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In order to detect damage on a structure at an early stage, the health

monitoring of structures is studied. In this research, the sensing system,

which uses the piezoelectric actuator and the piezoelectric accelerometer, is
built and the system is used to detect and locate various types of defects such

as bolt release and cracks. The piezoelectric actuator can provide variable

excitations in the frequency rang of 0-900 Hz that is effective in measuring a
high order mode change associated with the occurrence of damage. In this
paper, a damage identification method based on changes in Transfer Function
Estimate (TFE) is presented. The method is used to detect damage, predict its
location and assess the extent of damage in structures.
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1. Introduction

There is a growing need for built-in monitoring
systems for civil engineering infrastructures, due to
problems such as increasing traffic loads and rising costs
of maintenance and repair. In the past two decades, a
significant research effort has been directed toward the
development of structural health monitoring (SHM) and
non-destructive damage detection methods to manage
civil structures more efficiently. The term SHM has
gained wide acceptance in the past decade as a mean to
monitor a structure and provide an early warning of an
unsafe condition using real time data. The goal of SHM
and other so called ‘smart structures’ technologies and
concepts is to develop ‘multifunctional’ structures, i.e.
structures which provide functionality in other areas
besides the primary focus of carrying operational static,
dynamic and fatigue loads, with ultimate objective of
providing enhanced system
addition to SHM, a broad range of smart technologies is
under development at universities, sensor and actuator

level performance. In

companies, and aerospace system manufactures. In recent
years, there has been a renewed interest in the damage
diagnosis and health monitoring of existing highway

bridges using vibration based damage identification
techniques. Most vibration-based damage detection
theories and practices are formulated based on the
assumption that failure or deterioration would primarily
affect the stiffness and therefore affect the modal
characteristics of the dynamic response of the structure'™.
If this kind of changes can be detected and classified, this
measure can be further implemented for a bridge
monitoring system to indicate the condition, or damage,
or remaining capacity of the structures. 1t can also be
used to evaluate the seismic behavior of the structures.
Many damage detection schemes rely on analyzing
response measurements from sensors placed on the
structure”. Research efforts have been made to detect
structural damage directly from dynamic response
measurements in the time domain, e.g. the random

decrement technique® ©

, or from frequency response
functions (FRF)” 7. Also, some damage detection
methods have been proposed to detect damage using
system identification techniques®. In this paper, an
algorithm based on changes in TFE is presented. The
algorithm is used to detect damage, locate its position and
monitor the increase in damage using only the measured

data without the need for any modal identification or
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numerical models. The method is applied to the
experimental data extracted from a bridge model after

inducing some defects to its members.
2. Theoretical description

Let Py, (/) denote the TFE, relating two time histories,
x(t) and y(t). The absolute difference in absolute TFE
before and after damage can then be defined as

A (1) =By (N[5 ()

where P, ( ) and ny* ( 1) represent the TFE of the
undamaged and damaged structures respectively. When
the change in TFE is measured at different frequencies on
the measurement range from f; to £, , a matrix [ I1, ] can
be formulated as follows

(ALR) AL(/H) . A () ]
Ay () Ag(5) o Ao (Fo)

o=l C : -
_Am‘(fl) Am’(f2) """"" Anr(fm)_,.

where # represents the number of measuring points and
represents the number of reference channel. In matrix
[ II. ], every column represents the changes in TFE at
different measuring channels but at the same frequency
value. Each measuring channel will be used as a
reference for the other channels (» = / : n). Therefore, the
matrix [ I1, ] will be formulated » different times (3D
matrix). The summation of TFE changes over different
frequencies using different references can be used as the
indicator of damage occurrence. In other words, the first
damage indicator is calculated from the sum of rows of
each matrix, [ I, ] and then summing up these changes
over different references

XA, (f)
S
ZAZI‘ (f)
J

Total _Change = ' 3

r

280 ()
7

where f=f,: fyandr=1:n

This indicator is used to detect the damage; however, it
was found to be a weak indicator of damage localization.
A statistical decision making procedure is employed to
determine the location of damage. The first step in this

procedure is the picking of the maximum change in TFE
at each frequency value (the maximum value in each
column of matrix [ I1, }) and discarding all other changes
in TFE measured at other nodes. For example in matrix
[ 1,1 (Eq. 2), if A3, (/) is the maximum value in the first
column then this value will be used as B;,.( f;) and other
values in this column will be discarded. The same process
is applied to the different columns in matrix [ I1, ] to
formulate the matrix of maximum changes of TFE at
different frequencies, [B,]. It should be noted that [B,] is
a 3D matrix where each value of ¥ (+ = 1 : n) formulates

one matrix
0 0 0 . 0 |
0 By(y 0 . 0
By (f) 0 0 B3, (/)
B, = 0 0 B, .(f3) - 0 (4
0 0 0 . 0 1,

In order to monitor the frequency of damage detection at
any node, a new matrix [E,] is formulated. The matrix
consists of 0’s at the undamaged locations and 1’s at the
damaged locations. For example in the matrix [E,] , we
put a value of 1 corresponding to the locations of B;.(f}),
B, (/>) and so on, as shown in the following expression

00 0 ... 0
01 0 ... 0
10 0 ... 1
E,=[0 0 1 ... 0l. 5)
00 0 .. 0]

The total of maximum changes in TFE is calculated from
the sum of the rows of matrix [B,] using different
references. At each value of , the sum of rows of matrix
[B,] will result in one vector. Therefore, n different
vectors can be obtained. The sum of these vectors is
stored in one vector {Z};

ZBll(f)
S
ZBZI(f)
J

z=4 ¢ ©)

2B ()
7

-56-



Similar to the previous procedures, the total number of
times of detecting the damage at different nodes is
calculated from matrix [E,] as

follows: the sum of rows of matrix [B, ] at each reference
channel represents a column in the following matrix

2Bi(f) 2Bp(f) . 2B ()

ZElr(f) / J J
- SBu(f) EBn(f) o SBy(f)

7 wo| e an
K = Z ' . €0 N T
. ZBnl(f) ZBnZ(f) """ ZBnn(f)
zEm‘(f) -f ! 4 -
L7 ,

In order to reduce the effect of noise or measurement
errors, a value of two times standard deviation of the
elements in vector {K} will be subtracted from the vector
{K}. Any resulting negative values will be removed. The
same procedures is applied to the vector {Z} as follows

where the first subscript represents the channel number
and the second represents the reference number. A
process of choosing the maximum value at each column
and discarding other values of that column is used to
construct the matrix Wy, .

0 2Bl - 0
Z,-20 S
Z,-2c ;le(f) 0 - ;an(f)
T @  Fre s (12)
Z,-20 0 o . 0 |

where o = i(Zi—Z)z/(n—l),z=iZ,~/n,

i=1 i=1

K, -2p
K,-2p

I= ' ©)
K,-27

where = /i(Ki—E)z/(n—l), E:iKi/n.
i=1 i=1

The first damage location indicator is defined as the
scalar product of { T } and { 1 } as shown in the
following expression

<L,
T, x1,

Dam _Ind 1= (10)

T, x1,

Another damage location indicator is formulated as

A new matrix [ N ] is constructed from 1’s corresponding
to the values in matrix W, and 0’s at other locations as

01 . . . 0]

10 . . .1
N = (13)
00 .. . 0]

The sum of rows of matrix | W,.. | defines the vector
{ \Psum }

\PSIHH = ZLPmEX 3
r

and the sum of rows of matrix N defines the vector
{ NSUI" }

Nsum = ZN :
p
Then the second damage location indicator is defined as

the scalar product of vectors { Wy, } and { Ny, }

Dam_Ind 2=Y¥

sum:

(14)

(15)

x N (16)

Damage indicators 1 and 2 will be used to determine the

sum

damage location. On the other hand, the total change in
TFE will be used to detect the occurrence of damage and
assess the damage extent.
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3. FRP beam

The change in natural the
occurrence of damage has been examined using the
experimental data that was obtained from FRP beam. The
basic dimensions of the beam and the positions of
actuator and accelerometers are shown in Fig. 1. The
actuator force acts on the vertical direction. Channel 1
trough 3 measure the response of the flange in the vertical
direction and channel 4 measures the acceleration
response of the web in the horizontal direction. The
damage was introduced to the beam by reducing the
torque in one bolt in the left support of the beam. The
torque in the undamaged state equals 90N. The torque is
reduced in one bolt to 60N, 30N and ON. No significant
changes in the resonant frequencies were observed in any
damage case. Fig. 2 shows Power Spectral Density (PSD)
at the different channel before and after reducing the
torque to ON. In this figure, it is clearly indicated that the

frequency due to

change in resonant frequencies are very small even after
releasing one bolt completely.

4. Bridge model

4.1 Experimental setup and equipment

In this research, a bridge model is examined after
inducing damage with different levels to some members.
The model consists of two girders and six cross beams.
Each cross beam is connected to the girders with four
bolts; two bolts in each side. The model dimensions and
layout are shown in Figs. 3 and 4. The multi-layer
piezoelectric actuator is used for local excitation. The
main advantage of using piezoelectric actuator is that it
produces vibration with different frequencies ranging
from 0 to 900 Hz that is effective in exciting different
mode shapes® '?. Five natural frequencies are measured
in the range of the excitation frequency (from 0 to 400
Hz) at 43.75, 118.85, 212.5, 300, 393.75 Hz. The actuator
force amplitude is 0.2 kN. The actuator is located at the
center of the upper flange of the main girder (Figs. 3 and
4). The location of the actuator is not changed during
different damage states of the structure. The effects of
changing the actuator location on the accuracy of the
results are not studied in this research. The excitation
forces used for the undamaged and damaged structure are
random, equal in amplitude and have the same vibration
waveform but the excitation force does not need to be
measured. One accelerometer is mounted at the bottom of
each cross beam to measure the acceleration response in
the vertical direction at the mid span of each cross beam,
as shown in Fig. 4. Seven cases of damage are introduced
to the specimen as follows:

(Units mm) ey ha Ch3  Flange 140x 10 x 800

H Web 180x 15 x 800
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Fig. 1 Basic dimensions of the FRP beam
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Fig. 3 Basic dimensions of the bridge model

Accelerometer

Fig. 4 Accelerometers and actuator positions

Case 1: Removing one bolt completely from the left side
of cross beam no.

Case 2: Case 1 + releasing one bolt at the left side of
cross beam no. 2.

Case 3: Case 2 + removing one bolt at the right side of
cross beam no. 2.

Case 4: Case 3 + releasing one bolt at the right side of
cross beam no. 2.

Case 5: Removing one bolt from the left side of cross
beam no. 3.

Case 6: Removing one bolt from the left side of cross
beam no. 2. The same damage is introduced to cross
beam no. 5.

Case 7: A torch cut of 10 mm length and 1 mm width is
introduced at the middle of cross beam no. 2. The cut
starts from the edge of the horizontal plate of the beam.

4.2 Damage identification algorithm applied to
different damage cases for the bridge model

(1) Before introducing any damage

One of the drawbacks of vibration based damage
identification methods is that these methods sometimes
false positive

produce readings due to noise,

measurement errors or environmental changes. It is

therefore very important to determine if the results
obtained from any damage identification method are due
to damage or due to other changes. Because of this need,
the experiment was performed a number of times on the
undamaged structure prior to the introduction of any
damage. TFE data for two different sets of data obtained
from the undamaged structure is shown in Fig. 5. Small
changes in TFE can be observed in this figure, obviously
due to noise and measurement errors. TFE data in the
frequency range of 5-800 Hz was used for the proposed
method. The total change in TFE was determined using
Eq. (3) and the results are shown in Fig. 6. The total
change in TFE ranged from about 800 to 1200 dB. When
the total change of TFE was determined using other sets
of data that were obtained from the undamaged structure,
similar and very close values of the total change in TFE
were obtained. The total change of TFE will be used as
an indicator of damage detection and damage increase.
On the other hand, damage indicators 1 and 2 will be
used to identify the damage location.

(2) Cases 1, 2, 3 and 4 (damage at beam no. 2)

The accuracy of the damage identification methods
based on FRF or cross spectral density (CSD) is
dependent on the frequency range in which FRF® or
CSD'" is measured. The accuracy of the damage
identification methods based on mode shapes is
dependent on which mode shapes are used. The accuracy
of the results is sometimes reduced when some of the
used mode shapes have nodes at the damage location”. In
order to overcome this problem, it was decided to use
TFE magnitudes in the frequency range of 5-800 Hz in
the proposed algorithm. This range of measurement
covers most of the total measurement range of TFE data
(from 1 to 800 Hz). The resulting damage indicators for
damage case | are plotted in Fig. 7. In Fig. 7 (a), the total
change in TFE (Eq. 3) increased at all channels after
removing the first bolt. The total change in TFE due to
the removal of one bolt is much larger than that due to
noise and measurement errors (Fig. 6). Although the
maximum total change of TFE is observed at channel 2
(the damage location), the total change in TFE is not
always a good indicator of damage location. Damage
indicators 1 and 2 have determined the damage location
at channel 2 accurately, as shown in Figs. 7 (b), (c),
respectively. After increasing the damage level in beam
no. 2, the same previous remarks were also observed. The
total changes in TFE (Eq. 3) for the four cases of damage
and for the intact structure are plotted in Fig. 8. The
following remarks can be drawn from this figure:

- The total change in TFE due to noise is less than
1200 dB at all channels with close values at the
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different channels. Change in TFE Multi Reference Method
- After removing the first bolt (Case 1), the total
change in TFE increased slightly at the undamaged

locations (damage at one location will change the Y B = = x T
overall stiffness of the structure) and increased B e e
remarkably at the damaged location (channel 2). :

- After releasing one more bolt (Case 2), the total R B ] N |
change in TFE continued to increase slightly at the B N B N B
undamaged locations and remarkably at the damaged s e e i

Channel Number

»N N
Q &)
Q O
o o

Totad Change in Transfer Funcion (dB)
-
o
o
o

O
Q
Q

location.

- After introducing damage to the third and fourth Fig. 7 (a) Total change in TFE
bolts (Cases 3 and 4), the total change in TFE
increased slightly at the damaged location since the x10°  Change in TFE Muli Reference Method

beam has already lost most of its stiffness after 28—

N

removing the second bolt.
Therefore, it can be concluded that the total change in

TFE can be used to monitor the increase in damage £
successfully. g’ .
TFE at Channel 3
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E Fig. 7 Proposed algorithm results for damage case 1
400+ - - - - - - - - e CEF
Bo20---7 -0 -8 L8 L ) )
= ; Change in TFE Multi Reference Method
NN W . . e —+—undam
1 2 3 4 5 6 4500 - - - - - - - A bolt
Channel Number 7 s 2 bolts |
4000 « === 3 bolts »

» 8 4 bolts

Fig. 6 Total change in TFE due to noise

(3) Case 5 (damage at beam no. 3)
The accuracy of damage identification methods based

Tatal Change in Transfer Fundion (dB)

on mode shapes is sometimes reduced when the damage
exists at the node of the used modes. Therefore, the

Channel Number

damage position is changed in this case to examine the
effects of changing the damage position. The TFE Fig. 8 Total change in TFE for different damage cases at
magnitude is measured in the frequency range of 5-800 beam no. 2

Hz. The results of this case are shown in Fig. 9. Damage

indicator 1 has detected the damage at channel 3 with  some false positive readings appearing at other channels
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(undamaged locations), as shown in Fig. 9 (a). On the
other hand, damage indicator 2 has detected the damage
accurately without any readings at the undamaged
locations Fig. 9 (b). Damage indicator 2 performed better
for this case than damage indicator 1.

(4) Case 6 (damage at beams no. 2 and 5)

This case is introduced to investigate the feasibility of
the algorithm to detect multiple-damage. The TFE
magnitude is measured in the frequency range of 5-800
Hz. Damage at the two positions is detected and localized
accurately with no false positive readings using damage
indicators 1 and 2, as shown in Figs. 10 (a), (b). As
indicated in these figures, damage indicators values at
channel 2 is higher than that at channel 5. This difference
is because the structure is not exactly symmetrical, the
fixation of the bolts in the two angles (2 and 5) is not
exactly the same and the amount of noise or measurement
errors stored in the data of each measuring channel is not
equal.

(5) Case 7 (crack at beams no. 2)

Case 7 is introduced to investigate the feasibility of the
algorithm to detect different types of damages. The TFE
magnitude is measured in the same frequency range of 5—
800 Hz. In Fig. 11 (a), damage indicator 1 could not
identify the damage location accurately in this case,
although the maximum value of this indicator exists at
channel 2 (damage location). On the other hand, damage
at channel 2 is detected and localized accurately with no
false positive readings using damage indicator 2, as
shown in Fig. 11 (b). It was noticed that the total change
in TFE for this case was smaller than the case of
removing one bolt (Case 1), which means that detecting
the damage in this case was more difficult than the case
of bolt release. This is because the effect of removing any
bolt on the vibration response of the beam is greater than
the case of localized crack. When the method was applied
to detect a crack length of 20 mm at same location of this
case, both damage indicators identified the damage more
accurately.

5. Conclusions

Changes in the TFE magnitude due to the presence of
structural  damage investigated. The
experimental results obtained from a bridge model
demonstrate the usefulness of the changes in TFE
magnitude as a diagnostic parameter in detecting the

have been

damage, locating its position and monitoring the increase
in damage. The main advantages of the proposed
methods are:

x10° Change in TFE Multi Reference Method
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Fig. 9 (a) Damage localization using damage indicator 1
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Fig. 9 Proposed algorithm results for damage case 5
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Fig. 10 Proposed algorithm results for damage case 6
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Fig. 11 (a) Damage localization using damage indicator 1

Change in TFE Multi Reference Method

Channel Number

Fig. 11 (b) Damage localization using damage indicator 2
Fig. 11 Proposed algorithm results for damage case 7

(1) High accuracy in detecting and locating small
damage.

(2) The proposed method encompasses the first three
steps of the process of damage detection — existence,
localization and monitoring the damage increase being
based on only the measured data without the need for any
modal identification.

(3) The accuracy of damage identification methods based
on changes in mode shapes are sometimes reduced when
the damage occurs at a node of the used mode shapes.
And, the accuracy of damage identification methods
based on changes in FRF or CSD are dependent on the
measurement range in which FRF or CSD are measured.
The proposed method overcomes this drawback by using
TFE data in the total measured frequency range.

(4) Vibration based damage identification methods
sometimes produce false positive readings due to
measurement errors, noise and environmental changes.
The proposed method has shown better results in
identifying the changes in TFE associated with damage
from the changes attributed to noise or measurement
errors.
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