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ABSTRACT

This paper presents numerical analysis and full-scale test of a mine protected armoured
personnel carrier M113 subjected to a detonation of a buried 5.56 kg C4 surrogate mine
placed under the belly of the vehicle. The protection consists of granulated ceramics
(CRUSHMAT®) filled within the space between the bottom plate and a reinforced floor.
The vehicle structure and mine protection are modelled with Lagrange elements and the
mine and surrounding air with ALE elements. CRUSHMAT® is modelled using
material model 63 Crushable foam, where stress-strain behaviour is obtained with
laboratory tests.

KEYWORDS:
CRUSHMAT®, material model 63, FSI, Mine Blast

2.6.3 2.181



6th European LS-DYNA Users’ Conference

INTRODUCTION

The M113 is a light armoured vehicle and tests as well as war damages conclude that
the pre-existing armour is not sufficient to protect the personnel against anti-tank mines.

The present paper concerns a CRUSHMAT® add-on armour solution to the armoured
personnel carrier M113. In the crew compartment of the M113 an empty space between
the floor plates and the bottom plate is utilized with a CRUSHMAT®" layer. This layer
contributes to the blast protection of the bottom of the vehicle.

The investigations presented in this paper include a Finite Element Model in addition to
full scale testing of the armour in a M113.

The model of the M113 exposed to an anti-tank mine is presented, with focus on mine
modelling, the reaction of the add-on armour and the global movement of the vehicle.

The add-on armour is tested full-scale on a M113 withdrawn from service. The test is
compared with the model.

MODELS IN LS-DYNA3D

A Lagrange shell model of the M113A2 (2nd generation M113) is built in LS-
PREPOST. The model includes the hull, a detailed specification of the vehicle bottom
and floor but excludes belts, hatches, engine and engine room. The vehicle hull is
constructed of full-welded aluminium plates of different thickness and the crew
compartment floor consists of five steel armour plates held together by steel U-profiles.
The aluminium and steel materials are modelled with LS-DYNA3D material model 3
*MAT PLASTIC KINEMATIC, see Table 1.
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Table 1 Material properties for Lagrange models

Material LS-DYNA3D Cards (Units = mm, kg, msec, kN)

CRUSHMAT" | *MAT CRUSHABLE FOAM TITLE

RO E PR LCID | TSC DAMP

5.89E-6 | 68.97 | 0.28 2.0 241E-3 | 0.20

*MAT PLASTIC KINEMATIC TITLE

RO E PR SIGY

Aluminium 2.66E-6 | 71.0 0.33 0.207

Armour steel 7.86E-6 | 206 0.30 1.25

Steel S355 7.86E-6 | 210 0.30 0.345

HH-steel 7.86E-6 | 206 0.30 1.0

The FEM mesh is shown in Figure 1. The structure is modelled with Belytschko-Lin-
Tsay shell elements and the CRUSHMAT® layer and torsion bars with 8 node solid
elements.

profile

Floor
\ plate Torsion bar
MIL3 Confinement Bottom \
plate CRUSHMAT®

Figure 1 FEM mesh.
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The floor is fastened with bolts to the chassis. The bolting is modelled as spot welds
with shear and axial force according to the bolts used in the full-scale test.

Underneath the steel armour floor is the CRUSHMAT® layer which is modelled with
solid elements. Contacts are defined between the CRUSHMAT® and all neighbouring
materials.

A mine placed in a confinement (steel pit) with a surrounding volume of air is modelled
centrally beneath the crew compartment of the vehicle. The mine, confinement and
surrounding air is modelled with ALE elements and connected to the Lagrange elements
with the *CONSTRAINED LAGRANGE IN SOLID card. The mine is modelled with
material model *MAT HIGH EXPLOSIVE BURN.

The goal of the model is to predict the reaction of the add-on armour exposed to an anti-
tank mine and furthermore the overall rigid motion of the vehicle.

CRUSHMAT® MATERIAL MODELLING

CRUSHMAT® is a ceramics granulate which consists of unbound grains of alumina
(Al,O3). When exposed to blast loading, CRUSHMAT® absorbs a high amount of the
blast energy. The energy absorbed is mainly consumed by the crushing of the material,
i.e. reducing the size of the materials in proportion with the increase in the total particle
surface. The outer surface of each alumina grain is very small compared with the
internal pore surface. The fracture energy consumed by crushing is estimated at the
interval of 100 — 2100 J per kg. The density of CRUSHMAT® lies around 600kg/m® and
the sizes of the ceramic grains are between 0.5-10mm, see Figure 2.

[ Curve fit for LSDYNA input
Laboratory test
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Figure 2 Close-up of the grains in CRUSHMAT® and stress-strain
relationship for CRUSHMAT® respectively. (Stress units: GPa)
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The stress-strain curve of the CRUSHMAT® material has been assessed by laboratory
compression tests performed by RIS@ national laboratory. Figure 2 presents the stress-
strain relationship. Compression test with cross-head speed varying from 10-10000
mm/min shows only little strain rate dependencies. This lack of dependencies is
assumed also for higher strain rates, and strain rate effects are therefore neglected in the
following simulations with CRUSHMAT".

Modelling of the material test is performed. CRUSHMAT® is modelled with
*MAT CRUSHABLE FOAM material model using solid elements, see Table 1. The
stress-strain relationship obtained from the simulation is plotted in Figure 2. The
simulated stress-strain curve follows the curve obtained by laboratory test up to a strain
level of 0.60, where after the contact interface between the CRUSHMAT® part and
cylinder fails due to high pressure.

Figure 3 Model of compression test. Only the quarter of the test setup is modelled due
to symmetry. The model consists of cylinder, cross-head and granulates.

MINE EXPLOSION MODELLING

The mine is placed in an air gap in the confinement. The confinement is a square steel
pit with a circular cavity shown in Figure 4. The steel pit is recommended in AEP-55 [3]
in order to ensure same conditions for different tests. The dimensions of the steel pit are
designed such as the pressure propagation from the mine detonation are corresponding
with a buried mine.

The mine, air and confinement are modelled with 8-node solid brick ALE elements with
one point integration. For modelling of the Fluid-Structure interaction between the mine
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blast and vehicle structure a Lagrangian-Eulerian description with a penalty coupling is
used.

% \%Z)% 7]
\ri,

Figure 4 Mine and confinement modelled with ALE elements and as defined in [3].
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The explosive is C4. The properties for the explosive are found in literature [2]. It is
modelled as a *MAT HIGH BURN EXPLOSIVE, see Table 2.

Table 2 Material properties for ALE models

Material | LS-DYNA3D Cards (Units = mm, kg, msec, kN)

C4 *MAT HIGH EXPLOSIVE BURN TITLE
RO D PCJ BETA | K G SIGY
1.60E-6 8040 | 28.1 2 6.8 3.0 0.0011

*EOS JWL TITLE

A B R1 R2 OMEGA | EO Vo0

598.2 13.75 4.5 1.5 0.32 8.7 1.0
AIR *MAT NULL TITLE

RO

1.29E-9

*EOS _LINEAR POLYNOMIAL TITLE

C0 Cl C2 C3 C4 C5 C6
0.0 0.4 0.4

EO VO

0.00025 | 1.0

HH-steel is wused for the confinement/steel pit. For modelling the steel
*MAT_PLASTIC KINEMATIC material model is used. The material data is shown in
Table 1.

The air is a large solid box located in the cavity of the confinement, around the mine
and on top of the mine and confinement, see Figure 5. The size of the air domain is
dependent on vehicle geometry and the distance between the mine and the bottom plate
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of the vehicle. Since the air serves as calculation domain together with the mine and the
confinement it is important that at least the bottom plate is contained in the air. The air
is modelled with the ideal gas law undergoing an adiabatic process. The material data
used for air in LS-DYNA3D is shown in Table 2. The air only partly covers the
Lagrange model of the vehicle as shown in Figure 1. This is in order to minimise the
calculation time.

Figure 5 Total ALE mesh.

GLOBAL MOVEMENT

The maximum global movement of the vehicle is obtained after approximately 500
msec. In order to bring down calculation time all Lagrangian parts are transferred into
rigid parts after 2 msec using *DEFORMABLE TO RIGID AUTOMATIC card. The
mass of the vehicle is smeared over the hull, such that the total weight of the vehicle
model is 8 tonne. The real weight of the M113 is around 11 tonne. Gravity is applied
and instead of modelling the ground, nodal points on the front of the vehicle as
indicated in Figure 6 are constrained in the vertical direction, forcing the model to turn
around the tip of the vehicle.

Figure 6 Nodal constrained in vertical direction.
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FULL-SCALE TEST

The add-on armour is tested full-scale. In the test a M113 is exposed to a 5.56 kg C4
surrogate mine placed centrally beneath the crew compartment of the vehicle. The
M113 is equipped with a conceptual CRUSHMAT® mine protection. The add-on
armour implementation in the M 113 is sketched in Figure 7.

— Track

Bolts
l fSteel armour plate l
v
l CRUSHMAT® I
L Aluminium plate

——— Chassis

Figure 7 Cross-sectional sketch of M113 with add-on armour.
The CRUSHMAT® layer is sandwiched between the bottom- and
floor plate. The floor plate is bolted to the chassis of the vehicle.

The concept of the armour is to sandwich the CRUSHMAT® layer between the bottom
plate (aluminium undercarriage) and a steel armour floor plate. When exposed to a mine
blast the undercarriage will deflect and since the CRUSHMAT® is supported by the
floor plate the CRUSHMAT® material is crushed. This crushing absorbs a high amount
of energy.

RESULTS

The model of the armour reaction exposed to a 5.56 kg anti-tank mine is depicted in
Figure 8. At t=0 the mine detonates and after 0.2 msec the shockwave arrives at the
vehicle undercarriage. Pressure is build up beneath the undercarriage and an
undercarriage deflection is initialised. 2.6 msec after detonation the CRUSHMAT®
layer is exposed to compression and the floor plate begins deflecting. After 9.0 msec the
floor plates separate from its support indicating that a failure has occurred.
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0.0 msec 0.2 msec

2.6 msec 9.0 msec

Figure 8 The reaction of the armour exposed to an anti-tank mine is presented in a cross
section of the add-on armour centrally above the mine. The meshed area is the
CRUSHMAT®" layer, steel armour plates and U-profiles respectively as seen from
beneath. The remaining area outlines the ALE elements, including air, steel pit and
mine. At four different times the mine detonation, explosion development and reaction
of the mine protective system is depicted.

In both model and experiment the floor plate fixation fails. The bolts are cut between
the steel armour floor plates and their support. The failure occurs in a matter of
milliseconds and hence the failure is brittle. In Figure 9 the failure in the model is
shown.
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Figure 9 The model just after the failure is shown. The
steel armour floor in the crew compartment is lifted
when the bolt fixation fails.

However the aluminium bottom plate withstands the pressure development underneath.
The undercarriage deflects but no rupture happens. The undercarriage deflection is
shown in Figure 10.

LS-DYNA USER INPUT

Figure 10 Undercarriage deflection in model and in full-scale test.

The global movement of the vehicle is also considered, see Figure 11. The vertical
movement of the vehicle rear end is larger for the model than for the test. It is seen that
constraining the nodes in vertical direction is not enough as the model slide horizontally
which is not seen in the test. Furthermore the lesser weight of the vehicle model is also
contributing to the increased global movement.
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Figure 11 The global movement of the M113 in model and in experiment.

SUMMARY AND CONCLUSION

In this paper a FE model is compared with a full-scale test performed on an armoured
personnel carrier exposed to an anti-tank mine. The armoured personnel carrier is
equipped with an add-on armour based on a layer of granulated ceramics called
CRUSHMAT®. A model has been developed that describes the mine detonation,
subsequent shock propagation and transition to the vehicle structure. The model also
describes the reaction of the integrated parts of the add-on armour, including the
CRUSHMAT® layer, aluminium bottom and steel armour plates. Furthermore the model
is able to reproduce the global rigid movement of the vehicle.

Afterwards a modified model with stronger spot welds (bolts) is simulated. In this
model the spot weld fixation does not fail. This way a sufficient bolt dimension can be
determined.

REFERENCES

1. LS-DYNA Keyword User's Manual Version 970, Livermore Software
Technology Corporation, Livermore, 2003.

2. "Conf. on spacecraft Structures, Materials and mechanical testing", ESA 1996

3. AEP-55 Vol. 2, ed. 1, “Procedures for Evaluating the Protection level of
Logistic and Light Armoured Vehicles”, September 2005.

4. M.J. Mullin and B.J. O’Toole, “Simulation of Energy Absorbing Materials in
Blast Loaded Structures”, 8th International LS-DYNA Users Conference.

2.192 2.6.3




<<
  /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 <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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 [473.386 595.276]
>> setpagedevice


