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Passive Electric Potential CT Method Using Piezoelectric Material for
Identification of Plural Cracks

Daiki Shiozawa', Shiro Kubo?, Takahide Sakagami’ and Masaaki Takagi’

Abstract: The passive electric potential CT (computed
tomography) method using piezoelectric film was ap-
plied to the identification of plural through cracks. The
use of piezoelectric material made it possible to obtain
electric potential field without applying electric current.
For identification of cracks an inverse analysis scheme
based on the least residual method was applied, in which
square sum of residuals is evaluated between the mea-
sured electric potential distributions and those computed
by using the finite element method. The Akaike infor-
mation criterion (AIC) was used to estimate the number
of cracks. Numerical simulations were carried out on the
identification of plural cracks and a single crack. The
location and size of these cracks were quantitatively esti-
mated by the present method. The number of cracks was
correctly estimated, even when the plural cracks were
closely located and the measured electric potential dis-
tribution was similar to that for a single crack.

keyword: Nondestructive evaluation, Crack identifica-
tion, Electric potential CT method, Passive nondestruc-
tive method, Piezoelectric film, Damage monitoring ,
Plural cracks, Inverse analysis, Akaike information cri-
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1 Introduction

Non-destructive and real-time damage monitoring tech-
nique is important for maintenance of structures, such
as power plants, chemical plants, aircrafts, space struc-
tures and bridges. Non-destructive crack identification is
recognized as a domain/boundary inverse problem (see
Kubo 1988), which deals with the estimation of an un-
known boundary. Conventional NDT (non-destructive
testing) methods, such as ultrasonic method, radiation
method, electric potential method may not be applied for
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the purpose, since they have some limitations in their ap-
plications for automatic inspection, non-contact inspec-
tion or remote inspection in severe environment. The in-
telligent structures (see Crawley 1987) provide us contin-
uous and real-time signals concerning damage initiation
and propagation, and then have a function of self-damage
detection and monitoring and contribute to prevention of
catastrophic failure of the structure. With the use of es-
timated crack size, shape and location, evaluation of fac-
ture mechanics parameters can be made (see for exam-
ple, So et al. 2004, Guo and Naim 2004, Chen and Chen
2005, Sladek et al. 2005)

Piezoelectric film is a sensing device that generates an
electrical charge proportional to a change in mechanical
strain. Several investigations have been conducted on the
development of intelligent structures using piezoelectric
materials. Galea et al. (1993) showed the possibility of
the use of piezoelectric PVDF (poly vinylidene fluoride)
film as a sensing device for detecting and monitoring
damages in composite materials. Yinetal. (1995) carried
out numerical analyses to demonstrate the feasibility of
applying PVDF film for damage detection in composites.
Li and some of the present authors (2000) made theoret-
ical and numerical investigation on the development of
crack identification technique for the structures on which
piezoelectric material was installed.

Some of the present authors (Kubo et al. 1986, 1991,
Sakagami et al. 1988) proposed the active electric po-
tential CT (computed tomography) method for quantita-
tive identification of two- and three-dimensional cracks,
by applying inverse analyses to electric potential distri-
butions observed under electric current application. The
passive electric potential CT method, which did not re-
quire the application of electric current, was also pro-
posed by gluing piezoelectric film on a cracked body sub-
jected to mechanical load (Shiozawa et al. 2002). In this
method the quantitative crack identification was made
from the distribution of electric potential observed on the
surface of piezoelectric film. Numerical simulations and
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experiments showed the applicability of the method to
the identification of a single crack (Shiozawa et al. 2002,
20044a, 2004b).

In this paper, the applicability of the method to the iden-
tification of plural cracks is examined. The effects of the
distance between cracks, crack location and crack size
on the electric potential distribution are investigated by
the finite element analyses. Numerical simulations are
carried out on the estimation of location, size and the
number of plural through cracks, based on the inverse
analyses.

2 Analysis of Electric Potential Distributions

2.1 Method of Analysis

When piezoelectric film is glued on the surface of
cracked plate subjected to mechanical load, a change in
electric potential distribution is observed on the surface
of piezoelectric film. The FEM (finite element method)
computer analysis scheme was developed for coupled
elastic and electric potential problem to investigate the
relationship between crack parameters and electric po-
tential distribution on the piezoelectric film. The gov-
erning equations of the coupled strain field and electric
filed of piezoelectric material can be written as (see IEEE
1978);

{6} =[C]{e} ~[¢]' {E} ()
{D} = [e]{e} +[g] {E} 2)

where {6} and {€} are stress and strain vectors, [C], [e]
and [g] are stiffness matrix, piezoelectric coefficient ma-
trix and dielectric constant matrix, respectively. {E} is
electric field vector. {D} is electric displacement vector.
The static FEM equations, based on Egs. (1) and (2), are
obtained as,

[Ku{d} + [Kupl {6} = {F}
[Kuol{d} + [Koo] {0} = {Q}

where [K,,], [K,¢] and [Kyy] are the mass matrix, dis-
placement electric stiffness matrix and electric stiffness
matrix, respectively. {d}, {¢}, {F} and {Q} are the dis-
placement vector, the electric potential vector, the me-
chanical load vector and the electric load vector, respec-
tively.

3)

From Eq. (3), coupled property between an elastic field
and an electric potential field is given in [K,;].
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The present method can be applied to structures or com-
ponents subjected to mechanical load, which gives rise
to electric potential change on the piezoelectric film. A
simple model containing plural through cracks subjected
to uniform tension shown in Fig. 1 is employed for sim-
ulations. This model consists of an elastic substrate ma-
terial made of A2024 aluminum alloy and a piezoelectric
film. PVDF (poly vinylidene fluoride) film was used as
the piezoelectric film.

Piezoelectric film (PVDF)
Crack hy

I Elastic substrate material
T (A2024)

(a) Geometry of model

Z A
[
N
o
(0] X
Xqe
XZC

(b) Crack parameters

Figure 1 : Model of plural cracks used in analyses (di-
mensions in mm)

Crack parameters are chosen as follows: a is half length
of the crack, & is crack depth from top surface of the
plate, and xj. and xp. designate crack location of the
cracks in the x-direction. For simplicity the lengths, and
also the depths, of the plural cracks are assumed to be
equal. The properties of the piezoelectric material are
shown in Table 1 (Tashiro et al. 1981). Young’s modu-
lus E,;,, shear modulus G,,, Poisson’s ratio v,, and density
pm of A2024 aluminum alloy used as a substrate material
are shown in Table 2. It was assumed that the potential
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Table 1 : Properties of the piezoelectric film
C11 3.61
C12 1.61
Elastic properties (x 10°N/m?) €13 1.42
C33 1.60
C44 0.550
€3] 42.0
Piezoelectric properties (x 1073C/m?) | e33 -6.0
€15 -59.0
. . . —12 g] 1 1063
Dielectric properties (x10™'“C/Vm) P 1063
Density (10°kg/m?) p 1.75
Thickness (mm) Lpiezo 0.04
Table 2 : Properties of the elastic substrate material (A2024 aluminum alloy)
E,, Gn Vin P
72.4 (GPa) 27.1 (GPa) 0.33 2.77 (10°kg/m?)
on the interface between the elastic material and PVDF 10 o
1 eak - (aa h)=(1’ 2)
film is 0. The load was set to be 1960 (N). P @ 2. 2)
8 al _ == (a, B=(3,2)
—~ " N SN Ni k
2.2 Electric Potential Distributions (< I'l \'\_\ / \‘\ o e
.ﬁ - AN ’!' N
Effects of crack length a and crack depth / on the elec- £ 6 g ,,/' SN N \\
tric potential distribution in the case that the plate has % & /'// g \\\.\
only one crack are shown in Figs. 2 and 3, respectively g 4[ A e SN
(Shiozawa et al. 2004a). As is seen in the figures the g
distribution has two peaks taking a peak value of ¢.y. 2L
The distribution is symmetrical with respect to the line
of the crack, and therefore, the location of local mini-
mum between the two peaks of potential coincides with 00 5 10 15 20 25

the location of crack. The peak value of electric potential
Omax increases with increase in crack length a.

When the plate has two cracks, the distance between the
cracks (xp.- x1.) has significant effect on the distribution
of electric potential distribution. Figure 4 examines the
effect of the distance between plural cracks keeping the
length a and depth & constant. When the cracks are lo-
cated apart, there are two peaks on the electric potential
distribution near each of the cracks, and in total there are
four peaks. When the cracks are located closer as in the
case of x;.=13 and x;,=16 shown by a chained line in
Fig. 4, the number of the peaks on the electric potential
distributions is reduced to three. When the cracks are lo-

Location, x (mm)

Figure 2 : Effect of crack length a on electric potential
distributions for a plate with a single crack

cated much closer as in the cases of xi.=14 and x,.=16,
or x1.=15 and x,.=16, the number of the peaks on the
electric potential distributions is reduced to two and is
similar to that for a single crack shown by a dotted line
in the figure. Then it is not possible to judge whether the
number of cracks is 1 or 2 from the number of the peaks
on the electric potential distribution.
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Figure 5 : Effect of crack length a on electric potential
distributions for a plate having plural cracks with depth
of h=3 located at x;.=14 and x,.=16.

Examples of effects of crack length a and crack depth &
on the electric potential distribution for a plate with plu-
ral cracks are shown in Figs. 5 and 6, respectively. As is
seen in the figures the peaks in the electric potential dis-
tributions are pronounced for large values of crack length
a and for small values of crack depth A.

3 Inverse Analysis for Crack Identification

As the inverse analysis method for identification of
cracks, the least residual method was applied (Kubo et
al. 1986). In this method, computed values ¢(°) are com-
pared with the measured valuesgd™ to determine the
most plausible crack location and size. As a criterion
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Figure 4 : Effect of distance between cracks (xp. — x1¢)
on electric potential distributions for a plate with plural
cracks with length of a=2 and depth of A=3.
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Figure 6 : Effect of crack depth 4 on electric potential
distributions for a plate having plural cracks with length
of a=2 located at x;.,=14 and x,.=16.

for crack identification the following square sum R of
residuals is calculated.

“)

Here ¢§’") denotes measured electric potential value at
the i-th measuring point, and (])Sc)(a, h, x1¢, X3¢) denotes
the electric potential values at the i-th measuring point
computed by the FEM, in which crack parameters are as-
sumed to be a, h, x1. and x,.. The values of a, h, x1. and
X are denoted in mm. M is the total number of measur-
ing points. The combination of crack location and size,
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Table 3 : Parameters of cracks used in the numerical simulations of crack identification

Crack parameters
A h Xlc X2¢
Crack 1 2.4 39 11.3 274
Plural cracks Crack 2 2.4 39 13.2 17.7
Crack 3 24 39 13.7 16.6
Single crack Crack 4 24 39 16.2 —

31

which minimized R;, was employed as the most plausi-
ble one among all the assumed combinations of the crack
location and size.

For effective inverse analysis, the following hierarchical
calculation steps were introduced.

In the first step, crack parameters are roughly estimated.
The crack location in the x-direction xj. (j=1, ..., n.) is
determined from the location of local minimum between
two peaks in the electric potential distribution. Here n,
denotes the number of cracks. In the estimation of a
and h, R,is calculated for the combinations of three crack
lengths and three crack depths. It is assumed that R; is
approximated by the following quadratic function of a
and h.

Ry(a,h,x;c) — A+ Ba+ Cah+Da* + Eh+ Fh? 5)

Coefficients A, B, C, D, E and F are determined by the
least-squares method from the values of R, for the com-
binations of three crack lengths and three crack depths.
The combination of a and A, which minimized this ap-
proximate function for Ry, is employed as the plausible
combination in the rough estimation of crack parameters.

In the second step, the combination of crack parameters,
which gives the minimum Rj, is searched by using the
modified Powell optimization method (Zangwill 1964).
The crack parameters obtained in the above rough esti-
mation are used as the initial values of the crack parame-
ters for the modified Powell method.

To estimate the number of cracks the Akaike informa-
tion criterion (AIC) (Akaike 1978) was used (Kubo et al.
1997). AIC is a measure for evaluating the fitness of the
model based on the Bayes procedure. AIC is defined by
the following equation for the present problem.

AIC =N log,(Rs;/N)+2P (6)

Here N denotes the total number of measurements and P

is the number of crack parameters. The number of cracks
giving the smallest value of AIC is taken as the plausible
one.

4 Numerical Simulation of Crack Identification

4.1 Cracks and Electric Potential Distributions Used
in the Simulations

Numerical simulations are made for three types of plu-
ral cracks and a single crack, whose crack parameters
are shown in Table 3. Three types of plural cracks, i.e.
Cracks 1, 2 and 3 are used. To examine the applicability
of the AIC to the estimation of the number of cracks a
single crack, Crack 4, is also included in the crack mod-
els of simulations. To simulate the experimental acqui-
sition of potential (])fm), artificial noise was added to the
computed values obtained by the FEM. As the noise lev-
els, 0.5%, 1.0% and 3.0% were selected. Artificial noise
was introduced using a uniform random number. On the
surface of PVDF film, electric potential was measured
at points placed with an interval of 0.5 (mm). The total
number of measurements N is equal to 61 for Cracks 2,
3 and 4, and is 81 for Crack 1.

The electric potential distributions for Crack 1 through 4
are shown in Fig. 7. For Crack 1 the distance between
the plural cracks are so large that there are 4 peaks in the
electric potential distributions. For Crack 2 the distance
is smaller and the number of the peaks is reduced to 3
due to the interference of peaks of electric potential dis-
tributions. For Crack 3 the distance is further smaller and
there are only 2 peaks in the electric potential distribution
as for Crack 4, which is a single crack.

4.2 Results of Identification

The crack parameters were estimated using the least
residual method with the modified Powell method assum-
ing that the cracks were single or plural. The number of
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Figure 7 : Electric potential distributions for cracks 1, 2,
3 and 4.

cracks was estimated using AIC. The results of rough es-
timate of crack parameters when the cracks are assumed
to be single and plural are shown for Cracks 1, 2, 3 and
4 in Tables 4, 5, 6 and 7, respectively. The results of
detailed estimated of crack parameters when the cracks
are assumed to be single and plural are shown with the
values of residual Ry and AIC for Cracks 1, 2, 3 and 4
in Tables 8, 9, 10 and 11, respectively. The geometries
of estimated cracks and actual ones are shown in Figs. 8
through 11. In these figures actual cracks are shown by
solid lines. Estimated cracks assuming a single and plu-
ral cracks are shown by dashed lines and chained lines,
respectively.

By comparing Tables 4 through 7 with Tables 8 through
11, it is seen that the estimation of the crack parameters
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Figure 9 : Geometries of estimated and actual cracks in
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Figure 11 : Geometries of estimated and actual cracks in
the identification of Crack 4

is made effectively by applying the hierarchical scheme.
For plural cracks, i.e. Cracks 1, 2 and 3, the value of AIC
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Table 4 : Rough estimate of crack parameters from the electric potential distributions
in the identification of Crack 1

Noise level Crack parameters
Crack type a h Xle X2¢
Actual 24 39 11.3 274
0.5 % 1.469 2.995 11.0 27.5
Plural cracks 1.0 % 1.470 2.995 11.0 27.5
3.0 % 1.465 2.987 11.0 27.5

Table 5 : Rough estimate of crack parameters from the electric potential distributions
in the identification of Crack 2

) Crack parameters
Crack type Noise level =) h Xle X2¢
Actual 24 39 13.2 17.7
0.5% 1.472 3.537 15.5 -
Single cracks 1.0 % 1.472 3.537 15.5 -
3.0 % 1.469 3.540 15.5 -
0.5 % 1.503 3.047 13.0 18.0
Plural cracks 1.0 % 1.503 3.603 13.0 18.0
3.0 % 1.506 3.601 13.0 18.0

Table 6 : Rough estimate of crack parameters from the electric potential distributions
in the identification of Crack 3

Noise level Crack parameters

Crack type a h Xle Xo¢
Actual 24 39 13.7 16.6
0.5 % 1.493 3.574 15.5 -

Single cracks 1.0 % 1.492 3.573 15.5 -
3.0 % 1.495 3.570 15.5 -
0.5 % 1.523 3.073 14.0 17.0

Plural cracks 1.0 % 1.498 3.589 14.0 17.0
3.0 % 1.495 3.592 14.0 17.0

Table 7 : Rough estimate of crack parameters from the electric potential distributions
in the identification of Crack 4

. Crack parameters
Crack type Noise level =) h Xle X2¢
Actual 24 39 16.2 -
0.5 % 1.462 3.526 16.0 -
Single cracks 1.0 % 1.462 3.526 16.0 -
3.0 % 1.465 3.526 16.0 -
0.5 % 1.484 3.586 15.0 17.0
Plural cracks 1.0 % 1.484 3.586 15.0 17.0
3.0 % 1.484 3.586 15.0 17.0
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Table 8 : Detailed estimate of crack parameters from the electric potential distributions
in the identification of Crack 1

. Crack parameters
Noise level
Crack type a h Xle X2c R,
Actual 2.4 3.9 11.3 27.4
0.5 % 2.389 3.905 11.26 27.39 0.0721
Plural cracks 1.0 % 2.391 3.898 11.28 27.38 0.1606
3.0% 2.432 3.849 11.30 27.40 1.841

Table 9 : Detailed estimate of crack parameters from the electric potential distributions
in the identification of Crack 2

Noise level Crack parameters
Crack type a h Xie X2¢ R, AIC
Actual 2.4 3.9 13.2 17.7
0.5 % 1.511 4.122 17.87 10.88 99
Single crack 1.0 % 1.522 4.141 17.78 11.12 98
3.0 % 1.407 3.971 18.00 11.67 95
0.5 % 2.400 3.902 13.18 17.71 0.037 444
Plural cracks 1.0 % 2.408 3.893 13.19 17.68 0.175 349
3.0% 2.390 3.893 13.23 17.71 1.269 228

Table 10 : Detailed estimate of crack parameters from the electric potential distributions
in the identification of Crack 3

Noise level Crack parameters
Crack type a h Xie X2¢ R, AIC
Actual 24 39 13.7 16.6
0.5 % 2.180 4.030 15.18 3.362 171
Single crack 1.0 % 2.190 4.030 15.16 3.536 168
3.0 % 2.215 4.043 15.11 3493 147
0.5 % 2.396 3.902 13.69 16.59 0.039 440
Plural cracks 1.0 % 2.404 3.895 13.71 16.61 0.174 350
3.0 % 2.430 3.890 13.66 16.59 1.470 219

Table 11 : Detailed estimate of crack parameters from the electric potential distributions
in the identification of Crack 4

Noise level Crack parameters
Crack type a h Xie X2¢ R, AIC
Actual 24 39 16.2
0.5 % 2.403 3.901 16.19 0.041 440
Single crack 1.0 % 2.405 3.899 16.20 0.134 367
3.0 % 2412 3.890 16.30 1.524 219
0.5 % 2.380 3.940 15.86 16.52 0.060 415
Plural cracks 1.0 % 2.378 3.940 15.81 16.56 0.169 351
3.0 % 2.382 3.931 15.87 16.74 1.529 217
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assuming the cracks are plural is smaller than that assum-
ing the cracks are single, indicating that the estimated
number of cracks is 2. This is the case even for Crack
3, for which the number of peaks in the electric poten-
tial distributions is 2 as in the case of a single crack. For
Crack 4, which is the single crack, the values of residual
R, assuming a single crack and plural cracks are close,
especially when the noise level is high. The value of
AIC assuming the cracks are plural is larger than that
assuming that the cracks are single, indicating that the
estimated number of cracks is 1. Thus the number of the
cracks is correctly estimated based on AIC.

It is seen from these tables and figures that the crack pa-
rameters are estimated with good accuracies, even when
the noise level is 3%. Experimental investigations (Sh-
iozawa et al. 2002) showed that the noise level was
around several percent when a non-contact type measure-
ment system was applied.

In our related papers the passive electric potential
CT method was applied to the identification of three-
dimensional surface crack (Shiozawa et al. 2002b) and
to the identification of delamination in CFRP composites
(Shiozawa et al. 2003, Nakatani et al. 2005), and the
usefulness of the method was shown.

5 Conclusions

The passive electric potential CT method using piezo-
electric film was applied to the identification of plural
through cracks. In this method cracks are identified based
on the inverse analysis using the least residual method
from the electric potential distribution observed on piezo-
electric PVDF film glued on cracked plate subjected to
mechanical load. The number of cracks was estimated
using the Akaike information criterion (AIC). Numerical
simulations of identification of plural cracks and a sin-
gle crack were carried out. Crack parameters were esti-
mated with good accuracies up to the noise level of 3% in
the observed electric potential distribution. The number
of cracks was correctly estimated, even when the cracks
were closely located and the number of peaks in the elec-
tric potential distribution was the same with that for a
single crack.
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