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Time-domain hybrid global–local
concept for guided-wave propagation
with piezoelectric wafer active sensor

Matthieu Gresil and Victor Giurgiutiu

Abstract
This article presents a combined finite element method and analytical process to predict the one-dimensional guided-
wave propagation for nondestructive evaluation and structural health monitoring application. Analytical methods can per-
form efficient modeling of wave propagation but are limited to simple geometries. In response to today’s most complex
cases not covered by the simulation tools available, we aim to develop an efficient and accessible tool for structural
health monitoring application. This tool will be based on a hybrid coupling between analytical solution and time-domain
numerical codes. Using the principle of reciprocity, global analytical calculation is coupled with local finite element
method analysis to utilize the advantages of both methods and obtain a rapid and accurate simulation method. The phe-
nomenon of interaction between the ultrasonic wave, the defect, and the structure, leading to a complex signature, is
efficiently simulated by this hybrid global–local approach and is able to predict the specific response signal actually
received by sensor. The finite element mesh is used to describe the region around the defects/flaws. In contrast to other
hybrid models already developed, the interaction between Lamb waves and defects is computed in the time domain using
the explicit solver of the commercial finite element method software ABAQUS.

Keywords
Lamb waves, finite element modeling, global–local, structural health monitoring, piezoelectric wafer active sensors

Introduction

Guided-wave techniques for nondestructive evaluation
(NDE) and structural health monitoring (SHM) appli-
cations are increasingly popular due to their ability to
cover large areas with a relatively small number of sen-
sors. Miniaturized guided-wave transducers, such as
piezoelectric wafers attached directly to structural ele-
ments, have gained large popularity due to their low
cost, simplicity, and versatility. These transducers can
actively interrogate the structure using a variety of
guided-wave methods such as pitch–catch, pulse-echo,
phased arrays, and electromechanical (E/M) impedance
technique. SHM is an emerging technology with multi-
ple applications in the evaluation of critical structures.
Numerous approaches have been utilized in recent
years to perform SHM. One of the promising active
SHM methods utilizes arrays of piezoelectric wafer
active sensors (PWASs) bonded to a structure in order
to achieve damage detection. The objective of this arti-
cle is to present the framework for the development of
a methodology for multi-scale multi-domain predictive
simulation of structural sensing. Such methodology
would be able to predict the signal response of

structural sensors as a function of the structural state
and/or the presence of structural flaws or damage in
linear and nonlinear regimes.

Many authors have already investigated the interac-
tion of Lamb modes with a single-defect-like crack,
notch, or circular cavity. Some of them used analytical
(Grahn, 2003) or semi-analytical resolutions (Castaings
et al., 2002), whereas others chose a finite element
(FE), a boundary element modeling, or spectral ele-
ment method (Alleyne and Cawley, 1992; Diligent
et al., 2001; Galan and Abascal, 2005; Giurgiutiu et al.,
2012; Gresil et al., 2011a, 2011d; Guo and Cawley,
1993; Peng et al., 2009). Analytical or semi-analytical
resolutions can be used when the geometry of the defect
is regular and when the problem presents symmetries
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except for the distributed point source method
(DPSM)-based semi-analytical technique (Banerjee and
Kundu, 2008) when an internal anomaly was immersed
in fluid. FE or boundary element modeling allows
studying the interaction of Lamb modes with irregular
defects but requires respecting spatial and temporal dis-
cretization that can cause numerical problems at high
frequency–thickness product. In addition, to obtain
accurate wave propagation solution at ultrasonic fre-
quencies is computationally intensive and may become
prohibitive for realistic structures.

The need for a predictive modeling methodology
that could relate directly the presence of structural flaws
to changes in the signal of structural sensors is appar-
ent. Such predictive methodology would be able to
simulate various structural scenarios (configuration
changes, different flaws, temperature changes, etc.). A
predictive modeling methodology would enable identi-
fying the sensors’ sensitivity and specificity to structural
changes (intentional or accidental), determining best
sensor placement layout, running parameter studies,
and so on. To date, such a predictive modeling metho-
dology does not exist, although some initial attempts
have been made in simple cases by using finite element
method (FEM) (Blackshire et al., 2006; Gresil et al.,
2011b, 2011c, 2012; Kitts and Zagrai, 2009; Olson et
al., 2006) and model updating (Zagrai et al., 2010). A
major difficulty in developing a predictive modeling
methodology for structural sensing is related to the
multi-scale multi-domain aspects of the problem. The
problem is multi-scale because it has to incorporate (a)
the macroscale structural features, (b) the microscale
flaw/damage, and (c) the mesoscale interfaces between
structural parts and between sensor and structure. The
modeling is multi-domain because the analysis is inte-
grated over several physical domains, that is, (a) aero-
space structural mechanics, (b) E/M transduction in the
sensors, (c) guided-wave ultrasonics, (d) power and sig-
nal electronics, and so on (Figure 1). Our approach

would be to combine them all into an integrated multi-
scale multi-domain analysis.

It is apparent that simply bolting together existing
software codes (multi-physics FEs, ultrasonics model-
ing, electronic circuit modeling) is not a credible option
without an understanding of the interaction between
the multi-domain variables native in each code and the
multi-scale aspects of the problem. Fundamental stud-
ies are needed to clarify the multi-scale multi-domain
interaction between structure, sensors, guided-wave
patterns, damage progression, and signal processing
and interpretation. In this way, one would achieve an
understanding of the hierarchical variables interplay,
designation of what variables need to be passed
between physical domains/codes, and an understanding
of how multiple scales are to be addressed.

A hybrid formulation is used wherein the FEM is
employed to model small regions near the defect,
whereas regions away from the defect are modeled
using a suitable set of wave functions. Goetschel et al.
(1982) developed a global–local FE formulation for
modeling axisymmetric scattering of a steady, compres-
sive, incident elastic wave in a homogeneous, isotropic
host medium with an axisymmetric inclusion. In the
area of SHM of aircraft components, the method has
been applied to model wave interaction with defected
lap–shear joints (Chang and Mal, 1995), as well as
notches in plates (Mal and Chang, 2000). Many aircraft
components are complex in either their geometry or
their material properties. In this case, theoretical wave
solutions for the global portion are either nonexistent
or hard to determine. The semi-analytical finite element
(SAFE) method can help handle these cases because of
its ability to extract modal solutions of complex struc-
tures in a computationally efficient manner (Bartoli et
al., 2005; Hayashi, 2004; Hayashi et al., 2003, 2006).
Sabra et al. (2008) demonstrated the application of the
SAFE-aided hybrid formulation to the detection of
holes in aluminum plates. Srivastava (2009) extends the

Electric/electronics analysis
Transmitter electronics 

and power amplifier 

PWAS A: transmitter
(Wave exciter) 

Electric/electronics analysis 

PWAS B: receiver  
(Wave detector)

Receiver electronics 
and data processing 

V1 V2

STRUCTURAL-ULTRASONIC ANALYSIS

Guided Waves Damaged region:
nonlinearities, bolts,
cracks/disbonds, etc.

Figure 1. Conceptual schematic of a multi-scale multi-domain study: structural ultrasonics and electric/electronic parts of the
analysis are indicated. Our approach would be to combine them all into an integrated multi-scale multi-domain analysis.
PWAS: piezoelectric wafer active sensor.
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global–local approach to model notches in aluminum
plates and delamination-like defects in composite
panels. The SAFE approach has been previously devel-
oped for ultrasonics waveguides of complicated geome-
tries, such as concrete reinforcing bars, tendons, track
rails, one-dimensional (1D) stiffeners, and so on
(Bartoli et al., 2005; Loveday, 2008; Marzani et al.,
2008). In the SAFE approach, the 1D wave propaga-
tion along the waveguide is modeled analytically,
whereas the waveguide modes are found numerically
through FEM discretization of the cross section.

Figure 2 shows the SHM functional diagram to
achieve a great accuracy of the output in order to mini-
mize false alert on this system. This model prediction is
based on the correlation between the analytical calcula-
tion, the FEM, and the hybrid global–local (HGL)
results. Then, the physics-based prediction is compared
and updated with the experimental database in order to
obtain a damage definition with a high level of
accuracy.

This article presents and discusses the challenges and
opportunities related to the use of PWAS transducers
in generating and sensing ultrasonic guided waves in
structure and how they can be used to detect damage.
This article starts with the principles of the HGL con-
cept and then reviews the general principles of PWAS-
based SHM. It discusses the analytical and FEM
modeling of pitch–catch ultrasonic waves between a
transmitter PWAS (T-PWAS) and a receiver PWAS
(R-PWAS). Then, it compares the received signal
between the analytical, the HGL, and the experimen-
tal results.

This article addresses these fundamental research
gaps and strives to develop an overall methodology for
multi-scale multi-domain modeling of structural sen-
sing. The methodology will be first validated on bench-
mark examples that are simple to understand but
sufficiently representative to convey the concept. A
HGL approach is developed to keep the computational
resources manageable.

HGL principles

A HGL approach will be developed to keep the compu-
tational resources manageable. The HGL approach
uses local FEM discretization only in the critical
regions (structural joints, discontinuities, flaws, etc.)
while using global analytical solutions in the uniform
outside region. Srivastava (2009) used the HGL
approach to model the effect of notches and delamina-
tion in 1D waveguides. Figure 3 illustrates this concept,
whereby only the local material region close to the
defect needs to be FEM modeled, whereas the global
waveguide to the left and right of the FEM region is
modeled semi-analytically.

In contrast to other hybrid models already presented
in the literature by Srivastava (2009), this article pre-
sents the Lamb waves propagation in time domain.
Moreover, the SAFE method involves a FE computa-
tion in the guide section for the global part that is
slower than the analytical model developed in this arti-
cle. Another potential disadvantage of the SAFE
method, used by Srivastava (2009), is that the necessary
specialized elements are not available as standard in

Figure 2. Structural health monitoring functional diagram shows the importance of the model prediction to obtain accurate results
for the SHM output.
HGL: hybrid global–local; FEM: finite element method; SHM: structural health monitoring.
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many commercial FEM packages and may need to
be defined by the user. The SAFE method includes
the wave propagation as a complex exponential in
the element formulation, and therefore, only a two-
dimensional (2D) mesh of the cross section of the
waveguide is required.

As shown in Figure 4, our model consists of one ana-
lytical model (not semi-analytical as compared to
Srivastava (2009)), that is, WaveFormRevealer (WFR;
Gresil et al., 2011b), and FEM domain, and connected
by a hybrid interface. This interface is based on input
stresses and displacements monitored at a rectangular
‘‘box’’ surrounding the source in a time domain and
then used to predict the forward field quantities. Since
this interface was separately coded up, it did not require
the modification of the basic FEM program, thus exem-
plifying a generic hybrid modeling paradigm. However,
for application to practical Lamb wave inspection, it
was essential for the method to be extended to work in
the time domain. This is achieved by the use of inverse
Fourier transforms, which also help retain the power
and versatility of the method. The analytical frequency
interface is used to obtain predictions at a number of
frequencies within a required bandwidth, and these can
then be inverse transformed to obtain the time-domain
signals. Thus, the original frequency-domain interface
remains at the core of the new time-domain hybrid
interface, and it is now simply located within an addi-
tional frequency loop. In the section ‘‘Results and

discussion,’’ we consider a simple application example
that serves to demonstrate the approach, helps appreci-
ate important features and limitations, and also seeks
validation in the process.

This new approach is realized in three steps using
our propriety analytical software WFR and commercial
FEM software. The first step of this method consists of
using the WFR software developed for this application.
The second step consists of using the output from the
WFR software as two inputs (one for the symmetric
mode and the second for the antisymmetric mode) to
the FEM model. The third step of this method consists
of using again the WFR software developed for this
application. The FEM output serves as input into the
global region. This hybrid global–local–global received
PWAS signal will be compared with our homemade
analytical model and experimental results in the last
section. Compared to usual FEM model, the main
advantage of the hybrid method is to reduce meaning-
fully the length of the mesh used to investigate the
interaction of Lamb modes with defects and hence the
computing time.

In our future approach, the HGL method from 1D
geometries will be developed into 2D geometries. This
is not an easy task because the 1D interface conditions
of Figure 3 are much easier to formulate than the fully
2D conditions illustrated in Figure 5. The waves origi-
nating from the T-PWAS propagate in circular wave
fronts toward the local region containing the disconti-
nuity under investigation (crack, inclusion, flaw, etc.).
The incoming waves enter the circumferential bound-
ary of the local region and interact with the FEM
model generating a complicated scattering pattern due
to the presence of the discontinuity inside the FEM
model. The scattered waves will be picked up by the R-
PWAS (as well as by the T-PWAS acting in pulse-echo
mode). If the discontinuity is not present inside the
FEM model, then no wave scatter should take place.

Figure 5. General 2D setup for hybrid global–local modeling of
structural sensing.
FEM: finite element method; PWAS: piezoelectric wafer active sensor.

Figure 4. Illustration of our procedure to obtain time-domain
model interface.

Figure 3. Waveguide scattering problem in 1D solved by the
hybrid global–local (HGL) method in frequency domain
(Srivastava, 2009).
FEM: finite element method; SAFE: semi-analytical finite element.
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However, it is quite possible that numerical artifacts
associated with the FEM discretization will generate
scatter even in a defect-free situation. The existence of
such false-scatter artifacts will be an indication of defi-
cient numerical modeling that needs to be corrected.
Therefore, a possible figure of merit of the HGL mod-
eling will be the relative smallness of the residual wave
scattering in the case of a defect-free FEM region.
Another possible figure of merit of our modeling would
be the energy balance between incoming and outgoing
wave fronts. It is expected that a major part of our
effort will be concentrated on developing the proper
interfacing formulation for the fully 2D analytical solu-
tion of guided-wave propagation in circular–radial geo-
metry in interaction with the FEM model developed
for the local region.

Background information

Fundamental Lamb waves

Guided waves or Lamb waves are formed by the inter-
ference of multiple reflections and mode conversions of
longitudinal and shear waves at the free surfaces of a
plate. These waves are typically generated and detected
using conventional PWASs and are used to detect
defects and measure elastic properties of thin isotropic
aluminum materials. Two types of waves propagate a
symmetric wave and an antisymmetric wave. Each of
these wave types propagates with multiple modes.

By solving a boundary value problem for a free plate
or by considering the reflection of waves at plate
boundaries, the Rayleigh–Lamb frequency equations
(dispersion equations) can be found (Achenbach, 1973;
Auld, 1973; Rose, 1999; Viktorov, 1967). For a uni-
form traction-free isotropic plate, the equations for
symmetric and antisymmetric modes are

tan (qh)

tan (ph)
= � 4k2pq

(q2 � k2)2
,

tan (qh)

tan (ph)
= � (q2 � k2)

2

4k2pq

ð1Þ

where

p2 =
v2

c2
L

� k2, q2 =
v2

c2
T

� k2, k =
v

cp

ð2Þ

and h, k, cL, cT , cp, and v are the half-plate thickness,
wave number, velocities of longitudinal and transverse
modes, phase velocity, and wave circular frequency,
respectively.

The phase velocity is found numerically by solving
the real roots of the dispersion equation as a function
of material properties, frequency, and material thick-
ness. Group velocity dispersion curves are found from
the phase velocity (Rose, 1999). Phase and group velo-
city dispersion curves for a 3.2-mm-thick aluminum
plate are shown in Figure 6, where longitudinal and
transverse velocities of the plate are equal to 6211 and
3129 m/s, respectively. These curves were generated and
plotted using our homemade software ‘‘Wavescope’’
developed using the graphical user interface (GUI) of
MATLAB. Figure 6 shows the first two symmetric and
antisymmetric mode dispersion curves. At low frequen-
cies, the wave velocity of the first symmetric mode (S0)
is nearly nondispersive, while the wave velocity of the
first antisymmetric mode (A0) is highly dispersive. At
higher frequencies, group velocity of both zero-order
modes approaches the Rayleigh wave velocity, cR,
which has a value of ;2.9 km/s for aluminum.

PWASs

Pitch–catch method is a fundamental way of detecting
the structural changes that take place between a
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Figure 6. Dispersion curves for 3.2-mm-thick aluminum plate: (a) phase velocity curves and (b) group velocity curves.
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transmitter transducer and a receiver transducer; pitch–
catch has been widely used in SHM and NDE. A diag-
nosis could be made by comparing the time of flight
(TOF) and amplitude between the sensing signal and
the pristine signal. A standard pitch–catch setup is
shown in Figure 7.

One PWAS serves as the transmitter transducer,
which excites the plate and generates a disturbance in
the plate structure. The disturbance propagates along
the plate. The second PWAS acts as the receiver, which
picks up the signal at the sensing point, converting
mechanical signal into electric signal.

PWASs are the enabling technology for active
SHM systems. PWAS couples the electrical and
mechanical effects (mechanical strain, Sij, mechanical
stress, Tkl, electrical field, Ek , and electrical displace-
ment, Dj) through the tensorial piezoelectric constitu-
tive equations

Sij = sE
ijklTkl + dkijEk

Dj = djklTkl + eT
jkEk

ð3Þ

where sE
ijkl is the mechanical compliance of the material

measured at zero electric field E= 0ð Þ, eT
jk is the dielec-

tric permittivity measured at zero mechanical stress
(T = 0), and djkl represents the piezoelectric coupling
effect. PWASs utilize the d31 coupling between in-plane
strains, S1 and S2, and transverse electric field, E3. Just
like conventional ultrasonic transducers, PWASs utilize
the piezoelectric effect to generate and receive ultraso-
nic waves. However, PWASs are different from con-
ventional ultrasonic transducers in several aspects:

� PWASs are firmly coupled with the structure
through an adhesive bonding, whereas conven-
tional ultrasonic transducers are weakly coupled
through gel, water, or air.

� PWASs are nonresonant devices that can be
tuned selectively into several guided-wave
modes, whereas conventional ultrasonic transdu-
cers are resonant narrow-band devices.

� PWASs are inexpensive and can be deployed in
large quantities on the structure, whereas con-
ventional ultrasonic transducers are expensive
and used one at a time.

PWAS transducers can be served several purposes
(Giurgiutiu, 2008): (a) high-bandwidth strain sensors,
(b) high-bandwidth wave exciters and receivers, (c)
resonators, and (d) embedded modal sensors with the
E/M impedance spectroscopy method. By application
types, PWAS transducers can be used for (a) active
sensing of far-field damage using pulse-echo, pitch–
catch, and phased-array methods, (b) active sensing
of near field damage using high frequency electrome-
chanical impedance spectroscopy (EMIS) and thick-
ness gage mode, and (c) passive sensing of damage-
generating events through detection of low-velocity
impacts and acoustic emission at the tip of advancing
cracks.

The main advantage of PWASs over conventional
ultrasonic probes is in their small size, lightweight, low
profile, and small cost. In spite of their small size,
PWASs are able to replicate many of the functions per-
formed by conventional ultrasonics probes.

Tuning of Lamb waves and PWAS transducers

The tuning between PWAS transducers and guided
waves in isotropic metallic plates is relatively well
understood and modeled (Giurgiutiu, 2008). The gift of
the concept is that manipulation of PWAS size and fre-
quency allows for selective preferential excitation of a
certain guided-wave modes and the rejection of other
guided-wave modes, as needed by the particular SHM
application.

The tuning formula for the case of ideal bonding is
defined by (Giurgiutiu, 2008)

ex(x, t)= � at0

m

sin jSa
� � NS jS

� �
D9S jS
� � ei(jSx�vt) + sin jAa

� � NA jA
� �

D9A jA
� � ei(jAx�vt)

" #

ð4Þ

For simplicity, we have considered only the first
symmetric and antisymmetric modes. NS ,NA,DS , and
DA are defined in the study by Giurgiutiu (2008). An
example of PWAS tuning is presented in Figure 8 for a
7-mm square PWAS installed on a 3.2-mm aluminum
alloy 2024-T3 plate.

Figure 7. Pitch–catch configuration.
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Analytical model for the global domain

The analytical modeling of the pitch–catch process
between two PWAS transducers separated by a dis-
tance x was carried out in frequency domain in four
steps (Gresil et al., 2011a, 2011b):

� Fourier transform the time-domain excitation
signal Ve(t) taken into the frequency-domain
spectrum, ~Ve(v)

� Calculate the frequency-domain structural trans-
fer function at the receiver location, G(x,v)

� Multiply the structural transfer function by
frequency-domain excitation signal to obtain the
frequency-domain signal at the receiver, that is,
~Vr x,vð Þ=G x,vð Þ � ~Ve vð Þ

� Perform inverse Fourier transform to obtain the
time-domain receiver signal, Vr(x, t)= IFFT

f~Vr(x,v)g= IFFTfG(x,v) � ~Ve(v)g.

In this article, the main interest is in symmetric fun-
damental mode (S0) and antisymmetric fundamental
mode (A0). For Lamb waves with only two modes (A0
and S0) excited, the structure transfer function G vð Þ is
given by equation (99) (Giurgiutiu, 2008: 327), which
gives the in-plane strain at the plate surface as

ex x, tð Þ y= d = � i
at0

m

���� ( sin kSa)
NS kS
� �

D9
S kSð Þ

e�i kSx�vtð Þ

�i
at0

m
( sin kAa)

NA kA
� �

D9
A kAð Þ

e�i kAx�vtð Þ ð5Þ

G vð Þ= S vð Þe�ikSx +A vð Þe�ikAx ð6Þ

S vð Þ= � i
at0

m
( sin kSa)

NS kS
� �

D9
S kSð Þ

,

A vð Þ= � i
at0

m
( sin kAa)

NA kA
� �

D9
A kAð Þ

ð7Þ

DS(v, d)= k2 � b2
� �2

cosad sinbd + 4k2ab sinad cosbd

DA(v, d)= k2 � b2
� �2

sinad cosbd + 4k2ab cosad sinbd

ð8Þ

NS = kb k2 � b2
� �

cos (ad) sin (bd),

NA = kb k2 � b2
� �

sin (ad) cos (bd) ð9Þ

a2 =
v2

c2
p

� k2, b2 =
v2

c2
s

� k2 ð10Þ

where a is the half length of the PWAS, d is the half
thickness of the plate; t0 is the shear stress between
PWAS and the plate; m is Lame’s constant; kS and kA

are the wave numbers for S0 and A0, respectively; x

denotes the distance between the two PWAS transdu-
cers; k represents the wave number for S0 or A0 accord-
ingly; and cp and cs are the wave speed for pressure
wave and shear wave, respectively. In the transfer

function, it could be observed that S vð Þ and A vð Þ will
determine the amplitude of S0 and A0 modes. In both
S vð Þ and A vð Þ terms, there is sin kSa

� �
and sin kAa

� �
,

which represent the tuning effect.
The wave speed dispersion curve is obtained by sol-

ving Rayleigh–Lamb equations (1), which are transcen-
dental equations that require numerical solution. The
usual form of Rayleigh–Lamb equations (1) expressed
as

DS v, dð Þ= 0 and DA v, dð Þ= 0 ð11Þ

After getting the wave speed dispersion curve, the
wave number for each frequency component, that is,
j =v=c, is known. Thus, all the terms involved in the
plate transfer function could be solved, and the plate
transfer function G(v) is obtained. After the plate trans-
fer function G(v) is obtained, the excitation signal is
Fourier transformed.

The software program WFR has been developed in
MATLAB GUI environment to predict the waveform
of the analytical modeling. The WFR software is
described in detail in the study by Shen and Giurgiutiu
(in press). This software allows users to get the desired
analytical solution by inputting material properties,
specimen geometry, excitation signal count number,
excitation signal frequency, and time range. It can also
show a continuous waveform change by clicking on the
frequency control slider, which is just like the wave-
form shown on an oscilloscope when adjusting the exci-
tation signal frequency. The time range to show a
waveform could also be set by users through entering
the ‘‘range’’ information.

FE model for the local domain

The effectiveness of conventional FE modeling of elas-
tic waves propagating in structural components has
been shown in the past. The case of Lamb waves in free
plates is a classic example (Alleyne and Cawley, 1990;
Moser et al., 1999). The package used in this study,
ABAQUS/Explicit, uses an explicit integration based
on a central difference method (ABAQUS, 2008). The
stability of the numerical solution is dependent upon
the temporal and the spatial resolution of the analysis.
To avoid numerical instability, ABAQUS/Explicit
recommends a stability limit for the integration time
step (Moser et al., 1999)

Dt =
1

20fmax
ð12Þ

The maximum frequency of the dynamic problem, fmax,
limits both the integration time step and the element
size. The size of the mesh in FE, Le, is typically derived
from the smallest wavelength to be analyzed, lmin. For
a good spatial resolution, 20 nodes per wavelength are
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required (Moser et al., 1999). This condition can be
written as

Le =
lmin

20
ð13Þ

To generate the appropriate pure Lamb mode (S0 or
A0) in the structure, boundary conditions are imposed
on the left of the plate (Figure 9). This simplification is
available only for the low frequency. The plate length is
defined to prevent that reflections from the edges of the
mesh disturb the analysis of the calculated waveforms
and is minimized to reduce the computing time.

FEM codes: most commercially available FEM
codes have a multi-physics capability. In our prelimi-
nary work, we have experimented with ANSYS and
ABAQUS capabilities and obtained acceptable results.
We were able to simulate both pitch–catch/pulse-echo
wave propagation as well as E/M impedance standing
waves using direct excitation of the piezoelectric wafer
bonded to the structure. During these preliminary stud-
ies, some convergence differences between two commer-
cial codes were discovered, whereas the same geometry
analyzed with the same element type did not have same
convergence characteristics.

One-dimensional wave propagation FEM modeling,
which discretizes the local area, is done under the
z-invariant (plane-strain) assumption. Hence, only the

plate cross section needs to be meshed. For wave pro-
pagation modeling, the choice of the solving technique,
mesh density, and time step influences the outcomes
and level of accuracy with which the phenomenon is
simulated. The time-domain explicit solver of the
ABAQUS software and the linear quadrilateral
CPE4R element were used. We investigated (Gresil
et al., 2011b) how the group velocities of the S0 and A0
waves vary with mesh density (nodes per wavelength)
N = l=L, where l is the wavelength and L is the size of
the element. Figure 10 shows the convergence study
using ABAQUS/Explicit for both modes, S0 and A0.
For the A0 mode, the error varies from ;4.7% for
N = 25 to ;0% for N =180. For the S0 mode, the
error varies from ;2.2% for N = 25 to ;0% for
N = 75. A mesh density N = 180 was chosen, which
gives a very good accuracy.

Experimental results

Experimental setup

The test specimen is designed to develop and calibrate
the damage detection methodology using a simple geome-
try specimen and also to validate the analytical and the
HGL results. Thin aluminum plate specimens were con-
structed from 3.2-mm-thick 2024-alloy stock in the form
of a square plate 1118mm31118mm33:2mmð Þ. The
specimen is instrumented with arrays of 7-mm square and
7-mm circular PWAS (Figure 11). The x, yð Þ sensor loca-
tions are given in Table 1. The PWAS network is not used
for this study particularly but will be used to detect and
locate defect in the plate for future study.

An HP33120A arbitrary signal generator is used to
generate a 150-kHz windowed harmonic burst excita-
tion to active sensors with a 10-Hz repetition rate.
Under harmonic burst excitation, the active sensor gen-
erates a package of elastic waves that spread out into
the entire plate according to a circular wave front pat-
tern. A Tektronix TDS210 four-channel digital oscillo-
scope, synchronized with the signal generator, was used
to collect the response signals from the active sensors.

The results for the rectangular plate were remark-
ably clear and easy to interpret. Reflection wave pack-
ets could be easily avoided because the edges of the
rectangular plate were far away from the source.

(a) (b)

Figure 9. Lamb mode excitation for (a) S0 mode and (b) A0 mode.
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Comparison of prediction and
experiments

Using the principle of reciprocity, global analytical cal-
culation is coupling with the local FEM analysis to uti-
lize the advantages of both methods and obtain a rapid
and accurate simulation method. Figure 12 illustrates
the HGL setup for this example, whereby only the local
material region close to the defect needs to be FEM
modeled, whereas the global waveguide to the left and
right of the FEM region is modeled analytically with
compatibility being ensured at the interface.

The first step of this method consists of using the
WFR software developed for this application. The sec-
ond step consists of using the output from the WFR
software as two inputs (one for the S0 mode and the
second for the A0 mode) in the FEM model. In order
to avoid the reflections from the edges of the FEM
domain, the FEM domain was extended outside the
100-mm local region to a total length of 250 mm.
Finally, the third step consists of using the output from
the FEM as input in the WFR (global 2).

Comparison between analytical, FEM, and HGL

Figure 13 shows the signal received after a travel of 250
mm; the analytical model is compared with the HGL

approach and the full FEM model. A very good match-
ing is observed between these three results, which means
that the interface between the global 1 and the local do
not create scatter or any reflection on the received sig-
nal. The signal from the HGL approach will be the
input for the global 2 analytical region.

Figure 14 shows the signal received after a travel of
565 mm; the analytical model is compared with the
HGL approach and the full FEM model. A very good
matching is observed between these three results specif-
ically between the HGL and the analytical results, that
means that the two interfaces, that is, between global 1
to local and local to global 2, do not create interference
or any reflection on the received signal. As shown in
Figures 13 and 14, the received signal with the HGL
method in time domain gives us a rapid and accurate
simulation method.

The analytical resolution can be used when the geo-
metry of the specimen is regular and when the problem
presents symmetries. The analytical approach gives us
the capacity to create very simple damage in compari-
son of the FEM advantage that gives us the capability
to integrate complex and irregular defects. But as
described in the introduction, to obtain accurate wave
propagation solution at ultrasonic frequencies is

Figure 11. Arrangement of PWAS transducers bonded on the
plate.

Figure 10. Convergence study of the group velocity for a 2D
plane-strain problem in ABAQUS/Explicit. The excitation is
modeled by two equilibrated forces.

Table 1. Locations of PWAS transducers on the square plate specimen.

PWAS# 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

x (mm) 31 31 31 31 51 51 51 51 71 71 71 71 91 91 91 91
y (mm) 31 51 71 91 91 71 51 31 31 51 71 91 91 71 51 31
Square X X X X X X X X
Circular X X X X X X X X

PWAS: piezoelectric wafer active sensor.
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computationally intensive and may become prohibitive
for realistic structures.

HGL method validation by comparison with
experiments

This hybrid global–local–global R-PWAS signal is
compared with the analytical model and the experimen-
tal results, after a length path of 565 mm (Figure 15). A
good agreement for the S0 wave packet is observed.
For the A0 mode, a good agreement is also observed
but a slight time shift exists at the end of the A0 wave
packet. We can conclude that this time-domain HGL
approach is in good agreement with the experimental
results and with our analytical model. The slight differ-
ence in the A0 packet can be explained by the fact that
these models, analytical and HGL, are 1D guided
waves that are not exactly representative of the experi-
mental results, that is, 2D guided waves.

HGL advantages for inclusion of structural damage

Metal structures exhibit a wide range of corrosion
types including uniform, pitting, galvanic, crevice,

concentration cell, and graphite corrosion (Roberge,
2007). When the guiding structure has changes due to
corrosion in the geometry, materials properties, sup-
ports, or attachments, the guided waves that propagate
through will be modified accordingly. Hence, loss of
material due to corrosion presents geometrical changes
that will cause the guided-wave scattering and can be
used for inspection of corrosion.

In this study, corrosion is simulated by a uniform
notch on an aluminum plate. The depth and the width
were increased gradually in order to simulate corrosion
progression. This thickness loss produced a change in
the waveguide impedance and thus caused (a) scatter-
ing and reflection, (b) modification of the wave speed
of the Lamb waves crossing the corrosion area, and (c)
conversion mode propagation. In practice, corrosion
defects are geometrically complex and require multiple
parameters to describe them and their scattering beha-
viors. Simplified shapes were used, as a uniform notch,
for propagating Lamb wave paths to reduce number of
parameter in order to better understand the changes
caused by material loss. In the HGL model, simulated
corrosion was made on 3.2-mm-thick aluminum plate.

Figure 12. Waveguide problem in 1D solved by the hybrid global–local (HGL) method in time domain: (a) step 1: global 1 using the
software ‘‘WaveFormRevealer’’; (b) step 2: local using FEM software discretization including extended regions for reflection
avoidance in time domain; (a) step 3: global 2 using the software ‘‘WaveFormRevealer.’’
FEM: finite element method; PWAS: piezoelectric wafer active sensor; R: receiver; T: transmitter.

Figure 13. Comparison between the analytical, HGL, and FEM
results of the received signal after a length path of 250 mm; in
this case, HGL means global 1 then local.
HGL: hybrid global–local; FEM: finite element method.

Figure 14. Comparison between the analytical, HGL, and FEM
results of the received signal after a length path of 565 mm; in
this case, HGL means global 1, local, and then global 2.
HGL: hybrid global–local; FEM: finite element method.
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The location of the corrosion was on the middle of the
local zone as described in Figure 16.

Transient analysis of Lamb wave interaction with a
surface notch in a plate is conducted using our HGL
approach using our analytical software WFR and the
commercial ABAQUS software.

Incident wave from the T-PWAS will propagate and
then interact with the notch, undergoing mode conver-
sion. Hence, there will be reflected waves traveling
toward the left edge to be captured by T-PWAS and
transmitted waves traveling toward the right edge to be
captured by the R-PWAS. If the incident wave is fixed,
the reflection and transmission coefficients are affected
by the severity of the structural discontinuity, which, in
this case, is the notch geometry. These coefficients,
when measured experimentally, can be used as a quan-
titative measure to characterize the discontinuity. To
analyze the sensitivity of the Lamb waves to the size of
the notch, the reflection coefficients of A0 and S0 from
the notch are computed using our HGL approach. The
rectangular notches have a constant width of 1 mm
and depth varying from 1 to 3 mm. The results are
shown in Figure 17 for A0 input and in Figure 18 for
S0 input. The reflection coefficients of A0 and S0 from

a notch have been studied by Lowe et al. (2002) and
Lowe and Diligent (2002) by using an in-house FEM
software. The results in Figures 17(a) and 18(a) agree
with their results. Experiments to verify these theoreti-
cal predictions are under way, and the results will be
presented comparatively in a future publication.

The case of A0 input is first discussed based on
Figure 17. The notch depth is normalized by the plate
thickness, d=h. As shown in Figure 17(a), for d=h\0:6,
the notch depth is around 1/20 the wavelength of A0
(which is 12.4 mm). Hence, the wave will transmit
through the notch almost completely with negligible
reflection, which agrees well with the low coefficients
obtained for the reflected A0 wave components. If the
notch spans over the full depth, then the A0 wave is
fully reflected with no conversion. The coefficient for
the reflected A0 wave component approaches 1 and
that for the reflected S0 wave approaches 0. In between
these two extremes, the incident A0 wave will undergo
mode conversion, partially transmitted and partially
reflected containing both A0 and S0 components. It is
also not surprising that in Figure 17(c), the transmitted
S0 coefficient first increases and then decreases with
depth, with the maximum value occurring when the
notch depth is close to half the thickness of the plate.

The reflection, transmission, and mode conversion
coefficients for S0 input are plotted in Figure 18. A
phenomenon similar to the A0 case can be observed
where mode conversion is maximum when notch depth
is about half-plate thickness (Figure 18(b)). Unlike A0,
S0 exhibits good sensitivity even for a shallow notch.
For d=h.0:4, the notch depth is around 1/100 wave-
length of S0 (which is 35.9 mm) and the reflection can
be distinctly observed. This could be due to its small
value at the surface that any change becomes signifi-
cant. The existence of surface crack destroys the sym-
metry of the wave, resulting in mode conversion. It is
shown here that the mode shape also contributes signif-
icantly to the sensitivity of the detection.

Similar analysis can be performed to evaluate the
dependence of the coefficients on notch width, which
for concise reasons will not be discussed in detail. They

Figure 15. Comparison of the signal received after a travel of
565 mm for the analytical model, the experimental results, and
the HGL three-step approach (global–local–global).
HGL: hybrid global–local.

Figure 16. Waveguide problem in 1D solved by the hybrid global–local (HGL) method in time domain: (a) overall HGL setup and
(b) FEM discretization including extended regions to avoid reflection and also a notch in the middle of the interest area.
FEM: finite element method; PWAS: piezoelectric wafer active sensor; R: receiver; T: transmitter.
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Figure 17. Coefficients versus normalized notch depth/thickness ration for A0 input: (a) reflection A0, (b) transmission A0, and (c)
transmission S0 mode conversion.

Figure 18. Coefficients versus normalized notch depth ration for S0 input: (a) reflection S0, (b) transmission S0, and (c)
transmission A0 mode conversion.

1908 Journal of Intelligent Material Systems and Structures 24(15)



agree well with the results presented by Lowe et al.
(2002) and Lowe and Diligent (2002). The variation of
the coefficients exhibited against notch width is some-
what periodic and relates to the wave numbers of the
Lamb modes.

A damage index (DI) can be computed using the
ratio of the amplitudes of the original and mode-
converted waves as received at the R-PWAS. Figure 19
shows the DI for S0 and A0 input. For d=h<0:2, the
ratio based on the S0 input would be more sensitive
than the A0 input mode. However, for d=h.0:6, the
DI is bigger for A0 mode input. So using the S0 and
the A0 modes, the notch dimension is quantified.

Changes caused by the damage were also quantified
with the root mean square deviation (RMSD) algo-
rithm. The RMSD DI is a scalar quantity that results
from a statistical comparison between the signal in the
present state and the signal in the reference state (base-
line). Such a scalar reveals the difference between pris-
tine data and measurement caused by the presence of
damage and provides an overall change of the structure
between sensors. This feature would be ideal for

corrosion or notch detection since it carries informa-
tion of both the amplitude and the phase changes from
the growth of the corrosion. The RMSD DI is defined
as the relative ratio of the difference between each mea-
surement and baseline signals as follows:

RMSDDI=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN�1

j= 0

si jð Þ � s0 jð Þ½ �2

PN
j= 0

s2
0 jð Þ

vuuuuuut ð14Þ

where si is the ith measurement, s0 the baseline signal
and N the data length.

RMSD DI defined in equation (17) is applied on
each mode (windowed parts). The plotted curves in
Figure 20 show clearly that the RMSD DI of A0 mode
changes significantly with the thickness loss in the plate
between the two PWASs, whereas that for S0 was
almost unchanged. In addition, as shown in Figure 20,
the DI is the same for all the widths. In other term, the
notch detection is not sensitive of the widths but only
on the depths of the notch.

Alleyne and Cawley (1992) investigated the interac-
tion of Lamb waves with notches in plates from both
an FE simulation viewpoint and by experiment. Among
the conclusions of this article was the fact that Lamb
waves could be used to detect notches when the wave-
length to notch depth ratio was of the order of 40. The
wavelength of the 3.2-mm-thick plate at a center fre-
quency of 150 kHz is

� For S0 mode: c= 5388m=s, so l= 35:9mm
� For A0 mode: c= 1853m=s, so l= 12:4mm

Using the conclusion of Alleyne and Cawley, the
minimum of the depth notch detection is R= l=40, so
R= 0:31mm. In our time-domain HGL approach, and

Figure 19. Damage index based on the ratio of the transmitted
mode conversion and the input transmitted for S0 and A0 input.

Figure 20. Root mean square deviation damage index curves versus the depths of the notch for various widths from 0.01 to 0.1
mm of (a) S0 mode and (b) A0 mode.
RMSD: root mean square deviation; DI: damage index.
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using the RMSD DI, the minimum detection of the
depth notch is around 0.1 mm, corresponding to the
wavelength-to-notch ratio with an order of 120 in the-
ory. From these simulations, it is found that, with 99%
of confidence, the minimum detectable depth notch size
is around 0.1 mm.

Conclusion

This article has presented a combined FE and analyti-
cal method to predict the 1D guided-wave propagation
for NDE and SHM application. The FE mesh is used
to describe the region around the defects/flaws. On the
contrary to other hybrid models already developed, the
interaction between Lamb waves and defects is com-
puted in the time domain using the explicit solver of
the commercial FEM software ABAQUS. Compared
to usual FEM model, the main advantage of the hybrid
method is to reduce meaningfully the length of the
mesh used to investigate the interaction of Lamb modes
with defects and hence the computing time. Theory of
guided-wave propagation between two PWAS transdu-
cers was studied and analytical model was built to give
the theoretical waveforms of pitch–catch signals.
Analytical modeling and FE modeling have good
match with experimental results and can well describe
guided-wave propagation between two PWAS
transducers.

A time-domain HGL approach was realized using
the analytical and the FEM for the global area and
the local area, respectively. Lamb wave interaction
with a notch is investigated by using this method, and
the results obtained are consistent with the physical
consideration of Lamb mode shape and energy con-
servation with respect to transmission, reflection, and
mode conversion. Because of the symmetric mode
shape, S0 is more sensitive to the shallow notch than
A0. By making use of the fact that the reflection
increases with increase in notch depth and mode con-
version are maximized when the notch is around half
through the thickness of the plate, the reflection and
conversion coefficients can be used to characterize the
depth of the notch.

For the future work, the analytical model will be
extended to three-dimensional (3D) circular PWAS
analysis using, for example, Bessel function represen-
tation. Thus, we will realize the modeling of the
guided-wave propagation between two circular
PWAS transducers in an arbitrary 2D geometry. The
analytical modeling is expected to include damage/
flaw in the plate structure, more complex structure
(plate with double stiffener), and also include the sec-
ond modes A1 and S1 for higher frequency excitation.
The competitive complexity would be to develop a
time-domain HGL for 2D wave propagation in
structures.
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