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In this study, the state of the art of modal parameters-shift-based damage identification is
advanced by incorporating a tunable piezoelectric actuator into the structure to enrich the
modal parameters measurements, meanwhile implementing an identification algorithm to
sufficiently utilize the enriched information. By integrating tunable piezoelectric actuators into
the structure, we can introduce additional resonant peaks into the system dynamic response in
the frequency domain, and these additional peaks can be adjusted over the frequency band by
tuning the actuator. Clearly, a significantly increased amount of modal parameters shift
information can be expected to reflect the damage effect. A series of analyses using a
reinforced concrete (RC) wall and a RC column integrated with a tunable piezoelectric
actuator is carried out to demonstrate this proposed methodology and verify the performance.
The results indicate that piezoelectric actuator has high potential applicability to damage
assessment of concrete structures.
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1. Introduction

Structural health monitoring and damage identification has
received much attention in recent years due to its significance and
broad applications in civil, mechanical and aerospace engineering
communities. Based on the information provided by the detection
system, immediate changes to the current operating procedure and
environment can be proposed to maintain structural integrity, and
plans on firture maintenance can also be scheduled to elongate the
service life of the structure. Many techniques, such as ultrasonic and
acoustic emission methods, magnet field methods and eddy-current
methods, have been developed for damage detection; however, these
local detection methods require that the vicinity. of the damage be
known and the portion of the structure being damaged is accessible
for inspection. On the other hand, the vibration-based damage
identification approaches utilize the global structural responses, and
thus often do not require the direct accessibility to the damaged spot,
which could be advantageous in many applications. The basic idea of
vibration-based damage identification is that damage in the structure
will change the structural properties (mass, stiffhess or damping) and
these changes will result in changes in the dynamic characteristics of

the global structural responses, such as natural frequencies, damping
ratio and mode shapes. A significant amount of work has been
performed for detecting structural damages using basic modal
properties: resonant frequency'™, measured mode shapes™, mode
shape curvature®'”, and dynamically measured flexibility''. One
may refer to Doebling et al'® and Cornwell et al'® for
comprehensive reviews on vibration-based damage identification
methods.

Among all the vibration-based damage identification methods, the
information carriers most frequently used are the modal frequency
change (eigenvalue change) and the mode shape change (eigenvector
change). When using the sensitivity-based model updating
approaches for damage identification, usually both the modal
frequency and mode shape measurements are needed to reconstruct
the stiffness and mass parameters of the structure. However, only few
modes can be measured experimentally. Moreover, it is difficult to
achieve high accuracy in mode shape measurement'”. In comparison,
the resonant frequencies are much easier to measure and less sensitive
to measurement noises'. Nevertheless, in current practices, the
frequency-shift-based damage identification methods have severe
limitations. One major issue is that the number of natural frequencies
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that can be measured is normally much smaller than the number of
degrees of freedom required for accurate damage identification. In
order to increase the modal frequency data available for sensitivity-
based model updating, several methods have been proposed in the
literature. Cha and Gu' explored a mass addition technique to enrich
the modal information measurement. They showed that the mass
matrix can be corrected by adding known masses to the structure and
measuring its new modal data, and then the stiffness matrix can also
be updated by requiring the associated eigenvalue problem to have
the same modal information as that measured for the new mass-
added system. Nalitolela et al® also studied the feasibility of using
added mass/stiffness to extract additional resonant frequencies. It is
worth mentioning that the direct addition of mass/stiffiess to a
structure might be difficult for many applications and may encounter
physical restrictions. Later, Lew and Juang®” introduced the concept
of a virtual passive controller to enrich the modal frequency
measurement. Output feedback controllers are incorporated into the
structure to generate additional closed-loop modal frequencies. In this
approach, while no physical mass or stiffhess is attached to the
structure, it requires a certain amount of external input energy as a
controtler source and the incorporation of a feedback controller could
introduce additional disturbance into the system.

This paper aims at advancing the state of the art of the modal
parameters-shift-based damage identification method by using the
electro-mechanical system integration characteristics of piezoelectric
actuators. The basic idea of this new approach is to implement a
tunable piezoelectric actuator to the structure to be monitored. The
piezoelectric actuator with tinable wave function generator can
introduce additional resonant frequencies at arbitrary frequency
bands, and one can obtain a family of spectral response functions by
tuning the wave function generator to different values. By this feature,
one will obtain a much enriched modal measurement that can capture
the damage-induced variation of the system dynamic response more
completely and accurately. Analyses are carried out on a RC column
and RC wall to demonstrate the effectiveness and performance
improvement. It is shown that the modal response can be enriched by
actuator tuning, which leads to a much more accurate identification of
damage.

2. New idea of integrating tunable piezoelectric actuators

Piezoelectric materials have been explored extensively for
structural dynamics applications because of their electromechanical
coupling characteristics. The direct effect of producing an electrical
charge when stressed mechanically has been often used in sensors to
sense the structural deformation, while the converse effect of
producing a mechanical strain under electrical field has been used in
actuators to alter the dynamics response of the structural system. Due
to such two-way electro-mechanical coupling, piezoelectric materials
have been widely used for both active and passive vibration control
applications. In a purely active arrangement, electrical field or charge
is applied to the piezoelectric actuators (either surface bonded to or

embedded in the host structure) to generate control force/moment. In
a passive situation, an external shunt circuit is usually integrated to the
piezoelectric material®??. Shunting the piezoelectric materials, on the
other hand, does not preclude the simultaneous use of the shunted
piezoelectric materials as active actuators™. In fact, a well designed
active—passive hybrid piezoelectric actuator network’” not only
could enhance the active control authority, but also could increase the
system’s passive damping,

In this research, a piezoelectric actuator is used to excite the test
structures with several excitation frequencies but the excitation wave
and the excitation amplitude are not changed. The wave function
generator shown in Fig. 1 is used to adjust the required excitation
frequency range, the time in which the actuator reaches the maximum
frequency and the excitation wave form. Then, the adjusted wave is
transferred to the power supplier (Fig. 2) which in turn provides the
actuator (Fig. 3) with the adjusted power. The actuator is fixed to the
structure by a magnetic holder. The magnetic holder is suitable in
case of fixing the actuator to steel structures; however, a thin steel
plate must be mounted on the surface of concrete structures to attach
the magnetic holder. A steel spring is fixed over the actuator to
control the excitation force amplitude. Main characteristics of the
equipments used in this research are shown in Table (1). Fig. 4 shows
an example of the produced force by the actuator. As can be shown in
figure, the excitation frequency is gradually increasing over time until
it reaches its maximum value after the designated time (15 seconds in
this example). In this example, the excitation wave form is a sweep
function. It should also be noted that because the actuator is pressed
but not glowed to the test structure, the actuator provides pressure
force only.

Fig, 1 Wave function generator

Fig. 2 Power supplier
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Fig. 3 Piezoelectric actuator

Table 1 Equipment characteristics

Piezoelectric actuator
Dimensions (WxTxH) 10x10%20 (mm)
Min. and Max. Freg. 0~982 Hz
Displacement (100V) 123 pm
Max Force 350N
Wave function generator
Min. and Max. Freq. 0.01uHz~15MHz
20Vp-p/OPEN,
Max. Qutput Volt +10V/OPEN
‘| Power source
Max. Power | 150V
Actuator Force
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Fig. 4 Simulation of the actuator force

3. Damage detection: theoretical aspects

3.1 Definition of spectral functions

For a continuous time series, x ( ¢ ), defined on the interval of 0 to

T, the Discrete Fourier Transform (DFT), X ( /), is defined as®”

T
X(f) = jx(t)e"z’*f’ dt
0

where i=«/-—_1,and

f=cyclic frequency (Hz).

ty

This function is complex and its magnitude is typically plotted in
engineering units (EU), such as m/s’ or g, versus frequency. The
power spectrum is then defined as

X = X(HX"(f) )

where * denotes a complex conjugate. The power spectrum is a
real-valued frequency domain function with units of (EU)> The
power spectral density (PSD), G, (f) is defined as

Gx<f)=%E[X(f)|2] | )

where F[ ] indicates an ensemble average for a specific f over n
samples of X(f).

The cross spectral density (CSD), G( f ), relating two time
histories, x ( #) and y ( ¢} is defined as

Go (N =2E[C (DY ()] @

CSD is a complex fimction. The CSD is calculated from node point
accelerations at any reading channel x ( ¢ ) relative to a reference
reading y (1) using MATLAB™*? standard and MATLAB Signal
Processing Toolbox.

3.2 Modal Assurance Criterion (MAC)

Next to the basic modal parameters of structures such as
eigenfrequencies, modal damping ratios and mode shapes, some
derived coefficients obtained from these parameters can also be useful
for damage detection in structures. The MAC™ factor may be
mentioned in this category. This factor is derived from mode shapes
and expresses the correlation between two measured mode shapes
obtained from two sets of tests. The MAC factor being linked to
mode shapes, sufficient number of degrees of freedom (number of
measurement points) are needed to obtain accurate quantities. The
next paragraph gives a short theoretical description of the MAC
factor.

MAC compares two modes using the orthogonality properties of
the mode shapes. The MAC that compares mode i and j has the form

i(¢,),,<¢,.>,:|2

k=1 _ (5)

S6)b) S|

MACG, j) =

where 7 is the number of measuring points, (g), is an element of the
mode-shape vector and the asterisks denote complex conjugate. In
practice, MAC value greater than 0.9 indicates correlated modes and
value less than 0.05 indicates uncorrelated modes.

As illustrated previously, only few modes can be measured
experimentally which may decrease the accuracy of damage
identification algorithms that use this parameters. In this research,
MAC will be used to compare CSD data measured at each frequency
component rather than comparing mode shapes. In such technique,
large sets of dynamic response data can be obtained with much less
calculation effort. CSD data, measured at different measuring
channels at the same frequency component f', construct one vector
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which can be called operational mode shape. These data are called

operational mode shapes because they are estimated at each

frequency component in the measurement range rather than at the

peak components. In this research, MAC value will be computed

using CSD data instead of using mode shapes as follows:

=  The acceleration time history is measured at each sensor
location and one sensor is used as a reference.

=  CSD is estimated from the time history response at each sensor
relative to the time history response at the reference. CSD can be
estimated in the frequency range of 0-F, , where F, = sampling
rate / 2. The total measurement frequency range (0-F;) is then
divided to a number of frequency components.

= InEq. (5), CSD data measured at different measuring points at
each frequency component represent (@) where @ represents
CSD data instead of mode shape data, i represents the frequency
component at which CSD data is measured, and & represents the
channel number (k= 1 : number of measuring channels).

MAC can be used to compare CSD data of two different sets of data

obtained from the undamaged structure to examine the repeatability

of the experiment, as will be explained in more details later. MAC

can also be used to compare CSD data obtained from the undamaged

and damaged structures to detect the occurrence of damage. Changes

in MAC values that results from noise and measurement errors will

be compared to those resulting from damage.
In case of comparing two sets of response data obtained from the
same structure’s state (e.g. undamaged state) after repeating the
experiment, MAC can be utilized as follows:
= InEq.(5), CSD data measured at different measuring points at
any frequency, # for the first test {CSD;},, simulate i ® mode
(¢ ). CSD data measured at the same frequency fbut for the
second test, {CSD;},, simulate j ™ mode ().

= Atany frequency component, £ in the measurement range from
f1 1o 1, a MAC value close to unity indicates that CSD data
obtained from the two tests are similar or close. Consequently, it
can be assumed that the influence of noise or measurement
errors is small at this frequency component.

= On the other hand, a MAC value that is far from unity indicates
a great disparity in the CSD data. Hence, CSD data, at this
frequency component, is assumed to be sensitive to noise and
measurement errors.

In the same manner, MAC can be used to compare CSD data

obtained from the intact structure with CSD data obtained from the

damaged one. MAC values close to unity will indicate that no

damage is detected and MAC values close to zero will indicate the

presence of damage. It is, therefore, very important to distinguish

between the changes in MAC that result from damage from those

changes that result from the presence of noise or measurement errors.

4, Experiment setup

The experimental work in this research was carried out on a RC
column and a RC wall. The column main dimensions and layout are

shown in Fig. 5. One piezoelectric actuator was used for exciting the
structure and eight acoelerométers were used to measure the
acceleration response in the horizontal direction. The locations of the
actuator and - accelerometers are shown in Fig. 5. The issue of
choosing the best sensor locations is not ‘invmtigated in this study;
however, the actuator and accelerometers should be distributed on the
test structure in such a way that satisfies some important conditions.
The actuator must be located close to the riost suspected area of
damage to excite various modes in this area. If the suspected area of
damage is difficult to predict, the actuator should be placed in a
location that gives the highest structure’s response. The
accelerometers should cover large area of the monitored structure but,
at the same time, the vibration induced by the actuator force, which is
relatively small, must reach the farthest accelerometer. Two damage
cases were introduced to the lower part of the column in the opposite
side of the sensors (photo in Fig. 5) and are summarized as follows:

= Case 1 (D1): Removing a concrete block of 50 cm height, 42

cm length and 12 cm depth, as shown in the photo in Fig. 5.
= Case2(D2): The same as case 1 + cutting the steel bars shown
inFig. 5.

Damage size in case 1 is big and can be easily detected using many
damage identification methods. However, damage in case 2 is
relatively small compared to case 1 and the change in the structure
response between these two cases will be investigated in this paper. In
other words, case 1 will be considered as the intact state and case 2
will be considered as the damaged state.

Several excitation frequency ranges were used to excite the test
structure in the intact state as well as in each damage case. The basic
idea of using different excitation frequency ranges is that for every
structure and for every damage case (different damage type, size and
location) there always exist some modes of vibration that are more
sensitive to this specific damage case than other modes. These
sensitive modes depend on the structure geometry, damage type,
damage location, damage severity, influence of noise, and several
other effects. It is very difficult to determine in prior the most sensitive
modes for a specific structure with a specific damage case. Therefore,
it was decided to excite the structure with different frequency bands
assuming that one of these frequency bands will be the most effective
in detecting a specific damage:

Small damage changes the structure’s response in a localized area
and introduces almost no change in the global behavior of the
structure. These localized changes in the structure’s response usually
affect the higher modes of vibration. Many published papers have
concluded that higher modes are usually more sensitive to damage
than lower modes. Therefore, it was decided to excite the test
structures with high frequency ranges from 300 to 800 Hz. The first
excitation frequency range was 300-400 Hz. The experiment was
repeated three times in each damage state. The same previous
procedures were performed for the following excitation frequency
range of: 400-500 Hz 500-600 Hz, 600-700 Hz, and 700-800 Hz.
The second tested structure in this research is the concrete wall. Basic
dimensions, layout and sensors locations are shown in Fig, 6.
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Fig. 5 RC column: dimensions, sensors locations and damage photo
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Fig. 6 RC wall: dimensions, sensors locations and damage photos
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The experiment was carried out in two different locations; the center
and one comer of the wall. The following damage cases were
introduced to center location:
= Case 1 (D1): Removing a concrete block of 100 cm height, 100
cm width and 10 cm depth.

»  Case2(D2): The same as case 1+ cutting the steel bars shown
in Fig. 6. ’ :

As illustrated in column structure, only the relative damage between

case 1 and 2 will be investigated in this study.

The following damage cases were introduced to corner location:

= Case I (D1): Removing a concrete block of 100 cm height, 72
cm width and 11 cm depth.

v Case 2 (D2): The same as case 1 + cutting the steel bars.

The relative damage between case 1 and 2 will be investigated for the

comer location. The experiment was performed as explained in

column structure.

5. Damage identification results

5.1 The RC column structure

CSD data is calculated from the acceleration data at each
measuring channel relative to a reference channel. Channel number 8
from the bottom of the column is chosen as a reference (Fig. 5). Any
measuring channel can be used as a reference for other channels. The
influence of changing the reference location is not investigated in this
study. A typical acceleration response at channel 2 for damage case 1
and test 1 using excitation range of 500-600 Hz is shown in Fig. 7.

As explained previously, the experiment is repeated three times for
each excitation range and each damage case. Fig. 8 shows the
magnitude (square root of the square value of real part plus the square
value of imaginary part) of CSD between channels 2 and 8 for three
sets of acceleration data obtained from damage case 1 (test 1 [D1],
test 2 [D1], and test 3 [D1]) using an excitation frequency range of
500-600 Hz As clearly indicated in this figure, the structure’s
response in the frequency range of 500-600 Hz (excitation frequency
range) is much higher than the response at any other frequency range.
This feature is very effective in reducing the influence of noise and
measurement errors, as will be explained later in this section. Another
observation in this figure is that the structure’s response changes at
almost every frequency component due to repeating the experiment
without introducing any -damage to the current state (assuming that
damage case 1 is the intact state). These changes are obviously due to
the presence of noise and measurement errors in the measured
experimental data. When CSD is estimated between other channels
relative to the reference channel after changing the excitation
frequency range, similar observations are made. The structure’s peak
response is always noticed within the excitation frequency band.
From this observation it can be shown that the tunable piezoelectric
actuator could introduce additional resonant frequencies at the
excitation frequency bands. In Fig. 8, the frequency axis is divided
using a step of 5 Hz and at each frequency component, MAC is
computed for each two sets of CSD data measured at various

measuring points. For example, CSD data at the frequency
component 530 Hz estimated at different channels {CSDs3 (1,8),
CSDs3(2,8), ..., CSDs30(8,8)} construct one operational mode shape
& (i = 530). CSD data obtained at the same frequency component (f
= 530 Hz) but for another test (or another damage case) represent ¢.
Real and imaginary values of CSD data estimated at the frequency
component 530 Hz for three different sets of data obtained from
damage case 1 using excitation frequency range of 500-600 Hz are
shown in Fig 9 (a), (b), respectively. The following step is to compare
every two sets of data {test 1 —test 2} & {test | —test 3} & {test 2 -
test 3} using MAC. A single MAC value is obtained by comparing
each two sets of data. Each resulting MAC value represents one point
at the frequency component 530 Hz and each combination is
represented by different line type, as shown in Fig. 10. The same
procedures are applied at each frequency component in the total
measurement range (0-2000 Hz) to draw Fig. 10.

Figs. 10 and 11 show MAC values for three combinations of CSD
data; {test 1 [D1] ~test 2 [D1]}, {test 1 [D1] - test 3 [D1]}, and {test 2
[D1] - test 3 [D1]} using excitation frequency range of 500-600 Hz
and 600-700 Hz, respectively. In Fig. 10, it is clear for all three
combinations that MAC value is close to unity in the frequency range
of 500 to 600 Hz (i.e. excitation range), which indicate very stable
data and very small influence of noise and measurement errors in this
range. On the other hand, small values of MAC in other frequency
ranges indicate big difference in CSD between different tests.
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Fig. 7 A typical acceleration response at channel 2 for damage case 1
and test 1 using excitation frequency range of 500-600 Hz
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Fig. 8 CSD for three sets of acceleration data obtained from damage
' case 1 using excitation frequency range of 500-600 Hz
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It can also be noted that, MAC values are also close to unity in some
frequency ranges other than the excitation frequency range (for
example in the frequency range of about 1500 to 1750 Hz). When
Figs. 10 and 11 are compared, it is clearly shown that MAC values
are always close to unity within the excitation range and MAC values
in the frequency of 1500-1750 Hz are not close to unity in case of
using the excitation range of 600-700 Hz. It was also found that stable
frequency ranges other than the excitation frequency range do not
always exist in different circumstances such as changing damage
location or structure type. Similar observations were noticed for the
other excitation frequency ranges. From the previous observations it
can be seen how the tunable piezoelectric actuator enriched the modal
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Fig. 11 MAC values for three combinations of CSD data obtained
from damage case 1 using excitation frequency range of 600-700 Hz

data by introducing additional modal peaks to the response. Moreover,
the influence of noise or measurement errors is minimized
significantly within these additional peaks. Therefore, it was decided
to use CSD data measured within the excitation frequency range and
discarding other frequency ranges.

Figs. 12 through 16 show MAC values for the different excitation
frequency ranges. In each figure MAC is used to compare CSD data
for the following cases:

(1) Three different tests carried out on the RC column in damage case
1; {test 1 [D1]—test 2 [D1]} & {test 1 [D1] —test 3 [D1]} & {test 2
[D1]—test 3 [D1]}, indicated by thick solid lines.

(ID) Three different tests carried out on the RC column in damage case
2; {test 1 [D2] —test 2 [D2]} & {test 1 [D2] —test 3 [D2]} & {test 2
[D2] —test 3 [D2}}, indicated by thin solid lines.

(IIT) Three different tests carried out on RC column in damage case 1
and three different tests carried out on RC column in damage case 2;
{test 1 [D1] —test 1 [D2]} & {test 2 {D1] — test 2 [D2]} & {test 3
[D1] —test 3 [D2]}, indicated by dotted lines.

In Figs. 12 through 16, the thick solid lines are used to evaluate the
repeatability of the experiment and the influence of noise and
measurement errors for damage case 1, the thin solid lines are used to
evaluate the repeatability of the experiment and the influence of noise
and measurement errors for damage case 2, and the dotted lines are
used to detect the occurrence of damage (due to cutting the steel bars
in damage case 2). In other words, solid lines (either thick or thin
lines) are used to examine the influence of noise and repeatability of
the experiment while the dotted lines are used to detect the occurrence
of damage. In a similar manner, MAC values that results from
environmental changes or operational loads can be estimated for the
intact structure. Thus, a threshold of the MAC values that results from
noise, measurement errors, environmental changes or operational
loads can be estimated. Then, MAC values smaller than the threshold
can indicate the occurrence of damage. In Fig. 12, MAC values
denoted by the solid lines are measured between about 0.9 and 1.0 in
the frequency ranges of 305-330 Hz and 350-400 Hz which indicates
very small influence of noise in these frequency ranges. On the other
hand, MAC values denoted by the solid lines decreased to about 0.7
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in the frequency ranges of 300-305 Hz and 330-350 Hz which
indicates high influence of noise in these ranges. MAC values
denoted by the dotted lines decreased below 0.7 in the frequency
range of 300-305 Hz which indicates the occurrence of damage. The
indication of damage could be observed only in the frequency range
of 300-305 Hz which is relatively a small range compared to the total
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excitation range of 300400 Hz Moreover, the influence of noise in
this range is high. Therefore, damage could not be detected with high
confidence when the structure is excited in the frequency range of
300-400 Hz. Similar observations are noticed in Figs. 13 and 14. It
should be noted that the results of Figs. 12, 13, and 14 are estimated
using different excitation ranges and the experiment is carried out
three times for each excitation range. Hence, MAC values at the end
of Fig. 12 are different from those obtained at the beginning of Fig. 13
and so on. In Figs. 13 and 14, MAC values denoted by the dotted
lines decrease below 0.7 in small frequency ranges at the beginning of
the excitation frequency. In Fig. 15, the influence of noise is very
small as the MAC values denoted by the solid lines are measured
between 0.9 and 1.0 in the total excitation range from 600 to 700 Hz.
Damage could be indicated very clearly in this figure as the MAC
values decreased significantly below 0.6 in the total excitation range
from 600 to 700 Hz. Another clear indication of damage is observed
in the frequency range of 700-725 Hz, as shown in Fig. 16. In almost
all figures, MAC values denoted by the solid lines are very close to 1,
which indicates very small influence of noise and measurement errors
in both damage cases. To conclude, in Figs. 12 through 14, although
MAC values denoted by the dotted lines decreased slightly which
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indicates to some extent the occurrence of damage, the indication of
damage is not very clear and cannot be confirmed. On the other hand,
in Figs. 15 and 16, MAC values, denoted by the dotted lines,
decreased significantly which indicates very clearly the occurrence of
damage. Fig. 15 showed the clearest indication of damage. Thus, it
can be concluded that the excitation frequency range from 600 to 700
Hz was the most effective range in detecting the introduced damage.

5.2 Wall center

All procedures performed for the wall center are the same as those
for the RC column. Figs. 17 through 21 show MAC values for the
different excitation frequency ranges. In each figure MAC is used to
compare CSD data for the following cases:

(D) Three different tests carried out on the wall center in damage case
1; {test 1 [D1]—test 2 [D1]} & {test 1 [D1]—test 3 [D1] } & {test2
[D1]—test 3 [D1}}, indicated by thick solid lines.

(I1) Three different tests carried out on the wall center in damage case
2; {test 1 [D2] —test 2 [D2]} & {test 1 [D2] —test 3 [D2]} & {test 2
[D2] —test 3 [D2]}, indicated by thin solid lines.

(IIT) Three different tests carried out on wall center in damage case 1
and three different tests carried out on wall center in damage case 2;
{test 1 [D1] —test 1 [D2]} & {test 2 [D1] —test 2 [D2]} & {test 3
[D1]—test 3 [D2]}, indicated by dotted lines.

Figs. 17 and 18 show the clearest indication of damage for the
wall center. As indicated in Fig, 17, the influence of noise is very
small in the frequency range of 310400 Hz as the MAC values
denoted by the solid lines are measured above 0.9. MAC values
denoted by the dotted lines decreased significantly below 0.7 in the
frequency range of 300-330 Hz which shows clear indication of
damage. Although, MAC values of the dotted lines are greater than
0.7 in the frequency range 330-400 Hz, the clear difference between
the solid lines and dotted lines in this frequency range shows another
indication of damage. In Fig. 18, MAC values denoted by the dotted
lines decreased significantly below 0.4 in the frequency range of
430-500 Hz which shows very clear indication of damage. In Figs. 19,
20 and 21, although the influence of noise and measurement errors is
high in several excitation frequency ranges, the influence of damage
is more significant in these ranges as noted by the difference between
the solid lines and dotted lines. Moreover, the very small values of the
dotted lines observed in the frequency ranges of 500-550 Hz (Fig. 19),
645-700 Hz (Fig. 20), 700-730 Hz, and 750-785 Hz (Fig. 21) shows
another indication of damage. Thus, it can be concluded that the
excitation frequency ranges from 300 to 400 and from 400 to 500 Hz
were the most effective ranges in detecting the infroduced damage to
the wall center.

5.3 Wall corner

Figs. 22 through 26 show MAC values for the wall comer using
different excitation frequency ranges. In each figure MAC is used to
compare CSD data for the following cases:
(D) Three different tests carried out on the wall corner in damage case
1; {test 1 [D1]—test 2 [D1]} & {test 1 [D1] —test 3 [D1] } & {test 2

[D1]—test 3 [D1]}, indicated by thick solid lines.

(II) Three different tests carried out on the wall comer in damage case
2; {test 1 [D2] —test 2 [D2]} & {test 1 [D2] —test 3 [D2]} & {test 2
[D2] —test 3 [D2]}, indicated by thin solid lines.

(IID) Three different tests carried out on wall comer in damage case 1
and three different tests carried out on wall comer in damage case 2;
{test 1 [D1] —test 1 [D2}} & {test 2 [D1] —test 2 [D2]} & {test 3

Frequency (Hz)
Fig. 17 MAC values for the wall center using excitation frequency
range of 300400 Hz

Frequency (Hz)
Fig, 18 MAC values for the wall center using excitation frequency
range of 400-500 Hz
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Fig. 19 MAC values for the wall center using excitation frequency
range of 500-600 Hz
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Fig. 20 MAC values for the wall center using excitation frequency
range of 600-700 Hz
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Fig. 21 MAC values for the wall center using excitation frequency
range of 700-800 Hz
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Fig. 22 MAC values for the wall comer using excitation frequency
range of 300400 Hz

[D1]—test 3 [D2]}, indicated by dotted lines.
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Fig. 23 MAC values for the wall comer using excitation frequency

range of 400-500 Hz
- B
_____ ol P U |
t | t
| K| |
A [
X,
: - '
_____ —‘I_____\I 1‘:\____:_______
JE O . s { W B
1 17\ i
1 1 “‘{‘; 1
~~~~~ —1~—A——~|——l‘-\r‘——|——————-
| | (X1 |
I I N
T I\ Y
_____ R | (g, SR
! L : :EE‘
02f----- bommmodeoooo- R Mgty
01 ) | I S = S
N L2 e R I
. i ) ]
1 1 1] L
800 520 540 560 580 600

Frequency (Hz)
Fig. 24 MAC values for the wall comer using excitation frequency
range of 500-600 Hz
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Fig. 25 MAC values for the wall comer using excitation frequency
range of 600-700 Hz

results for the center location. Thus, it can be concluded that the

As indicated in Fig. 22, the influence of noise is quite high and  effective excitation range in detecting the same damage type in the
changes in MAC values that result from damage are very similarto - same structure may vary with changing damage location. Damage is
those produced by noise. Hence, damage cannot be detected usingthe ~ best identified using the excitation frequency range of 400-500 Hz
excitation range of 300400 Hz. It should be noted that the same  and 500-600 Hz, as shown in Figs. 23 and 24 respectively. In these
excitation frequency range of 300-400 Hz has shown very accurate  figures, a clear difference between the solid lines and dotted lines can
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be noticed in the frequency ranges of 425-500 Hz (Fig. 23) and
550-600 Hz (Fig. 24). Moreover, a significant decrease in MAC
values of the dotted lines is also observed in the frequency range of
435-500 Hz (Fig. 23) and 565-600 Hz (Fig. 24). In Figs. 25 and 26,
the influence of noise is high in some frequency ranges, but the
changes in MAC values due to the occurrence of damage are usually

higher as shown in the frequency ranges of 600-620 Hz, 655-700 (Fig.

25) and 700-705 Hz, 735-800 Hz (Fig. 26). It should be noted that the
excitation range of 400-500 is effective in detecting damage for both
damage location of the wall. By comparing the effective excitation
frequency ranges for the column and the wall, it can be demonstrated
that the effective frequency range is dependent on the structure type or
geometry. Since it is very difficult to know in prior the most effective
excitation frequency range for specific structure, it is recommended to
excite the test structure with wide band of excitation frequencies.

6. Conclusions

In this research, a new methodology is developed to advance the
state of the art of modal-based damage identification for structural
health monitoring. The basic principle is to enrich the system modal
measurements by integrating tunable piezoelectric actuator to the
structure, and to sufficiently utilize the enriched information. With the
integrated piezoelectric actuators, one can introduce additional
resonant peaks into the system dynamic response in frequency
domain and adjust them over the frequency band by tuning the wave
generator. The proposed methodology is verified using the
experimental data from concrete structures. Several observations and
remarks can be corcluded from the obtained results and are
summarized as follows:

1. The influence of noise and measurement errors on the
structure’s dynamic response is minimized significantly within
the excitation frequency range.

2. The changes in MAC values due to the presence of small
damage are usually higher than the changes produced by the
presence of noise and measurement errors. .

3. The most effective excitation frequency range for detecting the
damage is dependent on the structure type, structure geometry,
damage type, and damage location. It is, therefore, necessary to
excite the structure with wide band of excitation frequency since
it is extremely difficult to know in prior the most effective
excitation range for specific structure.

4. Ttis necessary to repeat the experiment several times to evaluate
the changes in the dynamic response that result from
repeatability of the experiment and presence of noise and
measurement errors. In a similar manner, MAC values that
results from environmental changes or operational loads can be
estimated for the intact structure. Thus, a threshold of the MAC
values that results from noise, measurement errors,
environmental changes or operational loads can be estimated.
Then, MAC values smaller than the threshold can indicate the
occurrence of damage.

900 720 740 760 780 800
Frequency (Hz)

Fig. 26 MAC values for the wall comer using excitation frequency
range of 700-800 Hz
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