
 http://shm.sagepub.com/
Structural Health Monitoring

 http://shm.sagepub.com/content/11/6/671
The online version of this article can be found at:

 
DOI: 10.1177/1475921712451954

 2012 11: 671 originally published online 9 July 2012Structural Health Monitoring
Matthieu Gresil, Lingyu Yu, Victor Giurgiutiu and Michael Sutton

Predictive modeling of electromechanical impedance spectroscopy for composite materials
 
 

Published by:

 http://www.sagepublications.com

 can be found at:Structural Health MonitoringAdditional services and information for 
 
 
 

 
 http://shm.sagepub.com/cgi/alertsEmail Alerts: 

 

 http://shm.sagepub.com/subscriptionsSubscriptions:  

 http://www.sagepub.com/journalsReprints.navReprints: 
 

 http://www.sagepub.com/journalsPermissions.navPermissions: 
 

 http://shm.sagepub.com/content/11/6/671.refs.htmlCitations: 
 

 What is This?
 

- Jul 9, 2012OnlineFirst Version of Record 
 

- Nov 5, 2012Version of Record >> 

 at UNIVERSITY OF SOUTH CAROLINA on June 30, 2014shm.sagepub.comDownloaded from  at UNIVERSITY OF SOUTH CAROLINA on June 30, 2014shm.sagepub.comDownloaded from 

http://shm.sagepub.com/
http://shm.sagepub.com/content/11/6/671
http://www.sagepublications.com
http://shm.sagepub.com/cgi/alerts
http://shm.sagepub.com/subscriptions
http://www.sagepub.com/journalsReprints.nav
http://www.sagepub.com/journalsPermissions.nav
http://shm.sagepub.com/content/11/6/671.refs.html
http://shm.sagepub.com/content/11/6/671.full.pdf
http://shm.sagepub.com/content/early/2012/07/06/1475921712451954.full.pdf
http://online.sagepub.com/site/sphelp/vorhelp.xhtml
http://shm.sagepub.com/
http://shm.sagepub.com/


Article

Structural Health Monitoring

11(6) 671–683

� The Author(s) 2012

Reprints and permissions:

sagepub.co.uk/journalsPermissions.nav

DOI: 10.1177/1475921712451954

shm.sagepub.com
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spectroscopy for composite materials

Matthieu Gresil, Lingyu Yu, Victor Giurgiutiu and Michael Sutton

Abstract
The advancement of composite materials in aircraft structures has led to an increased need for effective structural health
monitoring technologies that are able to detect and assess damage present in composite structures. The study presented
in this article is interested in understanding self-sensing piezoelectric wafer sensors to conduct electromechanical impe-
dance spectroscopy in glass fiber reinforced polymer composite to perform structural health monitoring. For this objec-
tive, multi-physics-based finite element method is used to model the electromechanical behavior of a free piezoelectric
wafer active sensor and its interaction with the host structure on which it is bonded. The multi-physics-based modeling
permits the input and output variables to be expressed directly in electric terms, while the two-way electromechanical
conversion is done internally in the multi-physics-based finite element method formulation. The impedance responses
are also studied in conditions when the sensor bonding layer is subject to degradation and when the sensor itself is sub-
jected to breakage, respectively. To reach the goal of using the electromechanical impedance spectroscopy approach to
detect damage, several damage models are generated on simplified orthotropic structure and laminated glass fiber rein-
forced polymer structures. The effects of the modeling are carefully studied through experimental validation. A good
match has been observed for low and high frequencies.

Keywords
Electromechanical impedance spectroscopy, composite materials, finite element modeling, structural health monitoring,
piezoelectric wafer active sensors

Introduction

Electromechanical impedance spectroscopy (EMIS)
using self-sensing piezoelectric wafer active sensors
(PWASs) has been shown as an effective structural
health monitoring (SHM) technique, and has useful
applications in various fields of engineering: mechani-
cal, aerospace, civil, and others.1 PWAS operates on
piezoelectric principles. When bonded onto the struc-
ture, the electrical impedance measured at its terminals
is coupled with local structural–mechanical impedance
such that the mechanical resonance spectrum of the
structure is reflected in a virtually identical spectrum of
peaks and valleys in the real part of the electro-mechan-
ical (E/M) impedance spectrum. The PWAS–EMIS
method utilizes high-frequency excitations, typically
higher than 30 kHz and lower than 10 MHz, to moni-
tor changes in the structural–mechanical impedance.
The PWASs require very low voltage (;1 V) to pro-
duce high-frequency excitation in the structure.

Over the past decade, substantial efforts have been
devoted to the analytical and numerical modeling of
various aspects of the EMIS method.2–9 However, the
majority of prior studies are focused on fundamental
understanding of the sensor–transduction mechanism
and sensor–structure interaction. Analytical models are
often unsuitable for practical applications because they
only consider simple structures such as beams, plates,
and shells with easy to simulate boundary conditions.
More importantly, most of the previous study is on iso-
tropic (such as metallic) or heterogeneous (such as
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concrete) structures. EMIS applications to orthotropic-
laminated composites have also been studied and dis-
cussed in the literature to a lesser extent.10,11

Subsequent developments in various numerical meth-
ods, such as the finite element method (FEM), were
found to be an ideal alternative.

With the help of powerful commercial software, the
FEM modeling and analysis process is becoming
increasingly efficient. Various FEM models on PWAS–
structure interaction have been proposed since the
1990s. Lalande3 attempted the dynamic FEM of shell
structure using the commercially available software
ANSYS. Good correlation was found between the
FEM results and results from the impedance based on
the analytical model. Lim4 showed reasonably good
comparison of mechanical impedance between the
experiment and the FEM-based impedance model for
an aluminum beam. At low frequency of excitation,
simplification of the PWAS into a force or moment is
normally acceptable. However, at high frequency of
excitation, such as in the application of the EMIS tech-
nique, such simplification could lead to considerable
loss in accuracy. Liu and Giurgiutiu5 compared experi-
mental measurements on a beam structure with the
impedance calculated with both a conventional FEM
model mechanically coupled to the PWAS and a
coupled-field multi-physics-based finite element method
(MP-FEM) model in which the PWAS was directly
excited electrically. The coupled-field FEM model
exhibited closer agreement to the experimental results.

In SHM studies, finite element simulations have
shown the ability to model structural defects and dam-
age. Naidu and Soh6 developed an FEM model of an
elastic beam in which damage was introduced by
changing the stiffness parameters of selected elements.
Natural frequencies of damaged and undamaged
beams were calculated and compared. They indicated
that the effectiveness of the diagnosis method depends
on the location of the PWAS. Among all the preceding
efforts, only a limited number of investigations address
FEM simulation of both EMIS and structural damage
for isotropic material. Modeling of practical structural
diagnostic scenarios remains a challenge.

This article presents finite element modeling of
PWAS EMIS applications on glass fiber reinforced
composite structures. Issues related to energy dissipa-
tion in the piezoelectric sensor and host composite
structure, as well as its effect on detectability of struc-
tural damage are studied using multi-physics-based
models. The MP-FEM implementation allows for the
consideration of the contributions of the active mate-
rial, the adhesive bond, and the structural damage. The
study shows that sensor position may directly control
damage manifestation in EMIS signature; the effect of
adhesive bond thickness is comparable in magnitude to

the effect of bond stiffness; and the influence of piezo-
electric mechanical losses on the impedance signature is
different for damaged and undamaged cases.

EMIS

PWAS can be used as active sensing devices that pro-
vide bidirectional energy transduction from the electro-
nics into the structure and also from the structure back
into the electronics. PWAS can be used as collocated
E/M impedance sensor–actuators that permit effective
modal identification in a wide frequency band.8,12–14 In
an embedded sensing system, the PWAS can be
embedded into the structures by mounting them
directly onto the structure and then leaving them in
place to perform their SHM task (such a thing would
be unthinkable with conventional ultrasonic transdu-
cers, which are bulky, obtrusive, and expensive)
(Figure 1).

The PWAS electromechanical impedance method

For a linear piezoelectric material, the relation between
the electrical and the mechanical variables can be
described by linear relations

S

D

� �
=

sE dt

d eT

� �
T

E

� �
ð1Þ

where S is the mechanical strain, T is the mechanical
stress, E is the electric field, D is the charge density, s is
the mechanical compliance, d is the piezoelectric strain
constant, and e is the permittivity. The superscripts E
and T indicate that these quantities are measured with
electrodes connected together and zero stress, respec-
tively, and the subscript t indicates transpose. The first
equation describes the converse piezoelectric effect and
the second describes the direct effect.

The principles of E/M impedance method are illu-
strated in Figure 2. The drive-point impedance pre-
sented by the structure to the active sensor can be
expressed as the frequency dependent variable

Figure 1. Interaction between the PWAS and the structure.
PWAS: piezoelectric wafer active sensor.
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Zstr vð Þ= kstr vð Þ=jv = ke vð Þ � v2
m vð Þ+ jvce vð Þ. Through

the mechanical coupling between PWAS and the host
structure, on one hand, and through the E/M transduc-
tion inside the PWAS, on the other hand, the drive-
point structural impedance is reflected directly in the
electrical impedance, Z(v), at the PWAS terminals

Z(v) = jvc 1� k2
31

x(v)

1 + x(v)

� �� ��1

ð2Þ

where c is the zero-load capacitance of the PWAS and
k31 is the E/M cross coupling coefficient of the PWAS
(k31 = d31=

ffiffiffiffiffiffiffiffiffiffiffi
�s11�e33

p
), and x(v) = kstr=kPWAS with kPWAS

being the static stiffness of the PWAS.

PWAS EMIS experimental measurement

The E/M impedance SHM method is direct and easy to
implement, the only required equipment being an elec-
trical impedance analyzer, such as the HP 4192A impe-
dance analyzer. An example of performing PWAS E/M
impedance spectroscopy is presented in Figure 3. The
HP 4194A impedance analyzer (Figure 3(a)) reads the
in situ E/M impedance of the PWAS attached to a spe-
cimen. It is applied by scanning a predetermined fre-
quency range in the high kilohertz band (up to 15
MHz) and recording the complex impedance spectrum.

During a frequency sweep, the real part of the E/M
impedance, Re½Z(v)�, follows the up and down varia-
tion as the structural impedance goes through the
peaks and valleys of the structural resonances and anti-
resonances (Figure 3(b)). By comparing the real part of
the impedance spectra taken at various times during
the service life of a structure, meaningful information
can be extracted pertinent to structural degradation
and ongoing damage development. On the other hand,
analysis of the impedance spectrum supplies important
information about the PWAS integrity. The frequency
range used in the E/M impedance method must be high
enough for the signal wavelength to be significantly
smaller than the defect size. From this point of view,
the high-frequency EMIS method differs from the low-
frequency modal analysis approaches.

PWAS EMIS modeling on composite

The first part of this section presents the MP-FEM
model of a free PWAS in order to illustrate the EMIS
calculation with the MP-FEM method. Then, we will
describe how the MP-FEM modeling is used to study a
PWAS mounted on a composite structure.

Free PWAS model

A free PWAS has been modeled without the presence
of the host structure in order to have a fundamental
understanding of the multi-physics-based modeling
approach and its efficiency using ANSYS multi-physics
software with the implicit solver in the frequency
domain. To perform the coupled-field analysis of
PWAS transducers, we used coupled-field elements,
which could deal with both mechanical and electrical
fields. In the physics-based coupled-field analysis of
piezoelectric materials, the stress field and the electric
field are coupled to each other such that change in
one field will induce change in the other field. The

Figure 3. An example of measured impedance spectrum.

Figure 2. E/M coupling between PWAS and structure for an
1D dynamic model.
1D: one-dimensional.
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coupled-field finite elements used in our analysis are the
brick elements (SOLID5, SOLID226) that have 8 or 20
nodes with up to six degrees of freedom (DOF) at each
node. When used for piezoelectric analysis, an addi-
tional DOF, the electric voltage can be added in addi-
tion to the displacement DOF. Reaction forces FX,
FY, and FZ correspond to the X, Y, and Z displace-
ment DOF, respectively. The electrical charge Q is the
electrical reaction corresponding to the voltage DOF.
The charge Q is then used to calculate the admittance
and impedance data. The admittance Y is calculated as
I/V, where I is the current in ampere and V is the
applied potential voltage in volts. The current comes
from the charge accumulated on the PWAS surface
electrodes and is calculated as I = jv

P
Qi, with v being

the operating frequency, j is the complex number, andP
Qi is the summed nodal charge. In this study, the

PWAS was modeled using the three-dimensional (3D)
MP-FEM approach with SOLID5 and SOLID226 ele-
ments. SOLID5 is a coupled-field brick with 8 nodes
and up to six DOF per node, while SOLID226 has 20
nodes with up to four DOF per node. A free square-
shaped PWAS of dimension 7 3 7 3 0.2 mm3 was mod-
eled. The APC-850 material properties were assigned to
the PWAS as follows

Cp =

97 49 49 0 0 0

49 97 44 0 0 0

49 49 84 0 0 0

0 0 0 24 0 0

0 0 0 0 22 0

0 0 0 0 0 22

2
6666664

3
7777775
GPa ð3Þ

ep

� �
=

947 0 0

0 605 0

0 0 947

2
4

3
5310�8 F=m ð4Þ

ep

� �
=

0 0 0 0 12:84 0

0 0 0 12:84 0 0

�8:02 �8:02 18:31 0 0 0

2
4

3
5C=m2

ð5Þ

where ½Cp� is the stiffness matrix, ½ep� is the dielectric
matrix, and ½ep� is the piezoelectric matrix. The density
of the PWAS material is assumed to be r = 7600kg=m3.

Spectra from simulation and experiment of the free
PWAS sweeping from 1 to 1000 kHz are presented in
Figure 4. Globally, good matching is observed, but
some differences are visible especially for the first reso-
nance at ;250 kHz. Small differences are expected in
the numerical response when compared to the experi-
mental impedance because the wiring was not modeled
and unavoidable and measuring errors may also occur.
Nonetheless, this comparison illustrates that reasonable
agreement can be obtained when MP-FEM method is
used, which is an important improvement over the use

of the conventional FEM method or the analytical
models.

PWAS EMIS model on orthotropic composite

In MP-FEM approach, the mechanical coupling
between the structure and the sensor is implemented by
specifying boundary conditions of the sensor, while the
electromechanical coupling is modeled by multi-physics
equations for the piezoelectric material. The first cou-
pling allows the mechanical response sensed by the
piezoelectric element to be reflected in its electric signa-
ture composite. The glass fiber reinforced polymer
(GFRP) structure considered in this study is modeled
as a homogeneous orthotropic material with assumed
density r = 1960kg=m3. The stiffness matrix C is esti-
mated as

C =

28:7 5:7 3 0 0 0

5:7 28:7 3 0 0 0

3 3 12:6 0 0 0

0 0 0 4:1 0 0

0 0 0 0 4:9 0

0 0 0 0 0 4:9

2
6666664

3
7777775
GPa ð6Þ

Structural damping effects. To simulate structural damp-
ing, stiffness-proportional or mass-proportional damp-
ing can be introduced in the frequency domain models
of most FEM packages. This Rayleigh damping is
defined as

C½ �= aM M½ �+ bK K½ � ð7Þ

Figure 4. PWAS EMIS obtained from MP-FEM and measured
from HP 4194 equipment, respectively.
PWAS: piezoelectric wafer active sensor; EMIS: electromechanical

impedance spectroscopy; MP-FEM: multi-physics-based finite element

method.
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where aM and bk are the mass- and stiffness-
proportionality coefficients. The mass-proportional
damping coefficient aM introduces damping forces
caused by the absolute velocities of the model and so
simulates the idea of the model moving through a vis-
cous ‘‘medium.’’ The units of aM are ‘‘1/time.’’ The
stiffness-proportional damping coefficient bk intro-
duces damping proportional to the strain rate, which
can be thought of as damping associated with the mate-
rial itself. The units of bk are ‘‘time.’’ In this study, the
mass damping coefficients and the stiffness damping
coefficients of the GFRP material were taken as a = 0:2
and b = 10�8, respectively.15 With the application of
this principle, the coupled-field FEM matrix element
can be expressed as follows16,17

M½ � 0½ �
0½ � 0½ �

� �
€uf g
€V
	 
� �

+
C½ � 0½ �
0½ � 0½ �

� �
_uf g
_V

	 
� �

+
K½ � KZ½ �

KZ½ �T Kd
� �

� �
uf g
Vf g

� �
=

Ff g
Lf g

� �
ð8Þ

where [M], [C], and [K] are the structural mass, damp-
ing, and stiffness matrices, respectively; {u} and {V} are
the vectors of nodal displacement and electric potential,
respectively, with the dot above variables denoting time
derivative; {F} is the force vector; {L} is the vector of
nodal, surface, and body charges; {KZ} is the piezoelec-
tric coupling matrix; and [Kd] is the dielectric
conductivity.

This formulation is very convenient for evaluating
the admittance signatures as it is measured by the impe-
dance analyzer in the EMIS technique. The complex
admittance signature, which is the ratio of electric cur-
rent to voltage, can be expressed as �Y = �I=�V , with �V as
the voltage applied by the impedance analyzer (1 V in
our case) and �I as the modulated current, with the bars
above the variables indicating complex terms.

The GFRP composite beam specimen dimensions
are 60 3 1 mm2 and the PWAS 7 3 0.2 mm2. For a
plane-strain analysis, only a longitudinal section of the
specimen and PWAS need be analyzed; hence, a two-
dimensional (2D)-meshed MP-FEMmodel can be used,
which reduces considerably the computational time.
The 2D plane element PLANE82 is used for the GFRP
beam; this element has eight nodes and three DOF at
each node. The 2D plane element PLANE223 is used to
model the PWAS using the coupled-field formulation
presented in the section ‘‘PWAS EMIS model on ortho-
tropic composite.’’ Then, the impedance spectrum up to
1 MHz was calculated.

Figure 5 shows the comparison of the real part of
the impedance against the frequency, with and without
the structural damping. It can be seen that addition of
damping increases the off-resonance base of the

spectrum while decreasing the resonance peaks. This
attenuation increases with frequency as illustrated by
the difference observed in high-frequency range above
600 kHz. Based on the initial investigation, we adjusted
the damping coefficients assumed in the rest of this
study to match actual measurements.

Bonding adhesive layer effects. For PWAS–structure inter-
action, the mechanical deformation of the PWAS
transducer is transferred to the host structure through
the bonding adhesive layer. The transferred shear force
has been found to correlate with the bonding layer
thickness.1 In our study, a 30-mm thick isotropic bond-
ing layer is considered. The density, Young’s modulus,
and Poisson ratio of the bonding layer were taken as
r = 1700 kg=m3, E = 5GPa, and n = 0:4 as recommended
by Ong et al.18 Two models are developed and com-
pared. The first model has the PWAS directly con-
nected to the structure without adhesive, while the
second model incorporates the bonding layer as a third
sub-structure. The resulting impedance spectra are
given in Figure 6. It is apparent that the effect of the
bonding layer becomes more important as the fre-
quency increases; for lower frequencies, the effect of
adding the bonding layer is hardly perceptible.

PWAS self-diagnosis: bonding degradation. Park et al.19 pre-
sented a sensor diagnosis and validation process that
performs in situ monitoring of the operational status of
PWASs installed on isotropic metallic structures with-
out damping. It was found that the sensor–structure
bonding defects can modify the measured admittance
and impedance spectra. We modeled this situation with

Figure 5. Damping effect in the PWAS–orthotropic composite
structure interaction model.
PWAS: piezoelectric wafer active sensor.
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the MP-FEM method as shown in Figure 7. It is seen
that the PWAS admittance moves upward when the
physical situation changes from bonded condition to
free condition. In reality, when PWAS disbonds from
an undamped isotropic structure, its behavior will
resemble that of the free PWAS, that is, its admittance
will display the imaginary part of its spectrum as mov-
ing upward and a disappearance of the structural reso-
nance peaks as reported in Ref. [19]. This method
offers a useful means to monitor sensor installation of
isotropic undamped metallic structure.

We continued this simulation study of the PWAS
bond degradation by removing the adhesive material
starting at one edge of the PWAS as shown in Figure 8.
Several situations were modeled: (a) free PWAS, (b)
perfect bonding (0% adhesive degradation), (c) 14%
degradation (14% of the length of the adhesive layer
removed), and (d) 42% degradation (42% of the length
of the adhesive layer removed).

The resulting admittance spectra (the imaginary
part) are shown in Figure 9(a). It is clear that the bond-
ing degradation results in a downward shift in the slope
of the imaginary parts of the admittance. The impe-
dance spectra have also been studied to understand the
effect of bonding degradation. Figure 9(a) shows the
imaginary part of the admittance spectrum for frequen-
cies up to 100 kHz. It is apparent that, as the bond
degrades, the zigzags indicative of structural resonances
diminish more and more until they can no longer be
sensed when the PWAS is completely disbanded from
the structure (free PWAS).

However, the rule of upward shift reported in Ref.
[19] does not seem to apply for partial disbanding,
because the shifts of the imaginary impedance curves
are initially downward and then finally upward. Figure
9(b) shows the change in the real part of the impedance
spectrum in the range up to 1 MHz. We notice that, as
the adhesive layer between the PWAS and the structure
degrades the baseline of the spectrum and hence the
structural resonances peaks mode up. On the higher
frequency range above 600 kHz, a frequency shift to
the left is clearly observed when the degradation of the
adhesive layer increases. Finally, when the PWAS is
completely disbanded, the resonances of the free PWAS
are fully recovered.

PWAS self-diagnosis sensor damage. The sensor damage
can be modeled as material loss by cutting off parts of
the PWAS edge (Figure 10). In this study, a 1-mm
length loss was considered.

The resulting admittance spectrum (imaginary part)
is shown in Figure 11(a). It is clear that the bonding
degradation results in a downward shift in the slope of
the imaginary parts of the admittance. This observation
is consistent with the analytical results obtained by

Figure 6. MP-FEM predicted impedance spectra of a PWAS
attached to a structure with and without an adhesive bonding
layer.
PWAS: piezoelectric wafer active sensor; MP-FEM: multi-physics-based

finite element method.

Figure 7. MP-FEM prediction of the admittance (imaginary
part) of a free PWAS compared with that of a PWAS adhesively
bonded to a structure.
PWAS: piezoelectric wafer active sensor; MP-FEM: multi-physics-based

finite element method.

Figure 8. Bonding degradation model.
PWAS: piezoelectric wafer active sensor; GFRP: glass fiber reinforced

polymer.
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Park et al.,19 for an undamped isotropic metallic
structure.

The effect of PWAS degradation on the impedance
spectra is shown in Figure 11(b). We notice that the
baseline of the impedance curve moves up when the

adhesive sensor degrades (as was also previously
observed for the case of adhesive degradation).
However, the sensing of the structural resonances
seems to be unaffected at the lower end of the spec-
trum. At the higher end of the spectrum, a frequency
shift toward higher values is observed when the PWAS
is degraded.

It is apparent from this study that the imaginary part
of the admittance reading and the real part of the impe-
dance can serve as a useful way to detect bonding layer
and sensor degradation, respectively.

Modeling of the PWAS EMIS structural damage
detection

In the modeling of the structural damage detection, the
damage was modeled as material properties changed.

Figure 9. Bonding degradation: (a) observed in the imaginary
part of the admittance spectrum for frequencies up to 100 kHz;
(b) observed in the real part of the impedance spectrum for
frequencies up to 1 MHz.
PWAS: piezoelectric wafer active sensor.

Figure 11. Sensor degradation: (a) observed admittance
spectra; (b) observed impedance spectra.
PWAS: piezoelectric wafer active sensor.

Figure 10. Sensor breakage model.
PWAS: piezoelectric wafer active sensor; GFRP: glass fiber reinforced

polymer.
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Damage was modeled at scale of a single element
(500 3 500 mm2) by decreasing the Young’s modulus,
E, by 5%, 10%, 15%, and 20%, respectively. Two
situations were studied: one with the damage defect
located at 10 mm away from the PWAS center line
(Figure 12) and the other located 79 mm away.
Impedance spectra for ‘‘no defect,’’ ‘‘defect at location
1’’ (10 mm), and ‘‘defect at location 2’’ (79 mm) were
calculated with the MP-FEM method in five frequency
bands: 0–200, 200–400, 400–600, 600–800, and 800–
1000 kHz. These spectra were studied and analyzed
using a ‘‘damage index’’ (DI) approach.

The DI was calculated as a change with respect to a
baseline state. To evaluate the DI, we use the root mean
square deviation (RMSD) defined as

RMSD=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
N

Re Zið Þ �Re Z0
ið Þ½ �2

P
N

Re Z0
ið Þ½ �2

vuuuut ð9Þ

where Zi represents the ith element in the measurement
spectrum, Z0

i represents the ith element in the baseline,
and N is the data length.

The DI curves for defect at location 1 calculated in
five different frequency bands are presented in Figure
13(a), whereas the curves for defect at location 2 are
presented in Figure 13(b). It can be seen that the PWAS
EMIS can pick up the difference between no defect and
a defect of small scale and far away from the sensor
location, although the difference is much smaller for the
defect that is further away. Also noticed is that different
frequency bands have different sensitivity to the defect
presence, with the 200–400 kHz band being the most
sensitive one in our case.

PWAS EMIS delamination detection modeling

In this part of our study, we modeled an actual five-
layer-laminated GFRP specimen. We also studied the
effect of a delamination introduced between the layers
3 and 4 as illustrated in Figure 14. The delamination is
simulated by disengaging (i.e. not being glued together)
the elements from the bottom part of the designated
area 7 (A7) and the elements from the top part of the
designated area 4 (A4). When the model is meshed,
double nodes will occur at the same coordinates of the
interfacial lines (represented by a red line in Figure 14).
The delamination is simulated with three different
lengths: 0.1, 0.5, and 1 mm. The total length of the
GFRP specimen was 60 mm, hence, these delamina-
tions represented 0.167%, 0.833%, and 1.67%, respec-
tively. In each case, five frequency bands were
considered: 0–200, 200–400, 400–600, 600–800, and
800–1000 kHz. The data were then analyzed with the
DI method described in the previous section.

The resulting DI curves presented in Figure 15 reflect
the impedance changes caused by a delamination
increasing in step up to a length of 1 mm. The 0.5 mm
delamination, representing less than 1% of the beam
length, was clearly detected by an increase in the DI
curve. It is seen that both the higher frequency range

Figure 13. Defect detection with PWAS EMIS method: (a) DI
curves for defect at location 1 (10 mm from PWAS); (b) DI
curves for defect at location 2 (79 mm from PWAS).
DI: damage index; PWAS: piezoelectric wafer active sensor; EMIS:

electromechanical impedance spectroscopy; RMSD: root mean square

deviation.

Figure 14. PWAS EMIS delamination detection model.
PWAS: piezoelectric wafer active sensor; EMIS: electromechanical

impedance spectroscopy.

Figure 12. PWAS EMIS defect–detection model.
PWAS: piezoelectric wafer active sensor; EMIS: electromechanical

impedance spectroscopy; GFRP: glass fiber reinforced polymer.
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(800–1000 kHz) and the medium–high range (600–800
kHz) are more sensitive to detect the small delamina-
tion considered in this simulation. This is to be expected
because the higher frequencies are more sensitive to the
detection of small defects such as the delamination con-
sidered in this laminated composite specimen.

Knowing that a delamination defect is very danger-
ous in composite materials because the defect strongly
degrades the compressive and buckling strength, it
seems very encouraging to report that the detection of
very small delaminations can be made with the EMIS
method applied at very high frequency (MHz range).

3D modeling and experimental validation

A five-layer woven GFRP specimen of 60 mm length,
10 mm width, and 1 mm thickness has been instrumen-
ted with a round PWAS of 7 mm diameter and 0.2 mm
thickness in the middle. The impedance spectrum is first
obtained experimentally using the HP 4192A impe-
dance analyzer in the frequency range 10 kHz to 15
MHz for later comparison with the result from MP-
FEM model.

3D MP-FEM model

The test specimen is numerically modeled with the
MP-FEM method using a 3D mesh as illustrated in
Figure 16. The SOLID186 (3D 20-node) layered struc-
tural solid element is used to model the five-layer-
laminated GFRP composite specimen with layer
orientation of 0� on the x-axis; the adhesive layer is
modeled with the SOLID95 (3D 20-node) element.
The PWAS transducer is modeled with the SOLID226
(3D 20-node coupled-field) element. Each element has
20 nodes.

For low frequency (below 500 kHz), medium fre-
quency (500 kHz–5 MHz) and high frequency (5–15

MHz), the size of the mesh is 1, 0.5, and 0.1 mm, respec-
tively, to obtain a good convergence of the problem.

Figure 17. Comparison of experimental and 3D MP-FEM
model impedances spectra of laminate GFRP: (a) for a frequency
range 10 kHz–5 MHz; (b) for a frequency range 5–15 MHz.
MP-FEM: multi-physics-based finite element method; GFRP: glass fiber

reinforced polymer.

Figure 16. 3D model of the GFRP, the adhesive, and the
PWAS.
3D: three-dimensional; PWAS: piezoelectric wafer active sensor;

GFRP: glass fiber reinforced polymer.

Figure 15. DI curves for delamination detection with PWAS
EMIS method.
DI: damage index; PWAS: piezoelectric wafer active sensor; EMIS:

electromechanical impedance spectroscopy; RMSD: root mean square

deviation.
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The impedance spectra together with the experimen-
tal result are presented in Figure 17. In Figure 17(a),
the results are in the range up to 5 MHz. It is apparent
that a good agreement between the experiments and
3D MP-FEM simulation has been achieved. The good
matching is achieved by adjusting the damping coeffi-
cients used in the structural model. The correlation of
the modal frequencies between the experimental and
the numerical results is quite good, especially at higher
frequencies. However, some discrepancies in the magni-
tudes of some resonances are observed, especially in the
range of 450–650 kHz. It is interesting to see that the
best match is obtained in the 700 kHz to 2 MHz fre-
quency range. This is very beneficial, because this fre-
quency range has shown the best early detection of
delamination damage in the previous section.

It seems that at high frequency (5–15 MHz), the
vibration is very localized and so the bonding condition
and the geometry of the PWAS is very important. In
our simulation, the bonding layer and the PWAS geo-
metry were assumed perfect. In reality, this is not true
and this may explain the larger difference between the
experimental and the simulation results at high fre-
quency. Moreover, the magnitude of the resonance
peak at high frequency is very small due to high-
frequency damping effect, which is nonlinear and hence
hard to simulate with our linear approach.

Figure 17(b) shows a comparison of the impedance
spectra in a very high-frequency range (5–15 MHz).
Only one peak is observed at ~11 MHz; this peak corre-
sponds to the thickness mode resonance of the PWAS
transducer.

The comparison between the 3D simulation and
experimental results has revealed two different regions
of behavior: (1) below 5 MHz, the experimental result
matches the result from a 3D model with structural
damping (Figure 17(a)) and (2) above 7 MHz, the
experimental result matches better with a 3D model
without structural damping (Figure 17(b)). One possi-
ble explanation is that at lower frequency the vibration
covers a larger area and the overall structural damping
is important, whereas at high frequency the vibration is
localized in thickness mode resulting that the structural
damping has negligible effect.

In comparison with other models of the EMIS tech-
nique, the model discussed here exhibits remarkable
robustness at very high frequency.

For instance, most of the models studied by other
researchers,9,18,20–22 either analytical or semi-analytical
(FEM plus mechanical coupling with the PWAS),
showed good results only for lower frequencies, that is,
below 100 kHz. These shortcomings of the previous
study may be attributed to a number of reasons. First,
it should be noted that the actual interaction between
the PWAS transducer and the host structure through

the bonding layer involves a finite area of the size of the
bonded area. Simplification of the interaction in this
finite area and reduction to point forces or moments
would render some vibrational modes unexcitable, as
well as giving an inaccurate prediction of certain high
frequencies. Second, the basic assumption of neglecting
the effect of bonding layer adopted by the other
researcher is not realistic at high frequency. Some
researchers8,9,18 have introduced a modification to the
E/M impedance coupling equation by incorporating the
effect of bonding. However, this was not always suffi-
cient to achieve a good agreement with the experimental
data especially at high frequency.

Moreover, the damping effect for the low frequency
and the high frequency is important to understand the
interaction between the host structure and the PWAS.
So at low frequency, the damping effect of the compo-
site specimen is very important, because the vibration
given by the PWAS is global and covers the complete
structure, whereas at high frequency the structural
vibration is localized near the PWAS.

Damping coefficient effect

After considering these interesting remarks on the
damping effect at low and high frequencies, it is useful
to better understand the physical phenomena of the
damping effect. First, the damping effect depends on
two parameters:

1. The mass-proportional damping coefficient aM

introduces damping forces caused by the absolute
velocities of the model and so simulates the idea of
the model moving through a viscous ‘‘medium’’;

2. The stiffness-proportional damping coefficient bk

introduces damping proportional to the strain rate,
which can be thought of as damping associated
with the material itself.

It is therefore legitimate to ask what is the most
important damping coefficient at low and high
frequencies.

The experimental and 3D modeling results at
high-frequency range (10–1000 kHz) are presented in
Figure 18. This figure shows the impedance spectra
with the variation of the mass-proportional damping
coefficient aM . It is apparent that we observe no var-
iation of the impedance spectra with the variation of
aM . In other words, the damping effect of the impe-
dance spectra is not due to the mass-proportional
coefficient aM but only due to the stiffness-
proportional coefficient bk .

The experimental and 3D modeling results in a very
high-frequency range (7–15 MHz) are presented in
Figure 19. Figure 19(a) shows the impedance spectra
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with the variation of the mass-proportional damping
coefficient aM . It is apparent that we observe no varia-
tion of the impedance spectra with the variation of aM .
In other words, the damping effect of the impedance
spectra is not due to the mass-proportional coefficient
aM but only due to the stiffness-proportional coefficient
bk , as showed in Figure 19(b). Indeed, when decreases,
that is, the damping is reduced, the curve looks like the
curve without damping.

In summary, the Rayleigh damping can be defined
for the frequency below 5 MHz as follows

C½ � ¼ bK K½ � ð10Þ

where bK is the stiffness-proportionality coefficient.
And the Rayleigh damping can be defined for the fre-
quency above 5 MHz as ½C�= 0.

Fiber orientation effect

For laminate composite material, the fiber orientation
is very important for the mechanical behavior of the
structure. So we decided to study the EMIS for

Figure 19. Comparison of experimental and modeled
impedances of GFRP for a frequency range 7–15 MHz: (a) effect
of the mass-proportional damping coefficient am; (b) effect of
the stiffness-proportional damping coefficient bk.
GFRP: glass fiber reinforced polymer.

Figure 20. Fiber orientation effect on the impedance spectra
in high frequency (10–1500 kHz): (a) experimental results for
0� and 45� in the x-axis; (b) MP-FEM results for 0� and 45� in
the x-axis.

Figure 18. Comparison of experimental and modeled
(damping variation) impedances of GFRP for a frequency range
10 kHz–1 MHz.
GFRP: glass fiber reinforced polymer.
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different fiber’s orientation to know if the impedance
spectra change with different orientation.

The experimental results for two different fiber
orientations (0� and 45�) in a high-frequency range (10
kHz to 5 MHz) are presented in Figure 20(a). It is
apparent that a frequency shift to the lower frequency
is present for the fiber orientation of 45�. Figure 20(b)
shows the MP-FEM impedance spectra for these two
different orientations. It is apparent that a frequency
shift to the lower frequency is present for the layer
orientation of 45�; this is in agreement with the experi-
mental results.

Conclusion

This article has presented a numerical and experimental
study on the use of PWASs to detect damage in GFRP
structures using the EMIS method. The MP-FEM was
used to simulate the electromechanical impedance by
the direct application of electric voltage to the PWAS
and measurement of the resulting electric current. The
EMIS of a free PWAS revealed its own resonance very
well; a very good agreement was obtained between the
measured and predicted impedance and admittance
curves. Then, a PWAS bonded on a GFRP specimen
was modeled with the 2D and then with the 3D MP-
FEM approach. The 2D MP-FEM was used to under-
stand the sensor–structure interaction under various
damage scenarios. The effect of bonding layer degrada-
tion and sensor degradation on the EMIS spectrum
was studied. It is found that the bonding layer degrada-
tion and the sensor degradation can be assessed by
monitoring the real part of the impedance and the ima-
ginary part of the admittance. The structural damage
was next modeled by changing the Young’s modulus in
a small region of the specimen. Such localized damage
was simulated both near (10 mm) and far (79 mm) from
the PWAS transducer. It was found that both near-field
(10 mm) and medium-far (79 mm) damages can be
detected using a RMSD DI, but the detection in near
field is stronger than in the far field. Next, the detection
of delaminations of various sizes was investigated. It
was found that the high-frequencies ranges (800–1000
and 600–800 kHz) are more susceptible to delamination
detection, while low frequencies are more sensitive to
changes in the Young modulus.

The 3D MP-FEM method was used to simulate rea-
listic situations that were then compared with EMIS
experimental results. The 3D MP-FEM model gave
excellent reproduction of the measured EMIS results;
however, the required computation is orders magnitude
larger than the 2D MP-FEM. It was found that this
numerical model exhibited remarkable robustness at a

very high frequency. We also found that the structural
damping is very important for proper modeling of the
interaction between the host structure and the PWAS.
However, its effect at lower frequencies (\5 MHz) is
different from its effect at higher frequencies (.7
MHz). At lower frequencies, the damping effect of the
composite specimen is very important, because the
vibration given by the PWAS has a global coverage
over the whole structure; in contrast, at higher frequen-
cies, the vibration in the structure is more localized
near the PWAS and the structural damping does not
play a good role.

Future study should continue the 3D MP-FEM
investigation in the effect of different fiber orientation
and the effect of different types of defects (cracks, fiber
break, delamination, etc.) and comparison of these
findings with the 2D MP-FEM results as well as with
experimental results consisting of EMIS readings on
specimens with internal damage and PWAS disbonds
or damage.
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