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There are strong needs and requirements for on-line damage (delamination)
detection and health-monitoring techniques on composite structures. Vibration-
based model-dependent methods with piezoelectric sensor and actuator
incorporated into composite structures o!er a promising option to ful"l such
requirements and needs. These methods utilize "nite element analysis techniques,
together with experimental results, to detect damage. They locate and estimate
damage events by comparing dynamic responses between damaged and
undamaged structures. According to the dynamic response parameters analyzed,
these methods can be subdivided into modal analysis, frequency domain, time
domain and impedance domain. Model-dependent methods are able to provide
global and local damage information. They are cost-e!ective and are relatively easy
to operate. However, there are still many challenges and obstacles before these
methods can be implemented in practice.

( 2000 Academic Press
1. INTRODUCTION

Due to their high speci"c sti!ness and strength, composite materials are being used
increasingly in many engineering applications. However, the mechanical properties
of composite materials may degrade severely in the presence of damage. Failures of
structures, particularly aircraft structures, often have tragic consequences.
Therefore, damage detection, especially on-line, becomes a very important issue [1].

Composites are complex materials exhibiting distinct anisotropic properties.
Common damage for composite materials are matrix cracking, "bre breakage,
"bre}matrix debonding, and delamination between plies [2, 3]. Delamination,
probably the most frequently occurring damage, appears as a debonding of adjoining
plies in laminated composites. The causes of delamination such as imperfect bonding,
crack in matrix materials, separation of adjoining piles, and broken "bres may
originate during manufacturing. Alternatively, delamination may be induced during
in-service loading, such as by foreign object impact or by fatigue [4].

Currently available non-destructive evaluation (NDE) methods are mostly non-
model methods, i.e., either visual or localized experimental methods, such as
0022-460X/00/070357#22 $35.00/0 ( 2000 Academic Press
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acoustic or ultrasonic methods, magnetic "eld methods, radiographs, eddy-current
methods and thermal "eld methods [5]. Accessing these techniques is time-
consuming and costly. Some of them are also impractical in many cases such as in
service aircraft testing, and space structure [6]. Almost all of these techniques
require that the vicinity of the damage is known in advance and that the portion of
the structure being inspected is readily accessible for human beings [5]. Subject to
these limitations, these non-model (experimental) methods can provide only local
information and no indication of the structural strength at a system level.

Shortcomings of currently available NDE methods indicate a requirement of
damage inspection techniques that can give global information on the structure
and they do not require direct human accessibility of the structure [5, 7]. This
requirement has led to the development of model-based methods that examine
changes in the vibration characteristics of the structure and also led to the
development of smart structures/intelligent material systems.

Smart structures have the ability to detect damage on-line, and the capacity to
locate the position of the damage, and to estimate its severity using sensor
information. Smart structures, therefore, have the potential to achieve the ultimate
objective in damage detection, i.e., predicting the remaining useful life of the
structure. There are many researchers exploring various smart structures using
di!erent sensors.

This review focuses on the model-based delamination detection methods for
composite structures using vibrations. After an overview of the categories of
currently available model-based methods for damage detection, it describes the
most commonly used structural modelling techniques for delamination and the
e!ects of delamination on dynamic parameters. Then the review focuses on the
application of vibration-based model-dependent damage detection methods in
composite structures. Finally, this review is devoted to the development of this
group of methods with incorporated piezoelectric sensors and actuators for on-line
delamination detection for composite structures.

2. MODEL-BASED METHODOLOGIES

The model-based (MB) methods undertake analysis of structural models and are
usually implemented by "nite element analysis. Damage is simulated by modifying
the models. Experimental data can then be compared with the analytical data to
determine damage location and extent. The e!ectiveness of the whole group of MB
techniques, however, is dependent on the accuracy of the structural model and
these methods may have di$culties when applied to complex structures [7]. With
the model, various response characteristics of the structure such as modal analysis,
time response, frequency response and impedance response can be extracted and
analyzed.

2.1. MODAL ANALYSIS METHODS

This group of methods utilize the information from all modal parameters (modal
frequencies, mode shapes and modal damping ratio) or combinations of some of
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them to detect damage. The basic idea of these methods is that modal parameters
are functions of the physical properties of the structure (mass, damping and
sti!ness). Therefore, changes in the physical properties, e.g., damage, will cause
changes in the modal properties. Usually, damage will decrease mass and sti!ness
of the structure and increase damping ratio locally. Among the three structural
property parameters, mass is less sensitive to damage while damping is most
sensitive to damage. Because of its complex physical nature, proportional damping
is often adapted in damage detection methods [8}10].

According to their di!erent detection techniques, the modal analysis methods
can be divided into the following major categories [9, 10]: modal shape changes
methods [11, 12], modal shape curve methods [13, 14], sensitivity-based update
methods [15, 16], eigenstructure assignment methods [17, 18], optimal matrix
update methods [19, 20], changes in measured sti!ness matrix methods [21, 22],
frequency response function method [23, 24], and combined modal parameters
method [25].

The majority of this group of methods uses the lower frequencies of the modal
and can best describe the global behaviour of the structure. Therefore, they hold
promise for global non-destructive inspection of a variety of structures, because
surface measurements of a vibrating structure can provide information about the
health of the internal members without costly (or impossible) dismantling of the
structure [26]. Also, because of their global nature, these techniques allow the
customization of measurement points. Another major advantage is that the modal
information is cheap to obtain and easy to extract [9].

However, there are many limitations to this group of methods. Firstly, some of
the modal-based methods can only detect particular forms of damage in their
diagnostic schemes. Secondly, the methods usually use the undamaged structural
modal parameters as the basline compared with the damage information. This will
result in the need for a large data storage capacity for complex structures [8, 27].
But, a newly developed method, which tries to quantify damage without using
a base line [27], may be a solution to this di$culty. Thirdly, they fail to detect small
defects [8] in global features.

2.2. FREQUENCY DOMAIN

Damage may be detected only using frequency response of the structure. The
foundation of this group of methods is that damage produces a decrease in
structural sti!ness, which, in turn, produces decreases in natural frequencies [28].

The location of the defect can be estimated from the degree of change in natural
frequency, which in turn, depends on the position of the defect for a particular mode
of vibration [29]. In other words, local or distributed changes in sti!ness produce
changes in natural frequencies, which a!ect each mode di!erently depending on the
damage location [30]. This is because the damage event is a local phenomenon in
most cases. Therefore, it was suggested [28] that monitoring local high-frequency
modes of local area provide a better indication of damage for small damage. It was
also pointed out that locating damage from changes in frequencies alone is
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impractical [28]. It was suggested that resonant frequency is a better indicator of
defects than frequencies because it can change more signi"cantly than frequencies
do when properties change [28].

There are several other methods available in this frequency domain category
such as the damage index method [31], the sensitivity analysis method, etc.
[32, 33].

As only frequency information is required, these approaches can provide cost-
e!ective structural assessment techniques. However, natural frequency changes
alone may not be su$cient for a unique identi"cation of the location of structural
damage [32}34]. The current frequency domain methods are either using lower
frequencies for providing global information of structures or using higher
frequencies for providing local information of structures. None of these can provide
su$cient information for the detection of both small and large defects.

2.3. TIME DOMAIN

Basically, all methods in this category are related because they use time history.
These methods could be independent of modal information although they are
usually combined with frequency domain methods. Damage is estimated using time
histories of the input and vibration responses of the structure. Using time response
over a long period while at the same time taking into account the information in
several modes so that the damage evaluation is not dependent on any particular
one, could be sensitive to any modes [8].

The big advantage of the methods in this group is that they can detect damage
situations both globally and locally by changing the input frequencies [8, 35].

2.4. IMPEDANCE DOMAIN

Damage is detected through measuring the changes of impedance in the
structure. The basis of this technique is that each part of the structure contributes to
the impedance of structure to some extent. Any variation in the structure integrity
will generally result in changes in the impedance, i.e., the impedance will change
with changes of the sti!ness. This group of techniques models the defect as a spring
and assumes that it is clamped around the edges of the defect. The spring sti!ness is
given by the sti!ness of the layers above the detect. In the the absence of a defect,
the spring sti!ness is in"nite. The damage detection process, therefore, becomes
that of inspecting the change of sti!ness and location of the spring within the
structure. There are two groups of techniques in this domain. One is mechanical
impedance, and the other is electrical impedance.

Mechanical impedance techniques are based on the measurement of the
impedance, Z, at a point of a structure. The impedance is de"ned as Z"F/v, where
F is the applied force input to the structure, and v is the resultant velocity of the
structure at the same point [36, 37].

Similar to the mechanical impedance, electrical impedance techniques measure
change of electrical impedance, which is de"ned as the ratio of the applied voltage
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to the resulting current, of the structure. The elastic admittance of the collocated
sensor/actuator is assumed to be functionally equivalent to its mechanical
impedance. This group of methods is capable of multi-location and real-time health
monitoring [38, 39].

Impedance domain methods are particularly suitable for detecting planar defects
such as delamination. The inspection is reliable except when the system impedance
becomes spring-controlled and then the impedance only decreases with spring
sti!ness, i.e., the layer above the defect is thin and the base structure is relatively sti!
[36, 37].

3. DELAMINATION MODELLING TECHNIQUES

Composite laminates can usually be modelled as beams or plates or shells for
investigating the e!ects of delamination. Some common modelling techniques used
in delamination detection are described below.

A constrained mode model was developed for beams with through-width
delaminations parallel to the beam surface located arbitrarily in both the spanwise
and thicknesswise direction [40]. In this technique, the beam is modelled as four
separate component segments, each being analyzed as an Euler beam. Apart from
the usual conditions of continuity of transverse displacements, slopes, bending
moments and shear forces, two additional conditions were considered, i.e., the
continuity of axial displacements and forces; see Figure 1. The solution for the
beam as a whole is obtained in terms of the solutions of all the component Euler
beams by satisfying the appropriate boundary conditions at the ends of the integral
segments and the continuity conditions at the junctions between the integral and
delamination regions.

A simpli"ed model was presented based on the engineering beam theory [41].
The model assumes that delamination divides the beam into four regions: above,
below and on either side of the delamination and extends over the entire width; see
Figure 2. A Euler beam theory is applied to each region. In addition to general
conditions of beam theory, two di!erent assumptions are used. One is that the
extensional and bending sti!nesses are uncoupled; the other is that the e!ect of the
contact between the delaminated free surfaces is included, i.e., the sections above
and below the delamination are constrained to vibrate together. It was concluded
that the simpli"ed analytical model was capable of predicting the sti!ness
degradation in composite laminates although bending/extensional coupling was
not included in the model. This model is good for determining the natural
frequencies of composite laminate. The characteristic equations have to be solved
numerically.

A formulation of a composite beam was developed, based on Timoshenko beam
theory and the Galerkin method, to analyze the delamination e!ect on natural
frequency and vibration mode shape of composite laminated beam [42]. The same
modelling technique of delamination was used as mentioned above. The coupling
e!ect between longitudinal vibration and transverse bending motion was
considered and the results showed that it a!ected the modes of vibration



Figure 1. A constrained model of delamination [40].
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signi"cantly. This model can be extended to account for the e!ects of delaminations
on the higher modes.

A "nite element model using layer-wise theory was developed [43]. It is assumed
that the same displacement distribution in the individual layers is capable of
representing displacement discontinuity conditions at interfaces between layers.
Delaminations are modelled by jump discontinuity conditions at the interfaces. At
delaminated interfaces, the displacements on adjacent layers remain independent,
allowing for separation and slope. The model can be used to study multiple
delaminations through the thickness of the plate. The layer-wise linear
approximation of displacements through the thickness and the use of Heaviside
step functions to model delaminations prove to be an e!ective approach for an
accurate analysis of local e!ects in laminated composite plates. However, the
computational cost of the proposed analysis makes it unattractive for the
prediction of global behaviour when compared with conventional theories. This
modelling is further improved by higher order theory with enhanced strains to
describe layer-wise displacements more accurately [44].

A methodology for predicting and relating the natural frequencies, mode shapes
and modal damping of composite beams with the delamination based on laminate



Figure 2. Simpli"ed beam model of delamination [41].

Figure 3. E!ects of delaminations represented by kinematic assumptions of generalized laminate
theory [45].
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mechanics was developed [45]. The kinematic assumptions in this work allow for
in-plane and out-of-plane relative motion between the delaminated sublaminates
(Fig. 3). In this model, the induced discontinuity is treated as an additional
degree of freedom. This model can handle delaminated laminates with single or
multiple delamination. The merit of this model is that it considers the e!ect of
damping.
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A laminated shear deformable beam "nite element model was developed
originally for analyzing the growth of dynamic delamination [46]. The delaminated
beam was modelled as two beams above and below the plane of delamination while
spring element and rigid elements were used to connect the beams above and below
the plane of delamination depending on the consideration of friction between the
contact surfaces of sublaminates. Beam "nite elements with nodes o!set to the
bottom and top are used to model the top and bottom sublaminates respectively. In
the uncracked portion of the beam the nodes of top and bottom elements would be
connected by rigid elements to ensure compatibility between the top and bottom
sublaminates. The major advantage of this model is that it can be used to model
any type of geometry and loading condition. This concept is further developed by
dividing the delaminated part of the beam as three beam "nite elements, which are
connected at the tip of delamination by additional boundary conditions [47]. The
advantage of this method is that it can be easily modi"ed to accommodate di!erent
types of damage.

Currently, the theoretical basis for the majority of the analyses is the classical
beam theory. However, there have been a few attempts to apply the Timoshenko
beam theory to damage detection on composite structures.

4. EFFECT OF DELAMINATION ON THE DYNAMIC MODAL PARAMETERS

In general, delaminations decreases sti!ness and increase damping of structure.
These, in turn, decrease the frequencies and increase modal damping in
delaminated structure. The existence of the &&delamination modes'' in composite
beams has been proven theoretically and experimentally [48, 49] and it can be an
important feature for delamination detection. For structural mass, the e!ects of
delamination are usually very small and often can be neglected.

4.1. FREQUENCY

The e!ect of delamination on the natural frequencies of composite beam
laminate structure depends on the size and location of the delamination. It has been
found [41] that all "rst four modes are una!ected for very short delaminations.
Among the "rst four modes, mode 1 (lowest frequency) is insensitive to the presence
of normal-sized delamination while mode 4 is most sensitive (Figure 4). The e!ect
of delamination position along the length of the beam on the "rst four frequencies is
shown in Figure 5. It shows that the e!ect of delamination is much stronger in high
shear regions than in high curvature regions. The study concludes that the extent of
frequency degradation in a particular mode of vibration caused by a delamination
depends on the size and location of the delamination in the structure. It is also
found that local delaminations do not have a noticeable e!ect on the global mode
shape of vibrations of composite beams [42]. It is pointed out that the
delamination caused frequency shift and the maximum frequency shifts occurred in
the modes where the wavelength was approximately of the same size as that of the
debonding area [50].



Figure 4. E!ect of delamination length on frequencies [41].

Figure 5. E!ect of delamination axial position on natural frequencies [41].
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4.2. DAMPING

For a variety of structures and loading conditions, damping is generally far more
sensitive to delamination that sti!ness is. This suggests that damping would be
a better indicator of delamination damage especially in small and medium crack
lengths. At small delamination sizes, changes in damping were caused primarily by
changes in the viscoelastic laminate damping of the structure, while interfacial
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friction damping became important at large delamination cracks. Although it can
be a better indicator, damping is a complex factor to be considered.

4.3. MODE SHAPE

Delamination causes irregularity of mode shape curves. The extent of the
irregularity of the curve depends on the size and location of delamination [42, 51].
The bigger the delamination, the more irregular the mode shape curve. The closer
to the surface of the structure the delamination, the more irregular the mode shape
curve.

Overall, small delamination (less than 10% of beam span) may not be detectable
by monitoring global modal characteristics of the beam. Therefore, other local
parameters should be monitored [45].

Finally, the e!ect of delamination on the dynamic characteristics of structures is
strongly dependent on the laminate con"guration, and can be more profound in
laminates with complex laminations [45].

5. DELAMINATION DETECTION

5.1. MODAL ANALYSIS

An experimental technique called gapped smoothing damage detection method
was applied for locating a delamination in a composite beam [52]. The premise of
the technique is that the curvature of an undamaged structure (no sti!ness
discontinuity) is smooth and continuous and the irregularity of the curvature could
indicate the location of the damage for a homogeneous beam. The extent of the
irregularity of the curvature is in positive relationship with the severity of damage.
This relationship is signi"cant for relatively large damage [51] as shown in
Figure 6. For small damage, the irregularity in curvature is less pronounced. To
capture reductions in sti!ness as little as 1%, the gapped smoothing method has
been developed and is used to extract small features from the curvature. This
technique operates on the fundamental displacement eigenvector, which is
converted to a curvature mode shape. Then, the gapped smoothing damage
detection technique is applied to the curvature locally and yields a damage index
that locates the delamination irrespective of its position along the beam or depth
within the beam; see Figure 7. The method does not require an undamaged
reference. The procedure operates solely on the measured mode shape obtained
from the damaged structure. There is good agreement between numerical analysis
results and experimental data. A big advantage of this method is that it can be
applied to an existing structure where there is no prior knowledge of its state.
Another advantage is that damage can be located in an e$cient and cost-e!ective
manner. However, when there are structural discontinuities, a baseline of
undamaged structure has to be used.

Delamination detection for a composite structure using sensitivity analysis for
dynamic modal parameters obtained experimentally was carried out [53]. The
results show that delamination can be identi"ed through four quantities: mode



Figure 6. E!ect of delamination on the fundamental mode curvature [52].

Figure 7. Damage index for the fundamental mode [52].
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shapes, natural frequencies, damping ratios and delamination coe$cients (de"ned
as D":X DDu DdX/:X Du D dX, where u is the mode shape of the structure, X is the
area of the structure). Among the four factors, the delamination coe$cients give
a greater quantitative index of the delamination modes. The frequency changes and
new extra modes called &&delamination modes'', which are caused by delamination
and correspond to each di!erent case of delamination as shown in Table 1, are also
typical features in delaminated structure. Damping ratios of the new &&delamination
modes'' are usually higher than their neighbouring original modes as shown in



Table 1

E+ect of delamination on frequencies and damping ratios [53]

6/10-layer through width
16-layer intact delamination

Frequency (Hz) Damping (%) Frequency (Hz) Damping (%)

57)340 1)020 54)886 0)731
170)966 1)179 162)587 1)514

344)985s 1)135s

353)852 0)570 346)209 0)779
555)691s 2)343s

574)061 1)319 557)884 1)317
874)846s 3)510s

1018)230 1)992 885)361 1)685

sCaused by delamination modes.
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Table 1. Mode shapes are di!erent in delaminated structures. The research [53]
also shows that the frequency information alone is not enough to provide a reliable
prediction because the sti!ness change due to the delamination is a complex
combination of the transversal location, the longitudinal location, and the size of
the delamination. The coupling between bending and stretching has also been
proved to play an important role in sti!ness of a delaminated structure.

5.2. FREQUENCY DOMAIN

A frequency-shift-based damage detection routine is applied to delamination
detection for composite structures [31, 54]. The major assumption in this
formulation is that the ratio of frequency changes for two modes is a function of the
location of the damage only, if changes in sti!ness are independent of frequency.
The presence of delamination could be detected simply from changes in the natural
frequencies without the need for any analysis. The position of delamination is
located by this formulation combined with sensitivity analysis. The process of
locating delamination starts with the ratio between frequency shifts for modes i and
j, du

i
/du

j
. A grid of possible damage points is considered, and an error term is

constructed that relates the measured frequency shifts to those predicted by
a model based on local sti!ness reduction. A number of mode pairs are considered
for each possible damage grid location and the pair giving the lowest error indicates
the location of the damage. The size of the frequency changes may also give useful
information on the severity of the delamination. This method is also to locate low
levels of damage accurately. However, successful location does require controlled
temperatures and testing of the undamaged and damaged specimens in a short
amount of time to prevent long-term frequency shift. Also, the formulation does not
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account for possible multiple-damage locations. Special consideration is given to
the anisotropic behaviour of the composite materials.

Another frequency domain system identi"cation technique that has been used to
detect and characterize the existence and location of cracks and other damages for
various composite structures is presented [55]. The results presented indicate that
the size of damage is proportional to changes in the magnitudes of system
parameters. Damage location could easily be identi"ed by investigating the
elements in mass ratio or #exibility matrix. It has been noted that the mass ratio
matrix is more sensitive to damage in the structure than the #exibility matrix.

5.3. OTHER METHOD

An anti-optimization strategy in conjunction with system identi"cation was used
to detect delamination on a composite beam [56]. Anti-optimization is a method
for maximizing di!erence of responses between delaminated and intact structural
models. By using this method, the delaminations can be detected by maximizing the
di!erence in frequency and spatial distribution of excitations between the
delaminated and intact beams under harmonic excitation. To measure this
di!erence in responses, the ratios of strain energies, external works, and surface
strains were used. A "nite element model for a delaminated composite, based on
a layer-wise laminated plate theory, is used in conjunction with a step function to
simulate delaminations. The "rst step of delamination detection is seeking the
optimal excitation load distribution, which maximizes the di!erence in harmonic
response between intact and delaminated beams. Once the optimal excitation that
maximizes the response ratio between delaminated and undelaminated beam has
been obtained, this excitation is used to detect the location of delamination as force
input in a residual force calculation. The delamination location is assumed to be the
region where the derivative of residual force is high (Figure 8). When there is more
than one peak in the residual force responses, the candidate whose eigenvector
makes the smallest angle with the measured eigenvector is considered to be the
actual location of delamination. The size of delamination can be estimated by
comparing the eigenvalue of the candidate with an experimentally achieved
eigenvalue. This anti-optimization method can detect cases of multi-delamination
at various locations and sizes. Another advantage of this method is that it reduces
the amount of data required to detect the damage by using system identi"cation
processes. This method has been validated both numerically and experimentally.

6. ON-LINE DELAMINATION DETECTION

Among with the continuous competing requirements of improving the weight,
interdisciplinary performance, and reliability of composite components, the
development of real-time non-destructive &&health-monitoring'' techniques based on
the dynamic characteristics of the composite structures is receiving growing
attention. Among them, the techniques of detect delaminations by monitoring
changes in the dynamic characteristics or in the dynamic response of the structure



Figure 8. Indication of delamination position from theory calculation [56].
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seem to be attractive and promising. To implement the on-line monitoring
techniques, an essential condition is making the structure smart or the material
intelligent. This is the new generation of composite materials or structures, often
called &&intelligent material or smart structure''.

6.1. SMART STRUCTURE

A smart structure/intelligent material system contains a network of sensors and
actuators, real-time control capabilities, computational capabilities and a host
structural material. The structure/system can inspect the health conditions of the
structure automatically and continuously by itself. The actuator induces actuation
into the structure, such as vibration through strain or displacement. The sensors
recognize and measure the signal, such as the resultant vibrational response.
Information from the sensors is acquired by the control/processor unit. The goals
of developing smart structures in damage detection is that the structure/systems
could, through the damage identi"cation process, be able to detect damage as it is
incurred by the structure, determine the location and extent of the damage, predict
if and when catastrophic failure of the structure will occur, and alert the operator as
to how the performance of the structure is a!ected so that appropriate steps can be
taken to remedy the situation [57, 58].

6.2. APPLICATION OF PIEZOELECTRIC MATERIALS

There are a number of sensors and actuators available for use in smart materials,
and systems. Commonly used ones are piezoelectric materials, electro-rheological
#uids, shape-memory materials, magnetostrictive materials, electrostrictive
materials and thermal materials. Among them, piezoelectric materials o!er
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a number of advantages. Piezoelectric materials can generate a charge in response
to mechanical stimulus, or alternatively provide a mechanical strain when an
electric "eld is applied across them. Because of these characteristics, piezoelectric
materials can be easily used for both actuation and sensing, also referred to as
collocated actuator}sensor. Utilizing the same material for both actuation and
sensing not only reduces the number of sensors and actuators, but also reduces the
electrical wiring and associated hardware. Piezoelectric materials are low in cost
and can generate high voltage with a low current. Piezoelectric materials can be in
the form of crystals, ceramics or polymers. These materials exhibit excellent
mechanical strength, have low acoustic impedance, a #at response over a wide
frequency range, and a broad dynamic response. Due to their low mechanical
impedance, a number of piezoelectric "lms/patches can be distributed along the
structure with only minor e!ects on the structure's mechanical properties. The
"lms/patches can be readily cut and shaped to conform to the structure under
consideration. They are especially good for incorporating into composites, usually
attached to or embedded into a structure, and thus are the ideal materials to
constitute an &&active'' methodology for structure damage monitoring and on-line
health monitoring. It is important to note that there is an optimum size and an
optimum placement or arrangement of piezoelectric sensors to give maximum
sensitivity for the various damage cases and load conditions [59}62].

6.3. ON-LINE HEALTH MONITORING WITH PIEZOELECTRIC TRANSDUCER

The group of on-line delamination detection techniques is used to monitor
changes in the dynamic characteristics or in the dynamic response of a structure.
The group of techniques usually uses algorithm for "nite element model update or
test-analysis correlation. Most of these works begin with measured dynamic
response and modal parameters to "nd the di!erences between the undamaged and
damaged system. There have been a few attempts at on-line delamination detection
using piezoelectric sensors and actuators. Most of them are combined with AI-
based techniques such as neural network. The following will describe some recent
research work using on-line damage detection concepts.

A recently proposed on-line damage diagnostic technique was successfully
applied for predicting delamination with piezoelectric sensors and actuators
attached to the top and bottom of a beam and validated by experimental works
[63}65]. The results are shown in Figure 9. This diagnostic scheme is a search-
based technique with an iterative damage identi"cation algorithm combined with
a wave response and a frequency domain method. This damage identi"cation
technique includes three components, a structural model, a response comparator
and a damage selector. The structural model combined the constrained mode of
Mujumdar et al. [40] with the electromechanical e!ect of piezoelectric material for
predicting the output voltages from the sensors when a delaminated beam was
excited by the actuators. The presence of damage is simply indicated by the
di!erence between the damaged and undamaged structure. To locate the damage,
the structural model is run repeatedly to predict the changes in responses due to



Figure 9. Comparison between actual and predicted delamination length and location [65]; k,
actual length; h calculated length.
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di!erent possible delaminations. During these runs, delamination sizes and
locations are selected randomly by the damage selector over the entire feasible
space, and the predicted results are compared with the measured ones
continuously. To estimate the extent of the damage, the response comparator
quanti"es the agreement between measured and calculated responses using
a weighted quadratic objective function. The best estimate of the damage occurs
when the responses are matched and the objective function is minimized. However,
this method needs to be improved to be able to detect small size delaminations and
other types of damage in composite structures. The structural model was also
applied to detect impact delamination [66] and further for self-monitoring of the
manufacturing process and self-diagnosising of service-induced damage [67].

An electromechanical structural model combined with neural network was used
to conduct on-line delamination detection on composite structures with embedded
piezoelectric sensors and actuators [68]. The structural model was an extension of
the Tracy and Pardoen modelling of delamination [41] by including
unsymmetrical laminates and e!ects of embedded piezoceramic patches. This
model was validated by both experimental and numerical work. A good match was
found in the case of mode shape veri"cation. Detecting the presence of damage still
called for a conventional technique. Two methods are used to locate the damage
position and determine type and size of damages. The "rst compared numerical
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with experimental frequency results. The second used a back-propagation neural
network, which is trained by the frequencies of the "rst "ve modes obtained from
dynamic modal analysis data. It was pointed out that the embedded actuator
patches, in addition to acting as excitors, have the potential to redistribute strain
for damage mitigation.

Another Arti"cial Intelligent-(AI) based damage detection technique was
proposed [69]. This technique, as mentioned above, combined modal analysis with
neural network. The delamination is modelled by the structural model of the
Mujumdar and Suryanarayan [40] without considering the e!ect of lead zirconate
titanate (PZT) patches. The presence and location of delamination were identi"ed
by comparing theoretical and experimental results. The size of delamination was
estimated by neural network. It was found that the third and fourth modal
frequencies were better indicators of delamination detection. The e$ciency of this
method was demonstrated experimentally.

A neural network method in conjunction with system identi"cation technique
[70], which can identify various damage cases, was applied for on-line damage
detection in composite structures. The method contains two parts: training and
recognition. In the training part, various types of damage modes are designed as the
patterns and organized into pattern classes according to the location and the
severity of the damage. Then system identi"cations are used to extract the transfer
functions as the features of the structural systems. The multi-layer perception
(MLP) was trained by the transfer functions. The MLP serves as a
nearest-neighbourhood classi"er. In the pattern recognition part, an unforseen
damage in a structure is classi"ed within the closet class in the training set and the
damage in the structure is identi"ed as that of the class.

There are many other valuable studies using neural networks to detect
delamination in composite structures, such as an experimental study [71] for a
composite/aluminium beam to identify the severity and presence of a delamination
according to the frequency response data obtained from bonded piezoelectric
actuators/sensors. This experimental work also investigated the e!ectiveness of
di!erent con"guration of network. Another example is the dynamic learning rate
steepest descent method [72]. This method can improve learning convergence
speed signi"cantly without increasing the computational e!ort, the memory cost,
the algorithm simplicity, and the computational locality in the standard layered
error back-propagating training algorithm.

7. DISCUSSION AND CONCLUSION

Vibration-based model-dependent methods combined with modal analysis
provide global as well as local information on structural health condition and do
not require direct human accessibility to the structure. The methods are cost-
e!ective and easy to operate, and has the potential for on-line damage detection
with appropriate structural modelling.

Vibration-based model-dependent methods utilize "nite element analysis
techniques together with experimental results to detect damage. The structural
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model is critical when using this group of methods. Accuracy of the model a!ects
the e!ectiveness of the method. Various response characteristics of the structure
such as time responses, frequency responses and impedance responses, can be
extracted and analyzed with the model.

Modal analysis methods are based on the concept that modal parameters are
functions of physical properties, and thus changes in the physical property, such as
a damage, will cause changes in the modal parameters. The most important task in
detecting damage with these methods is to "nd the particular modes which best
describe the individual damage event. Because of the global nature of the methods,
health conditions of the internal members of a structure can be obtained without
incuring high cost (or impossible) for dismantling of the structure. Therefore, the
methods can be applied to a variety of structures such as infrastructures, aerospace
structures, and are especially useful for large structures. Given their global nature,
these techniques allow the customization of measurement points. Another major
advantage is that modal information is cheap to obtain and easy to extract.
Nevertheless, many limitation exist when using this group of methods. Firstly,
application of some of the modal-based methods is limited since they can only
detect particular forms of damage in their diagnostic schemes. Secondly, these
methods usually use undamaged structural modal parameters as the benchmark
when compared with the damage information. This will result in the need for a large
data storage capacity for complex structures. Thirdly, they fail to detect small
defects in global feature.

Frequency domain methods use only frequency information for damage
detection. These approaches can provide cost-e!ective structural assessment
techniques. However, natural frequency changes alone may not be su$cient for
a unique identi"cation of the local of structural damage. Current frequency domain
methods are either using lower frequencies for providing global information of
structures or higher frequencies for providing local information of structures. None of
them can provide su$cient information for detection of both small and large defects.

Time domain methods use time history and are usually combined with frequency
domain methods for damage detection. One major advantage of these methods is
that they can detect damage events both globally and locally by changing the input
frequencies.

Impedance domain methods detect damage from variations in impedance of the
structure. Impedance domain methods are particularly suitable for detecting planer
defects such as delamination. The inspection is usually reliable except when the
system impedance becomes spring-controlled and thus the impedance only
decreases with spring sti!ness.

Because of the increasing requirements to ensure the safe operation of structures,
especially aerospace structures and aircraft, on-line damage detection and health
monitoring have received growing attention and is one of the major directions for
future research. On-line damage detection has the advantages of identifying
damage as soon as it is initiated, monitoring continuously the structure's health
condition without a!ecting the operation of the structure, and possibly rectifying
the damage by migrating stresses. To implement on-line damage detection
techniques, piezoelectric material is ideal for acting as sensor and actuator. This is
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due to its advantages over other materials in terms of easy incorporation into any
shape of surface and minor e!ects on the host structural mechanical properties.
With piezoelectric actuator and sensor, the structure can be vibrated in any
frequency, either low or high, in any location, and the response information can be
extracted continuously.

There are many challenges in the development of on-line damage detection
techniques. Typical ones are the ability to identify minor damages and the ability to
di!erentiate the type of damages on composite structures. So far the modal-based
methods are limited in this regard. Analytical methods of predicting changes in
modal parameters or response characteristics become dubious with complex
structures. Another challenge is signal extraction for on-line damage detection. The
di$culties lie in the ability to separate changes in vibration signature due to
damage from changes, normal usage, or changes in boundary conditions.
Laboratory experiments are often conducted under tightly controlled repeatable
conditions to ensure that the changes are only due to the self-created damage.
Therefore, to develop practical and capable on-line damage detection methods,
a large amount of work awaits to be explored.
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