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multiple electric potential measurements
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(Received 24 April 2013; accepted 28 August 2013)

A new electrical potential method is proposed in the present study. Several
electrodes to measure electric voltage are mounted on a carbon-fiber-reinforced-
polymer beam surface. Direct current is applied and electric voltage changes are
measured at each electrode. Comparing measured results with analytical results
obtained from the anisotropic electric potential function, the electric conductance
ratio can be obtained. Using this electric conductance ratio, the differences between
the electric voltages on the surface are small and hence scaled to observe these
variations. These differences in the electric potential enable the delamination location
and delamination size to be determined. Uniform doublet analysis enables a
relationship between the measured results and actual delamination location and
delamination size to be established. The method is applied to some numerical
analyses. A unidirectional carbon-fiber-reinforced polymer beam with a delamination
crack is selected as a typical example encountered in analysis. The results show that
the new method is quite effective for simple delamination crack monitoring.

Keywords: CFRP; electric conductance; electric potential; delamination; monitoring

1. Introduction

To detect delamination cracks within carbon-fiber-reinforced polymer (CFRP) composite
laminates is difficult because such cracks are usually invisible. Difficulties in finding
laminate damage by visual inspection raises the need of monitoring methods that use
electric resistance changes within the laminates.[1–12] The method adopts conductive
carbon fibers as sensors as well as mechanical reinforcements, that is, in a sense,
self-sensing. The author’s research group has proposed a method based on changes in
electrical resistance to monitor location and size of the delamination [9,10]: several
electrodes are placed on a target CFRP plate and changes in electrical resistance
between these electrodes are measured. For the multiple-probe method, these changes in
electric potential are measured at many locations; however, this method has a weak
point in monitoring performance at the middle of electrodes where electric current is
applied. A new two-way method has been proposed to improve monitoring perfor-
mance.[11] To reduce experimental costs, an equivalent conductance that gives good
agreement between FEM and experimental results has been obtained and FEM analyses
have been used to obtain the relationship between the changes in electrical resistance
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and delamination.[12] These previous methods require electrical resistance or electric
voltage measurements prior to delamination monitoring. With initial recorded
measurement data for reference, differences from the reference data can be obtained
during subsequent monitoring. Requiring reference data indicates that compensation
must be performed to account for CFRP-conductance changes with environmental
conditions such as temperature.[13] A new method that uses thermal deformation and
electrical resistance change avoids the dependence on reference data.[14] The new
method, however, does not monitor the exact location of damage.

The author has proposed an anisotropic electric potential function that assists the anal-
ysis of steady electric current within a CFRP laminate.[15,16] A new analytical method
using a distributed anisotropic doublet enables the change in electric potential for a CFRP
plate with a delamination crack to be calculated.[17] The method can be applied to a thin
CFRP laminate using image analysis to obtain the electric current density.

For both the conventional electrical resistance change and electric potential change
methods, electrical resistance or potential data are measured before damage has
occurred, and the measured data are kept as a reference in subsequent damage
monitoring of electrical resistance and electric potential changes. Nevertheless,
compensation is indispensable to account for electric conductance changes caused by
variation in temperature, moisture, and loading. Conductance values, moreover, have a
large spread as a consequence of fabrication processes. This crucially means
determining a compensation signature for each CFRP plate.

In the present study, a new monitoring method is proposed, beginning with a pre-
identification of electric conductance for the CFRP plate, from which electric potential
at the plate surface is calculated using the anisotropic electric potential function.
Differences are then obtained between the calculated and measured electric voltage
distributions. From differences in electric potential, delamination locations and their
extent are simply determined based on a uniform-strength doublet theory. Numerical
analyses of unidirectional CFRP are adopted to mitigate experimental errors. No
limitation is placed on the number of measurement points; here, the theoretical perfor-
mance of the delamination identification is investigated.

2. Delamination identification method

2.1. Monitoring method

A schematic representation of the new method is shown in Figure 1. The method com-
prises three steps. To avoid experimental errors for investigations of performance of the
new method, we have opted for simulations of a CFRP beam using the finite difference
method (FDM) instead of experiments. We assume that electric voltage can be mea-
sured at any point in the CFRP beam without limitation on the number of measurement
points there.

In the first step, an electric current is applied to the CFRP beam surface from the
outer pair of electrodes. Using the inner N electrodes, electric voltages are measured.
The N electric voltage values are compared with the calculated electric voltage using
image analysis,[17] using a conductance ratio λ2 = σz/σx; here, σx is the conductance in
the fiber direction and σz is the conductance in the thickness direction. A sum of
squared errors is calculated for comparison. After changing the conductance ratio, the
sum of squared errors is calculated, and the λ2 that gives the minimum sum of squared
errors is obtained. The value obtained is the conductance ratio of the CFRP beam.
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In the second step, with this conductance ratio λ2, the electric potential of the CFRP
surface is calculated using the anisotropic electric potential function. The calculated
result is the electric potential for the delamination-free CFRP beam. The calculated
result is set as the reference electric potential, and differences from this reference is
measured at each electrode on the CFRP surface in measuring voltage changes. For this
study, measurements are replaced by FDM calculations. The electric potential
differences relative to the reference voltage are scaled up. These differences in electric
potential over the CFRP surface include the features of electric potential for a
delaminated CFRP beam.

In the third step, using the uniform-strength anisotropic doublet theory adopted here,
delamination crack locations and their extents are identified. This method is detailed in
the next section.

For the present study, unidirectional CFRPs of 0°-ply are simulated to simplify the
FDM analysis. To deal with general laminated CFRPs that have various fiber directions,
the analytical method is modified as described in [15,16]. The specific example adopted
here is a unidirectional CFRP beam, 60-mm long and 3-mm thick, as illustrated in
Figure 2; the spacing between electrodes is 30mm. The nodes for the FDM mesh divi-
sion are distributed 0.05mm apart; the total number of nodes between the electrodes is
599. As mentioned before, the total number of electrodes used in measuring the electric
voltage is maximized to reduce experimental errors; the number adopted is, therefore,
599. Figure 2 illustrates only a couple of electrodes where electric current is applied.

Here, the steady state electric current is computed using the FDM rather than com-
mercial FEM analysis. Before starting the analysis, a simple FEM analysis using

60

3

x

z

0

15
V0A1

Fiber 0

15

Unit [mm]

Figure 2. Specimen configuration.

Start

I. Obtain conductance

II. Obtain difference of potential
(feature extraction)

III. Identify delamination crack
location and dimension

(using uniform doublet flow analysis)

End

Figure 1. Monitoring flow chart for delamination and electric conductance.

Advanced Composite Materials 181

D
ow

nl
oa

de
d 

by
 [

C
ho

ng
qi

ng
 U

ni
ve

rs
ity

] 
at

 0
7:

00
 1

4 
Fe

br
ua

ry
 2

01
4 



ANSYS was performed; the FDM results were confirmed to provide identical results. In
the FDM analysis, with node spacing in the z-direction of 0.005mm, the total number
of nodes is 721,801. Note, the mesh size is smaller in the z-direction than for the
x-direction to make the mesh configuration square after an affine coordinate transforma-
tion. As described in detail in [15], the square root of the conductance ratio, λ= 0.1, is
taken to be the ratio of the affine coordinate transformation, which in turn determines
the aspect ratio of the mesh. For the present study, the measured electric voltages are
taken to be the results of the FDM calculations for the specimen surface. When actual
experiments are conducted, the FDM analysis is replaced by the experimental results.

2.2. Identification of conductance using anisotropic electric potential function

As described in [17], the anisotropic electric potential function with the image analysis
enabled us to calculate the electric current density of a thin CFRP laminate. That
analysis provided excellent estimations of the electric current and electric voltage
changes that compared favorably with the FEM results, even for thin CFRP laminates.
The image analysis is very simple because the anisotropic electric potential function
becomes a superposition of analytical formulas.

The image analyses of the anisotropic electric potential function are here performed
with various conductance ratios λ2. Sum of squared errors of the measured N results
compared with the image analysis are calculated and the conductance ratio that
minimizes the sum of squared errors is searched. The electric potential at the electrodes
where the electric current is applied, however, becomes infinite in the analysis, and the
numerical computational error is larger at the electrodes compared with other nodes.
Thus, the midpoint (x= 0) between the electrodes is defined as the zero-point for the
electric potential. The potential values for both electrodes are not included in the
calculation of the sum of squared errors.

Figure 3 shows the electric potential distribution at the surface with various
conductance ratios λ2. A commonly used conductance ratio is 0.01 for normal CFRP.
More extreme conductance ratios, λ2 = 0.05 and λ2 = 0.015, are used here. An electric
current of 1A is applied in all cases. Figure 3 shows that a decrease in the conductance
ratio brings about an increase in the electric potential between the electrodes.

Figure 4 shows the electric potential calculated using the FDM of λ2 = 0.0095 that is
slightly smaller than that of a normal CFRP. Although the results are not the
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Figure 3. Surface variation of electric voltage due to electric conductance changes.
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experimental data, the results are treated as measured results in the present study to pre-
vent experimental errors. The total number of measured points is 599, the same number
of nodes as for the FDM with spacing 0.05mm. Using various conductance ratios λ2,
the surface electric potential distributions are calculated using the image analysis with
the anisotropic electric potential function, and the sums of squared errors (Figure 5) for
various electric conductance ratios, which are used for the image analysis with the
anisotropic electric potential function. The minimum value of the sum of squared errors
is obtained at λ2 = 0.0095. Thus, the present method enables us to identify the electric
conductance ratio of the measured thin CFRP. As the image analysis calculation is a
simple superposition of the anisotropic electric potential, the computational cost is very
low.

The dashed curve of Figure 6 presents the surface electric potential of a CFRP beam
specimen with a 4-mm-long delamination at depth z= 0.3mm (λ2 = 0.05); the left tip of
the delamination is located at x1 =�10mm and the right tip at x2 =�6mm. For compar-
ison, the solid curve corresponds to the potential of a delamination-free beam surface;
note that the difference between potentials is slight.

As for delamination-free beam specimen, the electric potential is measured at the
points of 599 with spacing of 0.05mm on the specimen surface between the electrodes.
Using various conductance ratios λ2, image analyses of the anisotropic electric potential
function are performed, and the sums of squared errors of various cases are calculated
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Figure 4. Surface variation of electric voltage at λ2 = 0.0095.
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Figure 5. Identification of electric conductance using minimum residual sum of the squared
errors of the intact specimen.
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at all 599 points (see Figure 7). Clearly, a minimum value of the sum of squared errors
is obtained at λ2 = 0.0091 which is slightly different from the original conductance ratio.
This difference is due to the presence of the delamination crack, but does not affect the
measurements required in step 2.

Using the method described, the conductance ratios λ2 obtained are almost the same
as before monitoring. This means the monitoring process is not affected by changes in
electric conductance caused by temperature or humidity changes. The method is also
not affected by variances in the electric conductance established during fabrication. The
method does not require a FEM analysis, and the method is easily extended to CFRP
plates using a three-dimensional anisotropic electric potential function described in the
reference based on the coupling approximation for angle plies.[15,16]

2.3. Feature extraction using difference of electric potential distributions

In step 1, the electric conductance ratio λ2 of the CFRP is measured. Using the identi-
fied λ2, the electric potential of each point on the specimen surface can be calculated
using image analysis of the anisotropic electric function: ϕFi (i= 1,… , N). After the cal-
culations, the difference (ϕMi� ϕFi) between the measured electric potential ϕMi

(i= 1,… , N) and the calculated electric potential ϕFi (i= 1,… , N) is obtained, and the
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Figure 6. Surface electric voltage comparison of an intact specimen to one with delamination.
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Figure 7. Identification of electric conductance using minimum residual sum of the squared
errors of a specimen with delamination.

184 A. Todoroki

D
ow

nl
oa

de
d 

by
 [

C
ho

ng
qi

ng
 U

ni
ve

rs
ity

] 
at

 0
7:

00
 1

4 
Fe

br
ua

ry
 2

01
4 



difference is amplified to extract the feature of the electric potential difference. This is
called differential amplification result.

Using the identified electric conductance ratio λ2 = 0.0091, the electric potential of
the specimen surface is calculated, and the differential amplification results are obtained.
Figure 8 shows the differential amplification results of the specimen (λ2 = 0.0095) with
a 4-mm delamination crack (x1 =�10mm, x2 =�6mm); the dashed arrows mark the tip
locations. From this figure, a local maximum value in the differential amplification is
clearly observed. The meaning of the local maximum value is discussed next.

2.4. Delamination identification using uniform anisotropic doublet

The local maximum value of the differential amplification represents the effect of the
delamination crack on the electric potential on the specimen surface. Here, the physical
background is discussed using a uniform anisotropic doublet analysis.

As explained in [17], a change in the electric potential caused by the delamination
crack is produced by a distributed doublet that is placed at the location of the crack; the
doublet is placed to cancel the electric current flow perpendicular to the crack. Consider
then a delamination crack existing at z= z0 (the origin of the z-coordinate is on the
specimen surface). To simplify the analytical formula, the z-coordinate is parameterized
so that the crack is located at z' = 0 in the new coordinates: z′ = z� z0. The doublet dis-
tribution μ is obtained by solving the integral equation,

izðx; z0Þ ¼
ffiffiffiffiffi
rz

p
2p

Z x2

x1

lðtÞ
x�tffiffiffiffi
rx

p
� �2

� z0ffiffiffi
rz

p
� �2

x�tffiffiffiffi
rx

p
� �2

þ z0ffiffiffi
rz

p
� �2� �2 dt; ð1Þ

where the left and right tips of the delamination crack are located at (x1, 0) and (x2, 0),
respectively. The electric current density perpendicular to the crack surface is iz(x, 0)
here. On the crack surface, z′ = 0, and this enables the current density from the integral
equation to cancel iz on the crack surface:

izðx; 0Þ ¼
ffiffiffiffiffi
rz

p
2prx

Z x2

x1

lðtÞ
ðx� tÞ2 dt: ð2Þ
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Figure 8. Electric voltage difference from the calculated voltage using the anisotropic electric
potential function (x1 =�10, x2 =�6, z = 0.3).
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Equation (2) is a hyper-singular integral equation that is not easy to solve analytically
to get μ(x) exactly. Nevertheless, instead of setting z′ = 0, a small positive number ɛ is
added to z′ = ɛ to prevent the hyper-singularity. The iz(x, 0) is used without a parallel
shift of ɛ in the z-direction. This induces z′ = ɛ in Equation (1), and the
hyper-singularity is removed. The change in the electric potential at the specimen sur-
face after delamination is calculated by the distributed doublet μ(x).

To obtain μ(x), the integral equation must be solved with the given iz(x, 0). If the
strength of the doublet is assumed to be uniform, the electric potential ϕ generated is
given as follows,

/ðxÞ ¼ � l
2p

Z x2

x1

z0ffiffiffi
rz

p

x�tffiffiffiffi
rx

p
� �2

þ z0ffiffiffi
rz

p
� �2 dt

¼ � l
2p

tan�1

x2�xffiffiffiffi
rx

p
z0ffiffiffi
rz

p

 !
� tan�1

x1�xffiffiffiffi
rx

p
z0ffiffiffi
rz

p

 !( ) : ð3Þ

Here, z0 is the distance in the z-direction from the delamination crack to the specimen
surface where the electric potential is measured. In Equation (3), z0 > > ɛ must hold if ɛ
is to be negligible.

As shown in [15], applying an affine coordinate transformation,

n ¼ xffiffiffiffiffi
rx

p ; g ¼ zffiffiffiffiffi
rz

p ; ð4Þ

To Equation (3) yields

/ðxÞ ¼ � l
2p

tan�1 n2 � n
g0

� �
� tan�1 n1 � n

g0

� �� �
; ð5Þ

where η0 = z0/√σz. If a parallel displacement is done in the ξ-coordinate to move the
origin to the midpoint between the left tip ξ1 and the right tip ξ2 of the crack, i.e.,
introducing coordinate τ defined as,

s ¼ n� n1 þ n2
2

; ð6Þ

and substituting into Equation (6), Equation (5) becomes

/ ¼ � l
2p

tan�1 � s
g0

þ n2 � n1
2g0

� �
� tan�1 � s

g0
� n2 � n1

2g0

� �� �

¼ � l
2p

ftan�1ðdþ cÞ � tan�1ðd� cÞg ð7Þ

where

d ¼ s
g0
; c ¼ n2 � n1

2g0
: ð8Þ

186 A. Todoroki

D
ow

nl
oa

de
d 

by
 [

C
ho

ng
qi

ng
 U

ni
ve

rs
ity

] 
at

 0
7:

00
 1

4 
Fe

br
ua

ry
 2

01
4 



From Equation (7),

@/
@d

¼ � l
2p

1

ðdþ cÞ2 þ 1
� 1

ðd� cÞ2 þ 1

( )

¼ �2l
p

dc

fðdþ cÞ2 þ 1gfðd� cÞ2 þ 1g

: ð9Þ

Equation (9) indicates that the electric potential of the specimen surface has a local
maximum value at δ= 0,

d ¼ s
g0

¼ n� ðn1 þ n2Þ=2
g0

¼ 0 ) nm ¼ n1 þ n2
2

; xm ¼ x1 þ x2
2

ð10Þ

Thus, the differential amplification result has a local maximum value midpoint in
the delamination crack.

The specimen’s maximum surface potential ϕmax corresponding to the differential
amplification result can be obtained by substituting δ= 0. Similarly, the specimen sur-
face potential ϕγ for the differential amplification result at the delamination crack can be
obtained by substituting δ= ±γ . A ratio α from these potentials α = ϕγ/ϕmax can be
derived,

a ¼ /c

/max

¼ tan�1ð2cÞ
2 tan�1ðcÞ; ð11Þ

the values of which clearly depend on γ (see Figure 9). Combining Equations (4) and
(8), γ is expressible in the form

c ¼ kðx2 � x1Þ
2z0

: ð12Þ

As indicated in Figure 9, but also obtainable from Equation (11), α asymptotes to 0.5
as γ becomes large. For a small delamination crack and a strongly orthotropic CFRP
with very small conductance ratio λ2, the value of γ can be small. The extent of delami-
nation, however, can be determined using α= 0.5 although this provides an overestima-
tion, albeit a conservative estimate of crack length. Despite being an exact estimation,
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Figure 9. Ratio of the crack potential at the tip to that at the midpoint.
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setting α= 0.5 gives a very simple method of estimating delamination crack length
because α= 0.5 would mean the full-width-at-half-maximum of the differential
amplification result gives the length of the delamination crack.

Summing up the method mentioned above, in the differential amplification results
shown in Figure 8, the local maximum value is found at the center of the delamination
crack, the full-width-at-half-maximum represents its length, and its location is at
x=�8mm. This corresponds to the exact estimation of the delamination location; the
exact length is 6mm and measured length is 4mm. This method thus gives
conservative estimates.

The electric current through the beam specimen as shown in Figure 2 flows
downward on the left and upward on the right in returning to the electric ground
electrode. The distribution of the electric current iz at z= 0.3mm when λ2 = 0.01 (see
Figure 10) shows point symmetry with respect to the origin. This means that the
differential amplification result has a local maximum if the delamination crack is
located on the left side; in contrast, the differential amplification result has a local
minimum if the delamination crack is located on the right side. If the delamination
crack is located midpoint between the electrodes, the averaged iz value is zero. This
makes it difficult to detect this feature of the differential amplification result, as
mentioned in Ref. [12]. This is discussed in the next section.

To investigate the effect of delamination depth, FDM calculations are performed for
a delamination crack that is located along the x-axis as before but at a depth of
z= 1mm. An electric conductance ratio of λ2 = 0.01 is set. With the presence of the
crack, an identified electric conductance ratio of λ2 = 0.0096 is obtained, a value slightly
different from the original. Using image analysis of the anisotropic electric potential
function with the identified λ2 = 0.0096, the electric potential of the specimen surface
can be calculated. Compared with the calculated electric potential, the differential
amplification result of the surface potential can be obtained, as shown in Figure 11. If a
delamination crack develops far below the surface, the measured differential
amplification result has a wider distribution because the uniform double exists at a
deeper distance below the surface. Moreover, the maximum value of the local
maximum value is smaller than the result for a shallow delamination crack. The
delamination location determined from the maximum point is �5.8mm, with left tip at
x1 =�7.8mm and right tip at x2 =�2.4mm yielding a crack length of 5.4mm. With an
actual length of 4mm, the difference is not so significant. Because the differential
amplification result is less precise for deep delamination cracks, the monitoring
performance worsens but the estimates remain conservative.
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Figure 10. Electric current density in the z-direction at z= 0.3mm.
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Let us consider the number of measurements on the surface to extract the feature of
the differential amplification result. In the present study, electrode spacing is set to
0.05mm corresponding to FDM grid division. From a practical point of view, the total
number of measurement points should be reduced.

As stated earlier, the delamination length can be identified from the full-width-at-
half-maximum of the measured differential amplification result. This means that the
required electrode spacing is determined when the minimum target length of the delami-
nation crack is determined. If an approximate local maximum point is calculated using
a quadratic polynomial, three points at least are required. This means that the required
electrode spacing is one-third of the minimum target length of a delamination crack.
For example, if a delamination crack of 7mm is the target minimum length, the
required minimum electrode spacing is 2mm. More experimental investigation will be
undertaken on this aspect in future work.

3. Identification of the center crack between electrodes

If a delamination crack occurs midpoint between the electrodes where electric current is
applied, the electric current density perpendicular to the crack at the center vanishes,
whereas on either side it has the same magnitude but opposite sign; the electric current
has point-symmetry with respect to the center point. As the electric current density is
continuous, the electric current magnitude is very small. Consider Figure 2 where a
delamination crack is present along the centerline in the specimen. In this case, we can
consider that two cracks to be the same length left and right of center: the left crack is
located from x1 =�x0 to 0 (x0 > 0) and the right crack from 0 to x2 = x0. As the electric
current distribution is anti-symmetric about the origin, each doublet has the same
strength but opposite sign. From Equation (5), the effect of twin doublets of different
sign is given in Figure 12, and shows the surface electric potential distribution normal-
ized by the strength of the doublet μ/(2π); settings for the calculation are x0 = 2mm,
depth z0 = 0.2mm, and λ2 = 0.01. If a delamination crack is present midpoint between
the electrodes, the measured electric potential is characterized by a convex–concave
function, as shown in Figure 12. The magnitude is, however, very small because of the
small doublet strength generated by the small iz.

Let us consider a delamination crack of 4mm length as before but at a depth of
z0 = 0.3mm. The identified electric conductance is λ2 = 0.098. An image analysis of the
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Figure 11. Electric voltage difference from the calculated voltage using the anisotropic electric
potential function (x1 =�10, x2 =�6, z = 1.0).
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anisotropic electric potential with the identified λ2 is performed; the differential amplifi-
cation result obtained exhibits a minute concave–convex variation (marked by arrows in
(Figure 13)). These two points are assumed to be a pair of twin doublets.

The surface electric potential of the left delamination crack can be obtained by
substituting ξ2 = 0 into Equation (5). In the calculation, ξ1 =� ξ0 =� x0/√σx: 2x0 is equal
to the delamination crack length

fL ¼ 2p
l
/ðxÞ ¼ � tan�1 n

g0

� �
þ tan�1 nþ n0

g0

� �
: ð13Þ

Similarly, the surface electric potential of the right delamination crack can be obtained
by substituting ξ1 = 0 into Equation (5). Considering the odd parity of the doublet
strength, the electric potential is obtained as follows,

fR ¼ 2p
l
/ðxÞ ¼ � tan�1 n

g0

� �
þ tan�1 n� n0

g0

� �
: ð14Þ

Using parameterizations τ= ξ/η0 and τ0 = ξ0/η0, the total sum of the twin doublet is

f ¼ fL þ fR ¼ �2 tan�1ðsÞ þ tan�1ðsþ s0Þ þ tan�1ðs� s0Þ; ð15Þ

From which the extremum of the normalized surface potential τm can be obtained; that is,

@f

@s
¼ � 2

s2 þ 1
þ 1

ðsþ s0Þ2 þ 1
þ 1

ðs� s0Þ2 þ 1
¼ 0; ð16Þ

yields

sm ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
s20 þ 1

3

r
; ð17Þ

) xm ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x20 þ z20=k

2

3
:

s
ð18Þ
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Figure 12. Normalized potential distribution for a delamination located midpoint between the
electric current electrodes.
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From Equation (18), the delamination crack length 2x0 is then

2x0 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3x2m � z20

k2

s
: ð19Þ

Although the depth of the delamination z0 is unknown, the minimum expected value
is clearly the thickness of a ply (e.g. 0.125mm). This minimum expected value gives a
conservative estimate of the delamination crack length. Using the measured value of
xm= 2mm from Figure 12, λ2 = 0.098 and the conservative value of z0 = 0.125mm, the
conservative estimate of the delamination length is then 2x0 = 6.4mm slightly above the
actual value of 4mm.

As shown here, even if a delamination crack exists midpoint between the electrodes
where electric current is applied, the differential amplification result features a character-
istic concave–convex curve. From the extremum of the sine wave, a conservative
delamination crack length is estimated using Equation (19). The magnitude of the char-
acteristic concave–convex sine wave is, however, very small because of the small elec-
tric current density across the CFRP plate. Experimental performance will be taken up
in future work.

For a delamination crack at the center, the electric potential method was shown in
[11] to be experimentally unsuitable. From the experimental results, the characteristic
concave–convex curve of the differential amplification result was not obtained. In this
instance, another electrode pair can be used to apply a second electric current. In the
second case, the center for the electrodes is moved to a different point. Using this two-
way method described in [11], the electric potential method performs well. The same
method can be applied in this case.

4. Conclusions

A new monitoring method was proposed here. Using multiple point electrodes, the
electric potential distribution of a CFRP beam can be measured. Image analysis using
the anisotropic electric potential function identified the electric conductance ratio from
which the characteristic differential amplification result can be obtained. From the
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Figure 13. Electric voltage difference from the calculated voltage using the anisotropic electric
potential function (x1 =�28, x2 =�32, z = 0.3).
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extremum of the result, delamination location and length were determined. The results
obtained are as follows:

(1) From the electric potential distribution on the surface of a CFRP specimen, the
electric conductance ratio can be identified. This enables delamination cracks to
be monitored without the need to consider temperature and humidity changes.

(2) It is possible to obtain characteristic electric potential distribution from the dif-
ferential amplification result using the calculated electric potential with the aniso-
tropic electric potential function.

(3) The location of the center of the delamination crack can be obtained from the
location of the extremum of the measured differential amplification result, while
delamination length can be obtained from the full-width-at-half-maximum of the
differential amplification result. The method gives conservative estimates of the
crack length; good estimates are obtained for cracks at shallow depths, but slight
overestimates were obtained for cracks deeper beneath the surface.

(4) If a delamination crack is present midpoint between the electrodes, the character-
istic differential amplification result of a concave–convex sine wave is observed.
From the position of the extremum, the delamination crack length can be
obtained. The output of the concave–convex sine wave is, however, very small.
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