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1. Introduction

Evaluation of strength is a challenging task for geotechnical engineers, primarily due to complex
soil constitutions, non-homogeneity, and non-linearity of soil behavior. For sandy soils, the
challenge is even greater, as strength is highly state—-dependent and undisturbed soil sampling is
not an economically and practically feasible option. As a result, various empirical correlations
based on in-situ test results, such as SPT blow count Nspr from the standard penetration test
(SPT) or cone resistance q. from the cone penetration test (CPT), have been proposed.

There have been several methods for the estimation of the shear strength in sands using CPT
results, defining direct correlations between q. and the peak friction angle ,. While these have
provided useful tools for the interpretation of CPT measurements, further investigation is still
necessary as no specific consideration of the state-dependent dilatancy and soil constitution were
addressed in detail.

In the present study, methods to estimate the in-situ strength and dilatancy characteristics of
sandy soils are proposed based on CPT results. A series of laboratory test results obtained for
various soil conditions are used in the analysis and investigation. For each soil and stress
condition, cone penetration analysis is performed and used to develop the CPT-based
methodology for in—situ evaluation of dilatancy. Results from calibration chamber tests are used
for verification.
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2. Shear Strength and Dilatancy of Sandy Soils

The peak friction angle ¢, of sands is a stress— and density—-dependent variable (Bolton
1986). The critical-state friction angle ¢. is on the other hand an intrinsic soil variable,
independent of stress state, history, and density, and thus can be uniquely obtained even using
completely disturbed samples. In order to quantify the dilatancy of sandy soils, Bolton (1986)
proposed the following relationship based on experimental test results:

¢;:¢£+RD'1R (1)

where Rp = dilatancy ratio = 3 and 5 for triaxial and plane—strain conditions, respectively. The
dilatancy index Ir is given by:

1000;”,] e

I,=1, Q—ln[
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where Ip = relative density as a number between O and 1 pa = reference stress = 100 kPa o
mp= Mmean effective stress at peak strength (in the same units as pa) and Q and R = intrinsic
soil variables. According to Bolton (1986), values of Q and R are equal to 10 and 1 for clean
quartz sands, respectively. As Bolton’s dilatancy relationship of Egs. (1) and (2) reflects effects
of both relative density and confining stress, it has been widely used and adopted for strength
evaluation of sands experimentally and analytically.

As indicated by Eq. (2), state variables that control the dilatancy of sands are Dr and Omp. Dr
Is a state soil variable that is uniquely defined for given soil conditions. As omp represents the
mobilized mean effective stress at peak, it depends on a number of factors, including initial
vertical and horizontal effective stresses, Dg, and other state and intrinsic soil variables. For
laboratory test conditions, where stress and soil conditions are known for a given confining
stress ., mp can be easily determined. Field evaluation of np, however,is difficult due to
unknown stress states mobilized upon loading. For this reason, Egs. (1) and (2) have not been
fully applied for field evaluation of strength.

3. Experiments

In order to evaluate strength of sandy soils, triaxial (TX) test results from Salgado et al.
(2000) and Lee et al. (2004) were adopted. Test soils in both cases were Ottawa sand containing
different amount of non-plastic silts in O to 20% range by weight. Other detailed test procedure
and properties of Ottawa sand can be found in Salgado et al. (2000) and Lee et al. (2004).
Additional triaxial and fundamental property tests were performedin this study using Jumunjin
sand. Relative densities in range of 45 — 90% and confining stresses in range of 50 — 400 kPa
were considered in triaxial tests to characterize state—dependent shear strength of Jumunjin sand.

Calibration chamber CPTs were also performed for characterizing CPT-stregnth correlation.
The calibration chamber used in this study was made of steel and had a diameter and height
equal to 77.5 and 125 cm, respectively. Inside the chamber, two rubber membranes were
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attached on the bottom and lateral sides. Through these membranes, compressed air pressure
was supplied for achieving a desired stress state of the calibration chamber specimen. Fig. 1
shows details of the calibration chamber and cone penetrometer used in this study.
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Fig. 1. Calibration chamber cone penetration tests

4. Modified Dilatancy Model

The confining stress in TX tests is routinely determined from in-situ vertical and horizontal
stresses at a certain target depth, typically given as the mean effective stress equal to (ovo+ 20
10)/3. Based on this procedure, a series of in-situ stresses, equivalent to o. adopted in TX
tests, were obtained. For each in-situ stress state and Dg, values of q. were obtained from the
cone penetration analysis using the program CONPOINT, which has been widely examined and
validated (Salgado and Randolph 2001).

Fig. 2(a) shows relationships between the mean effective stress at peak omp, measured from
TX tests, and the cone resistance q. obtained from CONPOINT. As can be seen in Fig. 2(a),
the correlation appears to be fairly unique for all the soil conditions considered in this study.
Correlations in Fig. 2(a) can be given by

(7, B
h—"=qa- lnq—f
Oo O 3)

where o'mp = peak mean effective stress; o'no = in-situ horizontal effective stress; and a and 3
= correlation parameters given in Fig. 2(b). Based on results in Fig. 6 Iz given by Eq. (2) can
be rewritten as:

B
1000,
Ipcpr =1, Q—a-(lnq—fj —ln(ﬂj -R

O P4

(4)
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Fig. 2 Modified dilatacy relationship (a) o'mp versus q. correlaion and (b) vaues of a and B

Both q¢ and np are primarily governed by Dr and the confining stress. Based on the assumption of
similar dependency of qc and np on Dgr and no, the Bolton’s dilatancy index and , equations of Egs.
(2) and (1) may further be modified as a sole function of q. as follows:

100q,
Iicprs =1)p |:QCPT - ln( » J} —Repr
4

6))

where Ircpr-= simplified dilatacy index in terms of q. Qcpr and Rcpr= intrinsic soil variables that are
analogous to Q and R in Eq. (2). In Eq. (9), values of Qcpr and Rcpr are different from those of Q
and R in Eq. (2), due to numerical differences between q. and 0'w,. In order to obtain values of
Qcpr and Repr, a regression analysis was performed using TX test results. Fig. 3 shows values of
Q, R, Qcpr and Rcpr, as a function of silt content, obtained from the regression analysis. From Fig.
3, values of Qcpr in case se = 0, 2, 5, 10, 15 and 20% cases were found to be 14.0, 15.4, 14.0,
14.3, 11.8 and 12.1, while values of Rcpr were 1.0, -0.12, -0.12, -0.01, 0.01 and 0.12 respectively.

Silt Content (%) Silt Content (%)

Fig. 3 Values of correlation parameter Qcpr and Rcpr
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5. Verification

In order to verify the proposed methods, calibration chamber cone penetration tests using
Jumunjin sand and from literature were adopted and used in comparison and verification. A
total of 11 calibration chamber CPTs using Jumunjin sand were performed at different relative
densities and stress states. For cases from literature, 15 calibration chamber CPT results by
Houlsby and Hitchman (1988) were adopted in this comparison.

Fig. 4(a) shows measured and predicted values of &', for each calibration chamber test case
using Jumunjin sand. It is observed that predicted results from Egs. (4) and (5) show
reasonable agreement with those measured from TX tests. Fig. 4(b) shows compared results
for calibration chamber tests by Houlsby and Hitchman (1988). As Houlsby and Hitchman
(1988) suggested and no TX test results were available, reference values of ¢', adopted in the
comparison were those obtained from Bolton's dilatancy relationship. It is observed that the
modified dilatancy equation of Eq. (4) produces virtually the same results as those from
Bolton’s relationship. The simplified dilatacny equation of Eq. (9), on the other hand, tends to
underestimate ¢', as soil becomes more dilatant. Nonetheless, both methods appear to give
satisfactory prediction of stregnth in practical purpose.
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Fig. 4 Measured and predicted values of ¢',

6. Conclusion

In this study, methodology for the field application of the dilatancy equation based on CPT
cone resistance q. is investigated for sandy soils containing fines. Results from a series of
laboratory tests and cone penetration analysis were used for the development of CPT-based
methods of strength and dilatancy evaluation for sands. Based on empirical correlations
between q. and mpfor a given TX and equivalent field stress state, a modified dilatancy index
Ircpr in terms of q. was proposed and investigated for different Ko conditions. Results from
both modified and original dilatancy indexes showed close agreements for soils at all the silt
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contents and Ko values considered. As both q. and mp are primarily governed by Dr and the
confining stress with similar dependency, simplified dilatancy index Igcpr+« in terms of q. was
proposed as well.

For verifying the proposed methods, calibration chamber CPT results were adopted and
used for comparison. Various soil conditions were used in both tests. It was observed that
both methods of modified and simplified dilatancy relationships produce results reasonably

close to those measured from triaxial tests and estimated from Bolton’s original dilatancy
relationship.

References

1. Bolton, M.D. (1986). "The strength and dilatancy of sands," Geotechnique, 36(1): 65-78.

2. Houlsby, G. T., and Hitchman, R. (1988). "Calibration chamber tests of a cone penetrometer in sand,"
Geotechnique, 38(1): 39 — 44.

3. Lee, J., Salgado, R., and Carraro, A. (2004). "Stiffness degradation and shear strength of silty sands,"
Canadian Geotechnical Journal, 41(5): 831 — 843

4. Salgado, R., Bandini, P, and Karim, A. (2000). "Stiffness and strength of silty sand," Journal of
Geotechnical and Geoenvironmental Engineering, ASCE, 126(5): 451 — 462.

5. Salgado, R. and Randolph, M. F. (2001)."Analysis of cavity expansion in sands,"International Journal of
Geomechanics, 1(2): 175-192.

- 116 -




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


