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Chapter 1

Introduction

1.1 Background

The research of structural health monitoring and damage detection has recently become

an area of interest for a large number of academic and commercial laboratories.  Especially, a

need to develop in-service and on-line health monitoring techniques is increasing.  This kind of

technique allows systems and structures to monitor their own structural integrity while in

operation and throughout their life, and is useful not only to improve reliability but also to reduce

maintenance and inspection cost of systems and structures.

On the other hand, the term “Smart Structures” or “Intelligent Material Systems” is fast

becoming a common phrase among the engineering community.  Although there is no agreed

definition for intelligent material systems, Rogers [1] proposed two definitions.  The first one is

based upon a technology paradigm: “the integration of actuators, sensors, and controls with a

material or structural component.”  The second one is based upon a science paradigm and

addresses the goal of intelligent material systems: “material systems with intelligence and life

features integrated in the microstructure of the material system to reduce mass and energy and

produce adaptive functionality.”

The research of “Smart Structures” or “Intelligent Material Systems” is a very active

field.  There are many conferences and symposiums on this technology.  For example, at the

SPIE Annual International Symposium on Smart Structures and Materials 1998, more than 450

papers were presented.  The applications of this technology were mostly for aerospace use

several years ago.  However, many researchers have been trying to apply this technology to civil



2

structures recently, and new methods of structural health monitoring and damage detection using

smart or intelligent materials are being investigated.

1.2 Motivation

An on-line structural health monitoring system should meet three requirements [2]: i) it

must be small, non-intrusive, and must offer the possibility of being located in inaccessible

remote areas of the structure and, as yet, it must be able to transmit information easily to a central

processor; ii) it must be as sensitive as conventional non-destructive evaluation (NDE)

techniques, i.e. it must be able to detect minor damages such as small cracks, delaminations or

loose connections; and iii) it must be able to monitor a certain minimum area of the structure as

opposed to the point measurements offered by presently available NDE equipment.

Conventional NDE techniques such as ultrasonic testing and X-radiography can provide

significant details about the nature of damage.  However, these techniques usually require direct

access to the structure being investigated and involve bulky equipment.  Moreover, these

techniques usually require the structure be out of service during the inspection and this may cause

major disruptions.  For these reasons, these techniques are inadequate for on-line structural health

monitoring.

The piezoelectric impedance-based structural health monitoring technique which has

been investigated at the Center for Intelligent Material Systems and Structures (CIMSS) may

meet these requirements for on-line structural health monitoring.  This technique utilizes the

direct and the converse electromechanical properties of piezoelectric materials, allowing

simultaneous actuation and sensing of the structure.  The basic principle is to track the high

frequency (typically > 50 kHz) electrical point impedance of a piezoelectric material bonded onto

a structure.  Physical changes in the structure cause changes in the structural mechanical

impedance.  Due to electromechanical coupling between the piezoelectric material and the
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structure, the change in structural mechanical impedance induces a change in the electrical

impedance of the piezoelectric material.  Hence, we can determine when structural damage has

occurred or is imminent by monitoring the electrical impedance.  At such high frequencies, this

technique is as sensitive as sophisticated traditional NDE techniques because the wavelength of

the excitation is small enough to detect incipient-type damage like slight delaminations or loose

joints.

Nevertheless, there are still some problems to be solved before full scale development

and commercialization can take place.  These problems include: i) since both piezoelectric

materials and structures have temperature dependency, any variation that is associated with

temperature changes may be confused as damage; ii) since the sensing area is small, a large

number of piezoelectric sensors and actuators are required in practical use; and iii) since this

technique uses only electrical point impedance of piezoelectric sensors and actuators, in other

words, it does not use mutual information between them, the ability to identify the damage

location is poor.

It is true that this piezoelectric impedance-based structural health monitoring method is

a unique and promising NDE technique, but monitoring only point impedance is not enough to

overcome the problems.  Therefore, a study on utilizing multiple piezoelectric sensors and

actuators effectively to obtain useful information is necessary.  If we combine this study with the

impedance-based structural health monitoring, its application will become closer to full scale

development and commercialization.

1.3 Objectives

The goal of this research is to solve the problems mentioned above to apply the

impedance-based structural health monitoring to real structures.  The work is basically an

experimental study and can be divided into three parts based on the issues to be solved.
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The first part (Chapter 2) deals with temperature effects.  The objective is to remove

effects of temperature changes from the impedance-based structural health monitoring.  At first,

temperature effects on piezoelectric materials and structures are investigated theoretically and

experimentally.  A simple steel beam is used for the investigation.  Next, an empirical

temperature compensation method is developed.  It is a software-based correction.  Then, a

proof-of-concept experiment on a bolted pipe structure is demonstrated.  The experiment is

carried out by putting the bolted pipe into an oven equipped with a temperature controller.

Damage is simulated by loosening a bolt of the joint.

The second part (Chapter 3) deals with the sensing area.  The objective is to extend the

sensing area.  First, the influence of incipient-type damage on the global modes (low frequency

range) and the local modes (high frequency range) is investigated experimentally.  A steel bridge

joint model is used for the experiment. Damage is simulated by loosening a bolt of the joint.  The

frequency response from impact testing, which represents the global modes, and the high

frequency impedance measurements, which represents the local modes, are compared.  Second,

the area of wave propagation is examined by measuring the coherence between multiple

piezoelectric sensor-actuators bonded on the bridge joint model.  Third, the concept of electrical

transfer admittance, which may extend the sensing area, is proposed.  Finally, proof-of-concept

experiments on the bolted pipe and the bridge joint model demonstrate that we can extend the

sensing area.

The third part (Chapter 4) deals with the damage location.  The objective is to identify

the damage location.  At first, the basic concept of the method to identify the damage location by

time domain analysis is shown.  Next, a proof-of-concept experiment on a long simple slender

beam is demonstrated.  Damage is simulated by attaching a small clamp to the beam.  Another

issue of concern is to develop an excitation method for piezoelectric actuators to generate a

longitudinal wave into a beam.  It is also demonstrated in the experiment.  Lastly, a technique to

extract an impulse from a noisy signal by wavelet decomposition is indicated.  A simple
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simulation and an experiment are performed to show the effectiveness of the technique.

1.4 Literature Review

In this section, some previous efforts on structural health monitoring or NDE techniques

using the vibration response of a structure or machine are briefly reviewed.

The most popular approach to structural health monitoring is to use modal parameters,

such as natural frequencies, damping ratios and mode shapes, to determine the existence of

damage in structures.  Adams et al. [3] found that a state of damage could be detected by a

reduction in stiffness and an increase in damping.  A method of damage location from

measurements of natural frequencies was also demonstrated [4].  Other modal properties, such as

sensitivity [5], eigenvector and eigenvalue matrix [6], curvature mode shapes [7], modal

assurance criterion [8], and energy transfer ratio [9], have been examined for damage detection.

Aktan [10] has been doing an extensive work on civil infrastructures monitoring.

Some researchers have attempted to develop non-modal methods.  A wave propagation

approach is one of them.  Pines [11] indicated that, with simple beam structures, global defects

could be detected by a change in the wavenumber-frequency relation and local defects could be

detected by a change in the scattering matrix elements.  The method presented by Banks et al.

[12] is also independent of modal information.  The partial differential equations model of a

beam like structure was developed and physical parameters such as stiffness, damping and mass

density were obtained from the time domain vibration response of the structure.  It was

demonstrated that the presence and the location of damage could be detected by monitoring the

change in these parameters.

A high frequency, impedance-based structural health monitoring technique [13] has

been developed at CIMSS and will be described in the next section.  Other NDE techniques
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investigated at CIMSS include the laser Doppler method [14] and the active particle tagging

method [15].  The laser Doppler method is to detect debonds and delaminations without a

physical contact with the structure of interest.  In the active tagging, the particles are excited by

an external alternating magnetic field without a physical contact.  The embedded particles

interact with their host structure and generate measurable vibration signatures.  Then the

signatures can be correlated with the structural conditions.  A damage detection technique using

beat phenomena [16] has also been investigated at CIMSS.  The advantage of this approach is

that the small changes in natural frequency can be used to create beat phenomena which creates a

large metric proportional to the small changes in frequency and so is more sensitive.

In general, structural health monitoring or damage detection techniques using the

vibration response of the structure can be classified into two categories: model-based and non-

model-based.  Furthermore, model-based techniques can be classified into modal-dependent and

modal-independent.  The impedance-based technique belongs to the non-model-based.  Each

technique has both advantages and disadvantages as shown in Table 1.1.

Table 1.1: Comparison of structural health monitoring techniques using vibration response

Model-Based Non-Model-Based

Modal Non-Modal Impedance Others

Quantitative Evaluation Fair Fair Poor Poor

Small Damage Detection Poor Good Good Unknown

Complex Structures Fair Poor Good Unknown

A model-based technique may assess damage quantitatively if the model is appropriate.

However, it is difficult to apply this technique to complex structures for which we can hardly

make satisfactory models.  In addition, a modal-dependent model-based technique cannot detect

very small damage.  The reason is that this technique basically deals with low-frequency global

modes that are relatively unaffected by small damage.



7

On the contrary, the impedance-based method cannot quantify damage precisely

because this method evaluates damage merely by comparing each impedance measurement with

a baseline measurement.  Nevertheless, it is sensitive enough to detect very small damage as well

as incipient damage and can be applied to complex structures.

1.5 Piezoelectric Impedance-Based Structural Health Monitoring

The impedance-based NDE technique utilizes piezoelectric materials as sensors and

actuators.  When a mechanical stress is applied to a piezoelectric material, it generates an electric

charge (the direct effect).  Conversely, when an electric field is applied to it, its dimensions

change (the converse effect).  Therefore, a piezoelectric material is capable of acting as either a

sensor or an actuator, or both.  Among several piezoelectric materials, we usually use PZT (Lead,

Zirconate, Titanate), which is the most  common piezoelectric ceramic material.

For piezoelectric materials, the relation between the mechanical and electrical variables

is governed by the following constitutive equations [17]:
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where S is the mechanical strain, T  is the mechanical stress, E  is the electric field, D  is the

charge density, s is the mechanical compliance, d  is the piezoelectric strain constant, ε  is the

permittivity, and the subscripts i , j , m and k  indicate the direction of stress, strain or electric

field.  The superscripts E  and T  indicate that those quantities are measured with electrodes
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connected together and zero stress, respectively and the subscript t  indicates transpose.  The first

equation describes the converse piezoelectric effect and the second one describes the direct

piezoelectric effect.

The basic concept of this qualitative NDE technique is to monitor the variation in the

mechanical impedance due to the presence of structural damage.  If damage occurs in the

structure, its mechanical impedance will change.  In piezoelectric materials, the mechanical and

electrical impedance are coupled, which allows us to extract structural information from

electrical impedance measurements.  Hence, we can detect the damage by tracking the electrical

impedance of the PZT bonded on the structure and comparing it with a baseline measurement.

The interaction between a PZT and its host structure can be described by a simple 1-D

model [18] shown in Figure 1.1.  The PZT is considered as a thin bar undergoing axial vibration

in response to applied alternating voltage.  One end of the bar is fixed and the other end is

connected to the host structure represented by a single degree of freedom system.

PZT M

C

K

V = v·sin(ωt)

I = i·sin(ω t+φ) Coupled electromechanical admittance

Y  = Re(Y)+jIm(Y)

Figure 1.1: 1-D model of electromechanical interaction of a PZT with its host structure

Solving the equation for the PZT bar connected to the external mechanical point

impedance of the structure leads to the following equation for the frequency dependent electrical
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admittance [19],
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where Y  is the electrical admittance (inverse of impedance), Za  is the mechanical impedance of

the PZT, Zs is the mechanical impedance of the structure, Yxx
E  is the Young’s modulus of the

PZT at zero electric field (inverse of compliance), d x3  is the piezoelectric strain constant at zero

stress, ε33
T  is the permittivity at zero stress, δ  is the dielectric loss tangent of the PZT, wa  is the

width of the PZT, la  is the length of the PZT, and ha  is the thickness of the PZT.

Then, the mechanical impedance can be obtained easily by solving Equation (1.3),

which yields
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This equation indicates that the mechanical impedance of a structure can be determined

from the electrical admittance of the PZT bonded onto the structure.  In other words, structural

integrity can be evaluated by measuring the electrical impedance of the PZT.

Experimental implementation of the impedance-based structural health monitoring

technique has been successfully conducted at CIMSS on several complex structures; a truss

structure [20] (Figure 1.2), an aircraft structure [21] (Figure 1.3), composite repair patches [22]

(Figure 1.4), a massive steel bridge joint [23] (Figure 1.5), precision parts such as gears [24]

(Figure 1.6) and composite-reinforced concrete structures [25] (Figure 1.7).
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Figure 1.2: Experimental implementation on a three-bay truss structure

Figure 1.3: Experimental implementation on an aircraft structure
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Figure 1.4: Experimental implementation on composite repair patches

Figure 1.5: Experimental implementation on a steel bridge joint
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Figure 1.6: Experimental implementation on gears

Figure 1.7: Experimental implementation on composite-reinforced concrete structures

As can be seen, the impedance-based structural health monitoring technique has many

possible applications, though it is not yet ready for full scale development and

commercialization.   In the following chapters, some efforts which improve and support the

impedance-based technique will be presented.


