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Abstract. To investigate the relation between the dynamic stiffness and bearing capacity for the 
pile foundation, four model piles with the same dimension were designed in a same test field. Both 
the dynamic test by the impulse transient response method and the static loading test were 
performed. Then, a pile-soil finite element model was built, which was calibrated with the 
measurement data by the model pile tests. Four main parameters were considered: the pile length, 
pile diameter, Young’s modulus of the soil and Young’s modulus of the pile. A parameter 
sensitivity analysis was performed, for the intact pile under dynamic impulse loads and static 
loads. Results show that: for pile foundations with the same type and embedded in the similar 
ground environment, the dynamic stiffness can reflect the static characteristic for the pile during 
the period of elastic deformation. Accordingly, a reasonable dynamic stiffness can be used as an 
alert value for pile capacity. 
Keywords: pile foundation, impulse transient response method, dynamic stiffness, model test. 

1. Introduction 

The transient response method (TRM), also known as the mechanical mobility method, is a 
dynamic loading method for the pile inspection. It was proposed in the 1970s by Davis and Dumm 
[1]. TRM analyses both the velocity and force signals in the frequency domain. The velocity 
spectrum is divided by the force spectrum to determine the Mobility or Mechanical Admittance 
spectrum [2], which helps provide more information than the traditional pulse echo method to 
identify defects near the top of the pile [3]. Another important parameter from Mobility spectrum 
is the dynamic stiffness. It is defined as the slope of the low frequency linear portion of the 
spectrum from the origin to the first peak. The dynamic stiffness  can be calculated by Eq. (1): ( ) = 2| ( )/ ( )|, (1)

where ( ) and ( ) are the velocity and force signals in the frequency domain. The value of  
is sensitive to the stiffness of the pile shaft under compression. When the frequency approaches 
to 0 ( → 0), the value of the dynamic stiffness approaches to the static stiffness ( → ). In 
practice, however, the frequency of the dynamic impulse cannot be 0 Hz. Therefore, a coefficient 

 is introduced here to describe the ratio between the dynamic and static stiffness: = / . 
Sometimes, then, the pile allowable bearing capacity  can be estimated by: 

= , (2)

where  is the guideline value of the pile settlement. This capacity estimation method was 
proposed in China in 1980s [4], and used for pile capacity evaluation [5, 6]. In Eq. (2), the 
coefficient  is a bridge between the dynamic test and static capacity estimation, however, it is an 
empirical value rather than a theoretical one. Accordingly, the relation between the dynamic 
stiffness and capacity for piles should be analysed. 
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2. An experiment study on the model piles 

2.1. Dynamic loading test 

To investigate the relation between the integrity and allowable capacity of piles, four model 
piles (P1-P4) with different defects were designed and constructed in the same test field. All the 
piles have the same diameter of 0.6 m, length of 11.2 m, reinforcement ratio of 0.4 %, and the 
concrete compressive strength class of C25. The pile P1 and P2 were designed with necking 
defects. The different size of necking formworks were bound with the reinforcement at the 
location of 5 m and 4 m from the pile top, respectively. The pile P3 was designed as a broken pile. 
A foam board was placed at the location of 5 m from the pile top. The pile P4 was designed with 
the segregation. The sand with 30 mm thick was constructed at the location of 5 m from the pile 
top. 

All the pile head were polished. The low-strain integrity test was performed with a hand held 
hammer (Fig. 1(a)). The mechanical mobility method test was performed with a drop hammer, 
weighting 106 kg (Fig. 1(b)). 

 
a) Low-strain integrity test 

 
b) Mechanical mobility method test 

Fig. 1. The dynamic loading test for model piles 

Fig. 2 shows the test results of the pile integrity. It can be found that: (1) pile P1 has a necking 
defect at the location of 5.52 m from the pile top; (2) pile P2 has an obvious necking defect at the 
location of 4.37 m from the pile top; (3) pile P3 is a broken pile and (4) pile P4 is a segregation 
pile. 

By the mechanical mobility method test, according to Eq. (1), the averaged  in the low 
frequency range for the four tested piles were 4.77×108, 3.66×108, 3.49×108 and 1.35×108 N/m. 

 
a) Pile P1 

 
b) Pile P2 

 
c) Pile P3 

 
d) Pile P4 

Fig. 2. The pile integrity test results 

2.2. Static loading test 

Two piles (P2 and P3) were selected to perform the static loading test. The loading test 
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equipment with type JCQ-503A was used. The large concrete cubes were used to apply load 
(Fig. 3). Fig 4 shows the -  curve for the relation between load and settlement. The ultimate 
capacities for P2 and P3 can be calculated from -  curve: 635.2 kN for P2 and 622.7 kN for P3. 

 
a) Heaped load by concrete cubes 

 
b) The jack and sensors 

Fig. 3. The pile loading test 

Fig. 4. The -  curve for pile P2 Fig. 5. The stiffness and capacity for the test piles 

From the test result, the coefficient = /  can be calculated as 2.42 for both P2 and P3. 
Since all four piles were constructed in the same field, and had the same dimension, it can be 
regarded that all four piles have the same coefficient α. Then, the static stiffness  for P1 and P4 
can be estimated, shown in Fig. 5. 

It can be found that, there was a positive relation between the dynamic stiffness and static 
stiffness for all four piles. Moreover, there was also a positive relation between capacity and 
dynamic stiffness for P2 and P3. 

3. The numerical study on the pile foundation 

3.1. Dynamic analysis for the intact pile 

A 3D pile-soil finite element model was built (Fig. 6). The pile was modelled with the elastic 
beam element, and with the same dimension with the tested model pile. The soil was modelled 
with elastic solid element. The measured impulse force signal was input, and response at the pile 
top can be obtained. Fig. 7 compares the measured and calculated mobility curves below 50 Hz. 
In low frequency range, the measured and calculated mobility curves match well. 

Fig. 8 shows the dynamic stiffness changes with the pile length ( ), pile diameter ( ), 
Young’s modulus of the soil ( ) and Young’s modulus of the pile ( ). Results show that the pile 
length, pile diameter and the soil modulus have large influence on the dynamic stiffness, while 
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the pile modulus has smaller influences on the dynamic stiffness of the pile. 

 
Fig. 6. The pile-soil finite element model 

 
Fig. 7. Mesured and calculated mobility 

 
Fig. 8. Calculated dynamic stiffness changes with different factors 

3.2. Static loading analysis for the intact pile 

A contact element was added between the pile-soil surface, and the Mohr-Coulomb yielding 
criterion was employed for the soil. Fig. 9 shows the soil displacement field. When the load is 
small, a settlement trough can be observed around the pile. The largest settlement was at the pile 
top. When the load reaches 400 kN, the soil settlement around the pile was obviously large. When 
the load reaches 600 kN, an obvious displacement can be observed at the pile bottom, which means 
a plastic flow occurs at the pile-soil contact surface. 

a) 200 kN b) 400 kN 
 

c) 600 kN 
Fig. 9. Vertical displacement of soil under different loads 
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Similar to Section 3.1, the four parameters were analysed. Fig. 10 shows the -  curves 
influenced by , ,  and . The inflection point of the curve was affected by the pile length 
and diameter. Accordingly, the two parameters have the large influence on the -  curve. The  
affect the slope after the inflection point, which also affect the pile ultimate capacity rather than 
the static stiffness. The parameter of  has the least contribution to the -  curve. 

 
a)  

 
b)  

 
c)  

 
d)  

Fig. 10. Load-settlement curves influenced 

 
Fig. 11. Parameter sensitivity analysis 

3.3. Parameter sensitivity analysis for the intact pile 

The parameter sensitivity was shown in Fig. 11. Four parameters were considered to analyse 
the dynamic stiffness-frequency curve. Meanwhile, the parameter sensitivity for static stiffness 
was also plotted, by analysing the initial linear section of the -  curves. It can be found that, in 
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the early stage of the pile loading test, the deformation of pile-soil system is linear. The sequence 
of sensitivity for the dynamic and static stiffness kept the same. That is, when the pile capacity 
was controlled by pile displacement, the dynamic test can reflect the static characteristics well to 
the pile under elastic deformation. 

4. Conclusions 

By the experiment for the model piles and numerical study, the relation between the dynamic 
stiffness and bearing capacity for the pile foundation were analysed. Some conclusions can be 
drawn below: 

1) There is a positive relation between the dynamic stiffness and bearing capacity for the 
similar type of pile foundation embedded in the similar soil layers. 

2) The results by the impulse transient response method can reflect the static characteristic for 
the pile during the elastic deformation. Accordingly, the dynamic stiffness can be used as an alert 
value to estimate the pile capacity. 

Acknowledgement 

The authors gratefully acknowledge the support of the Research Funds from Beijing Jiaotong 
University (Project No. 2014RC033). 

References 

[1] Davis A. G., Dumm C. S. From theory to field experience with the non-destructive vibration testing. 
Proceeding of Institution of Civil Engineers, Part 2, Issue 57, 1974, p. 571-593. 

[2] Liang L., Beim J. Effect of soil resistance on the low strain mobility response of piles using impulse 
transient response method. The 8th International Conference on the Application of Stress Wave Theory 
to Piles, 2008, p. 435-441. 

[3] Rausche F. Non-destructive evaluation of deep foundations. Proceedings of the Fifth International 
Conference on Case Histories in Geotechnical Engineering, 2004, p. 1-9. 

[4] Xu Y. Z. Determination of pile bearing capacity by dynamic test. Chinese Journal of Geotechnical 
Engineering, Vol. 14, Issue 1, 1992, p. 74-83. 

[5] Zheng C. T., Wang Y., Xu S. J, et al. Pile bearing capacity measurement by steady mechanical 
impedance method. Water Resources and Hydropower Engineering, Vol. 28, Issue 8, 1997, p 50-52.  

[6] Ma M., Liu J. L., Ke Z. T., et al. Bearing capacity evaluation of bridge piles using impulse transient 
response method. The 13th International Symposium on Structural Engineering, 2014, p. 2048-2060. 



<<
  /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


