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Abstract
The influence of stress and induced damage in concrete on the electro-mechanical (EM)
impedance response of bonded PZT patches is evaluated for applied compressive loading. Full
field displacements obtained from digital image correlation are used to evaluate the level of
stress-induced damage in concrete. Stress in the substrate produces an imposed strain on the
PZT. A change in the imposed strain produces a rightward frequency shift and an increase in the
amplitude of the resonant peak in the EM conductance spectrum of the PZT. An increase in the
substrate compliance produces a decrease in the resonant frequency and an increase in the
amplitude of the resonant peak. Changes in the resonant peak in the conductance spectrum
induced by increasing substrate stress are of a significant magnitude when compared with the
changes induced by damage. In the early stages of damage associated with distributed
microcracking, the counteracting influences of increasing level of damage and increasing stress
on the resonant peak result in no shift in frequency for measurements under applied load. There
is however an increase in the amplitude of the resonance peak. When the applied stress is
removed, there is a net decrease in frequency resulting from damage in the form of distributed
microcracks. Measures of changes in the resonant peak based on root mean square deviation
(RMSD), do not show any observable change when measurements are performed under applied
loading. There is a consistent increase in RMSD values and frequency shift with increasing
damage when the applied stress is removed. The centroidal measure of the normalized frequency
spectrum reflects changes in substrate stress. At higher applied stress levels, there is a nonlinear
increase in damage, leading to localization and cracking. The influence of damage is dominant in
this region and significant changes are obtained in the RMSD values in both loaded and
unloaded conditions.

Keywords: electro-mechanical impedance, PZT, digital image correlation, stress, damage,
conductance, compliance

SQ1  (Some figures may appear in colour only in the online journal)

1. Introduction induced damage in concrete could result from load applica-

tion or due to effects such as restrained shrinkage and thermal
Signs of distress in concrete are often associated with visible contraction. Damage initiation is stress-induced and takes
cracking. Since concrete is a brittle material, which is weak in  place in the form of distributed microcracks, which eventually
tension, cracking is the manifestation of damage in the mat- coalesce to form localized cracks. By the time surface man-
erial which results from tensile stress in the material. Stress ifestation in the form of visible cracking appears there may be

0964-1726,/16,/000000+15$33.00 1 © 2016 IOP Publishing Ltd Printed in the UK



Smart Mater. Struct. 00 (2016) 000000

A Narayanan and K V L Subramaniam

significant degradation of the capacity of the structure. Early
detection of damage is essential to initiate early intervention
measures, which can effectively increase the service life of a
structure. 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.

Impedance-based measurements of lead zirconate titanate
(PZT) patches bonded to a concrete substrate provide an
effective way for monitoring incipient damage in the material.
Studies of damage in concrete using impedance-based mea-
surements of PZTs have been conducted using embedded
defects and machine cuts (Tseng and Wang 2004, Lim
et al 2006, Dongyu et al 2010, Wang et al 2013). In these
studies, EM impedance measurements were conducted for
increasing level of artificial damage. The influence of artificial
damage on the mechanical impedance experienced by the
PZT is not identical to that of load-induced damage (Nar-
ayanan and Subramaniam 2016). In concrete structures, the
evolution of material damage from distributed microcracks to
localization in the form of visible cracking is also associated
with a change in the level of strain in the material medium
and an accompanied increase in material compliance (Chan-
dra and Shah 1968, Gopalaratnam and Shah 1985). Exper-
imental studies on the influence of load induced damage on
the response of bonded PZT have also been reported (Park
et al 2000, Soh et al 2000, Yang and Hu 2008). In these tests,
the response of PZTs were continuously monitored for
monotonically increasing load. The PZT is placed in a stress
field and therefore the measured response of the PZT in such
experiments includes the influence of the stress in the sub-
strate, in addition to the effect of increase in the level of
damage in the material. The influence of load induced damage
in compression without the influence of applied stress was
investigated using specimens unloaded from a specific load
level. In measurements performed in the unloaded state, the
level of material damage was evaluated using change in the
equivalent stiffness extracted from identified equivalent sys-
tem model, which is derived from the drive point mechanical
impedance within a narrow frequency range from EM impe-
dance response of PZT (Soh and Bhalla 2005). In the
unloaded state, microcrack damage in concrete was shown to
be associated with increases in the level of damping and the
material compliance. The combined influence of the two
effects produces a decrease in the frequencies of the resonant
peaks in the electro-mechanical (EM) impedance measure-
ment of a PZT bonded to a concrete substrate (Narayanan and
Subramaniam 2016).

Some studies on the influence of stress in the substrate on
the response of a bonded PZT have been reported. Most of
these studies have been performed on metallic substrates
using small specimen and the influence of stress was eval-
uated using structural modes in the EM impedance response
of the PZT. For increasing strain in the substrate, frequency
shifts and amplitude changes in the structural resonant modes
have been reported (Ong et al 2002, Annamdas er al 2007,
Lim and Soh 2012, 2013). The susceptance part of the mea-
sured admittance spectrum associated with the structural

modes obtained from an EM impedance measurement of the
bonded PZT is shown to be more sensitive than real part of
the admittance for monitoring stress in the substrate
(Annamdas et al 2007). The effect of stress in the substrate on
the PZT conductance signature were studied using Alumi-
nium specimen and a compensation technique using effective
frequency shift by cross-correlation analysis was applied to
conductance spectrum to compensate the effect of loading
(Lim and Soh 2013). The individual effect of load and
damage on the structural peaks were decoupled by con-
sidering the influence of stress obtained from a pristine spe-
cimen as a correction for the specimen with damage in the
form of an artificial cut at the corresponding stress level.
Decoupling approach is not directly possible in concrete
structures, since an increasing stress level in the substrate is
often associated with an increase in the level of damage.
Further, considering the energy requirements for exciting
structural modes, the use of these modes in concrete elements
is not be feasible.

Embedded PZT smart aggregates were used to observe
the effect of stress at various levels by observing the changes
in embedded PZT resonance peaks (Dongyu et al 2014,
Saravanan et al 2015). It has been reported that the embedded
smart aggregates are insensitive to the stress since the local
stress in the material is different from the applied stress field.
There were no systematic trends observed in the impedance
resonance peak and the interpretations were very subjective.
In embedded smart aggregates, there are several intervening
effects which do not allow the delineation of influence of
stress and damage in the substrate.

In concrete structures, an increase in the applied stress is
often linked with an increment in the level of material
damage. An increase in the level of damage produces a
change in the substrate compliance. At an applied stress level,
an increase in substrate compliance results in an increase in
the strain. Therefore, a PZT coupled to a concrete substrate
potentially experiences a change in imposed strain due to a
changes applied stress. The resulting change in the substrate
compliance and material damping produced by an increment
in the damage influence the EM impedance response of a
bonded PZT. Practical application of the impedance-based
measurements to detect incipient damage in concrete struc-
tures requires an understanding of the influence of the level of
damage and substrate stress on the response of a PZT bonded
to the substrate. The use of EM impedance-based monitoring
of concrete structures requires identifying changes in the
impedance signature due to an increment in the level of
damage and a change in the applied stress. Further, the
influence of both phenomena on the observed impedance
response of a bonded PZT patch need to be separated. In this
paper an experimental investigation of concrete subjected to
incremental levels of damage and stress are reported. The
level of damage in concrete is increased in a controlled
manner using progressively incremental loading. The level of
substrate strain associated with applied stress and material
damage are obtained using digital image correlation (DIC).
The influence of damage and strain in the concrete substrate



Ql

Smart Mater. Struct. 00 (2016) 000000

A Narayanan and K V L Subramaniam

Table 1. Properties of materials.

Avg. Young’s Mod-

Type Avg. compressive Strength (MPa) ulus (GPa) Density (p) (kg m_3) Poisons ratio (v)
High strength concrete 75 (Std. dev. 3.35) 44 2370 0.2
Normal strength concrete 49 (std. dev. 3) 35 2300 0.2
Epoxy — 2 1400 0.36
on the EM impedance response of a bonded PZT are Table 2. Properties of PZT.
identified. . 3
Density p, (kgm™~) 7700
Young’s modulus (GPa) 62.5
Poisson’s ratio, v, 0.35
2. BaCkground Mechanical quality factor (Q,,) 75
Piezoelectric strain coefficients, d31, d32 (x10™ 2 mv~! —195
In a piezoelectric material, the application of an electrical field  pjezoelectric charge coefficient, d33 (x10 2 mv™") 450
results in mechanical strain in the material due to the coupled  Dielectric loss factor, § 0.02
electro-mechanical constitutive relations. The constitutive Relative permittivity 1700

relation for a PZT is given as (IEEE 1986, Sirohi and Cho-
pra 2000)

D; = ¢%4E; + d%,0, (N
ex = d°wE; + sEimon, ()

where D; is the electric displacement, ¢; the mechanical strain,
E; the electric field and o, the mechanical stress, e%;; is the
complex electric permittivity of the PZT material at constant
stress, d¢j and d?;, are the piezoelectric strain coefficients
and s, the complex elastic compliance at constant electric
field. The superscripts ¢ and d have been added to
differentiate between the converse and direct piezoelectric
effects. The superscripts o and E indicate that the quantity is
measured at constant stress and constant electric field,
respectively. From the constitutive relation of piezoelectric
material, it can be seen that there is a coupling between
electrical displacement and applied stress through piezo-
electric strain coefficient. Change in the applied stress will
reflect a change in electrical displacement of the PZT, and
thus the conductance of the PZT.

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 ef al (1994). Subsequent improve-
ments in modeling the PZT response have included the
effective 1D model of the PZT and varying levels of ideali-
zation of the structural impedance (Bhalla et al 2004, Xu and
Liu 2002, Yang et al 2005). Most of the available analytical
solutions are applicable for 1 or 2D idealizations of the PZT,
substrate or both. Typically, the electrical admittance of the
PZT patch (Y) for a given electrical input at a frequency can
be represented as

Y: Y(ZAa ZSa w, lia E)a (3)

where Z4 And Zg are the mechanical impedance of the PZT
and substrate respectively. [;, represent the dimensions of
patch and E is the electric field applied for actuation. Such
equations have been derived assuming the mean strain in the
PZT is zero.

Damage in the material produces a change in its
mechanical compliance, and the associated change in the
substrate mechanical impedance (Zy) results in a change the
electrical admittance of the PZT patch (Y¥). Changes in sub-
strate strain due to increasing damage and applied stress
would result in an imposed strain on the PZT. Considering the
coupled electro-mechanical constitutive relations of the PZT
(given in equations (1) and (2)), the imposed strain on the
PZT would also produce a change in its EM impedance
signature.

3. Materials and methods

An experimental program was conducted for measuring the
electrical impedance of PZT patches attached to concrete
cubes made with two different grades of concrete. 150 mm
concrete cubes were used in the test program. Three cubes
from each concrete batch were tested to determine the elastic
properties and compressive strength of concrete. The material
properties of the normal strength concrete (NSC) and high
strength concrete (HSC) are listed in table 1. The material
properties of the PZT are given in table 2.

Electrical impedance measurements were performed on a
PZT patch bonded to a concrete substrate for different levels
of compressive stress in the substrate and compression stress-
induced damage in the material. The EM impedance mea-
surement consisted of measuring the frequency dependent
electrical admittance of the bonded PZT. The frequency
dependent conductance spectrum derived from the electrical
admittance of the PZT was used in analysis. A square PZT
patch of 1 mm thickness, and 20 mm length were attached to
the center of one of the face of 150 mm concrete cube for
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Figure 1. The conductance spectrum obtained from the EM impedance measurement: (a) free PZT; and (b) PZT bonded to concrete cubes.

experimental study (figure 2(a)). A two-component epoxy
adhesive was used to bond the PZT patch to concrete cube.
Electrical admittance signatures were collected from the PZT
patches in the free-state before attaching them to concrete
cubes. In a typical admittance 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 were collected to minimize the
influence of random noise. The admittance signature of the
PZT patch was collected in the different loaded and unloaded
states by subjecting the concrete cube to cyclic compressive
loading. The poled direction of the PZT was kept normal to
direction of loading.

The conductance signatures derived from the electrical
admittance measurements on the PZT patches bonded to NSC
and HSC cubes are shown in figure 1(b). The conductance
signature of the PZT in the free-state is also shown in the
figure 1(a) with its resonant modes marked for reference. The
PZT resonant modes are identified by the peaks in the
response of the free PZT. Comparing the responses of the free
and the bonded PZTs, it can be seen that the dominant PZT
resonant modes are clearly identified in the response of the
bonded PZT at frequencies close to the resonant frequencies
of the free PZT. In the measured conductance response of the
bonded PZT, the first, third, fourth and fifth resonant modes
of PZT are prominently identified with peaks in the spectrum.
The first and second peaks in the responses of the bonded
PZT are identified with the first and third resonant peaks of
the free PZT. The third resonant peak in the response of the
bonded PZT is associated with the fifth and sixth resonance
modes of the free PZT. The second and fourth resonance
modes of the free PZT are suppressed in the impedance
response of the bonded PZT. In the EM response of bonded
PZT there is an increasing trend in the background con-
ductance with increasing frequency.

The low frequency response contain closely spaced peak
(shown in the inset in figure 1(b)) and are identified with the
structural modes of the cube. The structural modes in the
response of the bonded PZT are found to be overlapping with
the first resonance mode of the PZT in the conductance

spectrum of the bonded PZT. The first resonant peak of the
bonded PZT is not well defined in HSC when compared with
NSC cube because of the significant overlap of structural
modes. The higher material stiffness of HSC produces
structural resonant modes at higher frequencies than the NSC.
The third peak in the bonded PZT response is produced by
two closely spaced modes and the relative magnitudes of the
two modes are different for the two grades of concrete; while
in the stiffer HSC, the lower frequency mode has higher
amplitude, the higher frequency mode has relatively higher
magnitude in NSC. Objective identification and comparative
evaluation of the influence of damage, free from the influence
of boundary effects and baseline material compliance in HSC
and NSC would not be possible using the first and third peaks
in the conductance spectra of bonded PZT. The second peak
in the impedance response of the bonded PZT, identified with
the third resonant mode of the free PZT was selected for
evaluation since it is consistently well defined in both HSC ad
NSC cubes and is associated with a single PZT mode. The
influence of substrate impedance on the response of second
peak in the impedance response of bonded PZT is obtained by
comparing with the third resonant peak of free PZT. The
center frequency of the third peak of the free PZT is 236 kHz
and the second peak in the conductance spectrum of the
bonded PZT is centered on 256 kHz. Considering the free
PZT to be the limit case of a PZT attached to a substrate
material with no mechanical impedance, an increase in mat-
erial impedance is associated with a decrease in amplitude
and an increase in the frequency of the resonant peak.

In the test program, the compressive stress in the sub-
strate was incremented in a controlled manner using a
computer controlled servo-hydraulic testing machine. To
ensure uniform contact with the platens of the test machine,
the concrete cubes were levelled using a capping compound.
The concrete cubes were subjected to cyclic compressive
loading where the load amplitude was increased in increments
of 10% of the average compressive strength in every cycle as
shown in figure 2(b). The loaded and unloaded states in the
loading program are referred to as L and U states, respec-
tively. The load in the L states is given as a fraction of the
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Figure 2. Compression testing of concrete: (a) test setup for EM impedance measurement; and (b) applied loading history.

average compressive strength (figure 2(b)). In the loading
program, the load was cycled between a fixed lower load level
and an increasing upper load level at a constant rate of
2kN's~'. The load was held constant at the upper and lower
load levels for a duration of 120 s. EM impedance measure-
ments were performed at the top and bottom of the loading
cycle, when the applied load on the specimen was held
constant. The specimens were loaded to failure from the 0.9U
state. During the entire loading procedure, deformations were
measured using two linear variable differential transformers
(LVDTs) over a gauge length of 55 mm. The LVDTs were
mounted on opposite faces of the cubes and the average of the
two LVDTs was used to measure the deformation of concrete.

The surface displacements on the surface of the concrete
cube during the loading procedure were determined using a
full-field optical technique based on digital image analysis
called DIC. In preparation for the use of DIC technique, a
sprayed- on speckle pattern was created on the surface of the
specimen. Digital images of the specimen were captured
using a camera of 5 mega-pixel resolution which was fitted
with a 50 mm lens. The camera was placed at a distance of
I m from the specimen surface. Uniform light intensity was
ensured across the surface of the cube using normal white
light.

The speckle pattern represents a random pattern, which
gives a unique distribution of pixel gray level values. Cross-
correlation of the pixel gray levels between the image of the
deformed specimen and the image of the specimen in the
reference configuration is used to determine the two-dimen-
sional displacement field on the surface of the specimen.
Correlations are performed over small subsets of size equal to
32 x 32 pixels. The cross correlation analysis of the digital
images was performed using the VIC-2D™ software (VIC-
2D™ Reference Manual 2009). Surface displacements at each
loading stage were calculated at each subset center, by eval-
uating the shape functions and their partial derivatives at the
subset center. Strains were computed from the gradients of the
displacements. For the setup used in this study, the random
error in the measured displacement is in the range of 0.002
pixels. A conservative estimate of the resolution in strain

obtained from the digital correlation was 5 pue (Bruck
et al 1989, Schreier and Sutton 2002).

Prior to initiating the loading program, load was cycled
between 25% and 5% of the average compressive strength.
The loading was initiated from a seating load 10kN
(approximately 1% of the average compressive strength). For
use of image analysis, a reference image corresponding to the
unloaded state for computing strains was taken while the
specimen was under seating load, before starting the loading
program. Baseline electrical admittance signatures were also
recorded from the PZT prior to starting the loading program.

4, Experimental results

Typical cyclic stress—strain responses obtained from NSC and
HSC cubes using deformation measured by surface mounted
LVDTs are shown in figure 3(a). The progressive decrease in
mechanical stiffness and continued accumulation of plastic
strain are evident with each additional cycle of loading. The
secant compliance calculated between the top and bottom of
each unloading cycle is shown in figure 3(b). It can be seen
that there is an incremental decrease in stiffness with
increasing load amplitude. In HSC, for load amplitude
exceeding 0.4L (40% of the average compressive strength),
there is an almost linear decrease in stiffness with incremental
load. There is an exponential decrease in stiffness with
increasing load in NSC where the rate of change is increas-
ingly higher for each additional load level. The plastic strains
and hysteresis loops in HSC are significantly smaller indi-
cating a significantly lower level of energy dissipation asso-
ciated with damage when compared with NSC.

Contours of horizontal strain (¢,,) obtained using DIC for
both NSC and HSC cubes in the 0.4L, 0.7L and 0.9L states,
are shown in figure 4. The formation of cracks are identified
with the localization of strain. From the strain contours, in
NSC, the localization of the strain into major cracks is evident
at 70% of the compressive strength. At the corresponding
load level (0.7L state), a significant lower level of damage
associated with microcracks and small cracks are seen in
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Figure 3. (a) I\S&ebss&am responses of concrete cubes; and (b) secant stiffness as a function of load level.
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Figure 4. Strain contour (¢,,) at different load levels obtained from DIC in different loaded states in NSC at: (a) 0.4L; (b) 0.7L; (¢) 0.9L; in

HSC at (d) 0.4L; (e) 0.7L; () 0.9L.

HSC. At 0.7L, visible cracking could not be identified in
HSC. At 0.9L, there is significant cracking associated with
large strains in NSC. A major crack is seen in HSC at 0.9L.
Therefore, NSC exhibits significantly higher level of dis-
tributed microcracks at lower loads which coalesces to form
visible cracks at 0.7L load level. In HSC, the overall level of
damage was lower and the failure was brittle with lower

accumulation of plastic strains. Visible cracks do not appear
till 0.9L load level.

The average ¢,, (vertical strain) at the bottom and top of
each load cycle obtained from DIC is shown in figure 5. The
average €,, was obtained by averaging ¢,, from the DIC
measurement across the front surface of the cube. The average
strain at the top of a load cycle corresponds to strain due to
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load-induced stress and damage. The average strain at the
bottom of the load cycle is indicative of plastic strain due to
damage. There is no measurable plastic strain in both NSC
and HSC up to 0.4L of the peak load (in the 0.4U state). As
the loading increases, there is an increase in overall strain at
the top of a load cycle and a steady accumulation of plastic
strain upon unloading. The strain measures indicate a rela-
tively larger plastic strain at corresponding load level (fraction
of compressive strength) obtained from DIC measurements
than from the surface mounted gages. This is due to the
inclusion of localized strains from cracking over the entire
surface, which are accurately captured in the DIC measure-
ments. After localization of damage, the surface gages may
not detect the presence of the crack unless located over it,
while it is reflected in the averaged surface measurement of
DIC. The measurements indicate that NSC has a higher level
of damage in the material when compared with HSC at the
corresponding load level. In the 0.9U state, there is significant
strain, on the order of 1000 pe in the NSC. The strain in HSC
in the 0.9U state is significantly smaller. Findings from DIC
measurements suggest that the strain in the substrate is
influenced by both the level of damage and the applied stress.
Under applied loading, above 40% of the compressive
strength, an increment in load produces an increment in strain
associated with both effects.

The conductance signatures associated with the second
resonant peak in the EM admittance response of PZT bonded
to concrete cubes, for both NSC and HSC, at different levels
of applied load are shown in figure 6. The conductance peak
is associated with the second resonant peak is centered on 253
and 255 kHz for NSC and HSC, respectively. Conductance
spectra exhibit an increase in peak amplitude at successively
higher load levels. There is also an overall increase in the
amplitude at all frequencies. At corresponding load levels
(fraction of compressive strength), larger shifts are observed
in NSC when compared with HSC.

Changes in the second resonant peak in the conductance
spectrum of the PZT attached to concrete block after
unloading from different load levels are shown in figures 7(a)
and (b) for NSC and HSC, respectively. It can be seen that on
unloading from successively higher load levels, consistently

there is a leftward shift in the spectrum resulting from a larger
relative decrease in amplitude at frequencies higher than the
centerline frequency in the spectrum. The magnitude of shift
and decrease in amplitude of the spectrum are consistent with
the level of damage indicated by the change in compliance
and increase in substrate plastic strain obtained from
mechanical measurements. For unloading from a given load
level, the higher level of damage observed in NSC coincides
with the larger shift in the spectrum and a larger decrease in
amplitude of conductance. Visible cracking in NSC, when the
load level was 0.7L, is associated with a larger shift in fre-
quency to the left accompanied by a broadening of the peak.
A slight flattening of the peak is also observed when the
visible crack appeared. In NSC, there is an abrupt change in
the shape of the spectrum at 0.9L of the peak load, which
produces significant peak broadening coinciding with sig-
nificant localized damage in the form of visible cracking in
the vicinity of the PZT. Visible cracking in HSC at 0.9L also
produces significant decrease in amplitude and shift in
the peak.

The spectrum of susceptance obtained from the measured
electrical admittance of the bonded PZT in the U and L states
are shown in figures 8(a) and (b), respectively. The low fre-
quency susceptance signature, which is related with the
structural modes (or response) is also shown in the figure. The
overall change in the slope of the low- frequency susceptance
signature had previously been shown to be sensitive to stress
under increasing loading recorded from PZTs attached to thin
aluminium specimens (Annamdas et al 2007). The slope of
the low-frequency susceptance signature does not exhibit any
significant or consistent variation with loading. Unlike the
case of aluminium specimen, increasing stress level in con-
crete specimen is associated with an increase in the level of
damage. The combined effect of increasing stress and damage
in concrete may likely result in no change in the slope of the
susceptance spectrum.

The response of the PZT to an imposed strain was
evaluated by applying small strains directly on the PZT. The
PZT was subjected to an imposed strain using a digital
micrometer. A photograph of the test setup is shown in
figure 9(a). The direction of applied strain in the PZT was
kept the same as in the concrete specimen. The conductance
signature of the third resonant mode of the free PZT (corre-
sponds to the second peak in the conductance spectrum of
bonded PZT) for different levels of imposed strain is shown in
figure 9(b). The changes in peak of the conductance spectrum
produced by imposed strains results in a shift in the central
frequency to a higher value and an increase in the amplitude
of the peak. The observed behavior of the PZT confirms that
an applied compressive strain influences the impedance
response of a PZT resulting in a change in the resonant
behavior of the PZT. For a PZT bonded to a concrete sub-
strate, the incremental strain associated with an increment of
load is expected to introduce increases in the frequency and
the amplitude of the resonant peak in the conductance
response.
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Figure 6. Conductance spectra close to second peak in the EM admittance response of PZT bonded to concrete cube at different levels of load

in: (a) NSC; and (b) HSC.
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Figure 8. Susceptance signatures obtained from the EM impedance measurement of bonded PZT in: (a) L states; and (b) U states.

5. Analysis of the results

The results of experimental program clearly indicate that the
change in the measured conductance in the EM admittance
response of a PZT attached to a concrete substrate depends

upon the level and type of damage and the stress in the
substrate material. The observed changes in the PZT resonant
peaks in the conductance spectrum can be interpreted con-
sidering the level of damage, stress in substrate material and
strain in the PZT as shown schematically in figure 10. The
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increment in strain levels between two adjacent U levels is
associated with an increment in the plastic strain. Between
two adjacent U states, for a given change in the substrate
plastic strain, the strain induced in the PZT depends on the
material compliance of concrete. The EM impedance
response of the bonded PZT depends on the mechanical
impedance of the substrate (and hence material compliance),
which directly depends on the level of damage. Therefore,
comparison of adjacent U states provides information about
incremental levels of damage, in the absence of stress in the
substrate. A measure of the mechanical impedance of the
substrate is obtained from the mechanical stiffness of the
specimen. As the level of damage increases, there is an
increase in the compliance of the material (and hence a
decrease in its mechanical impedance). Consistently there is a
downward shift in the resonant frequency along with an
overall leftward shift in the spectrum recorded in the U states
(shown in figure 7). The increase in the level of damage in the
form of microcracks is also associated with an increase in the
level of damping, which produces a decrease in frequency of
the peak (Narayanan and Subramaniam 2016). While the
increase in material compliance produces an increase in
amplitude, increase in damping results in a reduction in the

amplitude of the peak. The amplitude variation in the resonant
peak in the conductance spectrum depends on the relative
influence of damage on the elastic modulus and the damping
of the material (Narayanan and Subramaniam 2016).

On unloading the specimen from the L state to the U
state, the stress in the substrate is reduced, while the level of
damage is the same. In the L state, there is an elastic strain in
the substrate associated with applied stress, in addition to the
permanent strain produced by damage in the substrate. In the
loaded state, the elastic strain in the substrate depends on the
material compliance, which in turn depends on the level of
damage. Since the level of damage is the same, comparing the
L state with the immediate U state allows for assessing the
influence of stress in the substrate (and hence of imposed
strain in the PZT) on the impedance response of a PZT for a
given level of damage. The difference in the substrate strains
in these two states is attributed to elastic strain, which is
directly proportional to the stress. A comparison of the con-
ductance spectra from specimens at the top of the load cycle
and after unloading from the load envelope is shown in
figure 11. It can be seen that compared to the U state the
corresponding L state exhibits an increase in the amplitude
and a rightward shift in the spectrum. The results considering
the increment in the PZT strain produced by applied stress in
the substrate are consistent with the findings from direct
application of strain on the PZT (shown in figure AS(b)). At the
very high load level, corresponding to 0.9L, noticeable
decreases in frequency and amplitude are observed in the
unloaded state for both NSC and HSC. The localized cracking
in the vicinity of the PZT in NSC also produces a significant
change in shape associated with broadening of the resonant
peak. However, the level of damage is not that evident con-
sidering the response under load. The results indicate that the
increment in the level of substrate stress has a dominant effect
on the conductance of a bonded PZT.

Strain induced in the PZT due to increasing stress in the
substrate increases the amplitude of the conductance and
produces a frequency shift to higher values. An increase in
material compliance due to damage produces a leftward shift
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Figure 11. Conductance spectra close to second peak in the EM admittance response of bonded PZT from the L and U states: (a) in NSC; and

(b) in HSC.

in frequencies, with a change in amplitude which depends on
the relative influence of damping and increasing material
compliance. The frequency shift in the EM spectrum is
influenced by the counteracting effects produced by imposed
strain and change in material compliance.

5.1. Measures of quantification

A quantification of the observed frequency shifts and changes
in the shape of the spectrum induced by applied stress and
damage is now attempted. Measures of change include the
shift in frequency, the change in bandwidth of the peak and
the root mean square deviation (RMSD). A measure of the
shift in frequency is obtained using a measure of centroidal
frequency of the resonant peak in the conductance spectrum
given as

5
[~ e
F=t— 4)
S Yd
A /

where Y is the conductance at a given frequency, f; and f> are
fixed frequencies. Shift in frequency, Af is calculated using
equation (5), where f is the centroidal frequency of the
spectrum and fj is the initial centroidal frequency

A= 17~ ol )
The broadening effect of the peak at each damage level was
quantified using bandwidth of the peak (BW). The bandwidth
represents the distance between the two points in the
frequency spectrum where the signal is Lz of the maximum
amplitude (half power). The bandwidth is defined with
respect to the full width at — as shown in figure 12.
in bandwidth

Percentage change is

equation (6)

calculated using

(BW, — BW,)*100
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0
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Figure 12. Bandwidth of resonant peak.

The RMSD is used to calculate the difference between
values of baseline measurement of conductance signature and
the signatures in the different L and U states. The RMSD for
second resonant peak with respect to the baseline measure-
ment were calculated in the frequency range (245-260 kHz)
using equation (7), where. x; and y; are the baseline and values
of conductance at L or U states, respectively

-
N 2
Zi:](yi — X
N 5 :
=1 X

RMSD = (N

Figure 13 shows the frequency shift of the conductance
peak in the L and the U states. The frequency shift for the L
and U states have been calculated with reference to the cen-
troidal frequency recorded before initiating loading. While
shifts are noticeable in the U states, there is no change in
centroidal frequency in the L states. For both NSC and HSC
there is a continuous frequency shift after 0.4U. There is a
consistent increase in the centroidal frequency, with increas-
ing damage level in the successive U states. The frequency
shift in the U states follows a trend which is similar to the
observed decrease in stiffness obtained from mechanical
measurements; there is an exponential shift at higher load
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Figure 14. RMSD of resonance peak in the L and U states: (a) in NSC; and (b) in HSC.

ratios in NSC, while the HSC exhibits a linear increase. At
higher level of damage the peak was flattened and there was
no distinctive peak. The centroidal frequency therefore pro-
vides a good indication of damage level in the U state. The
insensitivity of resonance peak frequency shift in the L states
is due to the combined influence of damage in the substrate
and imposed strain on the PZT, which produce counteracting
effects.

Change in the RMSD values for the L and U states in
NSC and HSC are shown in figure 14. The RMSD values
obtained in both the L and U states are generally in agreement
for loads higher than after 70% of the compressive strength.
While the RMSD values obtained from the L states are
essentially constant up to 0.7L. The magnitude of change in
the U states at any load level is higher in NSC than the
corresponding change observed in HSC. The RMSD values in
the U states have previously been shown to correlate well
with the damage level (Narayanan and Subramaniam 2016).
The RMSD value obtained in the L state is reflective of both
damage and imposed strain. The observed trend in the RMSD
indicates that the influence of imposed strain and damage
produce counteracting effects. The influence of damage is
evident after 0.7L. Thus it can be concluded in the presence of

11

imposed strain, RMSD shows a change only at very high
levels of damage in the material. At low stress levels, the
counteracting influences of damage and stress produce little
or no change in the RMSD.

The changes in bandwidth of the conductance spectrum
in the U and L states for NSC cube are shown in figure 15. No
change was obtained in the bandwidth for HSC cubes up to a
very high load levels. This suggests that the change in
bandwidth is more related to localized damage as observed in
NSC specimen. In NSC cubes, the bandwidth measured in the
U states indicates a continuous increase with an increase in
damage level. In the L states, the increase in bandwidth is
minimal at low stress levels and an increasing trend can be
observed under higher load ratios. Thus the strain dominant
and damage dominant effect on conductance signature can be
differentiated from the change in bandwidth.

5.2. Identification of stress induced damage

A measure of normalized conductance given in equation (8) is
introduced to identify the amplitude shifts from the baseline
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Figure 16. Conductance (normalized) signature in the different L and U states: (a) NSC; and (b) HSC.

signature produced by damage and induced strain. conductance, ¥ was computed as shown in equation (9)
. _ hon
Normalized signature (Yy) = u, ©))] _ L/; Yydf
Yp V= ———, ©))
2 |7 vydr
h

where Y; is the conductance at a given frequency in the L or U
states and Yy is the corresponding baseline conductance. where f; and f; are fixed frequencies
Figure 16 shows the normalized conductance signature at The trends in the values of ¥ in the L and U configura-
different load levels for NSC and HSC. The strain induced tions are shown in figures 17(a) and (b) for NSC and HSC,
conductance changes can be clearly identified from the respectively. The influence of strain in the substrate can be
normalized conductance values. An upward shift can be seen clearly identified with a positive shift (an upward movement)
qualitatively in the normalized signature from the L states. of the centroid. The magnitude of the shift in the L states
Consistent shifts are produced with increasing stress level in  corresponds with the level of stress in the substrate; a larger
the substrate, irrespective of damage level. The magnitude shift is observed in NSC when compared with HSC. With an
shift of normalized signature in the L states for HSC cube is increase in the substrate stress, up to 0.7L in NSC and 0.9L in
lower even than the shifts observed in the NSC cubes at the HSC, there is an upward shift in ¥. The values of ¥, upon
corresponding load levels. This can be correlated with the unloading to the U states show no change. The difference
overall lower strain in the L states in HSC as seen in figure 5.  between the L and the immediate U state is the imposed strain
To quantify the observed shifts in the normalized con- in the PZT due to stress in the substrate. Comparing two U
ductance signature, the centroid of the normalized states, there is an increase in the level of damage, which
produces additional plastic strain and an increase in material
compliance. The counteracting influences of increase in
material compliance and increasing plastic strain (and hence

12
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Figure 17. Position of centroid in the L and U states: (a) NSC; and (b) HSC.

imposed strain on PZT) result in no shift in the centroid of the
normalized amplitude.

Localization of damage and the formation of a crack
produces a downward shift in the ¥, which occur close to
0.7L and 0.9L in NSC and HSC, respectively. The crack
formation produces an overall downward shift in the centroid
in both the L and U states. The downward movement of
centroid in the L states shows that the influence of damage is
more dominant on resonant peak behavior after the localiza-
tion into a visible crack.

The effect of stress and microcrack damage can be
decoupled using the normalized conductance signature as a
quantitative measure. The absolute value of centroid of the
normalized spectrum associated with the second resonant
peak of a PZT bonded to a concrete substrate curve gives the
identification of stress and microcrack damage induced
change. The downward shift of the centroid can therefore be
taken as indicator of localized damage in the form of cracks.
The upward shift of the centroid is indicative of increasing
stress in the substrate.

5.3. Identification of damage and strain

The results of the quantitative analysis can be assimilated to
provide an understanding of the influence of damage and
stress. The influence of increasing damage in the material
substrate can be identified with three effects: (a) increase in
material compliance; (b) increase in plastic strain; and (c)
increase in material damping. While increase in material
compliance effects a leftward shift in spectrum, the increase in
plastic strain (increases the imposed strain on PZT) produces
a rightward shift. In the absence of stress in the substrate, such
as in the U states, while there are counteracting influences of
the two effects, the influence of decrease in compliance is
dominant producing a net shift in frequencies (as seen in
figure 13). Considering the three effects of damage while (a)
and (b) produce an increase in the amplitudes, damping
produces a decrease in the amplitude. In the absence of stress,
the influence of these counteracting effects is to produce no

13

change in the amplitude centroid of the spectrum (as seen in
figure 17).

Stress in the substrate produces an additional imposed
strain in the PZT, which produces an increase in the fre-
quency and the amplitude. For a given level of damage, on
increasing the stress in the substrate, there is a net increase in
the amplitude of the spectrum and no shift in the centroidal
frequency of the spectrum.

6. Findings and summary

The use of EM impedance-based monitoring of concrete
structures is evaluated in this study. Damage in concrete has
been evaluated using full-field displacements measurements
on the surface of a concrete cube obtained from DIC. The
evolution of micro- cracks, which coalesce leading to loca-
lization of damage in the form of cracks is shown to correlate
with conductance obtained from EM impedance measure-
ments from PZT bonded to the concrete substrate. The results
of the experimental program presented here clearly show that
the conductance spectrum obtained from the EM impedance
measurement of a bonded PZT reflects changes in the local
mechanical compliance of the substrate due to damage.
Damage in the form of microcracks is found to influence the
electrical conductance through a change in substrate com-
pliance. Increasing damage is shown to produce a decrease in
the magnitude and frequency of the resonant peak of the PZT
in the electrical conductance spectrum of the bonded PZT.
Imposed strain is shown to influence the conductance
signature from an EM impedance measurement of a PZT.
Increments in imposed strain in a bonded PZT are associated
with an increase in elastic strain in concrete produced by
increments of stress and permanent strains associated with the
level of damage in the material. Change in imposed strain on
the PZT produces changes in the resonant peak which are
counter acting to the influence of damage. In the presence of
stress, the observed change in the resonant peak signature in
the conductance spectrum do not show any significant chan-
ges for low levels of damage associated with microcracking.
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With an increase in stress, as the damage in the material
increases in a nonlinear manner, the influence of damage is
reflected in most measures of damage such as the frequency
shift, RMSD and band width calculated from the resonant
peak. At low levels of damage, associated with distributed
microcracking, the normalized conductance peak signature
accurately reflects the level of stress in the substrate.

The use of EM impedance measurements for evaluating
damage in a concrete substrate requires careful consideration
of the stress in the substrate in addition to the type and level
of damage. An increment in the magnitude of stress is asso-
ciated with an increment in the strain and also the level of
damage. The presence of damage and the type of damage also
influence the strain in the substrate for a given applied stress.
Localization of damage in the form of cracks results in a non-
linear increase in strain in the substrate. The behavior of the
bonded PZT is influenced by the substrate compliance as
influenced by the amount and type of damage. The localiza-
tion of damage in the form of cracks is reflected in the non-
linear decrease in the mechanical stiffness. Therefore the
extent and type of damage influence both the strain in the
substrate and the mechanical compliance of the substrate.

In a real structure, the possibility of unloading to estab-
lish the true level of damage without the influence of applied
stress does not exist. Features of the resonant peak in the
conductance spectrum of a bonded PZT are indicative of the
state of substrate in terms of the level of strain and the type
and extent of damage. At low levels of damage, the increment
in the substrate stress can be identified using the shifts in the
normalized conductance signature. In a loaded state, locali-
zation of damage and formation of cracks can be identified
using the shifts in the bandwidth of the resonant peak and the
downward shift in the centroid of the normalized conductance
signature.
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