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1. INTRODUCTION 
Vibration-based structural health monitoring (SHM) is based on the fact that changes in structural properties are associated with 
structural damages, which lead to changes in the dynamic characteristics of structures, such as natural frequency, mode shape, 
and modal damping ratio. Of all modal characteristics, damping has been proven to be sensitive to damage in some previous 
studies (e.g., Curadelli et al. 2008). Although changes in the modal damping ratio can be used as damage indicators in the field 
of SHM, its amplitude dependence remains a concern (Dammika et al. 2015; Mustafa et al. 2018). In this research, the focus was 
laid on the amplitude dependence of modal damping ratio of reinforced concrete (RC) slab models at different loading states. Free 
vibration tests were performed on slab specimens at different locations and loading states, and the relation between modal 
properties identified and vibration amplitude was investigated.  
2. EXPERIMENTAL SETUP AND PROCEDURE 
Two RC slab specimens with the same structural details have been 
tested. A hard vinyl chloride plate of 750 x 500 x 0.5 mm was installed 
in Specimen 2 to model a horizontal crack as shown in Fig. 1. To 
investigate the mechanical response of reinforcement and concrete, 
strain gauges were installed. Deflection gauges were used to measure 
the deflection at the bottom of specimens. On each specimen, free 
vibration tests were performed at five different loading states from 0 
kN to the last load after failure. Peak loads observed in the Specimens 
1 and 2 were 507 kN and 460 kN, respectively. For the vibration 
measurement, fifteen accelerometers were attached at the bottom of 
each specimen in an arrangement shown in Fig. 1. Impacts were 
applied by an impact hammer with a 1.5 kg head from the top of 
specimen at eight sensor locations around the loading plate. The 
acceleration responses were recorded at a sampling rate of 6.4k 
samples/s. From the vibration data, the modal properties were 
identified using the Continuous Wavelet Transform (CWT) approach. 
Using the results obtained from CWT, variations of modal damping ratio with the amplitude of vibrations were investigated.  
3. RESULTS AND DISCUSSIONS 
Modal natural frequencies and damping ratios of the first bending vibration mode at five loading states, where State 1 represents 
the state at 0kN load and State 5 represents the state after failure, are shown in Fig. 2. These properties were determined with data 
for a time length of 0.077 seconds that had similar wavelet coefficients in each state. For Specimen 2, variations in natural 
frequency and damping ratio with different loading states can be attributed to change in structural properties due to increased load 
and damage in each subsequent loading state. Variations in the model properties of Specimen 1 with different loading states 
shown in Fig. 2 need further investigation. Damping was found to be more sensitive to damage as the percentage rate of change 
in the modal damping ratio between two adjacent loading states was much higher than that in the natural frequencies as shown in 
Fig. 2. Natural frequency for the first bending mode of Specimen 2 with the artificial horizontal crack was observed to be higher 
than that of Specimen 1. This does not mean the stiffness of Specimen 2 was greater than that of Specimen 1, because the 
corresponding mode shapes differed in the two specimens. The Fourier amplitude of acceleration responses at all the sensors to 
an impact load was found to be smaller for Specimen 2 than that for Specimen 1 at the frequency of first bending mode as shown 
in Table 1. If the modal properties are dependent on vibration magnitude, the modal properties of two specimens shown in Fig. 1 
may not be compared directly.  
Wavelet coefficient was used as an index of vibration amplitude in this study. At different loading states, different relations  
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Fig.1 Model Dimensions 
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Fig. 2 Modal properties of first bending mode for all loading states for (a) Specimen 1; (b) Specimen 2 

Table 1: Fourier amplitude for similar mode at all sensors’ locations at loading state 1 (unit: m/s2/Hz)  

 

  
Fig. 3 Correlations for all loading states for (a) Specimen 1; (b) Specimen 2 

between the damping ratio and wavelet coefficient were observed as shown in Fig. 3. For Specimen 1, positive correlations 
observed between the damping ratio and wavelet coefficients at all loading states indicated an increase in damping ratio with the 
increase in the vibration amplitude. For Specimen 2, the trend did not remain the same at all states of loading as shown in Fig. 3. 
At loading states 1 and 2, an increase in damping ratio with the wavelet coefficient was observed, while, negative correlations 
between the damping ratio and wavelet coefficient were observed in the last three states. Attributed to artificial horizontal crack 
in Specimen 2, damage in the similar state of both specimens differs, and thus amplitude dependence of damping ratios shown in 
Fig. 3 may not be compared. 
4. CONCLUSIONS  
This study led to conclude that the correlations between damping ratio and the amplitude of vibration vary with different loading 
states. At initial states, an increase in damping ratio with the increase in wavelet coefficient (an index of vibration amplitude) was 
observed for both specimens. The correlations did not remain the same at all states of loading and became negative in the last 
three states for Specimen 2.  
ACKNOWLEDGMENT 
The supports from Mr. Satoru Sakuma, at Kanto Regional Head Office of NEXCO EAST, and Mr. Kyosuke Yamaura, a former 
graduate student of Saitama University, in conducting the experiment described in this paper are highly appreciated. 
REFERENCES 
Curadelli, R.O., Riera, J.D., Ambrosini, D. and Amani, M.G.: Damage detection by means of structural damping identification, 
Engineering Structures, 30-12, 2008, pp. 3497-3504. 
Dammika, A. J., Kawarai, K., Yamaguchi, H., Matsumoto, Y., and Yoshika, T.: Analytical damping valuation complementary to 
experimental structural health monitoring of bridges, Journal of Bridge Engineering, ASCE, 20-7, 2015, pp. 04014095. 
Mustafa, S. Matsumoto, Y., and Yamaguchi, K.: Vibration-based health monitoring of an existing truss bridge using energy-based 
damping evaluation, Journal of Bridge Engineering, ASCE, 23-1, 2018, pp. 04017114. 

60.91

61.27
1%

62.91
3%

60.11
-4%

61.23
2%

0.0079
0.0082

4%

0.012
46%

0.0091
-24%

0.0152
67%

0

0.005

0.01

0.015

0.02

0.025

56

57

58

59

60

61

62

63

64

0 kN 100 kN 140 kN 300 kN Failure

D
R

F
 (

H
z)

Natural Frequency (F) Damping Ratio (DR)

64.89 64.32
-1% 63.66

-1%
63.18
-1% 62.57

-1%

0.0095

0.0118
24%

0.0115
-3%

0.0116
1%

0.0191
65%

0

0.005

0.01

0.015

0.02

0.025

0.03

55

57

59

61

63

65

0 kN 80 kN 200 kN 400 kN Failure

D
R

F
 (

H
z)

Natural Frequency (F) Damping Ratio (DR)

0
0.002
0.004
0.006
0.008

0.01
0.012
0.014
0.016
0.018

0.02

0 1 2 3 4 5 6

In
st

an
ta

ne
ou

s 
D

am
pi

ng
 R

at
io

Wavelet Coefficient

State 1 (0 kN)
State 2 (100 kN)
State 3 (140 kN)
State 4 (300 kN)
State 5 (Failure) 0

0.005

0.01

0.015

0.02

0.025

0 1 2 3 4 5 6 7 8

In
st

an
at

an
eo

us
 D

am
pi

ng
 R

at
io

Wavelet Coefficient

Sensor No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Specimen 1 75 135 105 165 187 74 88 103 112 124 63 59 53 51 41 
Specimen 2 46 36 41 36 36 36 34 31 28 27 25 23 22 19 16 

(a) (b) 

(a) (b) 

CS2-20 Japan Society of Civil Engineers 2020 Annual Meeting

© Japan Society of Civil Engineers - CS2-20 -



<<
  /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
  /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

  /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 [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


