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Damage detection based upon changes in vibration characteristics is one of the few methods
that can monitor the structure on a global basis. The basic idea of this method is that any
changes in the physical properties of the structure (mass, stiffhess and boundary conditions)
will in tum cause changes in its modal characteristics (resonant frequency, modal damping
and mode shapes). In this paper different damage detection methods, based on change in
frequency and in mode shapes, have been summarized and applied using experimental and
numerical data from steel beam before and after releasing some supporting bolts. Two
multi-layer piezoelectric actuators were used for excitation; the advantages of using this
technique of excitation are explained. Effectiveness in detecting and localizing the damage is
compared for the different damage detection methods.
Key Words: vibration characteristics, damage detection, modal properties

1. Introduction

Many aerospace, civil, and mechanical systems continue to be
used despite aging and the associated potential for damage
accumulation. Therefore, the ability to monitor a structure and detect
damage at the earliest possible stage is becoming increasingly
important. Damage-detection methods are either visual or localized
experimental methods such as acoustic or ultrasonic methods,
magnetic field methods, radiograph, eddy-curent methods and
thermal field methods”. These methods can be used only to detect
damage near the surface of the structure. Therefore the need for more
global damage detection methods that can be applied to complex
structure has led to development of methods that examine changes in
the vibration characteristics of the structure®. Vibration testing can
be considered as a global non-destructive health monitoring
technique. It can be used in a continuous or intermittent way.
In a continuous monitoring system typically a few sensors

are installed on the structure whereas a large number of
sensors can be used in intermittent monitoring, for example
to obtain detailed mode shape information®. The basic idea is
that modal parameters (frequencies, mode shapes, and modal
damping) are a function of the physical properties of the structure
(mass, damping, stiffness, and boundary conditions). Therefore,
changes in physical properties of the structure, such as its stiffness or
flexibility, will cause changes in the modal properties™ .

Different damage detection methods, based on the changes in
frequency and modal shape, are applied in this paper. Stuctural
damage is determined by using different vibration characteristics.
Strain energy distribution of each mode, curvature change of modal
shape and change of flexibility matrix are used in different damage
detection methods. Those methods are explained in more details in
chapter 5. Releasing some of supporting bolts is taken as a damage
model on structural connection. Two multi-layer piezoelectric
actuators are used for local excitation and acceleration of structural

- 1055 -



member is measured and analyzed to find the changes of moxlal
parameters as an effect of structural damage.

2. Measurements by two actuators system

2.1 Experimental equipments

In this research a simple steel beam supported by four bolts in
both sides has been examined before and after releasing some bolts as
shown in Fig. 1. The multi-layer piezoelectric actuator is used for
local excitation. The main advantage of using piezoelectric actuators
is that it produces vibration with different frequencies ranging from 0
to 400 Hz that is effective in measuring higher modes. Main
characteristics of equipment used in this experiment are shown in
Table 1. Oshima et al.” have measured and evaluated the location of
released bolts by usingone excitation actuator system. In this paper
we use two actuators excitation system, which has more advantages
than one actuator system. Larger amplitude of vibration and more
complicated vibration modes will be produced by using multiple
actuators in excitation system. Comparisoﬁ of measured results by
one and two actuators as excitation system is shown in this chapter.
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Table 1 Equipment characteristics

Piezoelectric actuator
Dimensions (W XTXH) | 10X10X20(mm)
Min. and Max freq. 0~982Hz

Displacement (100V) 123um
Max Force 3500N
Wave function generator
Min. and Max freq. 0.01 xHz~15MHz
20Vp-p/OPEN,
Max. Output Volt +10V/OPEN
Power source
Max. Power | 150V

2.2 Comparison of excitation by two actuators and one actuator
In order to compare the arays of two actuators, five different
types of arrays are used as shown in Fig. 2. The two small ellipses on
the beam indicate the location of two actuators. And two small
rectangles indicate the location of accelerometers. In Fig. 2 the
location of released bolts is shown and white circles are released bolts.
Power Spectrum Density of acceleration data at the same
channel is shown in Fig. 3. In this figure, dot line indicates PSD when

one actuator is used for excitation and the solid line indicates PSD
when two actuators are used for excitation. By using two actuators
excitation, higher amplitudes and more sharp peaks at resonant
frequencies are obtained as shown in the same figure. Comparison of
peak frequencies by one and two actuators excitation is shown in
Table 2. Results are shown on 11", 12%and 13* modes on vibration
only for Case A, Case B and Case C and it is obtained by FFT on the
accelerometer data No.1 located as shown in Fig, 2. Data of one
actuator excitation is obtained in the paper by Oshima et al.” and
actuator is located at span center of beam and lower position on front
flange surface. By the comparison between one and two actuators
stable results are obtained on each results by two actuators excitation.
From wave function generator through power source equipment
same electrical waves are input on two actuators and duplicated
excitation forces are induced on the structure and signal/noise ratio is
much improved. If we could coordinate the array of actuators to be
more sophisticated excitation we will identify the location and level of
damage more precisely by analyzing response wave in both
frequency and time domain.

23 Measurement of mode shapes and resonant frequencies for
undamaged and damaged structure.

The main objective in this section is to determine different mode
shapes and resonant frequencies for the beam before and after each
case of damage. The measured mode shapes and frequencies before
and after each case of damage will be compared using different
damage identification methods in order to detect and localize small
types of damage. Two cases of damage are introduced to the left
support of the beam. Case 0 represents the undamaged beam, Case 1
represents one bolt released, the upper right bolt from the left support,
and Case 2 after releasing two bolts, the upper right and the lower
right bolts as shown in Fig. 4.

Two piezoelectric actuators having the same waveform
were used for excitation. Nine accelerometers and one reference
accelerometer were used to measure the beam response. Position
of actuators and accelerometers is shown in Fig. 5. Cross power
spectrum for the measured acceleration between one reference
channel and different measuring points are calculated. Mode
shapes were determined from amplitude and phase information
contained in CPS of the various accelerometer readings relative to
the reference accelerometer. Resonant frequencies and mode
shapes are measured for the undamaged beam as well as for each
case of damage and these data will be used in the different
damage identification methods.

3. Numerical model

The finite element model of the actual beam is created using
Structural Analysis Program, SAP2000. The model is benchmarked
against the measured frequencies of the actual beam™®. In order to fix
the numerical value of spring stiffness as a modei of bolt, numerical
simulation was repeated to agree with the result of experimental
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frequency. At each support, springs are divided to three groups, (Fig. S - ' !
6b), each of them has the same stiffhess value and rotational degrees
of freedom are restrained at each spring. Spring stiffness values for A B C
each group are shown in Table 3. Case 1 of damage is simulated by~ (b) Spring position at the left support

removing the springs in all directions X, Y, and Z at the upper 4

nodes of group C as shown in Fig. 6b and Case 2 is simulated similary Fig. 6 Numerical model and position of springs at the left support

- 1057 -



by removing all springs at group C. Rotational degrees of freedom in
all directions are released at the removed springs. Mode shapes and
frequencies given by the numerical model before and after each case
of damage will be compared using the same damage identification
methods in order to compare the results of the damage detection
methods for both experimental and numerical data. The numerical
model can be used to introduce more damage cases.

Table 3 Spring stiffhess at the beam support

Ky Ky K,

Group A 100 375 100

Group B 85 20 85

Group C 80 15 80
(KN/mm)

4. Damage detection methods based on change in frequency

4.1 Percentage of difference in frequency before and after
damage

Table 4 shows the change in frequency in the numerical model
after each case of damage. It is apparent that change in frequency is
very small even after introducing the second level of damage. The
remarkable change occurs at mode 10 for both cases of damage since
this mode is vertical (in Z direction) and it is the most sensitive for
releasing any bolts. The previous result indicates that some modes are
more sensitive for each type and position of damage; therefore it is
very important to measure these modes experimentally in order to
detect this type of damage in the actual structure. The mmnerical
model can be used to determine the most sensitive modes for different
types and positions of damage.

Table 4 Change in resonant frequency for numerical model

Frequency (Hz)

Mode No. === 0 [ Case 1 | % Dift. | Case2 | % Dif.
1 25.10 25.07 -0.10 25.05 -0.20
2 41.82 41.80 -0.04 41.78 -0.08
3 116.17 | 116.07 | -0.09 115.94 | -0.20
4 149.95 | 149.90 | -0.04 149.84 | -0.08
5 17458 | 174.42 | -0.09 17419 | -0.22
6 205.12 | 204.93 | -0.09 204.67 | -0.22
7 216.23 | 214.32 | -0.89 212.37 | -1.82
8 249.37 | 249.25 | -0.05 249.13 | -0.10
9 28160 | 281.52 | -0.03 281.42 | -0.06
10 306.84 | 301.57 | -1.75 293.93 | -4.39
11 32083 | 327.52 | -0.70 325.73 | -1.26
12 346.48 | 346.36 | -0.03 346.25 | -0.06
13 379.57 | 379.21 | -0.09 378.95 | -0.16

4.2 Frequency spectrogram

The second method for comparing the change in resonant
frequency is using Gabor spectrogram. In this spectrogram the
frequency components at each time are plotted using colored
spectrum. Figs. 7, 8 and 9 show Gabor spectrogram for experimental
data for Case 0, Case 1 and Case 2, respectively. Very small change is
observed only for Case 2 of damage as shown on the circled area.
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Fig. 7 Gabor spectrogram for Case 0 (experimental data)
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Fig. 8 Gabor spectrogram for Case 1 (experimental data)
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Fig. 9 Gabor spectrogram for Case 2 (experimental data)

These very small changes in frequency for both experimental and
numerical data has led to the conclusion that damage detection
methods based on change in frequency are not sensitive for detecting
the damage. In the following chapter damage detection methods,
which are based on change in mode shape, will be examined using
experimental and numerical data.

5. Damage detection methods based on change in mode shape.

5.1 Modal assurance criterion (MAC)
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Modal assurance criterion®®” compares two modes using the

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

186,00

=1

56).6), [ E@)e) ]

MAC(,j)=

1)

kel k=l

where (@), is an element of the mode-shape vector and the asterisk
denotes complex conjugate. In practice, MAC value greater than 0.9
indicates comrelated modes and value less than 0.05 indicates
uncorrelated modes. MAC was used to compare mode shapes before
and after each case of damage. Therefore MAC value for the same
mode before and after damage less than 0.9 indicates the existence of
damage but it cannot locate the position of damage.

Table 5 shows MAC values between each case of damage and
the undamaged case for numerical and experimental data. It is shown
that no significant change in MAC values except for mode 10 in both
cases of damage, which again signifies the sensitivity of mode 10 for
that type of damage.

Table 5§ MAC comparison for numerical and experimental data

Mode | MAC (Numerical data) |MAC (Experimental data)

No. | CO&C1| C0&C2]| CO&C.1| CO0&C.2
1 1.0000 0.9999 N/A N/A

2 0.9999 0.9996 N/A N/A

3 1.0000 1.0000 N/A N/A

4 0.9992 0.9985 N/A N/A

5 1.0000 1.0000 0.9746 0.9621

6 1.0000 0.9998 N/A N/A

7 0.9998 0.8990 0.9978 0.9954
8 0.9999 0.9999 0.9548 0.9499
9 1.0000. 0.9998 0.9970 | 0.9941
10 0.9176 0.2578 0.9255 0.8633
11 0.9965 0.9950 - N/A N/A
12 0.9998 0.9998 0.9851 0.9758
13 0.9990 0.9998 0.9970 . 0.9965

5.2 Damage identification algorithms based on change in mode
. shape. :

There are some damage identification methods as listed in
references. Comparison of applied results to our experimental data by
using those identification methods is dealt with in this paper.

At the fixed support no response can be measured even after
releasing few bolts, therefore the applicability of different damage
detection methods to detect and localize such type of damage will be
examined and compared.

In this section a brief summary of each method will be
summarized. For a more detailed summary the reader is referred to
the cited references.

(1) Damage index method

This method >®¥ is used to detect and locate damage in
structures using mode shapes before and after damage. For a
structure that can be represented as a beam, a damage index B is
developed based on the change in strain energy stored in the

structure when it deforms in its particular mode shape. For
location j on the beam this change in the i mode strain energy is
related to the change in curvature of the mode at location j. The
damage index for this location and this mode, B;, is defined as

([ T dx+ [ [y, ()1 dx)f [w; (%) dx
ﬂ’“ —_a 0 0

: L - @
(v, O dx+ [ v, ()Y do) [ )" (6)F dx
a 0 [}

where ¥ (%) ¥ (¥ are the second derivative of i mode shape
corresponding to the undamaged and damaged structure, respectively.
L is beam length and a, b are the limits for element j. When more than
one mode is used, damage index is defined as the sum of damage
indices from each mode as follows

) o

where n is the number of modes.

Assuming that the collection of the damage indices, /3, represents a
sample population of a nommally distributed random variable, a
nomalized damage localization indicator is obtained as follows

__ﬂj_ﬁf '
G==——" _ @

i

whereﬂ_j and g; represent the mean and standard deviation of the

damage indices, respectively. A statistical decision making procedure
is employed to determine if the normalized damage index, Z, is
associated with a damage location. Values of two standard deviations
from the mean are assumed to be associated with damage locations.

(2) Mode shape curvature method

In formulating the eigenvalue problem, ie. Eq. (5), structural
damage only affects the stiffness matrix and not the mass matrix® %,
For the undamaged condition the eigenvalue problem is given as

(K] - AMD{x} = {0} &)

where [K] = the stiffness matrix, A, = the i eigenvalue, [M] = the
mass matrix, and {x;} = the i" displacement eigenvector.
Similarly, the eigenvalue problem for the damaged condition is

(K- X' MD{x} = {0} ©6)

where the asterisks signify properties of the damaged structure.
Eigenvectors for the damaged and undamaged structure are the basis
for damage detection. For a beam cross section subjected to a bending
moment M(x), the curvature at location x, v (%), is given by

v(x)=M(x)/El )
where E = the modulus of elasticity and I = the moment of inertia of

the section. From Eq. (7), it is shown that the curvature of the beam is
proportional to the inverse of the stiffness for a given moment.
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Therefore for the same moment applied to the structure before and
after damage, any reduction in the stiffness of the structure associated
with damage will increase the curvature. Furthermore, the amount of
change in the mode shape curvature is proportional to the level of
damage. Higher level of damage, which means larger reduction in
stiffhess, will lead to larger change in curvature. Maximum difference
in mode shape curvature before and after damage indicates the
position of damage.

(3) Change in flexibility method
Flexibility matrix, [F], of a structure may be expressed in terms

of modal parameters as follows™%'?

n 1 T
[F] = [@)[Q]'[0]" = ;;—2{4 Hed @®

where {#} = the i mass-normalized mode shape, [®] = the mode
shape matrix= [¢}, ¢ ..... g, (w;) =the i” modal frequency, [Q] = the
modal stiffness matrix = diag. (;’), and = the number of measured
or calculated modes.

Similarly, for the damaged structure

Fl= QT 0T~ Z(w—ly% Yo ©

where the asterisks signify properties of the damaged structure.
Flexibility of a point k may be interpreted as a measure of the energy
in a structure due to a unit load at node k. Hence, variation of
flexibility coefficients in the neighborhood of a node k may reveal
damage localized in its vicinity'". Therefore the change in flexibility
caused by the damage can be obtained as follows

[AF]=[F] - [F] (10)

where AF represents the change in flexibility matrix. Now, for each
column of matrix AF let ¢ be the absolute maximum value of the
elements in the }" column. Hence,

max| | i= 11)

where J; are elements of matrix AF and n is the number of degrees of
freedom. The degree of freedom comesponding to the maximum
value of §; indicates the position of damage.

(4) Change in uniform load surface curvature method

In this method certain aspects of the mode shape curvature
method and change in flexibility method are combined™®'?. In this
method the change in curvature is obtained from the uniform
flexibility shape instead of the mode shapes. Recall that the flexibility
matrices, before and after damage, can be expressed in terms of
modal parameters as:

LI
[F] ~{@)[QT [«DT:Z;—{ )0} 12)

i=

and
[F]~ [T 0] ~ Z‘(w—ly{ﬂ ooV (13)

where the asterisks designate the damaged structure. The coefficients
of the i column in the flexibility matrix represent the deflected shape
assumed by the structure with a unit load applied at the i* degree of
freedom. Change in curvature of the uniform load flexibility is used to
determine the location of. damage. The uniform load flexibility
represents the deflected shape assumed by the structure when all
degrees of freedom are loaded with a unit load. Thus, the uniform
load flexibility corresponds to the sum of the unit load flexibilities. In
terms of the unit load flexibilities, the curvature change is evaluated as

follows
w=Sfr -] (14

where {A} and » represent the absolute curvature change and the
number of degrees of freedom, respectively. The degree of freedom
corresponding to the maximum value of {A} indicates the position of
damage.

5.3 Damage identification methods applied to experimental
data

Different mode shapes of the beam are measured at nine points
as was explained in section 2.3. Interpolation between the measured
points using cubic polynomial has been made to approximate mode
shape amplitudes between sensors. This interpolation introduces
artificial degrees of freedom into the experimental data®. By using
this technique, the beam was divided into 160 nodes starting from the
first left accelerometer as shown in Fig.5. Figs. 10 through 17 show
the results from different damage identification methods when they
are applied to experimental data.

In Fig. 10, damage index exceeds the value of two at elements
40 and 120, which indicates the occurrence of damage. Position 40 is
close to the damage position but position 120 is false position. When
the same method is applied to case 2, it was noticed that the damage
index value increased at element 40 but decreased at element 120
which indicate false results at element 120. Therefore when this
method is applied in a continuous manner to monitor the structure,
continuous increase of damage index, over the value of two, at the
same element may ensure the existence of damage at that element.
For the change in mode shape curvature method, the maximum
change occurs at nodes 100 and 120 and the absolute difference in
curvature increases with the increase of damage as shown in Fig. 12
and 13, respectively. The same remarks are obtained for change in
flexibility method and change in flexibility shape curvature method as
shown in Figs. 14 to 17. From the previous results, the following
remarks are concluded:
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Fig. 10 Damage index method applied to experimental data for
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Fig. 11 Damage index method applied to experimental data for
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Fig. 13 Mode shape curvature method applied to experimental data

Fig. 14 Change in flexibility method applied to experimental data for
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Fig. 12 Mode shape curvature method applied to experimental data

for damage Case 1.

)

2)

damage Case 2.

These methods are more sensitive in measuring changes in
modal characteristics due to damage than observing the change

in resonant frequency.

3)

All methods indicated the existence of damage from the first
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Fig. 15 Change in flexibility method applied to experimental data for

case of damage but the accuracy of localizing damage position
need to be improved.

Continuous increase of the damage measure at the same
position may ensure the location of damage at that position, on



the other hand fluctuating results at the same position may
indicate false position of damage.

4)  Damage index method showed the best results among the
different methods in localizing the damage position.

These results will be verified using the numerical data extracted from

the finite element model.
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Fig, 16 Change in flexibility shape curvature method applied to

experimental data for damage Case 1.
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Fig. 17 Change in flexibility shape curvature method applied to
experimental data for damage Case 2.

5.4 Damage identification methods applied to numerical data
Similar to experimental data, mode shapes were measured
along nine points on the front flange, and then interpolation between
the measured points using cubic polynomial has been made to
approximate mode shape amplitudes between the measured points.
Therefore the beam is also divided into 160 nodes. Figs. 18 through
25 show the results from different damage identification methods
when they are applied to numerical data. In Figs. 18 and 19, damage
index exceeds the value of two at element 20 for case 1 and case 2.
The measured position of damage, indicated by damage index
method, is very close to the actual position of damage in both cases of
damage and no false positions of damage were measured. In Figs. 20
and 21, mode shape curvature method showed poor results in

indicating the damage position and the decrease in absolute difference
from case 1 to case 2 indicates that the measured positions of damage
may be false positions. For both change in flexibility method and
change in flexibility shape curvature method, the position of damage
is determined accurately only at case 2 of damage as shown in Figs.
23 and 25, respectively. Comparing Fig. 24 with Fig, 25, the absolute

Damage Index Method

1.5 N

“W:“MMH L]|Wfl&nfw_w
::;’-:::?::::?:::f::::i?:.:::i:::i

Fig. 18 Damage index method applied to numerical data for damage
Case 1.

Damage ndex Method
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i -
60 80 100
Element #

Fig. 19 Damage index method applied to numerical data for damage
Case 2.

x 107 Mode Shape Curvaturo

Absolute Difference

Fig. 20 Mode shape curvature method applied to numerical data for
damage Case 1.
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Fig. 21 Mode shape curvature method applied to numerical data for
damage Case 2.
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Flexibitity Change

Fig. 22 Change in flexibility method applied to numerical data for
damage Case 1.

Flexibility Change

Fig. 23 Change in flexibility method applied to numerical data for
damage Case 2.

difference decreased at element 120 from case 1 to case 2 which
indicate that the measured position at that element in case 1 was false
position.

x 10" Change in Flexibility Shape Curvature Method

Absolute Difference

Node #

Fig. 24 Change in flexibility shape curvature method applied to
numerical data for damage Case 1.

x 10° Change in Flexibility Shape Cunature Methad

____________________

b Ao

100 120 140 160
Node #

Absolute Difference

Fig. 25 Change in flexibility shape curvature method applied to
numerical data for damage Case 2.

5.5 Damage position as indicated by different methods

Table 6 summarizes the position of damage as indicated by
different damage methods for experimental and numerical data for
both cases of damage. It is observed that the numerical results are
consistent with the experimental results and damage position is
determined more accurately for the numerical data, which ensures the
accuracy of the numerical model. Therefore, the finite element model
can be used to produce different damage types, positions and sizes of
damage and hence the results of different damage identification
methods for each type of damage are obtained. These results can be
used to estimate the type and position of damage from the results of
the actual structure. Damage index method has shown the best results
in detecting and localizing the damage from the first case of damage
and for both experimental and numerical data.

Table 6 Damage position as indicated by different damage methods”

Dam. position (Exp. data) Dam. position (Num. data)

Damage method Case 1 Case2 | Case 1 Case 2
Damage index 40, 120 40, 100, 120 20 20
Mode shape curavature 100, 120 100, 120 40, 120 40, 120
Change in flexibility 40, 120 40, 120 120 0, 40
Uniform load surface cunature 100, 120 100, 120 20, 120 20

*) Number in table indicates node number or element number
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6. Concluding remarks

(1) Using multi-layer piezoelectric actuator for excitation is more
effective in measuring higher modes than the other methods such as
impulse hammer or electronic shaker.

(2) Using two multi-layer piezoelectric actuators, having the same
electrical wave function, has shown better results in measuring mode
shapes and frequencies and in improving the signal/noise ratio.

(3) There are always some modes, which are more sensitive for each
type and position of damage than the other modes. It is, therefore,
important to measure these modes for the real structure in order to
improve the ability of detecting that type of damage.

(4) Examining the change in resonant frequency due to damage either
by using the percentage of difference in frequency or using frequency
spectrogram, low sensitivity for damage detection is obtained.

(5) Damage detection methods, which are based on change in mode
shapes, are more sensitive in detecting damage than observing the
change in resonant frequency.

(6) Damage index method has shown the best results among the
different methods in detecting and localizing the damage.

(7) Finite element model for the actual structure can be used to
produce many different pattems, sizes and positions of damage and
hence appropriate damage identification methods should be chosen
for each type of damage. These results can be used to estimate the
type and position of damage from the results of the actual structure.
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