential
contacts on each side, with two adjacent ones used at
a time, allow measurement of the potential difference
across five regions. Each contact was in the form of a line
along the entire 12mm width of the specimen. The point
of impact was at the center along the specimen length.
A constant current (100mA) was used in conjunction

with a Keithley 2002 multimeter for voltage measure-
ment with a voltage limit of 50V.
Damage was inflicted in this work by drop impact.

The damage was much more localized than that inflicted
by flexure.
Before and after impact, using a steel hemisphere

(19mm or 0.7500 diameter) dropped from a controlled
height, potential measurements were made. The impact
energy was calculated from the weight of the ball
assembly (either 0.740 or 2.640 kg) and the initial height
of the ball (up to 850mm). The impact was directed
at the same point of the specimen at progressively
increasing energy. Hence, cumulative damage was
analyzed. Although the cumulative damage is more
than the damage resulting from a single impact at the
maximum impact energy used in inflicting cumulative
damage, it is meaningful in providing the damage
evolution for the same specimen as the impact energy
progressively increased.
Impact resulted in local and shallow indentation at

and around the point of impact. For example, for the
8-lamina composite, the depth of the indentation was
0.26mm after a single impact at 5.78 J; for the 24-lamina
composite, the depth of the indentation was 0.20mm
after a single impact at 5.08 J (Wang et al., 2005).
The depth of indentation increased with increasing
impact energy.
The effect of such impact damage on the electrical

resistance and its one-dimensional spatial distribution
has been previously studied in (Wang et al., 2005).
The study showed that the resistance distribution related
to the damage distribution, though the study was
limited to three segments of a specimen, i.e., the segment
containing the point of impact, and the two segments
flanking this segment. In contrast, this article addresses
the effects of impact damage on the potential gradient
(i.e., potential difference divided by the distance of
separation of the potential contacts) of each segment, in
addition to addressing the effect of impact damage on
the resistance of each segment. There are five segments,
i.e., the one segment containing the point of impact
(segment between A3 and A4 in Figure 2), two segments
to the left of this segment (segment between A2 and A3,
and that between A1 and A2), and two segments to the
right of this segment (segment between A4 and A5 and
that between A5 and A6 in Figure 2).

The data shown in this article are representative
specimens of each laminate. However, the general
reproducibility of the results has been confirmed by
testing three specimens of each type.

RESULTS AND DISCUSSION

8-Lamina Composite

Figures 3–6 show the results obtained for the 8-lamina
composite using the configurations of Figure 1(a)–(d).
Each figure shows the fractional change in potential
gradient versus impact energy for each of the five
segments as the impact energy was progressively
increased. The potential gradient of a segment was
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Figure 4. Fractional change in potential gradient vs. impact energy
for the 8-lamina composite and the configuration of Figure 1(b).
œ: B1B2, *: B2B3, þ: B3B4, f: B4B5, g: B5B6.
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Figure 3. Fractional change in potential gradient vs. impact energy
for the 8-lamina composite and the configuration of Figure 1(a).
œ: A1A2, *: A2A3, þ: A3A4, f: A4A5, g: A5A6.
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obtained by dividing the potential drop along the whole
length of the segment by the length of the segment.
Figures 3–6 all show that the potential gradient

increased with increasing impact energy for the segment
containing the point of impact, such that the increase
started to be significant at an impact energy of 6.4� 1.3,
1.5� 0.4, 1.5� 0.4, and 6.4� 1.3 J for the cases of
Figures 3–6, respectively. These four values were based
on the data for the three specimens tested. The low
values in the cases of Figures 4 and 5 (i.e., cases of
Figure 1(b) and (c), respectively) compared to the values
of the cases of Figures 3 and 6 (i.e., cases of Figure 1(a)
and (d) respectively) suggest that the method is more
sensitive to minor damage when the potential is
measured at the bottom surface. The result is probably
due to current path distortion resulting from the impact

at the top surface. The top current path (case of Figure
1(c)) is distorted (Figure 7) so that the current density at
the bottom surface is enhanced. The bottom current
path (case of Figure 1(b)) is distorted so that the current
spreads less to the top part of the specimen, thereby
enhancing the current density at the bottom surface.
However, the result may also be due to residual stress
relief in the region next to the heart of the damage, as
the stress relief may decrease the local resistivity, thereby
enhancing the local current density. The origin of the
observed phenomenon is not completely understood.

For all the other segments in Figures 5 and 6, the
potential gradient also increased with increasing impact
energy, though the fractional increase was significantly
less than that for the segment containing the point of
impact. However, in Figures 3 and 4, for the segments
not containing the point of impact, the potential either
increased or slightly decreased as the impact energy
increased.

The increase in potential gradient as the impact
energy increased is due to the damage causing the
resistance to increase. The slight decrease in potential
gradient as the impact energy increased is consistent
with the observation of Masson and Irving (2000). The
origin of this decrease is not completely clear. However,
it may be due to the distortion of the current path away
from the surface to which the current was passed,
as illustrated in Figure 7, which corresponds to the
configurations in Figure 1(a) and (c). The current path
distortion in Figure 7 causes less current on the top
surface and hence a decrease in the potential gradient is
measured at the top surface. On the other hand, the
current applied at the bottom surface spreads to the top
part of the specimen to a smaller extent when the top
part suffers from impact damage. As a consequence, the
current density at the top surface is decreased. For the
segment containing the point of impact, the severity of
the damage causes the effect of damage, which results in
a resistance increase, to overshadow the effect of current
path distortion. Thus, the effect of current path
distortion could only be observed for segments not
containing the point of impact.

Due to the distance separating the line of current
application and the line of potential gradient measure-
ment in the configurations of Figure 1(c) and (d),
current path distortion essentially does not affect the
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Figure 5. Fractional change in potential gradient vs. impact energy
for the 8-lamina composite and the configuration of Figure 1(c).
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Figure 6. Fractional change in potential gradient vs. impact energy
for the 8-lamina composite and the configuration of Figure 1(d).
œ: A1A2, *: A2A3, þ: A3A4, f: A4A5, g: A5A6.

Impact

Figure 7. Edge view of composite illustrating the current path
distortion. The thick arrow indicates the current, which was applied
to the top surface.
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results in Figures 5 and 6, which therefore do not show
the trend of the potential gradient decreasing with
increasing impact energy. Although the decrease in
the potential gradient with increasing impact energy in
Figures 3 and 4 is a minor effect compared to the
increase of the potential gradient with increasing impact
energy, it complicates the interpretation of data for the
purpose of damage sensing. The complication applies to
segments not containing the point of impact. Therefore,
the configurations of Figure 1(c) and (d), which
correspond to the data of Figures 5 and 6 respectively,
are more attractive for practical damage sensing than
those of Figure 1(a) and (b), which correspond to the
data of Figures 3 and 4, respectively.
For any of the segments, the fractional change in

potential gradient is higher in Figures 5 and 6 than
in Figures 3 and 4 for the same impact energy. It is
particularly high in Figure 5 and particularly low in
Figure 3, as shown for all three specimens. The high
value for Figure 5 (case of Figure 1(c)) and the low value
for Figure 3 (case of Figure 1(a)) are due to the current
path distortion (Figure 7) causing the potential gradient
measured at the top surface to decrease (due to
decreased current density at the top surface) and causing
the potential gradient measured at the bottom surface
to increase (due to increased current density at the
bottom surface). The particularly high values of the
fractional change in potential gradient in Figure 5 give
additional attraction for using the configurations of
Figure 1(c).
It can be concluded that the potential method

(Figure 1(c) and (d)) is superior to the resistance
method (Figure 1(a) and (b)) for the 8-lamina
composite. The superiority is in terms of the sensitivity
for damage sensing and the simplicity of data
interpretation.

24-Lamina Composite

Figures 8–11 show the results obtained for the
24-lamina composite using the configurations of
Figure 1(a)–(d), respectively. The results in Figures 8
and 9 are qualitatively similar to those for the 8-lamina
composite in Figures 3 and 4. It takes higher impact
energy to attain a significant increase in potential
gradient in Figures 8 and 9 than in Figures 3 and 4,
due to the larger thickness of the 24-lamina composite
compared to the 8-lamina composite.
The trend of the potential gradient decreasing with

increasing impact energy for segments not containing
the point of impact is more significant in Figures 8 and 9
than in Figures 3 and 4. In Figures 8 and 9, all segments
not containing the point of impact exhibit this decreas-
ing trend. In contrast, for Figures 3 and 4, not all
segments that do not contain the point of impact exhibit
this trend. This difference between the 8-lamina and
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Figure 8. Fractional change in potential gradient vs. impact energy
for the 24-lamina composite and the configuration of Figure 1(a).
œ: A1A2, *: A2A3, þ: A3A4, f: A4A5, g: A5A6.
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Figure 9. Fractional change in potential gradient vs. impact energy
for the 24-lamina composite and the configuration of Figure 1(b).
œ: B1B2, *: B2B3, þ: B3B4, f: B4B5, g: B5B6.
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Figure 10. Fractional change in potential gradient vs. impact energy
for the 24-lamina composite and the configuration of Figure 1(c).
œ: B1B2, *: B2B3, þ: B3B4, f: B4B5, g: B5B6.
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24-lamina composites is consistent with the larger
thickness of the 24-lamina composite and the conse-
quent greater room for the current path distortion.
The results in Figures 10 and 11 are very different

from those for the 8-lamina composite in Figures 5
and 6, as they show no systematic variation of the
potential gradient with impact energy. This means that
the configurations of Figures 1(c) and (d) do not work
for the 24-lamina composite, though they work well for
the 8-lamina composite. Therefore, for the 24-lamina
composite, the configurations of Figure 1(a) and (b) are
recommended.
The ineffectiveness of damage sensing using the

configurations of Figure 1(c) and (d) for the 24-lamina
composite is due to the large thickness of the 24-lamina
composite and the consequent large resistance (in
the through-thickness direction) between the current
line and the potential gradient line. The greater the
resistance, the lesser is the influence of the current on
the potential gradient. A small influence results in
non-systematic variation of the potential gradient.
Comparison of Figures 8 and 9 shows that, at the

same impact energy, the fractional change in potential
gradient is much higher in Figure 8 than in Figure 9.
This means that the damage sensitivity is superior for
the configuration of Figure 1(a) than that of Figure 1(b).
However, an expanded view of Figures 8 and 9 (not
shown) show that the ability to distinguish among
different levels of damage for segments not containing
the point of impact is superior for the configuration
of Figure 1(b) that that of Figure 1(a). The superiority of
the configuration of Figure 1(b) for sensing the level of
minor damage is probably due to the slight degradation
of the electrical contacts on the top surface (in the
configuration of Figure 1(a)) upon impact on the top
surface.

It can be concluded that the resistance method
(Figure 1(a) and (b)) is superior to the potential
method (Figure 1(c) and (d)) for the 24-lamina
composite. In fact, the potential method does not
work for the 24-lamina composite, due to the large
distance of separation between the current line and the
potential gradient line.

16-Lamina Composite

Results obtained for the 16-lamina composite are
similar to those of the 24-lamina composite, in that the
potential method does not work, while the resistance
method works well.

CONCLUSION

The electrical resistance method and the electric
potential method for composite damage selfsensing
were compared for the case of the applied current
direction and the measured potential gradient direction
being parallel. In the potential method, these parallel
directions are in different planes (one plane being
the top surface of a laminate and the other plane
being the bottom surface of the laminate). In the
resistance method, these parallel directions are the
same lines in the same plane. Each method was
performed with the current at the top surface and with
the current at the bottom surface, while impact was
directed at the center of the top surface. The study was
conducted on 8-lamina, 16-lamina, and 24-lamina
composites.

Both resistance and potential methods were effective
for damage sensing for the 8-lamina composite. For the
16-lamina and 24-lamina composites the resistance
method was effective, whereas the potential method
was not. This means that the potential method does not
work when the distance of separation between the
applied current line and the potential gradient line is
excessive. A distance of 2.1mm (16 laminae) in the
through-thickness direction is excessive, whereas a
distance of 1.0mm (8 laminae) in this same direction
is not.

For the 8-lamina composite, the potential method was
superior to the resistance method, as shown by higher
sensitivity for damage sensing and essential absence of
the minor phenomenon of the potential gradient
decreasing with increasing impact energy. In contrast,
the resistance method was complicated by this minor
phenomenon, which tended to occur for the segments
not containing the point of impact. These aspects of
superiortity of the potential method over the resistance
method for the 8-lamina composite are explained in
terms of the current path distortion resulting from the
impact damage.
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Figure 11. Fractional change in potential gradient vs. impact energy
for the 24-lamina composite and the configuration of Figure 1(d).
œ: A1A2, *: A2A3, þ: A3A4, f: A4A5, g: A5A6.
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