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A technique to detect and locate damage by measuring the vibration response of a structure is
presented. The technique uses measured phase angle between two measuring channels from
the healthy structure as reference data, and then monitors vibration measurements during the
life of the structure to detect and locate the damage. The technique requires that the excitation
forces used for the undamaged and damaged structure must have the same amplitude,
location and waveform. The excitation force does not need to be measured and no structural
model is needed. The proposed method is based on only the measured data without the need
for any modal identification. The method is described theoretically and applied to the
experimental data, from a steel bridge model and bookshelf structure. Several damage
scenarios were introduced to the members of the test structures. The damage was detected
and located accurately using the proposed method.
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1. Introduction

Most bridges or offshore structures are visually inspected for
structural damage at specified regular intervals. However, this
common nondestructive evaluation (NDE) method does not always
reveal structural anomalies because many portions of the structure are
not accessible to visual inspection and damage can propagate to
critical levels between inspection intervals. Furthermore, this method
does not provide a quantitative value for the remaining strength of the
structure. Thousands of our aging bridges are overused and
overloaded, and subsequently require structural repair. Rapid and
efficient evaluation of structural health after hurricanes or earthquakes
is highly desirable. These growing needs have motivated considerable
research efforts to develop practical structural health monitoring
systems" 2. During the past two decades, numerous studies have
addressed non-destructive damage evaluation via changes in the
dynamic modal responses of a structure. All methods developed to
date are classifiable into four levels according to their performance:™*
1. Level I — those methods that identify only whether damage has
occurred.

2. Level Il — those methods that identify whether damage has

occurred and simultaneously determine the damage location.

3. Level Il — those methods . that identify whether damage has
occurred, simultaneously determine the damage location, and further
estimate the damage severity.

4. Level IV — those methods that identify if damage has occurred,
simultaneously determine the damage location, estimate the damage
severity, and assess the effect of that damage on the structure,

The level 11 non-destructive damage evaluation technique is
performed in this study. Modal vibration data such as structural
natural frequencies and mode shapes can characterize the state of the
structure™®. This capability is attributable to the fact that damage in
the form of changes in the structural physical propetties (i.e., stiffiness,
mass, and boundary conditions) consequently alters such vibration
propetties of the structure as modal frequencies, mode shapes, and
modal damping values”. Changes in the vibration properties can then
serve as indicators of damage detection®”.

Damage-detection methods such as acoustic or ultrasonic
methods, magnetic field methods, radiograph, eddy-current methods
and thermal field methods are either visual or localized experimental
methods'® V. Unfortunately, they are all localized techniques,
implying long and expensive inspection time. The drawbacks of
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current inspection techniques have led engineers to investigate new
methods for continuous monitoring and global condition assessment
of structures. That is the case for methods based on vibration
responses that allow one to obtain meaningful time and/or frequency
domain data and calculate changes in the structural and modal
properties, such as resonance frequencies, modal damping and mode
shapes. These properties are then used to develop reliable techniques
to detect, locate and quantify damage'. 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
measurements in the time domain, e.g, the random decrement
technique'™ 9, or from frequency response functions (FRF)Y™. Also,

from dynamic response

methods have been proposed to detect damage using system’

identification techniques™?.

In this paper, a proposed algorithm based on changes in phase
angle is presented. The technique requires that 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 phase angle data are mainly due to damage and not due to the
change in excitation force characteristics. The excitation force does
not need to be measured. The algorithm is used to detect damage and
locate its position using only the measured data without the need for
any modal identification. The algorithm can also be used to monitor
the damage growth but cannot be used to estimate the damage size or
severity. The method is applied to the experimental data extracted
from a steel bridge model after inducing some defects to its members.
Releasing supporting bolts of some members introduced the damage
to the bridge model. For further validation of the proposed method, it
is also applied to the experimental data from a bookshelf structure.
The damage in this case is introduced by releasing some bolts
between the plates and columns of the bookshelf. The methodology
can be applied in a similar manner to large civil engineering structures,
such as steel bridges. For example, a number of sensors can be
mounted on the main girder of the bridge to measure the acceleration
response and a humber of actuators can be used as a local excitation
source for the main girder. The same excitation force (equal
magnitude and the same waveform) can be produced for exciting the
undamaged and damaged structure, as required to implement the
damage identification technique presented 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 any desired time. Moreover, the traffic on the bridge does
not need to be interrupted. The experimental models and type of
damage presented here simulates the applicability of the method to
steel structures. However, the implementation of the method to
concrete structures is not investigated in this paper.

2. Theoretical description

Modal parameters such as mode shapes, resonant frequencies and
damping are functions of the physical properties of the sfructure

(mass, stiffness and boundary conditions). Damage will change the
physical properties of the structure, which in turn will alter the modal
parameters. Many techniques have been proposed in the area of
non-destructive damage detection using changes in modal parameters.
However, in many structures only few modes are available which
may decrease the accuracy of detecting and localizing damage using
these techniques. The basic premise of the proposed damage
identification technique is that for each modal response the amplitude
and phase angle can be estimated. Then, any change in the modal
response due to the occurrence of damage will in turn change both the
amplitude and the phase angle. In order to overcome the problem of
the limited number of identified modal parameters, phase information
estimated from the various accelerometer readings at all frequencies
in the measurement range and not just the modal frequencies will be
compared before and after damage using the proposed method. In
order to identify the damage with more confidence, every measuring
channel will be used once as a reference for other channels, 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 details in the following
section.

Let G, (f) denote the Cross Spectral Density (CSD), relating two
time histories, x(t) and y(t). The phase angle between x and y can be
computed from the real and imaginary values of G, as:

Py ()= tan"[imag (G, (/) /real (G (1))]: M
" The absolute difference in absolute phase angle before and after

damage can then be defined as

By =[] [P )] e

where P, ( /') and Px_y*
undamaged and damaged structures respectively. When the change in

( f) represent the phase angle of the

phase angle is measured at different frequencies on the measurement
range from f; to f;, , amatrix [ 1, ] can be formulated as follows

_Alr(f]) Alr(fZ) ------ Alr(fmﬂ
AZr(fl) AZr(f2) ------ AZr(fm)

o= C e . 5
A () Buplf) o D)),

where r represents the number of measuring points and » represents
the number of reference channel. In matrix [ I, ], every column
represents the changes in phase angle 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 [ IT, ] will be formulated » different times (3D matrix). The
summation of phase angle 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
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s

wheref=1,: f,andr=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 selection of the maximum
change in phase angle at each frequency value (the maximum value
in each column of matrix [ IT, ]) and discarding all other changes in
phase angle measured at other nodes. For example in matrix [ 1, ]
(equation 3), if A;,(f;) 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 phase
angle at different frequencies, [B,]. It should be noted that [B,] is a 3D
matrix where each value of » ( = I : ») formulates one matrix

0 0 0 . 0 ]
0 B,,(f5) 0 .. 0
B, (f) 0 0 ... B3, (f,,)
B,=| 0 0 By (f5) oo 0 . )
L0 0 0 0 |

The total of maximum changes in phase angle is calculated from the
sum of the rows of matrix [B,] using different references. At each
value of 7, 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};

;B”m
¥ By, (f)
f

Z=%s . ©)

2B ()
f .
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»(f2) and so on, as shown in the following expression

000 ... 0
010 ... 0
100 ... 1
E,=[0 0 1 ... of. 0
00 0 ... 0]

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

;Elr(f)
;EZr(f)
K=Y ' . ®

2E, (f)
! ,
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

21—20
Z,-20
T= . ©)
Z,-20
n — —_ n
whereo = |3 (Z, - Z)? (n—]),z=22,/n,
i=1 i=1
K,-28
K,-28
1={ (10)
K,-28

where f = Ii(K,—E)Z%n—I), E:Zn:l(,-/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

Ty x4
T, x1,

Dam_Ind 1=4 =~ . 1y

T, xI
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Another damage location indicator is formulated as follows:
The sum of rows of matrix [B, ] (equation 5 ) at each reference
channel represents a column in the following matrix

XBi(/f) §Bn<f> ..... ;Blm
f
2Bu(f) 2Bn(f) - 2By, (f)
S f S
¥ - . D e . 12)
anl(f) ZBnZ(f) """ ZBnn(f)
LS f f i

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 ¥, .

0 ;1312( F 2 R 0 ]
2.Bu(f) 0 .. ;an(f)
I !
kPmax = . e e . (13)
0 0 .. 0 |

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

o1 ... 0]

10...1
Nolt o (14)
00 ... 0]

The sum of rows of matrix [ ¥, ] defines the vector { ¥, }
Woim = Zlymax > (15)
r

and the sum of rows of matrix N defines the vector { N, }
Nm = Z N. (16)
¥

Then the second damage location indicator is defined as the scalar
product of vectors { Wy, } and { Ny, }

Dam_Ind _2="¥,, . *xNg,, . a7

Damage indicators 1 and 2 will be used to determine the damage
location. On the other hand, the total change in phase angle (equation
4) will be used to detect the occurrence of damage and assess the
damage extent.

3. Steel bridge model
3.1 Experimental setup and equipment

In this research, a steel 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, 2 bolts in each side. The model dimensions
and layout are shown in Figures 1 and 2. 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 0.1 to 400 Hz that is effective in exciting
different mode shapes®”. Five natural frequencies are measured in the
range of the excitation frequency (from 0.1 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 (Figures 1 and 2). 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 uniform (the frequency of the input force
gradually increase from 0.1 to 400 Hz), equal in amplitude (the
maximum force magnitude that the actuator can provide equals 0.2
kN) and have the same vibration waveform (sinusoidal sweep
functions). The actuator is pressured to the structure by a spring but is
not glued to the structure’s surface. Therefore, the actuator always
provides pressure forces and cannot provide tension forces. The
excitation force was not measured however, it can be simulated as
shown in Figure 3. One accelerometer is mounted at the bottom of
each cross beamn to measure the acceleration response in the vertical
direction at the mid span of each cross beam, as shown in Figure 2.
Each time signal was sampled at 1600 Hz Main characteristics of the
equipments used in this experiment are shown in Table 1. Four cases
of damage are introduced to the specimen as follows:

Case 1: Removing one bolt completely from the left side of cross
beam no. 2 (Figure 4).

Case 2: Case 1 + releasing one bolt at the left side of cross beam no. 2
(Figure 4).

Case 3: Case 2 + removing one bolt at the right side of cross beam no.
2 (Figure 4).

Case 4: Removing one bolt and releasing the second one from the left
side of cross beam no. 2. The same damage is introduced to cross
beam no. 5.

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

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

CSD is calculated from node point accelerations between each
measuring channel and a reference channel using MATLAB®
standard and the MATLAB Signal Processing Toolbox. Then the
phase angle is calculated from the real and imaginary values of CSD
data. Every measuring channel will be used once as a reference for
other channels and so on. The phase angle is' measured in the
frequency range of 1-800 Hz. This range is determined based only
on the sampling rate of collecting the data rather than the frequency
content of the excitation force. Hanning window of size 256 is
applied to the time signals to minimize leakage. In this technique, the
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Figure 4 Damage cases introduced to cross beam no. 2

signal (acceleration data) is divided into overlapping sections of the
specified window length (256) and windows each section using the
Hanning window function. Phase angle values in the frequency range
of 10-800 Hz are used for the proposed method. This frequency

Table 1 Equipment characteristics

Piezoelectric actuator

Dimensions (W XTXH) | 10X 10X20 (mm)
Min. and Max freq. 0~982Hz
Displacement (100V) 123 um
Piezoelectric accelerometer

Dimensions (Base X H) 17 Hex . X 32 (mm)
Frequency Bandwidth 5~4000 Hz
Sensitivity 10 mV/(/s)

T

range covers most of the measured range (1-800 Hz). Only a small
range of 1-10 Hz is not used to avoid the low frequency noise. In
case of using a Hanning window size of 256, the phase angle is
measured at 129 frequency lines (frequency step = 800%2/256). Thus,
the frequency range from 1-10 Hz contains one frequency line only
and represents 1.25% of the total measurement range. It was noticed
that excluding a small range of measurement (1-2% of the total
measurement range) from the beginning and the end of the total
measurement range sometimes improves the accuracy of the obtained
results. However, it is not always needed to eliminate a small range
from the measurement and the accuracy of the results will not
significantly be affected. It was decided to use phase angle data in the
measurement range (10-800 Hz) beyond the actuator capacity
(0.1-400 Hz) based only on the sampling rate of collecting the data. It
is desirable to use phase angle data in the total measurement range to
avoid the problem of determining the best frequency range in which
phase angle has to be measured. In other words, phase angle data can
be used in the total measured frequency range regardless of the
frequency content of the excitation force and without the need to
identify the best frequency range in which the phase angle has to be
used. The experiment was repeated four times on the undamaged
structure without any change in the experimental setup. Figure 5
shows the phase angle between channel 2 and channel 5 for two
different sets of data obtained from the undamaged structure. Some
changes in phase angle data can be observed in this figure before
introducing any damage to the structure. These changes are small and
obviously due to noise and measurement errors contained on the data.
The total change in phase angle at each channel, measured in a certain
frequency range, can be determined using equation (4). The total
change in phase angle for two sets of data obtained from the
undamaged structure is shown in Figure 6. As clearly indicated in this
figure, the total change in phase angle ranges from about 150 to 220
radian with close values at different channels. When the total change
in phase angle was calculated for another two sets of data obtained
from the undamaged structure, similar results were obtained. In a
similar manner, the total change in phase angle that results from
environmental changes or operational loads can be estimated at each
measuring channel. Thus, a threshold of the total change in phase
angle that results from noise, measurement errors, environmental
changes or operational loads can be estimated at each measuring
channel. It is assumed that damage will produce greater values of the
total change in phase angle than the estimated threshold values.
‘Thetefore, the total change in phase angle will be used for detecting

- 663 -



Phase angle between Channels 2 and §

n

undam. test1 ==--- undam. test;!
i

>

w—

-
T Y e p———

A

Phase (rad)
o

. . . . L , . i
0 100 200 300 400 500 600 700 800
Frequency (Hz)

Figure 5 Phase angle for two sets of data obtained from the
undamaged structure

Change in Phase-Multi Reference Method

160

-
o
(=]

Total Change in Phase (rad)

o
(=]

" Channel Number

Figure 6 Total change in phase angle due to noise

the occurrence of damage in the structure. On the other hand, it was

found to be a weak indictor of identifying damage location. Figure 7

shows the total change in phase angle for the following cases: (i) two

undamaged . cases indicated by the legend undamaged, (i) the

undamaged structure and damage case 1 indicated by the legend 1

bollt, (iii) the undamaged structure and damage case 2 indicated by the

legend 2 bolts and (iv) the undamaged structure and damage case 3

indicated by the legend 3 bolts. The following remarks can be drawn

from this figure:

- The total change in phase angle values increased at all channels
after introducing the first level of damage. The total change at
the damaged location (channel 2) is bigger than that at the
undamaged locations.

- As the damage level increases in damage case 2, the same
previous remarks are also observed.

- No significant changes are observed between damage cases 2
and 3 since the beam had already lost most of its stiffness in case
2.

- Peak value at channel 2 can indicate the damage location
however damage indicators 1 and 2 were found to be better
indictors of damage location than using the total change in phase
angle as will be illustrated in the following sections.

The results of damage location for damage case 1, using damage
indicators 1 (equation 11) and 2 (equation 17), are shown in Figures

8-10. Figure 8 shows the number of times of detecting the damage at

Change in Phase-Multi Reference Method

- i —e— undamaged | |
 —+— 1 bolt k
! ——e— 2 bolts

| —— 3 bolts

Total Change in Phase (rad)

) VG WIS S S .
0 1 2 3 4 5 6
Channel Number

Figure 7 Total change in phase angle for different damage cases

Change in Phase-Multi Reference Method
160 S P

No. of Times of Damage Detection

Channel Number

Figure 8 Number of times of detecting damage at channel 2 for
damage case 1

- each channel using equation (10). Damage at channel 2 (the damaged

location) is detected 147 times compared to 16 times at channel 1, and
4 times at channel 5 (undamaged locations). The number of times of
detecting the damage at the correct location is usually much higher
than that at the undamaged locations (false positive readings).
Therefore, multiplying the number of times of detecting the damage
at each channel to the change in phase angle at the same channel will
increase the value of the damage indicator at the damage locations
and reduce its value at the undamaged locations (equation 11).
Damage location is determined very accurately at channel 2 using
both damage indicators 1 and 2 (Figures 9 and 10). A false positive
reading appeared at channel 3 (Figure 10); however the damage
indicator value at this channel is very small compared to its value at
the correct damage location.

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

In case 4, similar damage is introduced to beams no. 2 and 5
simultaneously. Damage indicator 1 determined the damage locations
at channels 2 and 5 accurately, as shown in Figure 11. However,
small false positive readings appeared at channels 1 and 6. Damage
indicator 2 determined damage locations at channel 2 and 5
accurately. On the other hand, damage at beam no. 5 is detected with
relatively smaller damage indicator value (Figure 12). Moreover one
false positive reading appeared at channel 1. The previous results
were obtained using Hanning window of size 256. When the
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Figure 9 Damage localization results for damage case 1 using
damage indicator 1
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Figure 10 Damage localization results for damage case 1 using
damage indicator 2
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Figure 11 Damage localization results for damage case 4 using
damage indicator 1 (window size = 256)

Hanning window size increased to 1024 better results were obtained
for both damage indicators, as shown in Figures 13 and 14.

4. Bookshelf structure

For further validation of the proposed method, it is also applied to
the experimental data from a bookshelf structure. The experimental
work on the bookshelf structure was done by Charles R. Farrar and
David V. Jauregui of Los Alamos National Laboratory (LANL),
U.S.A%. The tested structure is a three-story frame structure model as
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Figure 12 Damage localization results for damage case 4 using
damage indicator 2 (window size = 256)
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Figure 13 Damage localization results for damage case 4 using
damage indicator 1 (window size = 1024) -
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Figure 14 Damage localization results for damage case 4 using
damage indicator 2 (window size = 1024)

shown in Figure 15. It is constructed of aluminum columns and
aluminum floor plates. The floors are 1.3 cm thick aluminum plates
with two-bolt connections to brackets on the column. The base is a
3.8 cm thick aluminum plate. Support brackets for the columns are
bolted to this plate and hold the columns. Dimensions of the test -
structure are displayed in Figures 16 and 17. All bolted connections
are tightened to a torque of 6.77 N.m in the undamaged state. Four air
mount isolators, which allow the structure to move freely in
horizontal directions, are bolted to the bottom of the base plate. The
isolators are inflated to 140 kPa gauge and then adjusted to allow the

- 665 -



structure to sit at the same level with the shaker. The isolators were
needed to allow the shaker to push and pull the structure without
strong resistance and to provide more flexibility to the structure to
move in horizontal directions. However, it was not intended to use the
isolators to reduce the effect of ambient vibration. The shaker is
coupled to the structure by a 15 cm long, 9.5-mm diameter stinger
connected to a tapped hole at the mid-height of the base plate. The
shaker is attached at comer D (shifted from the centetline of the base
plate) as shown in Figure 17, so that the base plate will move in
horizontal directions (translational motion) and will also rotate in the
horizontal plane around its center of gravity (torsional motion). Thus,
both translational and torsional motions can be excited.

4.1 Test setup and data acquisition

The structure is instrumented with 24 piezoelectric single axis
. accelerometers, two per joint as shown in Figure 17. Accelerometers
Figure 15 Photo of the full test structure are mounted on the aluminum blocks that are attached by hot glue to

the plate and column. This configuration allows relative motion
Table 2 Channel position between the column and the floor to be detected. The nominal
Ch. | Posit Column sensitivity of each accelerometer is 1 V/g. A commercial data
:12 ggfé : acquisition system controlled from a laptop PC is used to digitize the
3 AP Floor 1 B accelerometer analog signals. The data sets that were analyzed in the
4 3AC ' T feature extraction and statistical modeling portion of the study were
5 3CP ‘ the acceleration time histories. In the damaged cases, the bolts at the
6 | 3CC 47?"‘"‘ joint indicated were loosened and then tightened again to hand tight
7 3DP Floor 2 l allowing the plate to move relative to the column. All input from the
g ;gg ~ o shaker to the base was random. In each test case, the data sets were
10 | 2BC 1553mm collected with the shaker input level kept at 8 volts. The bandwidth of
11 | 2AP the shaker and response were also kept at equal values for different
12 | 2AC Floor 3 test cases. Each time signal gathered consisted of 8192 points and
13 | 2CP Col ¢ were sampled at 1600 Hz. Figure 18 shows the transfer function
i;‘ ;gg bcraglcjrlzgtsuppor estimate between the acceleration response at channe] 15 and the
16 | 2DC /x’ excitation force. As clearly indicated in this figure, considerable
17 | 1BP ol _/ number of modes could be excited in the frequency range from
18 | 1BC - ;ﬁw = wnr;;ﬁ— —— |solator 1-800 Hz. Channels 1-24 represent the accelerometers placed on the
19 | 1AP " 610mm x 762mm MTL structure. Channels 1 and 2 represent the first pair of sensors across a
;‘1) }é}? }‘ Base plate ‘ joint, 3 and 4 are the next and so on. Each sensor position is marked
3 1 1CC o with either a P (Plate) or C (column) to indicate the position relative to
23 | 1DP Figure 16 Basic dimensions of the 3 story frame the joint. Channel number and the corresponding position are shown
24 | 1DC structure
Transfer Function Estimate at Channel 15
. 614mn | _10(,,7,7,,,,,,,,,,‘ e R A e
|
1 ar S
83mm? B C ! é 30
T = Aluminum mounting ‘ é)
block | 462mm g0
S E*’ ‘. g 50~
Acce | erometer A Dj‘ 1 Shaker % .
. . iColumn , : :
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Figure 17 Floor layout as viewed from above Figure 18 Transfer function estimate at channel 15
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in Table 2. The following damage cases are introduced to the
bookshelf structure:

Case 1: Damage location is 1C (floor 1, corer C). The bolts between
the bracket and the plate are left in at a torque value of 1.128 N.m.
Case 2: Damage location is 1C (floor 1, comer C). The bolts between
the bracket and the plate are left in at a torque value of 0.564 N.m.
Case 3: Damage location is 3A (floor 3, comer A). The bracket is
completely removed.

Case 4: Damage locations are 3A and 1C. The bolts are removed
between the bracket and the plate at both damage locations.

4.2 Damage identification algorithm applied to different damage
cases for the bookshelf structure

(1) Cases 1 and 2 (channels 21 and 22)

In cases 1 and 2, damage location exists at comer C in floor 1.
Therefore channels 21 and 22 are the nearest channels to the damage
location, as shown in Table 2. Figure 19 shows the total change in
phase angle for the following cases: (i) two sets of data obtained from
the undamaged structure indicated by the legend undamaged, (ii) the
undamaged structure and damage case 1 indicated by the legend
damage 1, and (iii) the undamaged structure and damage case 2
indicated by the legend damage 2. Before introducing any damage to
the structure, the total changes in phase angle at different channel are
similar and exist around the value of 500 radian. After introducing the
first level of damage at location 1C, the total change in phase angle
increased at all channels to the values above 2000 radian with a
bigger change at channel 22 (damage location). No significant
changes were observed in the total change of phase angle after
increasing the damage at location 1C. Therefore, it can be concluded
that the total change in phase angle is a useful tool to detect the

occurrence of damage but it cannot be used to estimate the severity of

damage. Damage localization results using damage indicators 1 and 2
are shown in Figures 20 and 21, respectively. Both damage indicators
determined the damage location at channel 22 very accurately. Only
one very small false positive reading appeared at channel 17 when
damage indicator 1 was used.

(2) Case 3 (channels 3 and 4)

Damage location is changed in case 3 to examine the feasibility of
the proposed method to detect and locate the damage at different
locations. In this case, damage exists at comer A in floor 3 (Figures
16 and 17). Therefore, channels 3 and 4 are the nearest channels to the
damage location (Table 2). Damage indicator 1 determined the
damage location accurately at channel 3 with a smaller indication at
channel 4, as shown in Figure 22. Two small false positive readings
appeared at channels 8 and 16. Damage indicator 2 determined the
damage location at channel 3 without any false positive readings
(Figure 23). Damage indicator 2 determined the damage location in
this case and the previous case more accurately than damage indicator
1. However, damage indicator 1 showed better results in some cases
of the bridge model. Therefore, it is necessary to use both damage
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Figure 19 Total change in phase angle for different damage cases
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Figure 20 Damage localization results for damage case 1 using
damage indicator 1
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Figure 21 Damage localization results for damage case 1 using
damage indicator 2

indicators to confirm the right location of damage.

(3) Case 4 (channels 3, 4,21 and 22)

In case 4, the same damage is introduced to two locations; comer
C, floor 1 (near to channel 21 and 22) and comer A, floor 1 (near to
channel 3 and 4). Both damage indicators 1 and 2 determined the
damage at the two locations accurately without any false positive

‘readings, as shown in Figures 24 and 25. Damage indicator value at

channel 4 is smaller than that at channel 22 although the damage level
is the same at the two locations. This is because the amount of noise
or measurement errors is not the same at different measuring
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channels. Moreover, the level of excitation and mode shape values
are different at different locations.

5. Conclusions

A damage detection experimental study using a steel bridge
model and bookshelf structure was presented. The methodology can
be applied in a similar manner to large civil engineering structures,
such as steel bridges. For example, a number of sensors can be
mounted on the main girder of the bridge and a number of actuators
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Figure 25 Damage localization results for damage case 4 using
damage indicator 2

can be used as a local excitation source for the main girder. In such
case, the monitored structural element can be excited to a high
frequency range using the actuators. The same excitation force (equal
magnitude and the same waveform) can be produced for exciting the
undamaged and damaged structure as required to implement the
damage identification technique presented 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 any desired time. Moreover, the traffic over the bridge
does not need to be interrupted. _

The proposed approach is a global NDE method which uses
vibration measurements and, therefore, is limited to identifying
structural damages that produce measurable changes in the structural
dynamic characteristics. 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 phase angle data are mainly due to damage and not
due to the change in excitation force characteristics. The excitation
force does not need to be measured and no structural model is needed.
The proposed method detected the damage and determined its
location accurately for most of damage cases that were introduced to
the test structures. Single and double damage were introduced to the
test structures; however the application of the proposed method to the
case of multiple-damage needs to be studied. It was also observed that
the method gives better results in case of single damage than the case
of double damage. The method can be used to detect the damage and
locate its position but it cannot be used to estimate the severity of
damage. The proposed algorithm uses the measured phase angle in a
certain frequency range without the need for any modal data. The
phase angle can be used in the total measured frequency range
without the need to determine the best frequency range that gives the
most accurate results.
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