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Abstract
Piezoelectric based PZT smart sensors offer significant 
potential for continuously monitoring the development and 
progression of internal damage in concrete structures. 
PZT-based damage sensors consisting of piezo-electric 
patches, which are bonded to the surface of a concrete 
structure can be developed for assessing the damage 
progression of concrete members. The primary challenge 
in developing a PZT-based sensor lies in developing a 
methodology to infer about the level of damage in the 
material from measurement. Changes in the resonant 
behavior in the measured electrical conductance obtained 
from electro-mechanical (EM) response of a PZT bonded 
to a concrete substrate is investigated for increasing 
levels of damage. The sensitivity of EM impedance- 
based measurements to level of damage in concrete is 
reported. Incipient damage in the form of microcracks in 
the concrete substrate produces a change in the electrical 
conductance signature associated with the resonant 
peaks. Changes in the conductance resonant signature 
from EM conductance measurement are detected before 
visible signs of cracking. The root mean square deviation 
of the conductance signature at resonant peaks is shown 
to accurately reflect the level of damage in the substrate. 
The findings presented here provide a basis for developing 
a sensing methodology using PZT patches for continuous 
monitoring of concrete structures.

Keywords: PZT, impedance, Conductance, Microcracks.

Introduction
Structural Health Monitoring (SHM) is a process of 
assessing the structural integrity of the constituent 
parts and the level of damage level in the structure 
during its life period. SHM relies on non-destructive 
evaluation (NDE) procedures and continuous monitoring 
of structural parameters to determine the intensity 
and location of the damage. This involves sensors, data 
acquisition and signal processing tools. Signs of distress 
in concrete are often associated with visible cracking. 
Since concrete is a brittle material, which is weak in 
tension, cracking is the manifestation of damage in the 
material which results from tensile stress in the material. 
Stress induced damage in concrete could result from load 

application or from internal sources such as shrinkage. 
Damage initiation takes place in the form of distributed 
microcracks, which eventually localize to form cracks. 
Often the damage, particularly in the incipient stages 
is not directly visible and by the time signs of distress 
appear on the surface of the structure significant damage 
would have accrued in the structure and there may be 
significant degradation of the capacity of the structure. 
Early detection of damage, before visible signs appear on 
the surface of the structure is essential to initiate early 
intervention, which can effectively increase the service 
life of structures. Methods to detect incipient damage in 
the form of microcracks are required to provide effective 
methods of monitoring structural health and service life 
performance of structures.

Use of PZT patches and wafers has become popular in 
structural health monitoring. Due to the coupled electro-
mechanical constitutive response of a PZT material, the 
mechanical response of a bonded PZT patch subjected to 
an applied electrical potential is influenced by the elastic 
restraint provided by the substrate material. Coupling the 
structure to the PZT changes the mechanical impedance 
of the PZT, which produces a change in its vibration 
characteristics. Monitoring changes in the electrical 
impedance signature due to changes in the effective 
mechanical impedance of the substrate is the basis for 
electromechanical impedance-based measurements. 
Information about the surrounding material is contained 
in the electromechanical impedance (EMI) signature of a 
PZT. By comparing the impedance signature taken in the 
pristine state and at any other time, structural damage can 
be determined. Generally, both frequency and amplitude 
shifts are produced relative to the pristine state (without 
damage). [Chaudhry et al. (1994), Sun et al. (1995), Ayres 
et al (1998), Giurgiutiu et al (1997, 1999), Park et al (2000), 
Zagrai (2001), Giurgiutiu (2002, 2004), Peairs (2004)].

Application of EMI technique for damage detection in 
concrete structures requires a careful study of the 
changing compliance of the substrate for different forms 
of damage in the substrate material from the incipient to 
the visible stages. The use of PZTs for health monitoring of 
concrete structure was demonstrated by the ability of EMI 
technique to register changes due to formation of cracks 
well in advance of failure [Park et al. (2000)]. Several 
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other studies of damage in concrete using impedance-
based measurements of PZTs have been conducted using 
embedded defects and artificial damage in the form of 
machine cuts [Tseng (2004), Lim (2006), Dongyu (2010), 
Wang (2013)]. The EM impedance method has also been 
used to determine the location of a crack by inducing crack 
at different positions and depths and cross correlation 
as damage index [Wang et al. (2013)]. While the use of 
artificial damage provides meaningful insight, it is not 
representative of substrate compliance with stress/load 
induced damage in the material.

Potential of using electro mechanical impedance based 
measurements of surface mounted PZT to identify the 
formation of incipient damage in concrete structures 
is presented in the paper. The relationships between 
forms of material damage, visual indication of damage, 
mechanical compliance of the material and resonant 
modes in the conductance signature of PZT bonded to 
a concrete substrate are investigated. The variation 
in surface strains for incremental levels of loading is 
monitored using Digital Image Correlation (DIC) and 
compared with the conductance plot of the PZT. Root 
mean square deviation (RMSD) of the EM conductance 
close to the resonant peak is used as a damage index and 
variation in RMSD at different damage states is presented.

Experimental Program
Experiments were performed using 150 mm concrete 
cubes. Six cubes were cast and cured for 90 days before 
testing. The properties of the cube is given in table1. 
The three cubes were tested to failure to determine the 
compressive strength of the concrete.

Table 1 
Properties of materials

Type
Average 

Failure stress 
(Mpa)

Young’s 
Modulus 

(GPa)

Density 
(ρ) 

(kg/m3)

Poisons 
ratio (υ)

Concrete cube 52 36 2300 0.2 

Epoxy - 2 1400 0.36

The cubes were bonded with PZT patches exactly at the 
center of the side face of the cube using two component 
epoxy. A 20mm x 20mm PZT patch, which was 1mm in 
thickness, was used for the experimental study. The front 
faces of the cubes were smoothened and a sprayed-on 
speckle pattern was created for measurement of surface 
displacements using the full-field optical technique 
known as digital image correlation (shown in Figure 1a). 
The baseline signatures of the PZT when attached to the 
substrate are taken.

In a typical impedance measurement, the frequency was 
varied between 1 kHz and 0.5 MHz at an applied voltage 
of 1V and data was collected at 800 discrete frequencies. 

Average of five measurements was collected. Impedance 
data was collected from the PZT patch in the free-state 
before attaching the PZT to the concrete cube. The 
baseline EM conductance signature and image were 
taken prior to the start of loading. Cubes were subjected 
to cyclic compressive loading of increasing magnitude 
where the load amplitude was increased in increments of 
10% of the average compressive strength in every cycle. 
The loading procedure consisted of alternate loading and 
unloading cycles as shown in Figure 1b. During the loading, 
the conductance signatures and the image for DIC were 
recorded on top of the load cycle and after unloading.

EM Impedance of PZT

In a PZT material, the application of an electrical field 
results in mechanical strain in the material due to the 
coupled electro-mechanical constitutive relations. For a 
PZT patch attached to a substrate subjected to an applied 
electrical input, the motion of the interface subjected 
to continuity conditions is governed by the combined 
mechanical impedance of the structure and the PZT. 
The constrained motion in turn produces a change in 
the measured electrical impedance. The first systematic 
attempt to derive the electrical impedance of the PZT 
which is mechanically connected to a structure using a 
1D idealization of the system was developed by Liang et 
al. (1994). Subsequent improvements in modelling the 
PZT response have included the effective 1-D model of 
the PZT and varying levels of idealization of the structural 
impedance [Bhalla et al. (2004), Xu (2002), Yang et al 
(2005)]. Most of the available analytical solutions are 
applicable for 1 or 2-D idealizations of the PZT, substrate 
or both. Typically the electrical impedance of the PZT 
patch for a given electrical input at a frequency can be 
represented as

( , , , , )Y Y Z Z l EA S i~=r r    .....................................................(1)

where ZA And ZC are the mechanical impedance of the PZT 

Fig. 1: (a) Experimental set up (b) Applied loading history

(a)

(b)
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and substrate respectively. li, represent the dimensions of 
patch and E is the electric field applied for actuation. The 
functional form of Equation (1) is not readily available for 
the test configuration used in this study.

The conductance, which is the real part of admittance of 
the free PZT and the PZT bonded to the 150 mm concrete 
cube are shown in Figure 2. It can be seen that resonance 
peaks associated with the free vibration of the PZT can 
also be identified in the response of the PZT attached to the 
concrete cube. Only three prominent peaks are identified 
in the conductance spectrum of the bonded PZT. Peaks 
1 and 2 in the conductance spectrum of the bonded PZT 
correspond with modes 1 and 3 respectively of the PZT. The 
third peak in the conductance response of the bonded PZT 
has contributions from closely spaced modes 5 and 6 of 
the PZT. There are several prominent changes associated 
with the frequency of the resonant modes and the relative 
magnitude of the resonant peaks. There is a noticeable 
decrease in values of conductance, an increasing baseline 
trend which increases the magnitude of conductance 
with increasing frequency and a change in the relative 
magnitudes of the resonant peaks in the bonded state. 
There is also a significant broadening of the resonance 
peaks compared with the free-state. The resonance peaks 
shift to higher frequencies, with a larger frequency shift in 
lower modes. 

The resistance to the motion of the PZT by the substrate is 
reflected in the overall decrease in the value of conductance. 
While the conductance of the free PZT is essentially zero 
between resonant peaks, the conductance is non-zero 
between the resonant peaks for the bonded PZT. The 
resistance to the motion of a point located on the surface of 
the cube, given by the driving point impedance, influences 
the motion of the bonded PZT. The frequency dependency 
of the substrate driving point impedance is reflected in the 
relative shifts in the amplitudes and the general increasing 
trend in the background of the measured conductance. 
The influence of the substrate can also be identified with 
the overall increase in the frequency and broadening of the 
resonant peaks.

Analysis of results
From the results of the numerical analysis, the second 
peak in the EM conductance response of the bonded PZT 
was selected for evaluating the influence of load-induced 
damage. The conductance signatures at the second peak 
of the bonded PZT response after unloading from different 
load levels are shown in figures 3. The second peak is 
centered on 255 kHz. The response between 245 and 265 
kHz is plotted in the figures. Contours of horizontal strain at 
distinct loading obtained from the DIC technique are shown 
in figure 4. It can be clearly identified from the plot that the 
unloading signature at 40%u shows a left ward shift. This 
is due to the incipient damage produced in the concrete. 
Horizontal strain contour shows an increase in strain levels 
(figure 4). As the load level increases, the resonance peak 
in the conductance signature shows a consistent leftward 
shift. Comparing with the measured DIC response, there 
is no visible sign of distress or cracking up to 70% of 
strength, while some signs of localization are evident at 
60% of peak. Localization of damage into a crack occurs 
at 70% of strength. Significant changes in the resonant 
peak associated with the localization are observed. After 
localization, significant changes are observed in the shape 
of the resonant peak. At 90% of the compressive strength, 
the peak showed a significant decrease in amplitude and a 
flattening of the peak. The flattening of the peak is associated 
with the formation of a major crack on the surface. The 
conductance signatures associated with the resonant peak 
has a very good agreement with the indication of damage 
obtained from surface strain measurements. Further, 
changes in EM conductance are observed before any visible 
sign of distress.

Fig. 2: Conductance spectrum of PZT in the free condition and 
coupled with a 150 mm concrete cube.

Fig. 3: Electrical conductance signatures: a. 30%-50% of 
strength b. 60%-90% of strength
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Fig. 4: Contours of horizontal strain (exx) obtained using digital 
image correlation (a) at 40%; (b) at 50%; (c) at 60%; (d) at 70%; 
(e) at 80%; and (f) at 90% of Strength.

Fig. 5: RMSD of the second resonance peak b. Average vertical 
strain (εyy) obtained From DIC

The root-mean-square deviation (RMSD) is used to 
measure the differences between values of baseline 
measurement of conductance signature at the second 
resonant peak and the corresponding signatures at 
different load levels. The RMSD for the frequency range 245 
kHz-260 kHz with respect to the baseline measurement 
were calculated using equation 2, where xi and yi are the 
signatures obtained from the PZT transducer bonded to 
the structure before and after damage (or loading). The 
scatter in the results obtained from all the specimens is 
also plotted in the figure. It can be seen that despite the 
scatter, there is an increasing trend of RMSD with each 
level of loading as shown in the figure. The variation in the 
average vertical strains recorded at the top and bottom 
of the load cycles obtained from DIC measurements are 
also plotted in Figure 5b. It can be seen that the level of 
damage assessed using the RMSD variation of the second 
resonant peak compares well with the evolution of plastic 
strain and increase in mechanical compliance. There is an 
exponential increase in the evolution of plastic strain with 
loading. Plastic strain is an indicator of level of damage in 
the material. This corresponds with the observed trend in 
the RMSD measure with loading.
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Conclusions
Potential of using EM impedance measurements of 
surface mounted PZT patches for structural health 
monitoring of concrete structures is presented in the 
paper. It is shown that there are changes in resonant 
behavior of the EM conductance response of the PZT 
bonded to a concrete substrate with increasing damage. 
The PZT sensor detects incipient damage significantly 
earlier than the appearance of visible signs of damage. 
There is an amplitude reduction and frequency shift of 
the PZT resonance peak with an increase in damage in 
the concrete substrate. At higher damage levels, there is 
flattening of the resonant peak associated with localization 
and formation of a major crack.
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