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1. Introduction

The paper presents a health monitoring scheme of bridges, modeled as simply supported beams, through
tracking the changes in the measured natural frequencies and damage detection through a trained Artificial
Neural Network (ANN) scheme. Radial basis function network (RBFN) is trained with a database of
known frequency-damage pair of vectors such that for any available frequency vector, damage vector can
be evaluated. Typical error analysis due to measurement noise is also reported.

2. Radial basis function networks (RBFN)

Popular neural network topologies include Multilayer Perceptron (MLP), Kohonen Self-Organizing
Network (KSON), Hopfield Network (HN) and Radial Basis Function Network (RBFN). Because of
good localized structure and efficient training algorithms, RBFNs have been used for non-linear mapping
of complex structures and for solving a wide range of classification problems (Jang, et al. 1989, Powell
1987 and Karray and De Silva 2004). The architecture consists of an input layer, a hidden layer with a
radial activation function and an output layer. The network structure uses non-linear transfer function
which may be a typical Gaussian function.

3. Effect of damage on the natural frequencies of simply supported bridge girder

In the present study, the bridge is considered as a simply supported beam and the dynamic analysis is
carried out using a program developed for this purpose and based on finite element method. The input
parameters are (a) magnitude of damage, (b) location of damage, and (c) extent of damage. The output
obtained is a set of natural frequencies for the flexural modes of the beam. In the study, damage is modeled
as a reduction in the flexural rigidity of a few elements of a simply supported beam (Fig. 1). Reduced EI is
taken as the ratio of the original EI (α). After suitably grouping the parameters into non-dimensional form,
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it is possible to write the equation as,

(1)

fn,d, fn.ud: Damaged and Undamaged, ‘n-th’ frequency of the system.

4. Interpolation using radial basis function networks (RBFN) of artificial neural networks (ANN)

In the problem studied, a ten segment beam is considered with symmetry of damage. Number of un-
known damage values are five (βi, where ‘i’ ranges from 1 to 5) and hence information on the five frequency
ratios are to be available. This may look like a limitation, but essentially not. In cases, where the information
on more damaged frequency ratios are available, a least square approximation can be used for a perturbation
problem and in neural networks, the training can take care of this over-determined problem as well.

5. Low damage scenario

It is not wise to think of a 0-100% damage in a single shot. Supposing that the data from a bridge in the
form of vibration signatures and frequencies is periodically available, it is normal to expect only small
change in these response values during a short time gap (in the order of months). Hence the low damage
scenario is defined as between 0-30% reduction in EI values of the bridge segment. This classification is
however, arbitrary. Both the ranges are over-lapped and it is seen that ANN itself may work satisfactorily,
little beyond the range of trained values (0-35%), facilitating a larger intersection zone. For a smaller
damage scenario, the training data set consists of 0%, 15% and 30% damage for each element. This means
that for five elements, there are 243 (35) training sets to be generated. Initially the post-damage frequency
ratios are obtained through an in-house finite element program involving consistent mass and sub-space
iteration Eigen solver. The five flexural frequencies are extracted for all training data sets. This is a
forward problem and has physical dimensions. These values are non-dimensionalised with appropriate
normalizing factors as already mentioned. This means 243 vectors of damaged EI and frequency ratio
vectors are available. Spread value is obtained by trial and error such that the defined tolerance is
achievable. For Betas defined as fractions and frequency change as percentages, a typical spread value is
43.0 for 243 training sets, evaluated in a trial-error manner. The next step is to generate the unknown Beta
values for any intermediate frequency vector (5×1) defined through a variable vector. Some typical
damage patterns run for bench marking are shown in Fig. 2. In each Figure the actual damage value is
superimposed. The damage patterns are similar to the first, second and third mode shapes as wells as the
lateral inversion patterns of the first three mode shapes.
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Fig. 1 A simply supported beam with a reduced EI for portion of its length
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6. Effect of measurement errors in damage prediction

Any prediction work is in-complete unless the effect of errors on the measured signals is investigated.
There could be two sources of errors in a bridge response measurement and frequency computation using
FFT (Fast Fourier Transform). One is due to frequency resolution and the other is due to an in-sufficient
available energy for higher frequency excitations. Thus the two error sources affect each mode differently
and in the present study a uniform error of 1% for all modes are assumed. The error vectors injected into
the simulation is (a) uniform 1% rise in Eigen values (b) uniform 1% drop (c) An oscillating 1% drop
(+1%, -1%, +1%, -1%, +1%) and (d) another oscillating 1% drop (-1%, +1%, -1%, +1%, -1%). Two
typical damage patterns are investigated for these artificially injected errors. The first damage pattern
studied is flexure dominated with damage values as 0%, 5%, 13%, 20% and 30% as Beta values. 243-
number data set is used at “small” damage values. The second damage pattern is the third mode laterally
inverted, (flip-flopped values of third mode pattern) with damage values as 35%, 5%, 35%,14% and 0%
as Beta values. Fig. 3 shows the predicted and actual damage values for this second case. The rationale for
using small damage scenario is that, the actual frequency changes are themselves low and with error
injection, more fluctuations in the predicted damages are likely. In a large damage scenario, actual
frequency changes are more and with error injection, less fluctuation are expected. The results presented
in figures show some interesting observations;

Fig. 2 Comparison of damage predicted by ANN-RBFN interpolation with actual damage values
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(a) Error injection affects the larger damage regions less. Low and zero damage regions show large
prediction errors. For example, a 0% un-damage zone is depicted as a damaged area.

(b) If an averaging is done on the generated damage data, there is a tendency to the error minimization, similar
to a Gaussian error getting cancelled after many averages. Hence sufficient averaging is recommended.

7. Conclusions

Artificial neural network (ANN) is used to solve damage identification problem, using the radial basis
function approximation available in MATLAB. The training data set corresponds to three values of
damage, namely, 0%, 15% and 30% under “small” damage scenario. For the five segment beam, this
leads to 35 (243) combination of training data set. Damage patterns are assumed to vary in all possible
forms and the predicted damage values are compared with the actual ones. ANN is used to successfully
predict the magnitude of damage. The effect of artificially injected errors do not cause divergence in the
results, but affects the results by more than 20%, again at small or zero damage zones. It is recommended
that the FFT block could be of larger size, typically more than 214 to avoid errors in low frequency ranges
and a MIMO excitation in reversed phase to avoid errors at high frequency range.
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Fig. 3 Performance of the scheme under uniform (a,b) and fluctuating errors (c,d)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /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 false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /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 true
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice




