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Abstract

The meshfree adaptive method has been devel oped and widely used as an important tool to deal with large topology
change with severe local deformation in the application of 3D metal forming analysis. However, due to the
complexity of material deformation, it is impractical to predefine the adaptivity before the actual analysis is
performed. The interactive adaptivity will be an alternative to dynamically detect distortion and maintain the quality
of meshfree discretization.

In this work, we are going to present a new development on meshfree interactive adaptivity. Several control
indicators are introduced to measure the local distortion in discretization as material deforms. When one or more
indicators are beyond certain tolerance, which indicates the occurrence of severe shear deformation, large
volumetric change, or unbalanced nodal distribution, meshfree interactive adaptivity is triggered. The user defined
tolerance is carefully adjusted according to the history of material deformation to avoid the over-activation of
interactive adaptivity. Several numerical examples will be presented to demonstrate the advantages of interactive
adaptivity and compared to the traditional approach.

I ntroduction

Meshfree adaptivity [1]-[6] has become an important tool for the structural anaysis involving
large deformation. During the adaptive process, discretization is optimized according to material
deformation and moving interface, so that the numerical simulation gets enhanced in accuracy
and robustness. In LS-DYNA®, the meshfree adaptive procedure [2]-[4] adopts the built-in
feature of meshfree method to construct local interpolation function with high order smoothness
and consistency for the transfer of state variables between the successive deformations, which
maintains the desirable accuracy and minimizes the numerical diffusion. However, the nature of
adaptivity brings up some numerical issues. For example, the high gradient of state variables
could be dramatically smoothed out if adaptivity is over-activated. The existing implementation
of adaptivity, referred as the traditional adaptivity in this paper, is controlled by a predefined
timetable, which limits its application to the problem with complex and unpredictable
deformation.

In this paper, we present a new development of interactive control for meshfree adaptivity, which
is designed to capture distortion and trigger adaptive procedure dynamically. Three different
indicators are currently introduced to identify distortion from different sources. Other error
indicators and estimators can aso be incorporated for more general application in the future. A
new control keyword, *CONTROL_REMESH_EFG, is created to provide users with the
flexibility to control the interactive adaptivity and define the corresponding tolerance. The

10-21



Metal Forming 11™ Inter national LS-DYNA® Users Conference

interactive adaptivity currently was implemented for EFG 4-node solid element, and the
extension to other element types is straightforward. We demonstrate the capability of this new
development by analyzing severa metal forming and machining problems.

| nter active Adaptivity

In the interactive adaptivity, it is very important to properly measure distortion as material

deforms. We introduce three indicators to detect local distortion:

(1) Indicator of shear deformation: the off-diagona entries of deformation gradient tensor are
used to measure the shear deformation from the reference configuration updated by the
previous adaptivity; most of metal forming problems are usually shear-distortion dominant.

(2) Indicator of volumetric change: this indicator is particularly useful for the problems
involving material damage.

(3) Indicator of unbalanced nodal distribution: the ratio of maximum and minimum edge lengths
for every integration cell is used to represent the noda distribution. The built-in mesh
generator updates the discretization with good quality control after every adaptive procedure,
which provides a smooth nodal distribution. The distribution changes as material deforms.
Unbalanced nodal distribution will cause accuracy and robustness issue in meshfree
approximation.

In the card 3 under the new keyword, * CONTROL_REMESH_EFG, user defines the tolerance
for three indicators, separately. Interactive adaptive procedure is triggered when any one of three
indicators has value beyond the tolerance. The default tolerance turns off the corresponding
indicator. In order to deal with rapid topology change, we calculate the rate of indicator value
change over every time step, and trigger additional interactive adaptivity if it is over certain
tolerance.

In the card 2, we provide user with different choice to control the interactive adaptivity:

(Dthe traditional adaptivity.

(2)the interactive adaptivity combined with the traditional one, where additional adaptivity is
triggered interactively within every time interval of predefined adaptivity.

(3)the purely interactive adaptivity, where the time interval between two successive adaptive
stepsis bounded by ADPFREQ (in the card 1 of keyword * CONTROL_ADAPTIVE).

(4)the purely interactive adaptivity.

Numerical Examples

1. Wheel Forging

In this problem, the deformable part is modeled by 4-node solid EFG elements. The effective
plastic strain in the fina deformation is plotted in Figure 1. The computationa efficiency
comparison of the interactive and the traditional adaptivity is shown in Figure 2. As we can see,
the interactive adaptivity reduces the overall computational time by dynamically detecting
distortion and triggering much less number of adaptive procedures. Figure 3 and 4 compare the
resultant contact force and internal energy results respectively which are in good agreement.
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Figure 1. Contour plot of the effective plastic ~ Figure 2. Computational efficiency comparison
strain for wheel forging problem
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Figure 3. Comparison of resultant force Figure 4. Comparison of internal energy

2. Cross Joint Extrusion

The half model of the work piece is shown in Figure 5 (a). After the extrusion process, the
effective plastic strain in the final deformation is plotted in Figure 5 (b). In Table 2, we provide
the CPU time comparison of the interactive and the traditional adaptivity, where the interactive
adaptivity achieves remarkable enhancement in computational efficiency. Figure 6 shows
resultant contact force between the work piece and the punch, and Figure 7 shows the internal
energy of the work piece. Figure 8 is the history of volume change for the two methods. It is
obvious that the conventional adaptivity predicts a slightly softer response than the presented
method due to the loss of volume caused by the excess numbers of adaptive procedures.
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(a) half model in theinitial stage
Figure 5. Cross joint extrusion problem

(b) contour plot of the effective plastic
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Figure 6. The comparison of resultant force
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Figure 7. The comparison of internal energy
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Figure 8. The comparison ot volume change

3. Gear Forging

This forging problem has complex geometry profile, which can not be handled easily by the
traditional meshfree adaptivity. The purely interactive adaptivity has been implemented together
with the parallel version of 3D EFG, which provides effective analysis for this problem. The
distribution of effective plastic strain is plotted in Figure 9. The occurrence frequency of

10-24



11™ Inter national LS-DYNA® Users Conference Metal Forming

distortion detected by purely interactive adaptivity is highly irregular, as shown in Figure 10,
which exolains the difficultv of usina oredefined timetable for the traditional adaptivity.
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Figure 9. Contour plot of the effective plastic strain  Figure 10. Purely interactive adaptive steps

4. Metal Cutting

Compared to forging and extrusion problem, metal cutting analysis is more challenging because
it involves materia softening and failure. The distortion problem due to continuum material
damage is handled by using meshfree interactive procedure with a new development on surface
separation scheme. Figure 11 shows the deformation and effective plastic strain distribution at
different time during the cutting process. The high gradient is clearly captured in alocal region
along the cutting surface, which is very important for the spring-back analysisin the next phase
of machining process. The resultant force is plotted in Figure 12.

(a) t=0.00s (b) t=0.34s

(c) t=0.59s (d)t=0.82s

Figure 11. History plots of deformation and effective plastic strain distribution
(a)-(c) the side view of work piece; (d) the bird-eye view of work piece with the integration cells
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LS-DYNA: Interactive Adaptivity EFG: Example 3: RCFORC
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Figure 12. Resultant force in metal cutting problem

Conclusion

We have introduced the meshfree interactive adaptivity in recent developments, and
demonstrated its capability for the application of metal forging, extrusion and cutting problems,
which are usualy difficult for the conventional adaptivity. The meshfree adaptive method is an
accurate and robust method for the problems involving high gradients, large topology change and
the requirements of precise surface presentation. With the new developments on interactive
control and surface reconstruction, the performance of adaptivity is further enhanced on
efficiency and accuracy. Nevertheless, the presented method has limitation on predicting the
material failure and separation with a high degree of accuracy. It is still quite challenging to
avoid mesh sensitivity issue as well as handle complex failure paths in the three-dimensional
case. Finding a suitable physics-based failure model is another critical issue, which may require
multi-scale approaches to model the subscale materia failure pattern. This will be the
continuation of our research and devel opment.

Acknowledgement

We would like to thank Miki Miyazaki of JSOL Corporation for proving two examples.

References

[1] Wu, C. T. and Lu, H. S. “Practical fast meshfree analysis’, U.S. Patent, 2009.

[2] Lu, H. S.,, Wu, C. T., and Xu, J. X. “Forging and extrusion analysis with LS-DYNA using 3D adaptive EFG
method”, 10th International LS-DY NA Users Conference, 17-(21-24), 2008.

[3] Hallquist, J.O., LS-DYNA Theory Manual, Livermore Software Technology Corporation, 2006.

[4] Lu, H. and Wu, C. T. “A grid-based adaptive scheme for the three-dimensional forging and extrusion problems
with the EFG method”, 9th International LS-DY NA Users Conference, 17-(33-44), 2006.

[5] Rabczuk, T. and Belytschko, T. “Adaptivity for structured meshfree particle methods in 2D and 3D”,
International Journal for Numerical Methods in Engineering, Vol. 63, p. 1559-1582, 2005.

[6] Lu, H. and Chen, J. S. “ Adaptive meshfree particle method”, Lecture Notesin Computational Science and
Engineering, Vol. 26, pp. 251-267, 2002.

10-26




<<
  /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 1.6
  /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


