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This paper presents structural damage detection method based on changes in Transfer Function Estimate
(TFE) for detecting damage, predicting its location and monitoring the growth m damage. This method
assummes that the displacement or the acceleration response time histories at various locations along the
structure both before and after damage are available for damage assessment. These responses are used to
estimate TFE. The change of TFE between the baseline state and the current state is then used to identify
the location of possible damage in the structure. The method is applied to the expenimental and numerical
data obtained from a railway steel bridge that 1s no longer in service. Several damage scenarios were
mtroduced to the main girder of the test structure. Results show the method can be used to detect the
damage, determme the exact location and measure the growth in damage with very good accuracy. The
use of piezoelectric actuators as a local excitation source for large structures such as steel bridges is also
presented. Expenimental and mumerical results show that the proposed approach may be successfully

implemented on-line to detect the damage and to locate regions where damage occurred.
Key Words: Damage detection, Modal parameters, Health monitoring; Transfer Function

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 amount of efforts have been directed towards the
development of structural health montormg (SHM) and non-
destructive darmage detection methods to manage civil structures more
efficiently. Nurmerous papers are available in the technical literature
related to non-destructive darmage detection and evaluation, SHM, and
nstrumentation schemes. Significant efforts have also been focused on
developing data collection procedures and darmage detections schemes.
The term SHM has gammed wide acceptance m the past decade as a
mean to monitor a structure and provide an early waming of an unsafe
condition using real time data. The goal of SHM and other so called
‘smart  stuctures” technologies and  concepts 15 to  develop
‘multifinctional’ structures, i.e. structures which provide functionality in
other areas besides the primary focus of camrying operational static,
dynarme and fatigue loads, with the ultimate objective of providing an
enhanced level of system performance. In addition to SHM, a broad
range of smart technologies are under development at universities,
sensor and actuator cormparies, and aerospace system manufactures. In
recent years, there has also been a renewed mterest in the damage
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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 structire™™. If this kind of changes can be detected and
classified, this measure can be further mplemented for a bridge
monitoring system to indicate the condition, or damage, or remaining
capacity of the structures. It can also be used to evaluate the seismic
behavior of the structures. However, conventionally defined modal
parammeters have been shown to be mildly sensitive i the detection of
various types of bridge damages. Furthermore, the modal parameters of
conventional modal testing such as frequencies and modal dampmg are
global parameters, which cannot locate the damages”. Research efforts
have been made to detect structural damage directly from dynamic
response measirements m the time domam, e.g. the random decrement
technique”, or from frequency response fimetions (FRF)®. Also, some
damage detection methods have been proposed to detect damage using
system identification techniques™'?, In this paper, an algorithm based on
changes m TFE is presented. The algorithm is used to detect damage,
locate its position and monitor the merease in damage using only the
measired data without the need for any modal identification or
numerical models. The method is applied to the experimental and



numerical data extracted from a railway steel bridge after inducing
some defects to its members. The damage was introduced to the bridge
through the release of some bolts from some stffeners located on the
web of the mamn girder of the bridge. A futire goal of a comprehensive
bridge managemment system is to have a self-monitoring bridge where
sensors feed measured responses (accelerations, strains, etc.) info a local
computer. This computer would, n turn, apply a damage identification
algorithm to this data to determine if the bridge has significantly
deteriorated to the point where user safety maybe jeopardized. The local
computer could then contact a central monitormg facility (via celtular
phone) to notify the appropriate mamtenance or safety officials of the
bridge’s current condition. If such a monitoring system is to be practical,
it will have to identify the dynamic properties of the structure from
ambient, trafficinduced vibration or using another controlled excitation
technique. The ambient vibraton has the advantage of bemng
nexpensive and convenient since no equipment is needed to excite the
structure. The service needs not be mterrupted to use this technique.
Ore difficulty with determinmng dynamic parameters of a structure
undergoing ambient vibrations is that the forcing function is not
precisely characterized Modal testing has some weaknesses as well.
One of these is the high Jevel of noise, as compared to the signals.
Another difficulty of using ambient vibration data to implement
damage identification method presented m this study is to find two
equal excitation forces (before and after damage), as required in this
method. In this paper, the implementation of piezoelectric actuators' 3
as a local excitation source for large structures such as steel bridges is
presented. The advantages of using piezoelectric actuators instead of
shakers, hammers or ambient vibrations will be discussed in details in
the following chapters.

2. Theoretical description

Amnovel method is proposed herein for detecting damage, identifying
its location and monitoring the increase in damage using TFE. This
method assurnes that the displacement or the acceleration response
time histories at various locations along the structure both before
and after damage are available for damage assessment. These
responses are used to estimate TFE. The change of TFE between
the baseline state and the current state is then used to identify the
location of possible damage in the structure. The excitation forces
used for the undamaged and damaged structure must have the same
amplitude, location and waveform in order to ensure that the
changes in TFE data are mainly due to damage. In order to
overcome the problem of the limited number of identified modal
pararreters, TFE information estimated from the various accelerometer
readings at all frequencies in the measurement range and ot just the
modal frequencies will be compared before and after damage using the
proposed method In order to identfy the damage with more
confidence, every measurmg charmel will be used once as a reference
for other charmels, which will create large sets of data. These sets of
data can then be analyzed using statistical procedures to determine the
damage location with more confidence; as will be explained in detatls in

this section. Transfer fimctions are mathematical finctions used to
characterize the mput-output relationships of linear systems, which can

be described by the following relationship:

Y(N=H(NxX() M
or .

HOH=YNH/X(H) @

where H (f) is a transfer function, ¥ (f) is the finite Fourier transform
FFT) of the measurement signal y (¢ ) and X (f) is the FFT of the
reference signal x (¢). InEq. (1), it can be seen that ¥ (f) will always be
the input signal X' ( /) multiplied by the transfer finction A ( 1), for
every X (f). We can imagine that the transfer fimetion H ( f) is the
object that is modifying the source signal X ( /). In this paper, the
transfer fimetion will be estimated between the structure’s response at a
measuring point x ( ¢ ) relative to a reference response 7 (¢ ) assuming
that the response x ( ¢ ) represents the input force that is related to the
response 7 ( ¢) by the transfer function. In this case, the transfer fimction
represents a relation between the structure’s responses at two different
measuring points x and 7.

Let T, (f) denote the TFE which relates a response x (£) to a
reference response r (¢ ). Since every chammel will be used as a
reference for other charmels, 7, ( f) will represent the TFE which
relates a response 7 (1) to a reference response x ( ¢). The relative TFE
betweenx and » can then be defined as:

er(f)=Txr(f)_Trx(f)~ (€)]

Ry (f) represents the relative movement (response) between x and » n
the frequency domam. If equal forces are used to excite the undamaged
structure a number of times, then it is assumed that the same relative
response, Ry (f), will be obtained each time. On the other hand, if
darmage occurs at (or near) the location of x or 7 (or both), then the value
of Ry (f) will in turn change. The absolute difference i absolute value
of Ry (f) before and after damage can then be defined as:

Do () =|Rer ()] - Rer (1) @

where the asterisk denotes the damaged structure. When the change in
relative TFE, Dy, (f), is measwred at different frequencies on the
measurement range from f; to f, , a matrix [ Dy ] can be formulated as

[ Dy () Diy(f2) o Dy, (fm)
D2r(fi) DZr(fZ) ------- D2r(fm)

D, - . e ®
_Dnr(fl) Dpr(f) oo Dnr(fm)_r

where » represents the number of meastring points and r represents the
number of reference channel. In matrix [Dy], every column represents
the changes in D, (f) at different measuring charmels but at the same
frequency value. Each measuring charmel will be used as a reference
for the other charmels (v = I : n). Therefore, the matrix [Dy] will be
formulated » different times (3D matrix). The total change m the
relative TFE in the frequency range of f; to ,, can be estimated from the

sum of rows of matrix [Dy] as:
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where f=f;: fpandr=1:n.

The sum of the changes in the relative TFE over different frequencies
using different references can be used as the mndicator of damage
occurrence. In other words, the first damage ndicator is calculated from
the sum of {ST,} over different references as:

SST = 35T, . %)
r

This indicator is used to detect the occurrence of damage and monitor
the growth in damage; however it was found to be a weak mdicator of
damage localization. A number of statistical decision making
approaches will be employed to determine the location of damage. The
first step m this procedure is the selection of the maximum change m
relative TFE at each frequency line (the maxinmum value m each
column of matrix [D,]) and discarding all other changes n relative TFE
measured at other nodes. For example in matrix [Dy] Eq. (5)), if D3,
(/) is the maximum value in the first columm then this vatue will be
used as M, (f7) and other values in this colurnn will be discarded. The
same process is applied to the different columns in matrix [Dy] to
formulate the matrix of maximum changes of relative TFE at different
frequencies, [M]. It should be noted that [M,] is a 3D matrix where
eachvalue of 7 (r = ] : n) formulates one matrix;

0 0 0 0
0 My, (f) 0 0
M3r(fi) 0 0 . M3r(fm)
M, = 0 0 Mg (R) ... 0 .®
0 0 0 o

In order to monitor the frequency of damage detection at any node, a
new matrix [Ly] is formulated The matrix consists of 0’s at the
undamaged locations and 1’s at the damaged locations. At each
frequency line (each coluwmn of M), damage location will be
represented by 1. For instance, in the matrix [L,], a numerical value of 1
1s inserted at the locations of M5,(f7), Mo, (f5) ... etc, as follows:

000 . 0
010 .. 0
100 . 1
L.=[0 0 1 ... 0| . o)
000 ... 0],

The summation of maximum changes n relative TFE is calculated
from the sum of the rows of matrix [M;] using different references. At

each value of 7, the sum of rows of matrix [M,] will result in one vector.
Therefore, n different vectors can be obtained,

Zer(f)
f
ZMZr(f)
f

5N

sm, - - L. 10)

2 M ()
Lf Jr

In accordance with previous procedures, the total mumber of times of

detecting the damage (mumber of frequency lines at which damage is
detected) at different nodes is calculated from matrix [L,] as:

(>0, ()
f
L)
f

SL, an

ZLnr(f)
f Iy
At each value of r, {SL} represents the number of frequency lnes at
which damage is detected at each node. Assuming that the collection of
the damage mdices, {ST,}, {SM,}, and {SL,}, represents a sample
population of a normally distributed random variable, normalized
damage localization ndicators are obtained as follows:

STN, = M : 12

S1r

where f;, and 0}, represent the mean and standard deviation of the
elements in vector {ST,}, respectively. It should be noted that for each

" value of r , new values of £, and 0y, are estimated Similarly, the

normalized vectors {SMN,} and {SLIN,} are formulated as:

SMN,. — {SM,} _ﬁZr , (13)
Car
SLN, = 8L} = Fsr (14
O3y

where 5, and Gy tepresent respectively the mean and standard
deviation of the elements in vector {SM,} and S, and 03, represent
respectively the mean and standard deviation of the elements in vector
{SL,}. In order to reduce the effect of noise or measurement errors, a
threshold level has to be defined. In vectors {STN,}, {SMN,} and
{SLN,}, values smaller than the threshold level will be discarded. In
summary, damage localization indicators SM and SL are not
normalized, no threshold is used and damage locations can be
predicted at the maximum values or peaks. On the other hand, STIN,
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SMN and SLN are normalized and damage 1s predicted at the
locations where their. values exceed the threshold level The
advantages and drawbacks of each approach will be discussed.

3. Railway steel bridge: description and experimental setup

The experimental work m this research was performed on a railway
steel bridge that is no longer m service. The bridge was removed from
1ts service location several years ago and is now supported on two
wooden blocks, as shown m Fig. 1. The bridge consists of two steel
plate girders and two steel stringers support the train rails. Loads from
the stringers are transferred to the plate girders by floor bearns located at
various intervals. The bridge dimensions and layout are shown in Fig, 2.
The multi-layer piezoelectric actuator was used for local excitation. The
actuator force amplitude was 200 N. Although this force amplitude
seems to be very small compared to the shaker force or ambient
vibration, it was enough to excite the web of the main girder at the
posttion of the farthest accelerometer. Two actuators were used for
exciting the web of the mam girder in the horizontal direction. The
actuators were located at the upper part on the web of the mam girder
(g 2). The excitation forces used for the wndamaged and damaged
structire are random, equal in amplitude and have the

same vibration
. = M .l.‘ 5

3

waveform but the excitation force does not need to be measured. The

main advantages of using piezoelectric actuators than using

conventional excitation methods such as dynamic shakers, or ambient
vibration can be surmmarized as follows:

- Actuator size is very small and can be handled easily. Therefore, it
can be fixed to any structiral element and remotely operated for
contimous health monitormg of the structire.

- The traffic over the bridge does not need to be mterrupted as the
case of using dynamic shakers.

- Piezoelectric actuator can excite the structure at high frequencies,
typically 1-900 Hz, thus activating the higher modes of the
structure.

- Large numbers of vibration data can be recorded i a short time as
the sampling rate in the case of using actuator can reach 2 kHz.

- The same excitation force (equal magnitude and the same
waveform) can be produced for exciting both the undamaged and
damaged structure, which “is needed for applying damage
identification technique studied in this paper.

- Undesired vibrations induced from wind, traffic or any other source
can be avoided since the vibration data induced from the actuators
can be generated at arty desired time.

B -

Fig. 1 Photo of the bridge
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Fig. 2 Bridge layout and main dimensions
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Fight accelerometers were used to meastre the acceleration response m
the horizontal direction. One accelerometer was mounted at the
geometrical center of gravity of each panel of the main girder, as shown
in Fig. 2. For this study, 20-second time histories were sarmpled at a rate
of 1600 Hz, producing 32000 time points. A matrix of baseline
undamaged data sets were recorded before damage was introduced to
the structure. For each damage case, five separate time histories were
recorded. All of the cormections of different elernents of the bridge are
tiveted and no damage could be introduced to these commections. Only
two angles (look like stiffeners) are bolted to the web of main girder.
Therefore, it was decided to remove the bolts one by one from the two
stiffeners to introduce damage to the main girder.

4. Damage identification results

4.1 Removing one bolt near channel 5

The first leve] of damage was mtroduced to the bridge by removing
the first bolt from the top of the right stiffener (near chamel 5), as shown
in Fig 2. TFE is calculated at each measuring charmel from the
acceleration time history data using MATLAB Standard and
MATLAB Signal Processing Toolbox™ ', Harming window of size
256 is applied to the time signals to minimize leakage. In this techmique,
the signal (acceleration data) is divided into overlapping sections (50%
overlap) of the specified window length (256) and windows each
section using the Hanning window fimetion. In such case, the TFE can
be measured at 129 frequency lines in the frequency range of 1-800 Hz
(frequency step = 800%2/256). TFE at channel 5 using the response at
charmel 8 as a reference (T'sg) and TFE at channel 8 using the response
at charmel 5 as a reference (7.5 for the undamaged structure are shown
in Fig 3 (a). The area between the two curves represents the relative
TFE between channel 5 and 8 (Rss), as estimated from Eq (3). The
absolute values of Rsg are shown i Fig. 3 (). Similarly for the
darnaged structure, 7' sg, 7’5 are shown in Fig. 4 (8) and the absolute
values of R’sg is shown in Fig, 4 (b). The change in the relative TFE at
charmel 5 due to the removal of one bolt from the stiffener near this
charmel can be observed by comparing Figs. 3 (b) and 4 (b). The
absolute difference between these two figures (Eq. (4)) is shown in Fig,
5. In this figure, it is clearly indicated how the estimated change m R 55
depends on the frequency range. For example, the estimated changes in
R are relatively high in the frequency ranges of 50-100 Hz and 760-
800 Hz compared to the changes at the frequency ranges of 0-50 Hz
and 350450 Hz. The frequency ranges that show higher changes in Rss
(better indication of damage) are randomly distributed in the total
frequency range from 1-800 Hz. Therefore, it was decided to use TFE
data in the total measurement range without the need to identify the best
frequency range in which TFE has to be used in the proposed
algorithm.  The values of Ds shown in Fig, 5 represent the 5™ row in
the 8" matrix [Dy] in Eq. (5). Every row in this matrix represents the
changes estimated at one charme] using channel 8 as a reference. Every
new reference constructs a new matrix and thereby generates the 3d
matrix [Dy]. The following step is constructing the matrix of maximurm
changes [M] (Eq. (8)) and the corresponding matrix Ly (Eq. (%)) and

(a) Undamaged

Transfer Function (dB)
' '

L 1
400 500
Frequency (H2)

(b) Undamaged

- - -

Absolute Value of Relative TFE(dB), |R(5,8)|

3] 100 200 300 400 500 600 700 800
Frequency (Hz)

Fig, 3 TFE data and the associated relative TFE between channels 5 and 8
forundamaged structure

s (a) 1 Bolt Removed at Channel §

Transfer Function (dB)
'

{] I
1 I TFE*(5.8)
I L TFE*(8,5)
1 1
100 200 300 400 500 600 700 800
Frequency (Hz}

~20
o

{b) 1 Bolt Removed at Channel 5

Absoluate Value of Relative TFE(dB), |R*(5.8)|

400 500
Freguency (Hz)

Fig, 4 TFE data and the associated relative TFE between channels 5 and 8
after removing 1 bolt near channel 5

then surmming up the rows of each 2d matrix to estimate the damage
indicators {SM,} and {SL,}, respectively. Figs. 6 (a) and (b) show the
resulting values of {SM,} and {SL}, respectively. At each reference
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number, the estimated values m each vector are drawn using, waterfall
curves. Although the values at the measunng channels are discrete, it
was decided to use continuous line to connect them nstead of using
bars in order to enhance the visualization of the results. In Fig. 6 (a), the
maximum reading is indicated accurately at charmel 5 using various
reference charmels (except charmel 5). However, the accuracy of
detecting the damage at charmel 5 depends shightly on the used
reference. It should be noted that when one charmel is used as a
reference, it cannot be used to detect the damage at its location at the
same time. For exanple, the reading at channel 7 at the reference
number 7 equal 0. This is simply because Ro= R » =0 (Eq. (3)) and
hence D,, =0 (Eq. (4)). Therefore, when the channel near the damage
location is used as a reference, 1t will always produce false positive
readings at other channels. Thus, damage at one location can be
predicted using at most (#-1) references. {SL;} is used to estimate the
total number of frequency lnes at which damage is detected.  In this
study, the total frequency range from 1-800 Hz 1s divided to 129 lines
(see Fig. 5). As indicated n Fig, 6 (b), damage at channel 5 1s detected
at about 50 frequency lines out of 129 Ines that were used to estimate
TFE data. This mdex is useful for mdicating the confidence of detecting
damage at a certam location. In Figs. 6 (@) and (b), although the
maximum reading exists at channel 5 using various references, the
readings at the undamaged locations sometimes degrade the accuracy
of locating damage. It was, therefore, decided to create new damage
localization mdicators that can locate the damage more accurately. The
proposed damage localization indicators presented in Egs. (12-14) are
normalized to allow for better companson. Furthermore, a threshold
level is defined to eliminate the readings at the undamaged locations
that usually results from the presence of noise or measurement errors. In
this study, the threshold level equals one. The values of {STN,},
{SMN,} and {SLN,} indices below the threshold level are related to
undamaged cases and the values above (or equal to) the threshold level
identify a potentially damaged element. The main task is then selecting
an adequate threshold level in order to define the real damaged elements.
This threshold level can be considered as a discniminating level. If this
acceptance criterion 1s placed at a too high level (threshold = 1.5), some
damages will be unrevealed. At a proper level (threshold = 1), clear
discrimination will result. If the acceptance criterion s too low
(threshold =0.5), several false alarms will result. Therefore, an adequate
level must be determined allowing clear discnmination. In this study,
using a threshold level equal 1.0 for the test structure and its FEM has
yielded the most accurate results. However, the best threshold level fora
different structure in different circumnstances may differ depending on
many factors such as the type of the structure, level of noise,
experimental variations, environmental changes, damage Jocation and
damage size. In order to generalize the threshold level approach based
on the proposed method, the effect of these factors on more
sophisticated structires needs to be studied. Using an accurate FEM of
the structure to mvestigate several scenarios of damage, the effect of
noise and the effect of environmental changes can be a usefut tool to
determine a good threshold level The resulting values of {STN,},
{SMN,} and {SLN,} for this case of darmage are shown in Figs. 6 (¢),

1 Bolt Removed at Channel 5

[d

~

D

L

w
—
i

N

Absolute Change in Relative TFE (dB), |D(5,8)|
- S
Y T
3

o il la i
0 100 200 300 400 00 600 700 800
Frequency (Hz)

Fig. 5 The absolute difference in the relative TFE between channels 5 and 8
after removing 1 bolt near channel 5

(@) Change in TFE Multi Reference Method

-
- I ~
- h I
P - NN

Damage Indicator SM (dB)

Reference Number
14 Channel number

(b) Change in TFE Multi Reference Method

Damage Indicator SL

Damage Indicator STN

1 Channel number

Fig. 6 Damage identification results after removing 1 bolt near channel 5

(d) and (g), respectively. Damage is located very accurately at channel
5 without any false positive readings at every reference channel except
the reference number 7, using damage mdicator STN. Damage
mdicator SMIN shows better. results where the damage is located
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accurately using all the references. Darmage indicator SLN has shown
the least accurate results and some false positive readings appeared at
channel 4 at references number 3, 6 and 8. If damage location is
predicted at one chamnel using all the references (except the same
charmel), then the identified damage locations using this channel as a
reference should be ignored.

4.2 Removing two bolts near channel 5

The amowunt of damage increased in this case by removing one more
bolt from the top of the right stiffener (Fig. 2). Damage identification
results are shown m Fig. 7. Similar results are obtained in this case
compared to the results of the previous case (removing ore bolt) and
can be summarized as follows:

- Darmage mdicator SM indicated the damage location at charmel 5
more clearly than the previous case of damage as the indicator
values at charmel 5 mereased and the values at the undamaged
locations decreased.

- The number of frequency lines at which damage is detected
accurately at channel 5 mereased significantly m this case as
determined by the damage indicator SL. Damage is detected at the
correct location at approxmmately 100 frequency lines out of 129
frequency lines (Fig. 7 (b)), achieving one of the most mportant
objectives of any damage identification algorittms which is to
ascertain with confidence if damage is present or not

- Normalzed damage mdicator STN, SMN and SLN identified
damage location at charmel 5 usmg all the references without any
false positive readings (Figs. 7 (¢), (@), and ©).

- Damage location is 1dentified accurately using various damage

" mdicators regardless of the location of the reference chanmel.

(d) Change in TFE Multi Reference Method

Reference Number
Channel number
{e} Change in TFE Multi Reference Metho

Damage Indicator SLN

A 3 6
. 5

2 *

-« )/ 4

1 <-)”1 2 3

Channel number

Reference Number

Fig. 6 (Cont.) Damage identification results after removing 1 bolt near
channel 5

(a) Change in TFE Multi Reference Method

Damage Indicator SM (dB)

Reference Number 2

(b} Change in TFE Muiti Reference Method

Damage Indicator SL

Reference Number

{©) Change in TFE Multi Reference Method

Damage Indicator STN

Reference Number
Channel number

(d) Change in TFE Multi Reference Method

_Dan‘age Indicator SMN

Reference Number

Channel number

Fig. 7 Damage identification results after removing 2 bolts near channel 5

4.3 Monitoring the growth in damage at channel 5

As discussed previously, damage mdicator SST (Eq. (7)) will be
used to detect the occiurence of damage and monitor the increase in
damage. Therefore, it 1s important to define a threshold of the total
change m TFE that classifies the changes m TFE due to noise,
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(e) Change in TFE Multi Reference Method

Damage Indicator SLN
© © N b

Reference Number
Channel number

Fig, 7 (Cont.) Damage identification results after removing 2 bolts near
channel 5

measurement errors, environmental or operational loads from the
changes attributed with damage. Because of this need, the experiment
was performed five times on the undamaged structure prior to the
introduction of any damage. Four different combinations of TFE data
obtained from the undamaged structure are used to estimate the values
of SST. For exarmple, the fourth set of data 1s used to estimate R in Eq
(@) and the first set of data is used to estimate R, then the resulting
values of SST are plotted in Fig, 8 as indicated by the legend Undam 1.
Similarly, the remaining sets Undam 2, Undam 3 and Undam 4 are
estimated and plotted in the same figure. The values of SST was
determined using TFE data in the frequency range of 1-800 Hz. The
total change in TFE ranged from about 400 to 600 dB. The estimated
changes in TFE are obviously due to the presence of noise and
measuremnent errors. The upper limit of this range can be used as a
threshold for the damage indicator SST. It is then assumed that if SST
exceeds the threshold limit, this will indicate the occurrence of damage.
In this study, the estimated threshold is based only on changes due to
noise or measurement errors. However, in order to determme a more
practical threshold, more data are needed to account for the changes in
TFE caused by changes n temperature over different seasons or from
operational loads. When the first level of damage was mtroduced to the
bridge, the values of SST increased at most of charmels to around 1000
dB and increased at the damage location to around 1500 dB, exceeding
the threshold limit at all charrels. The mcrease in SST at the
undamaged locations is due to the fact that damage at one location
changes the response, and hence TFE data, significantly at the close
sensors locations and slightly at the more far sensors.

Since a serious damage to a structure is usually the result of the
growth of less serious damage, it is important to have the ability to
measure the growth in damage. We need to be able to monitor this
growth for the purpose of bridge maintenance. The resulting damage
mdicator values of the damage indicator SST for four levels of actual
darnage — removing one to four bolts are shown Fig, 8 and indicated by
the legends 1 Bolt through 4 Bolts, respectively. It is clearly indicated in
this figure how the values of SST increase with increase in the damage
level Unfortunately, the damage severity canmot be identified
quantitatively. However, for the same damage locations but different

levels of damage compared with Fig, 8, the amplitude levels are higher

Change in TFE Muilti Reference Method

SST(dB)

Channel Number

Fig. 8 Monitoring the growth in damage near channel 5

for the cases of more severe damage, which can represent the damage
severity to some extent.

4.4 Multiple damage

Most studies concerning crack detection deal with a smgle crack. The
case of muttiple cracks has not received the same degree of attention.
The problem of detection of location of a number of faults m a
component simultaneously is much more mvolved and complex than
the case of a single crack. In the present darnage case, equal amounts of
damage were mtroduced to the two stiffeners located on the web of the
main girder (Fig, 2). Charmel 5 is located 15 em from the centerline of
the first damaged stiffener while channel 3, the nearest sensor to the
second damage location, is located 53 em from the centerline of the
second damaged stiffener. As explamed previously, the maxirmmm
change at each frequency line will be selected (the maximum valve in
each colurmm in Eq. (5)) which indicates damage at this node. Therefore,
damage is usually detected at only one location at each frequency line
unless the same maximum value exists at more than one node which
rarely occurs. However, the maximum change at another frequency
line may indicate the damage at the second location. Moreover, using
multiple reference charmels can be useful in this case; as one reference
may give accurate results in detecting the damage at one location while
another reference may detect the damage at the second location. This
underlines the importance of using all the frequency lines m the total
measurerment range as well as using each measuring chammel as a
reference. The first level of damage is introduced by removing one bolt
from the top of each stiffener. The predicted results using different
damage indicators are shown in Fig. 9. Damage indicators SM and SL
show the predicted results without normalizing the data or using
threshold as in case of using STN, SMN and SLN. It 15 clearly
indicated in Fig. 9 how the selection of the reference charmel affects on
the results. In case of using damage mdicators STN, SMIN and SLN,
damage indicator SLIN showed the most accurate results while STN
showed the least accurate one. The growth in damage could also be
monitored accurately using damage mdicator SST, as shown m Fig, 10.
The damage level gradually increased at the two locations by removing
more bolts from the two stiffeners. SST values at channel 5 are higher
than its ‘values at channel 3 for most of the damage levels because
channel 5 is closer to the damage location.
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(a) Change in TFE Multi Reference Method (e) Change in TFE Multi Reference Method

PN

Damage Indicator SM (dB)
Darmage Indicator SLN

Reference Number
Reference Number

Channel number
(6)  Change in TFE Mulli Reference Method Fig, 9 (Cont.) Damage identification results after removing 1 boltnear
channels 3 and 5

Change in TFE Multi Reference Method

Damage Indicator SL

SST(dB)

Reference Number

(c} Change in TFE Multi Reference Method

Channel Number

o=N

Fig. 10 Monitoring the growth in damage near channels 3 and 5

]

Damage Indicator STN

Reference Number
1 Channel number

(d) Change in TFE Multi Reference Method

Damage Indicator SMN

Fig. 11 Numerical model of the bridge

Reference Number

shell elements and 10508 active degrees of freedom. The weight
density of steel is assurned to be 77 KN/m® and the modulus of elasticity
of steel is assumed to be 206 GPa. Acceleration response in the
horizontal direction is measured at eight nodes (N1-N8), as shown in
Fig 12. 20-second time histories were collected at 0.000625 second
merements, producing 32000 time points to simulate the experimental
5. Numerical data data. The main objective of using the numenical data is to assess
different effects rather than noise or measurement errors on the accuracy
The finite element model of the bridge is created using Structimal ~ of the obtained results from the studied damage identification method
Analysis Program, SAP2000'?. Main girders and cross beams are  Moreover, the numerical model can be used to evaluate the
simulated by shell elements (Fig. 11). The FE model contains 1878 performance of the damage identification method to detect different

Channel number
Fig. 9 Damage identification results after removing 1 bolt near channels 3
and 5
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Damage locations
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Fig, 12 The location of meastring pomnts and damaged areas in the numerical model

types of damage at different locations. Three cases of damage are
in ] 1 o the i cal ] lby ] ]Ilg the '[thkl'ICS Of one (a) Change in TFE Multi Reference Method

shell element by 10% (1.1 mm). Damaged locations are mdicated by ?

the shadowed arcas D2, D3 and D5 (Fig, 12). Mode shapes in the g
frequency range of 1-140 Hz could be identified using SAP2000. TFE B ol
in this frequency range is estimatod using the same window size of 256 £’

and the same sampling rate of 1600, producing 22 frequency lines. The
predicted results using darmage mdicators SL and SLN for the three
damage locations D2, D3 and D5 are shown in Figs. 13, 14 and 15,

respectively. For damage locations D2 and D3, damage is detected at Reference Number
the nearest measuring pomt at about 20 frequency lines out of 22 lines
using all the references. On the other hand, damage location D5 is (®)

detected at less frequency lines and some false posttive readings are
predicted (using SL only) though the numerical data does not contain
any noise or measurement errors. The main reason nvolved here 1s that
at each frequency line, the dynamic response at different measuring
locations represents one operational mode shape. If this mode contains a
node (Le. zero amplitude) at the damage location, this may reduce the
chance of predicting damage at this location and hence produce a false
positive reading. It is, again, recommended that TFE be used in the total RV
measurement range to reduce the effect of undesired frequency lines. Reference Number 2

Damage Indicator SLN

Channel number
Fig. 13 Damage identification results for damage location D2 using

6. Comparing the propesed method with a previously reported oumerical data

method
(a) Change in TFE Multi Reference Method

In this section, the proposed method will be compared to a -7
previously reported method'” by the author. The previous method is "
based on changes in Power Spectral Density (PSD) caused by darmage.
For more details about this method, the reader 1s refemred to the cited
reference. The main differences between the two methods can be
summarized as follows: ‘
- The previous method estimates PSD magnitudes from the : 4

N

acceleration data at different measuring chammels. Then use the 3 &,.\« g
Reference Number 2

changes m PSD magnitude to identify damage. The proposed
method uses the relative TFE between two measuring points to

Damage Indicator SL

1 Channel number

identify damage. Fig. 14 Damage identification results for damage location D3 using

- Different statistical procedures are used in the two methods to numerical data
dentify the damage.

- PSD method shows damage identification results at each  Thetwo methods are similar in the following respects:
measuring channel using various damage localization indicators. - Both methods use the structure’s response without the need to
The proposed method shows damage identification results at each measure the excitation force.
chanrel versus the reference channel that is used to calculate TFE - Both methods can use the structure response in the frequency
data. domain in the total measured frequency range.
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Reference Number

(b) Change in TFE Multi Reference Method

Damage Indicator SLN

1 Channel number

Fig, 14 (Cont.) Damage identification results for damage location D3 using

Damage Indicator SL

Reference Number 2

numerical data

@) Change in TFE Multi Reference Method

(b) Change in TFE Multi Reference Method

Damage Indicator SLN

Change in PSD Method
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Darrage Localization Indicator 1

Channel Number

Fig. 16 Damage identification results after removing 1 bolt near channel 5

using PSD method

Change in PSD Method
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Danage Localization Indicator 1

Channel Number

Fig. 17 Damage identification results after removing 1 bolt near channels 3

and 5 using PSD method

Change in PSD Method
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Reference Number
Channe! number

Fig, 15 Damage identification results for damage location DS using
numetical data

Fig. 16 shows PSD method results after removing one bolt from fhe -
stiffener near charmel 5 using damage localization indicator 1. The false
positive reading at channel 8 may degrade the accuracy of identifying
damage location. The same remark is also observed for the case of
double damage after removing one bolt from two stiffeners near
channels 3 and 5, as shown in Fig. 17. When PSD is applied after
removing two bolts from the stiffeners near channels 3 and 5, the
predicted results at chennel 5 is much bigger than that at channel 3
which reduce the confidence of predicting damage at this location (Fig.
18). The corresponding results of this case using damage localization
indicator SMN are shown in Fig, 19. The previous drawbacks of PSD
method are avoided in the proposed method by showing the results at

-73-

Darvege Locdlization Indicator 1

500

5
Channel Number

Fig, 18 Damage identification results after removing 2 bolts near channels 3

Reference Number

and 5 using PSD method

Change in TFE Multi Reference Method

® O N &

Norrralized Damage Indicator SNN

Channel number

Fig. 19 Damage identification results after removing 2 bolis near channels 3

and 5 using the proposed method



each location versus the reference chammel that is used to estimate the
TFE data. In this case, the predicted damage location may be detected
(1) times which increase the confidence of detecting damage at

varous locations.
7. Conclusions

This paper presents a novelty detection techmique for structural
damage diagnosis, using TFE data. TFE is calculated from the
acceleration response at every channel relative to a reference charmel
and every charmel is used as a reference to other channels to create a
large number of information Moreover, TFE magnitude at each
frequency value is used in the proposed method. This accumulated
information is then used for statistical procedures to dentify the damage
location with high confidence. The proposed method encompasses the
first three steps of the process of darmage detection — existence,
localization and monitormg the growth in damage based only on the
measured data without the peed for any modal identification or
numerical models. The technique presented here may allow some
progress in in-service monitoring of steel bridges where the acceleration
data can be transferred via wireless methods and the piezoelectric
actuators can be used for local excitation The proposed approach is
demonstrated using experimental and nurnerical data obtained from a
railway steel bridge. The new method shows very high accuracy in
predicting damage location and monitoring growth i damage. The
high detection performance, combined with the simple computation
structure and the easy implementation could lead to a promising
real-time damage detection system.
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