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Abstract. Damage identification method based on unsupervised learning is a new technique
emerging in recent years. Many domestic and overseas scholars have made numerous researches
on this aspect and gained a series of research achievements. Besides, some research achievements
have already been successfully applied to practical engineering. For large-scale civil engineering,
owing to structural member manufacture or structural construction errors, structure parameters
often possess uncertainty. Therefore, during engineering design and analysis process, it is quite
necessary to consider the uncertainty of structure parameters. By setting a practical engineering
as the research object, this paper makes a structural analysis for earthquake damaged structures
by utilizing unsupervised learning method. After dynamic characteristic parameters of the
structure are gained, contrastive analysis with measured data is conducted, so as to verify
feasibility and reliability of this method in practical engineering application.

Keywords: unsupervised learning method, structural dynamic characteristic, stiffness
identification.

1. Introduction

An 8-magnitude earthquake broke out in Wenchuan of Sichuan Province on 12 May 2008, and
this earthquake caused destruction of numerous housing constructions and severe casualties. After
this earthquake, most housing constructions underwent collapse and destruction. Moreover, in
regions affected by the earthquake, housing constructions were damaged to varying degrees.

After the structure underwent load effect of sudden-onset disasters, it is quite necessary and
significant for guaranteeing the soundness of engineering structure, preventing engineering
disasters and safeguarding life and property safety of citizens to establish correct structural
damage identification methods, determine the position and degree of structural damage, and
formulate reinforcement treatment measures [ 1-3]. Damage identification of engineering structure
has also become a hot issue in structural engineering researches in various countries [4-6]. It has
strong engineering application background and significance to study structural damage
identification problems.

2. Engineering overview

As a 6-floor production complex building, the communication complex building of a certain
company was constructed in 2002, with a construction area of 4,828.57 m?. Major structure of this
complex building is frame structure; filling block and brick wall are adopted for the wall. During
Wenchuan earthquake that happened on 12 May 2008, the major structure was affected. Therefore,
a certain unit was entrusted to conduct safety detection and identification for it. In the same year,
this unit was entrusted to carry out reinforcement design and reinforcement construction. Before
structure reinforcement, no dynamic test was conducted for this structure, and dynamic
characteristic parameters of this structure under damaged state before reinforcement are unknown.
Therefore, dynamic characteristic parameters of the structure under original state (no structural
damage) can be obtained only via intelligent information processing technology based on
unsupervised learning method according to materials provided by Party A.
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3. Finite element modeling and result analysis
3.1. Finite element model

Finite element model of this frame is established via finite element software, as shown
in Fig. 1.

Fig. 1. Finite element model

3.2. Modal analysis of the structure

Natural vibration characteristics of the structure mainly include natural vibration period and
vibration mode. Natural vibration frequency and vibration mode of the structure can be gained via
modal analysis. See Table 1 for the results.

Table 1. Natural vibration frequency of the structure (Hz)

Order Natural vibration frequency of the frame structure
First-order translation at south-north direction 2.4455
First-order translation at east-west direction 2.5370
First-order torsion 3.5381
Second-order torsion 5.3221
Second-order translation at south-north direction 6.5616
Second-order translation at east-west direction 7.4598

a) First-order translation at south-north direction b) First-order torsion
Fig. 2. Structural mode

From dynamic characteristics of the structure, it can be seen easily that the results gained via
modeling based on unsupervised learning method are almost consistent with data provided by
Party A.

See the Fig. 2 for vibration mode of the structure in the extract.
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4. Stiffness identification and calculation

For common masonry structure and frame structure with uniform stiffness distribution,
vibration model of the structure can be simplified into multi-particle shear model during analysis.
In another word, the stiffness matrix is tridiagonal linear type and the mass matrix is main-diagonal
linear type. Each floor can be used as a concentrated mass put on the floor slab and story stiffness
is treated as a spring model [7-10].

Structural motion equation of this model can be acquired according to structural vibration
theory. In order to make it convenient to analyze the problem, the influence of structural damping
will not be considered in this paper:

[M]{%} + [K]{x} = 0. O]
Characteristic equation of the system can be obtained:
[K]{u} = l[M]{u}, (@)

where 2 = w?, and Eq. (2) is the generalized characteristic equation of the structure. This equation
is corresponding to generalized eigenvalue issue in mathematics, which is Jacobi matrix in
mathematics.

In practical engineering, physical parameters of the structure are actually identified according
to two intrinsic frequencies (eigenvalues) and corresponding vibration modes (eigenvectors)
measured in the vibration test. Frequencies w4, w, and vibration modes ¢, ¢, of the previous
two orders can be gained by measurement. By standardizing the vibration modes, the following
matrix can be obtained:

{x} = [M]"/*{f,}
v} = IM]"*{f;}.

3)
“

The matrix is solved and n-order Jacobi matrix is finally determined. Jacobi matrix J is

obtained via analysis:

/ — M;l/ZKnMrzl/z —

Stiffness and mass of the structure can be identified according to the recurrence relation:

my mym;
k, ky + ks ks
mym, my Jmyms

(1) aq, b,, my, m, are given, and k4, k, are calculated. The equation is:

ks
My-1 N Mp_1My,
ks ke
B Y, Mp_1My my i

kz = _blﬁmlmz, (5)

ky =mqa, — k. (6)
(2) k4, k, are given, and k3, m; are calculated. The equation is:
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k3 = m2a2 - kz, (7)
k2
msg = 2 . (8)
m,b3
3) a;j_1, bi_1, ki_1, m;_, are given, and k;, m; are calculated. The equation is:
ki =m;_1a;j_q1 — ki—l' i = 4, 5, e, — 1, (9)
2
m=—-=>—, i=45.,n—1 (10)
© omibl,
4) ay, by_1, ky_q, m,_; are given, and k,,, m,, are calculated. The equation is:
kn =Mp_10n-1 — kn—l: (11)
i (12)
m, = ————.
" mn—1b121—1

In practical engineering, mass of various floors of the structure can be estimated by way of
drawing or field measurement. Then mass matrix M,, of the structure will be obtained. Thus
stiffness of the structure can be calculated.

5. Detection scheme

In this test, vibration picking was conducted via the acceleration sensors arranged in the mass
centroid at various floors of the frame structure, amplifier was used for enlargement, and the
acceleration signal was collected through the acquisition instrument. The sampling frequency is
40 Hz and the sampling time is 30 minutes. See Fig. 3 for the arrangement plan of sensors.
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Fig. 3. The arrangement plan of sensors
6. Test result analysis

Natural vibration frequency and vibration mode at various orders of this structure are gained
via modal analysis for the actually measured acceleration signal. Stochastic subspace
identification method is mainly adopted for modal analysis.

Fig. 4 is stability diagram of the structure at two directions gained via stochastic subspace
identification method. The stability diagram is composed of two parts. The first part is cross
spectrum or frequency-response function curve, and it is presented in the form of logarithmic
equal altitude at the longitudinal direction, and the horizontal frequency is displayed in a linear
way. At the vertical position corresponding to the spectrum peak, a row of characteristic
frequencies should appear. In the second part, letters are used to signify features of characteristic
frequency gained by the calculation model of different orders.
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a) East-west direction b) South-north direction
Fig. 4. Stability diagram of the structure based on stochastic subspace identification method

‘rr el

Fig. 5. Correlation check matrix of vibration mode

The reliability of vibration mode result in modal analysis can be checked by utilizing
correlation matrix of vibration mode. Fig. 5 shows the correlation check matrix of vibration mode
in test data analysis.

Modal analysis is conducted via measured data and natural vibration frequency of the structure
at two directions is obtained, as shown in Table 2.

Table 2. Measured frequency of the structure (Hz)

First-order natural Second-order natural Third-order natural
vibration frequency vibration frequency vibration frequency
East-west 2.672 7.753 10.098
direction
South-north 2.534 6.782 9.657
direction
Table 3. Stiffness of the structure at various floors (X108 N/m)
Number of South-north direction East-west direction
Before After Before After
floors . . . .
reinforcement reinforcement reinforcement reinforcement
+0.000 3.5564 3.8373 4.7578 5.0170
1 0.6991 0.7552 0.9391 0.9598
2 0.9299 0.9981 1.2218 1.2596
3 0.8864 0.9511 1.1635 1.2571
4 0.8536 0.8761 1.1212 1.2246
5 0.8423 0.9037 1.1051 1.2140
6 0.0094 0.0101 0.0126 0.0237

According to the comparison between dynamic characteristic parameters of the structure under
original state in finite element modeling and the results after reinforcement in site test, first-order
translation frequency of the structure is enhanced when compared with the original state and lateral
stiffness of the structure after reinforcement is improved.

Stiffness values of the structure before and after reinforcement are obtained through
calculation via MATLAB program written by our research group, as shown in Table 3. According
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to the analysis, horizontal stiffness at east-west direction of this frame structure is higher than the
stiffness at south-north direction. Moreover, stiffness distribution at various floors is almost
consistent with stiffness distribution rule of this structure. As per the data analysis, the increased
stiffness value of the first floor and fourth floor is relatively small after reinforcement due to the
great floor height of the first floor and large space layout of the fourth floor. Stiffness of other
floors is increased greatly.

7. Conclusions

Before structure reinforcement, no dynamic test was conducted for this structure, and dynamic
characteristic parameters of the structure are unknown. Therefore, any information about dynamic
characteristic parameters of the structure under original state (the structure is not damaged in the
earthquake on 12 May) can be obtained only via intelligent information processing technology
based on unsupervised learning method according to materials provided by Party A. This method
can gain dynamic characteristic parameters of the frame structure under original state and a
comparison is made with results acquired in site test.

According to the analysis and comparison of test results, intelligent information processing
technology based on unsupervised learning method is able to rapidly and conveniently obtain
modal information of the structure during structural analysis. In this way, stiffness matrix of the
structure can be identified by utilizing the inverse problem of eigenvalue. Its feasibility is proved
via analysis. Besides, it is applied to practical reinforcement engineering and proves to have a
good utility value in practical engineering.

References

[1] Grondin F., Dumontet H., Hamida A., et al. Multiscales modelling for the behavior of damaged
concrete. Cement and Concrete Research, Vol. 37, Issue 10, 2007, p. 1453-1462.

[2] Andrade J. E., Avila C. F., Hall S. A., et al. Multiscale modeling and characterization of granular
matter: from grain kinematics to continuum mechanics. Journal of the Mechanics and Physics of
Solids, Vol. 59, Issue 2, 2011, p. 237-250.

[31 Sohn H., Farrar C. R. Damage diagnosis using time series analysis of vibration signals. Journal of
Smart Materials and Structures, Vol. 10, Issue 3, 2001, p. 446-451.

[4] Nair K. K., Kiremidjian A. S., Law K. H. Time series-based damage detection and localization
algorithm with application to the ASCE benchmark structures. Journal of Sound and Vibration,
Vol. 291, Issue 1, 2006, p. 349-368.

[S] Cheung A., Cabrera C., Sarabandi P., Nair K. K., Kiremidjian A. The application of statistical
pattern recognition methods for damage detection to field data. Smart Materials and Structures,
Vol. 12, Issue 1, 2008, p. 1-12.

[6] Nair K. K., Kiremidjian A. S. Time series based structural damage detection algorithm using
gaussian mixtures modeling. Journal of Dynamic Systems, Measurement, and Control, Vol. 129,
Issue 3, 2007, p. 258-293.

[71 Pan Q. K., Suganthan P. N., Tasgetiren M. F., et al. A self-adaptive global best harmony search
algorithm for continuous optimization problems. Applied Mathematics and Computation, Vol. 216,
Issue 3, 2010, p. 830-848.

[8] Li H., Deng X., Dai H. Structural damage detection using the combination method of EMD and
wavelet analysis. Mechanical Systems and Signal Processing, Vol. 26, Issue 1, 2007, p. 298-306.

[91 Moaveni B., Conte J. P., Hemez F. M. Uncertainty and sensitivity analysis of damage identification
results obtained using finite element model updating. Computer-Aided Civil and Infrastructure
Engineering, Vol. 24, Issue 5, 2009, p. 320-334.

[10] Magalhies F., Cunha A., Caetano E. Vibration based structural health monitoring of an arch bridge:
from automated OMA to damage detection. Mechanical Systems and Signal Processing, Vol. 28,
Issue 1, 2012, p. 212-228.

410 © JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. SEP 2015, VOLUME 5. ISSN 2345-0533




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /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 true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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.)
  >>
  /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 [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


