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1. Introduction 
 
     The ability to monitor the condition of a structure to detect 
damage at early stages is of significant interest to many 
structure owners. This paper provides an overview of a 
method to detect, locate, and characterize damage in 
structural systems by examining changes in measured 
vibration response. The basic idea behind this technology is 
that the dynamic response is a function of the physical 
properties of the structure. Therefore, changes in the physical 
properties will cause detectable changes in the dynamic 
response. Various spectral functions are used to estimate the 
dynamic response of the structure, and then the changes in 
these functions due to the presence of damage are estimated 
at all frequency components on the measurement range 
instead of using modal amplitude, which can be called 
operational mode shapes. The first and most important 
objective of the damage identification algorithm presented 
here is to ascertain with confidence if damage is present or 
not. Thus, at each frequency component, the damage will be 
detected with more confidence if it could be detected using 
all different spectral functions. The applicability of this 
methodology is evaluated using the experimental data 
measured from a railway steel bridge. 
 
2.  Theoretical description   
 
2.1 Spectral Analysis 
     Before the damage identification algorithm is presented 
several terms related to spectral analysis are defined. 
     For a continuous time series, x ( t ), defined on the interval 
from 0 to T, the Fourier Spectrum (Fourier Transform), X ( f 
), is defined as  
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where 1−=i , and  f = cyclic frequency (Hz). 
This function is complex. Its magnitude is typically plotted in 
engineering units (EU), such as m/s2 or g, versus frequency. 
The power spectrum is defined as 
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where * denotes a complex conjugate. The Power Spectral 
Density (PSD), Gxx ( f ) is defined as 
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where E[ ] indicates an ensemble average for a specific f over 
n samples of X ( f ). The Cross Spectral Density (CSD), Gxy ( 
f ), relating two time histories, x ( t ) and y ( t ) is defined as 
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For a linear system Transfer Function Estimate (TFE) which 
relates an input, X ( f ), to a response, Y ( f ), is defined as 
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The coherence function Hxy ( f ), relating two time histories, x 
( t ) and y ( t ) is defined as 
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The phase angle Axy ( f ), between two time histories x ( t ) 
and y ( t ) can be computed from the real and imaginary 
values of Gxy as 
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2.2 Damage detection algorithm1) 

     Let Gi ( f ) denote the spectral function magnitude 
measured at channel number i at frequency value f. The 
absolute difference in spectral function magnitude before and 
after damage can then be defined as 

)()()( * fGfGfD iii −=                         (8)                          

where Gi ( f ) and Gi
* ( f ) represent spectral function 

magnitude for the undamaged and damaged structures 
respectively. The excitation forces used for the undamaged 
and damaged structure must have the same amplitude and 
waveform in order to ensure that the changes in spectral 
function magnitude data are mainly due to damage. When the 
change in spectral function magnitude is measured at 
different frequencies on the measurement range from f1 to fm, 
a matrix [D] can be formulated as follows 
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where n represents the number of measuring points. In matrix 
[D], every row represents the changes in spectral function 
magnitude at different measuring channels but at the same 
frequency value. The summation of spectral function 
magnitude changes over different frequencies can be used as 
the indicator of damage occurrence and the increase in 
damage. In other words, the first damage indicator is 
calculated from the sum of columns of matrix [D] as 
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However, the total change in spectral function magnitude 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 spectral 
function magnitude at each frequency value (the maximum 
value in each row of matrix [D]) and discarding all other 
changes in spectral function magnitude measured at other 
nodes. For example in matrix [D], if D3 ( f1 ) is the maximum 
value in the first row then this value will be used as M3 ( f1 ) 
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and other values in this row will be discarded. The same 
process is applied to the different rows in matrix [D] to 
formulate the matrix of maximum changes of spectral 
function magnitude at different frequencies, [M]  
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The total of maximum changes in spectral function 
magnitude is calculated from the sum of the columns of 
matrix [M]  
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In order to monitor the frequency of damage detection at any 
node, a new matrix [C] is formulated. The matrix consists of 
0’s at the undamaged locations and 1’s at the damaged 
locations. For example in the matrix [C], we put a value of 1 
corresponding to the locations of M3 ( f1 ), M2 ( f2 ) and so on, 
as shown in the following expression 
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In matrix [C], at each frequency line (each row) the location 
of damage is represented by 1. Therefore, the total number of 
times of detecting the damage (total number of frequency 
lines at which damage is detected) at different nodes is 
calculated from the sum of the columns of matrix [C] as 
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The damage localization indicator is defined as the scalar 
product of {TM} and {TC} as shown in the following 
expression 
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3. Railway steel bridge: description and experimental 
setup 
 
     The experimental work in this research was performed on 
a railway steel bridge that is no longer in service. 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 beams located at 
various intervals. The bridge dimensions and layout are 
shown in Fig. 1. The multi-layer piezoelectric actuator is 
used for local excitation. The actuator force amplitude is 200 
N. Although this force amplitude is very small compared to 
shaker forces or ambient vibrations, it was enough to excite 
the web of the main girder at the position of the farthest 
accelerometer. Two actuators are used for exciting the web of 
the main girder in the horizontal direction. The actuators are 
located at the upper part on the web of the main girder (Fig. 
1). The excitation forces used for the undamaged and 
damaged structure are sweep, equal in amplitude and have 

the same vibration waveform but the excitation force does 
not need to be measured. Eight accelerometers were used to 
measure the acceleration response in the horizontal direction. 
One accelerometer is mounted at the geometrical center of 
gravity of each panel of the main girder, as shown in Fig. 1. 
All of the connections of different elements of the bridge are 
riveted and no damage could be introduced to these 
connections. 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 right angle to introduce 
damage to the main girder. 
 
4. Damage Identification results 
 
4.1 Damage identification using different spectral 
functions 
     PSD is calculated at each measuring channel from the 
acceleration time history data using MATLAB Standard and 
MATLAB Signal Processing Toolbox. Hanning window of 
size 256 is applied to the time signals to minimize leakage. In 
this technique, 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 function. In such case, the PSD can be measured at 
129 frequency lines in the frequency range of 1-800 Hz 
(frequency step = 800*2/256). In the proposed damage 
identification algorithm the magnitude of the power spectral 
function can be used in any frequency range (from f1 to fm).  
In order to avoid the problem of identifying the frequency 
range in which PSD has to be used in the proposed algorithm, 
it was decided to use PSD in the total measured range (1-800 
Hz). As clearly indicated in Fig. 1, channel number 5 is the 
closest sensor to the damage location. Damage localization 
indicator is used to identify the damage location as shown in 
Fig. 2 (a). Damage localization indicator determined the 
damage location at channel 5 accurately with some false 
positive readings at other channels. These false positive 
readings are assumed to be due to the presence of noise and 
measurement errors in the measured data and also can be due 
to the accuracy of the damage identification algorithm. This 
accuracy is considerably high since releasing one bolt from 
one stiffener is considered a very small damage compared to 
the size of the test structure. Moreover, the number of false 
positive readings decreased significantly after removing more 
bolts from the stiffener; the results are not shown here due to 
the limited size of the paper. Fig. 2 (b) shows the frequency 
values at which damage location is detected at channel 5. 
This figure is obtained from the fifth column in matrix [M] 
(Eq. 11) and explains how the damage is detected at channel 
5 using PSD data at each frequency line in the frequency 
range of 1-800 Hz. For example, damage location is 
determined most accurately when PSD is measured in the 
frequency range of 720-800 Hz. In this range, damage is 
detected at channel 5 at almost every frequency line and the 
changes in PSD are higher. It should be noted that the 
frequency ranges (or lines) which gives accurate results are 
randomly distributed in the total measurement range (from 1-
800 Hz). It was also noticed that the frequency range that 
gives accurate results in certain damage case changes when 
the damage level increases at the same location or when the 
damage location changes. Therefore, it was decided to use 
PSD (and other spectral functions) data in the total measured 
frequency range. The number of bars in Fig. 2 (b) (equals 45) 
represents the number of times of detecting damage at 
channel 5, out of 129 frequency lines used for measuring the 
PSD data. This value can be estimated using Eq. (14). The 
estimated value at the damage location will be used to 
compare the performance of each spectral function when it is 
used in the proposed algorithm. 
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Fig. 1 Bridge layout and main dimensions 

 
     CSD is estimated from the acceleration time history 
measured at each channel relative to the acceleration time 
history at channel 3. Using channel 3 as a reference yielded 
the most accurate results for CSD and the following spectral 
functions. Therefore, it was decided to use the obtained 
results, using this channel as a reference, for comparison with 
PSD function. The influence of changing the location of the 
reference channel on the accuracy of identifying damage 
location will be discussed later in this chapter. The same 
procedures that were used in PSD will also be used here and 
for the other spectral functions presented in this study to 
allow for better comparison of these functions. Fig. 3 (a) 
shows more accurate results in identifying damage location at 
channel 5 than using PSD. However, the difference in 
accuracy is very small and changing the reference channel 
sometimes produces less accurate results than PSD function. 
Fig. 3 (b) shows that the frequency ranges (or lines) that give 
accurate results in this case are not always the same ranges 
that gave accurate results in case of using PSD. This explores 
one important fact that the frequency range that gives false 
positive readings, when using certain spectral function, does 
not always contain high noise or measurement errors since 
the same range may give accurate results when another 
spectral function is used and vice versa. This is also another 
reason to use the magnitude of the spectral function in the 
total measured frequency range rather than looking for the 
best frequency range that will give the most accurate results. 
The number of times of detecting damage at channels 5 equal 
46 increasing by one from the case of using PSD. Similar 
results and observations were obtained when TFE, PHASE 
and COHERENCE data were used in the proposed algorithm, 
as shown in Figs. 4 through 6. All functions yielded accurate 
results in identifying the damage location. 
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Fig. 2 Damage identification results using PSD 
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Fig. 3 Damage identification results using CSD 
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Fig. 4 Damage identification results using TFE 
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Fig. 5 Damage identification results using PHASE 

 
4.2 The confidence of detecting damage using different 
spectral functions 
     Table 1 shows the number of times of detecting the 
damage at channel 5 for different damage levels using 
different spectral functions data. All functions yielded similar 
results in case of removing the first bolt. When the second 
bolt was removed, the number of times of detecting the 
damage increased significantly using PSD compared to using 
other spectral functions. The increase in the number of times  
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Fig. 6 Damage identification results using COHERENCE 

 
  Table 1: Number of times of detecting the damage 

 1 Bolt 2 Bolts 3 Bolts 4 Bolts
PSD 45 80 76 79 
CSD 47 45 57 56 
TFE 44 48 56 60 

PHASE 45 55 55 57 
COHERENCE 48 39 43 42 
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Fig. 7 Effect of changing the reference channel location  

 
of detecting the damage at certain location increases the 
confidence of detecting the damage at this location and 
decreases the possibility of false positive readings. After 

removing the third and the fourth bolts, the use of PSD data 
yielded the most accurate results. Using COHERENCE data 
yielded the lowest number of times of detecting the damage 
in cases of removing 2, 3 and 4 bolts. It was noticed that the 
increase in damage level is not always associated with the 
increase in the number of times of detecting the damage 
using all spectral functions except TFE. 
 
4.3 The influence of changing the location of reference 
channel  
     The influence of changing the location of the reference 
channel is examined by using each channel once as a 
reference for other channels. In order to reduce the effect of 
noise, another damage localization indicator is defined as 
follows: a value of one standard deviation of the elements in 
vector {TM} is subtracted from the vector {TM}. Any 
resulting negative values are discarded. The same procedure 
is applied to the vector {TC}. The new damage indicator (1) 
is obtained from the scalar product of the resulting vectors. 
Fig. 7 shows the obtained results of the different spectral 
functions. It is clearly indicated in this figure how the 
accuracy of locating the damage varies with the change of the 
location of the reference channel. For example, in case of 
using CSD using channel 3 as a references yielded the most 
accurate results while using channel 8 yielded the least 
accurate results. The accuracy of locating the damage did not 
change significantly in case of using PHASE data. Using the 
input force as a reference needs further investigation. 
 
5. Conclusions 
 
     The application of a linear damage identification method 
using experimental modal data gathered from a railway steel 
bridge has been reported. Five different spectral functions 
were used to estimate the modal response of the structure. 
This study investigates the applicability of the proposed 
method to detect and locate small damage using the output 
response of the structure without the need to measure the 
input excitation force. The study also provides a direct 
comparison of various spectral functions that can be used to 
estimate the modal response. Damage could be detected and 
located at the nearest sensor location using all the spectral 
functions. However, using PSD function has shown the most 
accurate results in detecting damage with more confidence. 
All spectral functions presented here have the advantage of 
being estimated from the response of the structure without 
the need to measure the excitation force. This feature is 
useful when ambient vibration is used as an excitation source 
for continuous health monitoring of structures where it is 
difficult to measure the ambient excitation forces. Another 
observation from this study is that the accuracy of locating 
the damage, when CSD, TFE, and COHERENCE functions 
are used, depends on the location of the reference channel. 
The PHASE function has shown consistent results regardless 
of the reference channel location. In this study, it was 
observed that the best frequency range in which the 
magnitude of the spectral function should be used in the 
proposed algorithm depends not only on the damage location 
or type but also on the type of the spectral function. 
Therefore, it is recommended to use the spectral function 
magnitude in the total measurement range as it is extremely 
difficult to determine the best frequency range in which the 
spectral function data should be measured. 
 
References 
 
1) Beskhyroun S., Oshima T., Mikami S., Tsubota Y., 

Structural damage identification algorithm based on 
changes in power spectral density, Journal of Applied 
Mechanics, JSCE, Vol.8, pp. 73-84, 2005. 

平成18年度　土木学会北海道支部　論文報告集　第63号



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice


