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Abstract
The present study employs an electrical resistance change method for monitoring delamination. The authors have found that the
electrical resistance change method using response surfaces is very eﬀective in identify delaminations in CFRP laminates both experimentally and analytically. In the present study, the eﬀect of the spacing between electrodes on the method is investigated using
FEM analyses. Five types of spacing are analyzed here, and the two types of ﬁber volume fractions are also calculated. Cross-ply
beam type specimens are adopted for the analyses. As a result, it was revealed that the eﬀect of the spacing depends on the ﬁber
volume fraction. For laminates of high ﬁber volume fraction, a short spacing is required to obtain high estimation performances
of delamination location and length.
 2004 Elsevier Ltd. All rights reserved.
Keywords: A. Polymer–matrix composites; A. Smart materials; C. Delamination

1. Introduction
The electrical resistance change method uses multiple
electrodes mounted on a target CFRP (carbon ﬁber reinforced plastics) laminate to measure electrical resistance changes. Electrical resistance changes between
equally-spaced electrodes are measured with electrical
resistance bridge circuits. The response surfaces are
adopted to identify the locations and sizes of delaminations from these measured electrical resistance changes.
After making these response surfaces, in this method,
a delamination of a CFRP laminate is monitored by
measuring electrical resistance changes.
The authors have published papers that adopt the
electrical resistance change method [1–5]. This method
has been found to be both experimentally and analytically eﬃcient for the identiﬁcation of a delamination
*
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in a CFRP laminated plate. Since the method adopts reinforcement carbon ﬁbers as sensors for damage identiﬁcation, this method does not cause a reduction in the
static strength or fatigue strength; it is applicable to existing structures merely by the attachment of multiple
electrodes. The electrical resistance change method,
therefore, has been employed by many researchers for
identifying internal damage such as ﬁber breakages
and debonding between ﬁbers and the matrix in CFRP
laminates [6–13].
To improve the estimation performance of the delamination location with the electrical resistance change
method, the authors have proposed a new method with
normalizations of the electrical resistance change data
[14]. The measured electrical resistance changes were
normalized, and the response surfaces to estimate the locations and lengths of delaminations were made from
the normalized electrical resistance changes and the
norm. The new method has been applied to estimate
the location of delaminations for beam-type specimens
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and the estimation performance was found to be significantly improved.
In our previous studies [1–5,14], multiple electrodes
spaced regularly were mounted on a single specimen surface for both the analyses and the experiments. The
spacing between the electrodes was set at 35 or 45
mm. In the present study, therefore, the eﬀect of the
spacing between electrodes is investigated analytically
using FEM analyses. Using thin CFRP laminates, a
large number of FEM analyses are performed using various spacings between electrodes. Our previous study [3]
has shown that the electrical conductivity in the thickness direction and the transverse direction depends signiﬁcantly on the ﬁber volume fraction. In the present
study, therefore, two kinds of ﬁber volume fractions
are adopted for investigating the eﬀect of the electrical
conductivity. Cross-ply thin CFRP laminates are employed here for FEM analyses. The estimation performances are compared with each other, and the width of
the error band of the estimations of delamination length
is obtained. Considering practical experimental work of
the compression strength after low velocity impact, the
optimal spacing between electrodes is decided for each
case of ﬁber volume fractions.

2. Electrical resistance change method for delamination
monitoring
Carbon ﬁber has a high electrical conductivity; the
epoxy matrix is its insulator. The actual carbon ﬁber
in a unidirectional ply is not straight. The curved carbon
ﬁbers contact one another, comprising a carbon-ﬁber
network within a ply. The contact-network brings nonzero electric conductivity, even in the transverse direction. In the same way, the ﬁber-network produces
non-zero electrical conductivity in the thickness direction in a ply. Electric conductivity in the transverse direction is much lower than that in the ﬁber direction.
The authors [4] and Abry et al. [11] have found experimentally that the electrical conductivity ratio of the
transverse direction (r90) to the ﬁber direction (r0) is
very small, and that the electrical conductivity ratio
of the thickness direction (rt) to the ﬁber direction is
smaller than that of the transverse direction. The examples of the ﬁber volume fractions of 62% and 47% are
shown in Table 1. The results indicate that CFRP laminates have signiﬁcantly strong orthotropic electrical
conductivity, and a small ﬁber volume fraction results
Table 1
Measured electric conductivity of CFRP (after [4])
Vf
0.47
0.62

r0 (S/m)
4600
5500

r90/r0

rt/r0
3

1.1 · 10
3.7 · 102

2.2 · 104
3.8 · 103

in a small electrical conductivity. The electrical conductivity in the thickness direction and the transverse direction decreases signiﬁcantly with a slight decrease in the
ﬁber volume fraction from 62% to 47%.
Although the ﬁber-network structure in the thickness
direction is almost identical to the structure of the
transverse direction in a ply, the through-the-thickness
conductivity rt is smaller than r90 for normal laminates.
That is because thin electrically insulating resin-rich
interlamina exists there. For actual CFRP composites,
however, prepreg plies are serpentine as the ﬁbers in a
ply. The ply curvature induces ﬁber contact through
plies and causes non-zero electrical conductivity in the
thickness direction, even for thick laminated CFRP
laminates. Contact among plies causes non-zero electrical conductivity in the thickness direction. Thus, the r90
is usually larger than the rt. When a crack grows in the
interlamina, the crack breaks the ﬁber-contact-network
between plies. A breakage of the contact network
causes an increased electrical resistance in the CFRP
composites.
Fig. 1 shows a schematic representation of the delamination-monitoring system proposed by the authors.
Equally spaced multiple electrodes are mounted on the
specimen surface, as shown in Fig. 1. All of these electrodes are placed on a single side of the specimen. Usually, it is impossible to place electrodes and lead wires
outside of aircraft structures. The location of electrodes
on the single surface is a model of the placement of electrodes inside a thin-shelled aircraft structure. The authors have performed several FEM analyses and
concluded that the electrical current should be applied
in the ﬁber direction of the surface ply for monitoring
a delamination crack [4]. The electrical resistance change
of each segment between electrodes is measured with a
conventional electrical resistance bridge circuit. The
electrical resistance changes among all segments are
measured for various delamination sizes and locations.
Using the measured data, the relationships between electrical resistance changes and delaminations (location
and length of delaminations) are obtained using the response surfaces. The response surface method is similar
to artiﬁcial neural networks. Usually, quadratic polynomials are adopted to obtain the relationship between the
delamination location and electrical resistance changes
or the relationship between delamination length and
electrical resistance changes. The response surfaces of
quadratic polynomials are employed here since the authors have revealed that the response surfaces are better
than artiﬁcial neural networks for this inverse problem
[2]. After calculations of the response surfaces, the delamination location and length can be estimated with
the obtained response surfaces. The measured electrical
resistance changes are substituted into the response surfaces and the estimated delamination location and
length are obtained from the quadratic polynomials.
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Fig. 1. Schematic representation of normalized electrical resistance change method.

In the case shown in Fig. 1, four electrical resistance changes are measured at four segments (obtained
electrical resistance change: E1, E2, E3 and E4). Many
experiments or calculations must be performed to
make response surfaces for estimations of delamination location and length. Many data sets of delamination location, length and electrical resistance changes
are obtained from experiments or FEM analyses. In
the case of quadratic polynomials, the response surfaces estimating the delamination length (a) are as
follows:
a ¼ ba0 þ ba1 E1 þ ba2 E2 þ ba3 E3 þ ba4 E4 þ ba5 E21 þ ba6 E22
þ
þ

ba7 E23 þ ba8 E24 þ ba9 E1 E2 þ ba10 E1 E3
ba12 E2 E3 þ ba13 E2 E4 þ ba14 E3 E4 ;

þ

0
E1
E2
B
ðe1 ; e2 ; e3 ; e4 Þ ¼ @qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ; qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
2
2
2
2
2
E 1 þ E2 þ E3 þ E 4
E1 þ E22 þ E23 þ E24
1
E3
E4
C
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ; qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃA:
2
2
2
2
2
2
2
2
E 1 þ E 2 þ E 3 þ E4
E1 þ E2 þ E 3 þ E 4
ð2Þ

Using these normalization results, a response surface
for estimating the delamination locations (x) is made
as follows:
x ¼ bx0 þ bx1 e1 þ bx2 e2 þ bx3 e3 þ bx4 e4 þ bx5 e21 þ bx6 e22

ba11 E1 E4

þ bx7 e23 þ bx8 e24 þ bx9 e1 e2 þ bx10 e1 e3 þ bx11 e1 e4
ð1Þ

where all of the coeﬃcients ðbai ; i ¼ 1; . . . ; 14Þ are obtained with the least square errors method [15]. For example, at least 14 sets of electrical resistance changes of
various delamination locations and sizes are required.
Usually, the number of data points in 14 sets is too
small, and two times the number of unknown coeﬃcients is required.
To improve the estimation performance of the delamination location, the normalizations of the measured
electrical resistance change are performed. In the case
of four segments, each measured result is normalized
by means of the norm of the vector of measured electrical resistances. Each element is divided by the square
root sum of all four results as follows:
Before normalization: (E1, E2, E3, E4)
After normalization:

þ bx12 e2 e3 þ bx13 e2 e4 þ bx14 e3 e4 ;

ð3Þ

where all coeﬃcients ðbxi ; i ¼ 1; . . . ; 14Þ are obtained
with the least square errors method as well [15]. The lack
of ﬁt is evaluated with the adjusted coeﬃcient of the
multiple determination R2adj [15]; R2adj is deﬁned as
R2adj ¼ 1 

SS E =ðn  k  1Þ
;
S yy =ðn  1Þ

ð4Þ

where SSE is the square sum of errors, Syy is the total
sum of squares, n is the number of data sets, and k is
the number of unknown coeﬃcients. The value of R2adj
is equal to or lower than 1.0. A higher value of R2adj implies a better ﬁt. When the response surface shows a very
good ﬁt, R2adj approaches 1.0. A good ﬁt of the response
surface means that the response surface gives good estimations for the electrical resistance changes used for the
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regression. Lower R2adj values means poorer estimations
and the error band of the estimated result is wider.
In our previous study, the response surfaces obtained
from the experimental data provided excellent estimations of the delamination locations of beam-type specimens [3] and plate-type specimens [5]. FEM analyses
gave similar results to the experimental results [1,2,4].
Since FEM is convenient for parameter analyses, FEM
analyses are employed here.
Since all of the coeﬃcients can be obtained from the
least square errors method, a lot of experiments or FEM
calculations must be performed to obtain a suﬃcient
number of sets of electrical resistance changes. This is
the main drawback of the method identiﬁed so far.

3. FEM analysis
In the present study, FEM analyses are employed for
investigations. Beam-type specimens were adopted for
FEM analyses of delamination monitoring, as shown
in Fig. 2. The specimen has seven equally spaced electrodes on the surface. Five types of spacing between
electrodes are adopted here: 15, 30, 45, 60 and 75 mm.
Since the spacing is diﬀerent for each type of specimen,
the beam length is diﬀerent in each specimen. The total
length of the beam (L) can be calculated with spacing (S)
as L = 10 + 10 + 6 · S (mm): each outermost electrode
has a fringe of 10 mm in length. The beam thickness is
2 mm. The stacking sequence of the specimen is [0/90] s.
In this study, each ply thickness is ﬁxed at 0.5 mm, four
times larger than the normal prepreg.
Since the diameter of a typical carbon ﬁber is much
smaller than the size of the FEM elements adopted here,
the inhomogeneous orthotropic CFRP composite material is assumed to be a homogeneous orthotropic material for the present FEM analyses. In the thickness
direction, however, the thickness of the resin-rich layer,
which causes lower electrical conductivity compared to
that of the transverse direction, is smaller than the ply
thickness. This introduces the diﬃculty of modeling
electrical conductivity in the thickness direction. In the
present study, four-node-rectangular elements are
adopted for the analysis; each element is approximately
0.0625 mm · 0.25 mm. Since the ply thickness is 0.5 mm,

a ply comprises eight elements in the thickness direction.
This implies that the average electrical conductivity in
the thickness direction in a ply can be obtained by assuming a homogeneous electrical conductivity in the
thickness direction. Therefore, the electrical conductivity in the thickness direction is treated here as being
approximately homogeneous.
The FEM analyses are performed using a commercially available FEM tool named ANSYS. A delamination crack is usually made at the interlayer between 0
ply and 90 ply; it is located opposite the impacted surface. To simulate this delamination location, a delamination crack should be made at the interface near the
inside surface. In this study, the outside surface is the
bottom surface and the inside surface is the top surface,
as in Fig. 2. Therefore, a delamination crack is made at
the interface between the top 0 ply and the middle 90
ply, as shown in Fig. 2. On the delamination crack surface lines, all nodes are doubly deﬁned to represent the
delamination crack surfaces. When a delamination
crack is created, the doubly deﬁned nodes on the delamination crack surfaces are released with each other to
represent the electrical current insulation. For a delamination crack induced in the FEM model, the present
study assumes that the crack mouth is fully opened after
delamination, although an actual delamination crack
has a crack surface contact. This may cause an overestimation in the electrical resistance changes. However,
our previous studies have shown that the FEM results
provide not only very good qualitative analyses but also
similar electrical resistance changes [1–5].
Table 1 shows the electrical conductivity used for the
FEM analysis. To compute the electrical resistance
changes, a direct electric current of 30 mA is charged
from one electrode; also, the electrical voltage of the
other side of the segment is set to 0 V. After computation, the electrical voltage at the electrode is divided by
the electrical current (30 mA) to calculate the electrical
resistance of the segment. After this computation, a delamination is created and a similar computation is conducted to obtain the electrical resistance changes at the
segment. In the present study, since the total number
of electrodes is seven, the total number of segments is six.
Deﬁnitions of the delamination length and location
are also shown in Fig. 2. The delamination location is

Fig. 2. Specimen conﬁguration of beam for FEM analyses (spacing S = 30 mm.)
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90

Estimated location, mm

deﬁned as the location of the center of the delamination
crack from the middle of the specimen. The delamination location in the thickness direction is ignored in
the present study because the laminate is thin.
Various types of delaminations are computed to obtain the electrical resistance changes. The total number
of analyses is 165 for each specimen. Five types of length
of delamination are computed: 5, 10, 20, 30 and 40 mm.
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4. Results and discussion
4.1. Estimations of delamination location

Estimated location, mm
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Fig. 4. Estimated location in case of Vf = 0.621 and spacing between
electrodes S = 30 mm.

90

Fig. 3. Estimated location in case of Vf = 0.472 and spacing between
electrode S = 30 mm.

1
0.8

R adj2

Fig. 3 shows the estimated results of the delamination
location for the case in which the ﬁber volume fraction is
Vf = 0.472 and the spacing between electrodes is
S = 30mm. In this ﬁgure, the abscissa is the given delamination location and the ordinate is the estimated delamination location with the response surface made
from the normalized electrical resistance changes. Almost all of the points are located on the diagonal line,
showing that the estimations are very exact. The R2adj
of this result is 0.996. Most of the estimations are plotted on the diagonal line. The width of the error band is
deﬁned to be the maximum error in the calculated results in the present study. The error band from the diagonal line is very narrow, as shown in Fig. 3.
Fig. 4 shows the estimated results of the delamination
location for the case where the ﬁber volume fraction is
Vf = 0.621 and the spacing between electrodes is
S = 30 mm. The abscissa and the ordinate are the same
as those in Fig. 3. The R2adj of this result is 0.987, and the
value is smaller than that of Fig. 3. The smaller value of
R2adj means a wider error band. Thus, the value of R2adj refers to the ﬁt of the curve and the relative change in the
width of the error band.
Fig. 5 shows the results of R2adj for all cases of both
ﬁber volume fractions. The solid circles represent the

60

-90

0.6

Location
(Vf =0.472)

0.4

Location
(Vf =0.621)

0.2
0
0

30
45
60
75
15
Spacing between electrodes, mm

90

Fig. 5. Results of estimated location due to spacing between
electrodes.

cases for Vf = 0.472 and the open circles represent the
cases for Vf = 0.621. The abscissa is the spacing between
electrodes and the ordinate is the value of R2adj .
For the case where Vf = 0.472, the values of R2adj are
constant at almost 1.0. This means that the error band
width does not increase with increasing spacing between
electrodes. On the other hand, for the case where
Vf = 0.621, the values of R2adj decrease with increasing
spacing between electrodes. This means that the error
band width increases with increasing spacing between
electrodes. Let us check the estimation results of the
worst case of Vf = 0.621 and S = 75 mm. Fig. 6 shows
the results of the estimations. In this ﬁgure, the estimations of the smallest delaminations of length 5 mm are
represented as solid circle symbols, and the other delaminations are shown as open circle symbols. As shown in
this ﬁgure, only the delaminations that are located at the
middle of the segment between electrodes show very
poor estimations. The results of FEM analyses of these
short delaminations at the middle of the segments give
no electrical resistance changes whatsoever. The no electrical resistance changes of short delaminations at the
middle of the segments result in large estimation errors.
If we adopt artiﬁcial neural networks instead of using
the response surfaces, we can surely reduce the error
band for most of the cases by means of a long training
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Estimated location, mm
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0
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Location, mm

90

135

Fig. 6. Estimated location in case of Vf = 0.621 and spacing between
electrodes S = 45 mm.
Fig. 7. Electric current density distribution in case of Vf = 0.621 and
spacing between electrode S = 15 mm.

time of the artiﬁcial neural networks. Our previous
study [2], however, revealed that fully trained neural networks provide poor estimations for new data sets that
are not used for the training of neural networks. This
is similar to the well-known fact that a higher order polynomial can be ﬁt to a higher nonlinear relationship but
may give poor estimations for new data that are not
used for the regression. Since the performance of estimations for the new data cannot be obtained perfectly without calculations of the entire possible cases, we employ
quadratic polynomials as basic functions of the response
surfaces as in our previous paper [2] to reduce the risk of
poor estimations for the new data. Moreover, the previous study reveals that the estimation error of the new
data for the quadratic polynomials is almost within
the same variant as the width of the estimation error
to the regressed sets of data. In the present study, therefore, only regressed sets of data are dealt with, without
mentioning the new data.
To investigate the reason for the disappearance of
electrical resistance changes for small delaminations at
the middle of the segment, the electrical current
density of four typical specimens are plotted as shown in
Figs. 7–10. In these ﬁgures, the abscissa is the location of
the longitudinal axis of the beam-type specimen: The
origin of the location is the middle of the beam specimens. The ordinate is the electrical current density of
the thickness direction at the interface between 0 ply
and 90 ply where a delamination is created.
Fig. 7 shows the results of the case of Vf = 0.621 and
a spacing between electrodes of S = 15 mm. Fig. 8
shows the results of the case of Vf = 0.621 and a spacing
between electrodes of S = 75 mm. In both cases, the
electric current density in the thickness direction is large
under electrodes B and C where the electrical current is
applied. For the short spacing case (see Fig. 7), however,
the electric current density in the thickness direction exists in the entire region, not only in the segment where

Fig. 8. Electric current density distribution in case of Vf = 0.621 and
spacing between electrode S = 75 mm.

the electrical current is applied but also in adjacent segments. For the long-spacing case (see Fig. 8), in contrast, the electrical current density in the thickness
direction does not exist at the middle of the segment
where the electrical current is applied. Fig. 9 shows the
results of the case of Vf = 0.472 and a spacing between
electrodes of S = 15 mm. Fig. 10 shows the results of
the case of Vf = 0.472 and a spacing between electrodes
of S = 75 mm. In these cases, even for the long spacing
case (see Fig. 10), the electrical current density in the
thickness direction exists in the entire region in the segment where the electrical current is applied. The lack of
electrical current at the middle of the segment causes
there to be no electrical resistance changes for small delaminations for the case of Vf = 0.621 and a spacing between electrodes of S = 75 mm.
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Fig. 11. Results of the estimated length due to spacing between
electrodes.

Fig. 9. Electric current density distribution in case of Vf = 0.472 and
spacing between electrode S = 15 mm.

Fig. 12. Estimated length in case of Vf = 0.472 and spacing between
electrodes S = 15 mm (error band 1 mm).

Fig. 10. Electric current density distribution in case of Vf = 0.472 and
spacing between electrode S = 75 mm.

4.2. Estimation of delamination length
The results of R2adj of the response surfaces for the estimations of the delamination length are shown in Fig. 11.
The abscissa is the spacing between electrodes and the
ordinate is the calculated R2adj . For the cases of
Vf = 0.472, the values of R2adj are kept at a high value,
even for the large spacing (S = 75 mm). For the cases
of Vf = 0.621, however, the values of R2adj decrease rapidly with increasing spacing.
Fig. 12 shows the estimated results of the delamination length for the case where the ﬁber volume fraction
is Vf = 0.472 and the spacing between electrodes is
S = 15 mm. In this ﬁgure, the abscissa is the given delamination length and the ordinate is the estimated delamination length with the response surface made from
the electrical resistance changes. The plots on the diagonal line mean that the estimations are very exact. The

R2adj is 0.999 in this case. All of the estimations are plotted on the diagonal line. The error band is deﬁned as the
maximum error of the estimated length from the given
one in the calculated results here. The error band from
the diagonal line is less than 1 mm, as shown in Fig. 12.
Fig. 13 shows the estimated results of delamination
length for the case where the ﬁber volume fraction is
Vf = 0.472 and the spacing between electrodes is
S = 45 mm. The R2adj of this result is 0.9575. Most of
the estimations are plotted around the diagonal line,
but the error band of the estimations is 10 m and the
value is wider than that of Fig. 12. Fig. 14 shows the estimated results of the delamination length for the case
where the ﬁber volume fraction is Vf = 0.472 and the
spacing between electrodes is S = 75 mm. The R2adj of
this result is 0.820. Although most of the estimations
are plotted around the diagonal line, the error band of
the estimations is 17 mm. These ﬁgures show that the increase in spacing causes an increase in the error band for
the estimations of the delamination length, even for the
laminates for which Vf = 0.472.
Fig. 15 shows the estimated results of the delamination length for the case where the ﬁber volume fraction
is Vf = 0.621 and the spacing between electrodes is
S = 15 mm. The R2adj of this result is 0.989. Most of
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Fig. 13. Estimated length in case of Vf = 0.472 and spacing between
electrodes S = 45 mm (error band 10 mm).

the estimations are plotted around the diagonal line.
The error band is only 5 mm, as shown in Fig. 15.
Fig. 16 shows the estimated results of the delamination
length for the case where the ﬁber volume fraction is
Vf = 0.621 and the spacing between electrodes is
S = 45 mm. The R2adj of this result is 0.752. Most of
the estimations are scattered, and the error band is 20
mm. Fig. 17 shows the estimated results of the delamination length for the case where the ﬁber volume fraction
is Vf = 0.621 and the spacing between electrodes is
S = 75 mm. The R2adj of this result is 0.270. Most of
the estimations are highly scattered and the error band
is 22 mm. Although the width of the error band is only
2 mm wider than the case for which S = 45 mm, the estimation performance seems awful, and the response
surface is essentially useless for the estimation of delamination length.
Fig. 18 shows the results of the error bands for various spacings. The abscissa is the given spacing and the
ordinate is the calculated width of the error band.
As shown in this ﬁgure, the width of the error band

Fig. 14. Estimated length in case of Vf = 0.472 and spacing between
electrodes S = 75 mm (error band 17 mm).
Fig. 16. Estimated length in case of Vf = 0.621 and spacing between
electrodes S = 45 mm (error band 20 mm).

Fig. 15. Estimated length in case of Vf = 0.621 and spacing between
electrodes S = 15 mm (error band 5 mm).

Fig. 17. Estimated length in case of Vf = 0.621 and spacing between
electrodes S = 75 mm (error band 22 mm).
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Fig. 18. Results of the estimated error band due to spacing between
electrodes.

increases approximately linearly with increasing spacing, and the slopes of both of the ﬁber volume fractions
are almost the same.
Crantwell and others have shown that the low velocity impact induced a delamination in a CFRP plate [16].
They showed that a delamination of 50 mm2 might
cause a reduction in the compression strength of approximately 20%. Of course, although the size of the delamination depends on the stacking sequence and
materials of the CFRP laminates, the maximum allowable error can be estimated using this result. If we
consider a simple rectangular delamination for a
beam-type specimen, the allowable length is approximately 7 mm (50  7 · 7). The line of error of 7 mm is
shown in Fig. 18 as a dashed horizontal line.
For larger spacings we do not have to prepare many
electrodes on the target CFRP laminate. Therefore, the
larger spacing is better for actual delamination monitoring. The larger spacing, however, gives poor estimations,
as shown in Fig. 18. The cross-points between the
dashed line and the line of the error band shows that
the appropriate spacing is 15 mm for laminates of
Vf = 0.621, and similarly the appropriate spacing is
45 mm for laminates of Vf = 0.472. The appropriate
spacing depends on the ﬁber volume fraction. A larger
ﬁber volume fraction requires a shorter spacing to obtain a suﬃcient performance in the estimations. That
is because the electrical current density in the thickness
direction depends on the ﬁber volume fraction, as discussed in the previous section.
5. Conclusions
The present study deals with the eﬀect of the spacing
between electrodes for the electrical resistance change
method to identify the delamination locations and
lengths of beam-type specimens. FEM analyses are employed to investigate the eﬀect here. Cross-ply laminates
of CFRP are adopted, and the response surfaces are
used to solve the inverse problems. Two types of ﬁber
volume fractions are investigated. The results obtained
are as follows:
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(1) For the laminates of Vf = 0.472, the estimation performance of the delamination location does not decrease, even for large spacings of 75 mm.
(2) For the laminate of Vf = 0.621, the estimation performance of the delamination location decreases
with increasing spacing between electrodes. This decrease is caused by the poor estimations of the small
delaminations that are located at the middle of the
segment between electrodes.
(3) For both laminates, the estimation performance of
the delamination length decreases with increasing
spacing. For the laminates of Vf = 0.621, the performance signiﬁcantly decreases compared with
the results of Vf = 0.472.
(4) The allowable error for the delamination length estimations depends on the ﬁber volume fractions.
For the laminates of large ﬁber volume fractions,
a smaller spacing between electrodes is required
to maintain a high estimation performance for
identiﬁcations.
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