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CHARACTERISTIC LENGTH OF DAMAGE LOCALIZATION IN RUBBER
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Abstract. In this letter we calculate the characteristic length ~0.2 mm of natural rubber,
which presents the width of a narrow zone where damage localizes initiating a crack. It is
remarkable that our direct calculation is based on the results of the macroscopic experiments
only.
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1. Introduction. It is convenient to consider a crack as an ideal separation of two adjacent
material surfaces. In reality, however, the material surfaces emerge after the bulk material
failure which is localized in a narrow zone of width /. This width is a special material
property reflecting its internal structure and it is called the characteristic material length. We
assume that the length is constant in quasi static and dynamic failure processes. No
experimental data is available, unfortunately. The knowledge of the characteristic length is
crucial for the finite element simulations of material failure because it allows regularizing
the problem by suppressing the so-called pathological mesh sensitivity. The latter means
that the characteristic length sets the size of the finite elements that should be used in the
areas where failure propagates.

2. Characteristic length of natural rubber. The finding of the characteristic length is by
no means trivial. It is often attempted to extract this length from the consideration of the
microscopic material structure and then to fit it to the available results of macroscopic
experiments. A procedure for fitting the characteristic length of DH36 steel can be found in
Xue et al (2010), for example.

In the present letter we show how to directly calculate the characteristic length for
natural rubber. The main idea behind the calculation is the following. Let us denote the
volumetric failure energy by @ and the surface failure energy by y . If failure localizes in a

narrow zone of width 4 then the dissipated energy per volume ~ 4’ is ~ wh’. On the other

hand, the energy of the creation of two surfaces from the volume is ~ y4°. Equating the two
energies, we get the characteristic length and, consequently, the finite element size

h~2. (1)
w
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In the case of natural rubber, Rivlin and Thomas (1953) provided the value of the
surface failure energy which can be used in calculations

y=1.3[J/cm’]. (2)

Actually, there is a range of values for the surface failure energy because of the
experimental inaccuracies. However, we identify the value given in (2) following Rivlin and
Thomas (1953).

In order to find the volumetric failure energy, @, we will use the concept of
elasticity with energy limiters or softening hyperelasticity. For a detailed description of the
concept we refer to Volokh (2007) or Volokh (2008), for example. Here we will motivate
the concept qualitatively. Let us consider the interaction of two particles, which can be
molecules or molecular clusters. The reference distance between them corresponds to zero
interaction force and zero stored energy. The interaction passes three stages with the
increase of the distance. At the first stage the force increases proportionally to the increasing
distance: the linear stage. At the second stage the force-distance relationship deviates from
the linear proportionality: the nonlinear stage. At the third stage the force drops with the
increasing distance: the separation or failure stage. In the case of solids composed of many
particles two first stages of the particle interaction are described by the linear and nonlinear
theories of elasticity correspondingly where the changing distance between particles is
averaged by a continuum strain measure and the energy of the particle interaction is
averaged by a strain energy function. Remarkably, the third, failure, stage of the particle
interaction is beyond the scope of the traditional elasticity theories. However, the failure
description can still be introduced in elasticity by analogy with the failure description in the
particle interaction. Indeed, the force of the pair interaction decreases with the increase of
the interaction distance because the energy that can be stored during separation is limited by
the constant of the bond energy. If the energy limiter exists for the pair interaction then it
should exist in the multiple interactions. The latter means that we should limit the magnitude
of the strain energy in order to describe material failure within the framework of elasticity.
By introducing energy limiters we enforce the volumetric failure energy, @, which is the
maximum energy that can be stored and dissipated by an infinitesimal material volume. The
physical meaning of @ is the average bond energy — see Section 8 of Volokh (2007) or
Section 2 of Volokh (2008).

Specifically, we employ the constitutive description of natural rubber (Volokh, 2010)
where the strain energy function has the form

v=2rc0-re 2
m m m @

)i 3)

W:icko(ﬂf+/1§+z§—3)k, J = =1, (4)
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where A, are the principal stretches and there are several fitting parameters:
C,=0298MPa; C,, =0.014MPa; C,,=0.000l16MPa; @=82MPa; m=10; and

(s, x)= It“ exp(—t)dt is the upper incomplete gamma function.

The constitutive model of rubber includes five constants. Three constants C,,

describe the intact Yeoh material (4) and they were calibrated by Hamdi et al (2000).
Constant m 1is responsible for the steepness of failure and its meaning is illustrated in Fig. 1
(Volokh, 2010; Trapper and Volokh, 2010). For m >10 the failure occurs quite abruptly.
The only crucial failure parameter @ was fitted to the critical failure stretch 4, =7.12
found in uniaxial tension tests by Hamdi et al (2006).

The strain energy (3) nicely fits the biaxial failure tests by Hamdi et al (2006) — Fig.
1.
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Fig. 1 Critical failure stretches in biaxial tension for natural rubber.

In the case of the local volumetric failure, i.e. rupture of the material bonds within
the representative volume, the strain energy approaches its asymptotic value which can be
called the energy limiter and interpreted as the volumetric energy dissipated during failure

0=y >0 =21 0). 5)

m m

Substituting m =10 and @ =82MPa in (5) we get
o="78[J/cm’]. (6)

Substituting (2) and (6) in (1) we get the characteristic length and the element size
h=0.2[mm]. (7
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3. Discussion. The obtained characteristic length ~0.2 mm of natural rubber can be tackled
in computations based on the strain energy function (3). However, this small size is only
crucial for the finite elements in the areas where the crack propagation takes place. Non-
fractured areas can be approximated arbitrarily. We do not have any experimental
observations of the characteristic length yet we hope that our theoretical prediction will
encourage experimentalists.

Finally, we should make two remarks on the use of the characteristic length in finite
element simulations. First, we note that many commercial codes consider only the surface
failure energy y as a material parameter and they fit the constitutive law to the volumetric

failure energy @~ y/h which varies with the varying element size, /4. Thus, the elements

of different sizes have different constitutive equations and the finite element model as a
whole lives its own life rather than approximates a boundary value problem. Second,
regularization procedures based on nonlocal or gradient continua theories are more
reasonable than the intuitive regularizations described in the first remark. Nonlocal and
gradient theories incorporate characteristic lengths in their formulations. However, the
accurate numerical analysis based on these theories still requires finite elements with the
size of the order of the characteristic length. Besides, the interpretation of boundary
conditions for nonlocal and gradient theories is not a trivial issue.

References

Hamdi, A., Nait Abdelaziz, M., Ait Hocine, N., Heuillet, P., Benseddiq, N. (2006) A fracture criterion of rubber-like
materials under plane stress conditions. Polymer Testing 25, 994—1005.

Rivlin, R.S., Thomas, A.G. (1953) Rupture of rubber I. Characteristic energy for tearing. Journal of Polymer Science 10,
291-318.

Trapper, P., Volokh, K.Y. (2010) Modeling dynamic failure in rubber. International Journal of Fracture 162, 245-253.

Volokh, K.Y. (2007) Hyperelasticity with softening for modeling materials failure. Journal of the Mechanics and Physics
of Solids 55, 2237-2264.

Volokh, K.Y. (2008) Multiscale modeling of material failure: From atomic bonds to elasticity with energy limiters.
International Journal for Multiscale Computational Engineering 6, 393-410

Volokh, K.Y. (2010) On modeling failure of rubberlike materials. Mechanics Research Communications (in press)

Xue, Z., Pontin, M.G., Zok, F.W., Hutchinson, J.W. (2010) Calibration procedure for a computational model of ductile
fracture. Engineering Fracture Mechanics 77, 492—-509.

@ Springer



	CHARACTERISTIC LENGTH OF DAMAGE LOCALIZATION IN RUBBER
	Abstract
	1. Introduction
	2. Characteristic length of natural rubber
	3. Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /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 true
  /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 false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /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.)
    /DEU <>
  >>
  /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 [595.276 841.890]
>> setpagedevice


