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AES
Copyright ' 2001, Dr Brian Gladman <brg@gladman.uk.net>, Worcester, UK.  All rights reserved.

LICENSE TERMS

The free distribution and use of this software in both source and binary form is allowed (with or without changes)
provided that:
1. distributions of this source code include the above copyright notice, thislist of conditions and the following
disclaimer;
2. distributions in binary form include the above copyright notice, thislist of conditions and the following
disclaimer in the documentation and/or other associated materials;
3. the copyright holder’ s name is not used to endorse products built using this software without specific written
permission.

DISCLAIMER

This software is provided "asis’ with no explicit or implied warranties i respect of any properties, including, but not
limited to, correctness and fitness for purpose.

Issue Date: 21/01/2002

Thisfile contains the code for implementing the key schedule for AES (Rijndael) for block and key sizes of 16, 24,
and 32 bytes.
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*MAT

*MAT

LS-DYNA has historically referenced each material model by a number. As shown below, a
three digit numerical designation can still be used, eg., *MAT_001, and is equivalent to a
corresponding descriptive designation, e.g., *MAT_ELASTIC. The two equivalent commands
for each material model, one numerical and the other descriptive, are listed below. The numbers
in square brackets (see key below) identify the element formulations for which the material
model is implemented. The number in the curly brackets, {n}, indicates the default number of
history variables per element integration point that are stored in addition to the 7 history
variables which are stored by default. For the type 16 fully integrated shell elements with 2
integration points through the thickness, the total number of history variables is 8 x (n+7). For
the Belytschko-Tsay type 2 element the number is 2 x (n+7).

An additional option TITLE may be appended to a *MAT keyword in which case an
additional line is read in 80a format which can be used to describe the material. At present,
LS-DY NA does not make use of thetitle. Inclusion of titles simply gives greater clarity to input
decks.

Key to numbersin sguare brackets

0 - Solids

1H - Hughes-Liu beam

1B - Belytschko resultant beam

1l - Belytschko integrated solid and tubular beams
1T - Truss

1D - Discrete beam

1sSwW - Spotweld beam

2 - Shells

3a - Thick shell formulation 1

3b - Thick shell formulation 2

3c - Thick shell formulation 3

3d - Thick shell formulation 5

4 - Special airbag element

5 - SPH element

6 - Acoustic solid

7 - Cohesive solid

8A - Multi-material ALE solid (validated)

8B - Multi-material ALE solid (implemented but not validatedl)
9 - M embrane element

*MAT_ADD_EROSION?
*MAT_ADD_PERMEABILTY
*MAT_ADD_PORE_AIR

1 Error associated with advection inherently leads to state variables that may be inconsistent with nonlinear
congtitutive routines and thus may lead to nonphysical results, nonconservation of energy, and even numerical
instability in some cases. Caution is advised, particularly when using the 2™ tier of material models implemented
for ALE multi-material solids (designated by [8B]) which are largely untested as ALE materials.

2 These three commands do not, by themselves, define a material model but rather can be used in certain cases to
supplement material models
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*MAT

*MAT_ADD_THERMAL_EXPANSION2

*MAT_NONLOCAL2

*MAT_001:
*MAT_001_FLUID:
*MAT_002:
*MAT_003:
*MAT_004:
*MAT_005:
*MAT_006:
*MAT_007:
*MAT_008:
*MAT_009:
*MAT_010:
*MAT_O11:
*MAT_011_LUND:
*MAT_012:
*MAT_013:
*MAT_014:
*MAT_015:
*MAT_016:
*MAT_017:
*MAT_018:
*MAT_019:
*MAT_020:
*MAT_021:
*MAT_022:
*MAT_023:
*MAT_024:
*MAT_025:
*MAT_026:
*MAT_027:
*MAT_028:
*MAT_029:
*MAT_030:
*MAT_031:
*MAT_032:
*MAT_033:
*MAT_033_96:
*MAT_034:
*MAT_035:
*MAT_036:
*MAT_037:
*MAT_038:
*MAT_039:
*MAT_040:
*MAT_041-050:
*MAT_051:
*MAT_052:
*MAT_053:
*MAT_054-055:
*MAT_057:
*MAT_058:
*MAT_059:
*MAT_060:

*MAT_ELASTIC [0,1H,1B,11,1T,2,3abcd,5,8A] {0}
*MAT_ELASTIC_FLUID [0,8A] {0}

*MAT_{ OPTION} TROPIC_ELASTIC [0,2,3abc] {15}
*MAT_PLASTIC_KINEMATIC [0,1H,11,1T,2,3abcd,5,8A] {5}
*MAT_ELASTIC_PLASTIC_THERMAL [0,1H,1T,2,3abcd,8B] {3}
*MAT_SOIL_AND_FOAM [0,5,3cd,8A] {0}
*MAT_VISCOELASTIC [0,1H,2,3abcd,5,8B] {19}
*MAT_BLATZ-KO_RUBBER [0,2,3abc,8B] {9}
*MAT_HIGH_EXPLOSIVE_BURN [0,5,3cd,8A] {4}

*MAT_NULL [0,1,2,3¢cd,5,8A] {3}
*MAT_ELASTIC_PLASTIC_HYDRO_{OPTION} [0,3¢cd,5,8B] {4}
*MAT_STEINBERG [0,3cd,5,8B] {5}

*MAT_STEINBERG_LUND [0,3cd,5,88] {5}
*MAT_ISOTROPIC_ELASTIC_PLASTIC [0,2,3abcd,5,88] {0}
*MAT_ISOTROPIC_ELASTIC_FAILURE [0,3cd,5,88] {1}
*MAT_SOIL_AND_FOAM_FAILURE [0,3cd,5,8B] { 1}
*MAT_JOHNSON_COOK [0,2,3abcd,5,8A] {6}
*MAT_PSEUDO_TENSOR [0,3cd,5,8B] {6}
*MAT_ORIENTED_CRACK [0,3cd] { 10}
*MAT_POWER_LAW_PLASTICITY [0,1H,2,3abcd,5,88] {0}
*MAT_STRAIN_RATE_DEPENDENT_PLASTICITY [0,2,3abcd,5,8B] {6}
*MAT_RIGID [0,1H,1B,1T,2,3ab] {0}
*MAT_ORTHOTROPIC_THERMAL [0,2,3abc] { 29}
*MAT_COMPOSITE_DAMAGE [0,2,3abcd,5] {12}
*MAT_TEMPERATURE_DEPENDENT_ORTHOTROPIC [0,2,3abc] { 19}
*MAT_PIECEWISE_LINEAR_PLASTICITY [0,1H,2,3abcd,5,8A] {5}
*MAT_GEOLOGIC_CAP_MODEL [0,3¢cd,5] {12}

*MAT_HONEY COMB [0,3cd] {20}
*MAT_MOONEY-RIVLIN_RUBBER [0,1T,2,3c,8B] {9}
*MAT_RESULTANT_PLASTICITY [1B,2] {5}
*MAT_FORCE_LIMITED [1B] {30}

*MAT_SHAPE_MEMORY [0,2,3abc,5] {23}
*MAT_FRAZER_NASH_RUBBER_MODEL [0,3c,3B] {9}
*MAT_LAMINATED_GLASS [2,3ab] {0}
*MAT_BARLAT_ANISOTROPIC_PLASTICITY [0,2,3abcd] {9}
*MAT_BARLAT_YLD96 [2,3ab] {9}

*MAT_FABRIC [4] {17}
*MAT_PLASTIC_GREEN-NAGHDI_RATE [0,3¢cd,5,8B] {22}
*MAT_3-PARAMETER_BARLAT [2,3ab,5] { 7}
*MAT_TRANSVERSELY_ ANISOTROPIC_ELASTIC_PLASTIC [2,3ab] {9}
*MAT_BLATZ-KO_FOAM [0,2,3c,8B] {9}
*MAT_FLD_TRANSVERSELY_ANISOTROPIC [2,3ab] {6}
*MAT_NONLINEAR_ORTHOTROPIC [0,2,3c] {17}
*MAT_USER_DEFINED_MATERIAL_MODELS [0,1H,1T,1D,2,3abcd,5,88] {0}
*MAT_BAMMAN [0,2,3abcd,5,88] { 8}
*MAT_BAMMAN_DAMAGE [0,2,3abcd,5,88] { 10}
*MAT_CLOSED_CELL_FOAM [0,3cd,8B] {0}
*MAT_ENHANCED_COMPOSITE_DAMAGE [0,2,3cd] { 20}
*MAT_LOW_DENSITY_FOAM [0,3cd,5,8B] {26}
*MAT_LAMINATED_COMPOSITE_FABRIC [2,3ab] { 15}
*MAT_COMPOSITE_FAILURE_{OPTION} MODEL [0,2,3cd,5] {22}
*MAT_ELASTIC_WITH_VISCOSITY [0,2,3abcd,5,88] {8}
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*MAT

*MAT_060C:
*MAT_061:
*MAT_062:
*MAT_063:
*MAT_064:
*MAT_065:
*MAT_066:
*MAT _067:
*MAT_068:
*MAT_069:
*MAT_070:
*MAT_071:
*MAT_072;
*MAT_072R3:
*MAT_073:
*MAT_074:
*MAT_075:
*MAT_076:
*MAT_077_H:
*MAT_077_O:
*MAT_078:
*MAT_079:
*MAT_080:
*MAT_08L:
*MAT_082(_RCDC):
*MAT_083:
*MAT_084-085:
*MAT_086:
*MAT_087:
*MAT_088:
*MAT_089:
*MAT_090:
*MAT_091:
*MAT_092:
*MAT_093:
*MAT_094:
*MAT_095:
*MAT_096:
*MAT_097:
*MAT_098:
*MAT_099:
*MAT_100:
*MAT_100_DA:
*MAT_101:
*MAT_102:
*MAT_103:
*MAT_103_P:
*MAT_104:
*MAT_105:
*MAT_106:
*MAT_107:
*MAT_108:
*MAT_110:
*MAT_111:
*MAT_112:

*MAT_ELASTIC_WITH_VISCOSITY_CURVE [0,2,3abcd,5,8B] {8}
*MAT_KELVIN-MAXWELL_VISCOELASTIC [0,3cd,5,8B] { 14}
*MAT_VISCOUS_FOAM [0,3cd,8B] {7}
*MAT_CRUSHABLE_FOAM [0,3cd,5,8B] {8}
*MAT_RATE_SENSITIVE_POWERLAW_PLASTICITY [0,2,3abcd,5,8B] { 30}
*MAT_MODIFIED_ZERILLI_ARMSTRONG [0,2,3abcd,5,8B] { 6}
*MAT_LINEAR_ELASTIC_DISCRETE_BEAM [1D] {8}
*MAT_NONLINEAR_ELASTIC_DISCRETE_BEAM [1D] {14}
*MAT_NONLINEAR_PLASTIC_DISCRETE_BEAM [1D] {25}
*MAT_SID_DAMPER_DISCRETE_BEAM [1D] {13}
*MAT_HYDRAULIC_GAS DAMPER_DISCRETE_BEAM [1D] {8}
*MAT_CABLE_DISCRETE_BEAM [1D] {8}
*MAT_CONCRETE_DAMAGE [0,3cd,5,8B] {6}
*MAT_CONCRETE_DAMAGE_REL3 [0,3cd,5] { 6}
*MAT_LOW_DENSITY_VISCOUS _FOAM [0,3cd,8B] {56}
*MAT_ELASTIC_SPRING_DISCRETE_BEAM [1D] {8}
*MAT_BILKHU/DUBOIS_FOAM [0,3cd,5,88] {8}
*MAT_GENERAL_VISCOELASTIC [0,2,3abcd,5,8B] {53}
*MAT_HYPERELASTIC_RUBBER [0,2,3cd,5,8B] {54}
*MAT_OGDEN_RUBBER [0,2,3cd,8B] {54}
*MAT_SOIL_CONCRETE [0,3cd,5,8B] {3}
*MAT_HYSTERETIC_SOIL [0,3cd,5,8B] {77}
*MAT_RAMBERG-OSGOOD [0,3cd,8B] { 18}
*MAT_PLASTICITY_WITH_DAMAGE [0,2,3abcd] {5}
*MAT_PLASTICITY_WITH_DAMAGE_ORTHO(_RCDC) [0,2,3abcd] {22}
*MAT_FU_CHANG_FOAM [0,3cd,5,8B] {54}
*MAT_WINFRITH_CONCRETE [0] {54}
*MAT_ORTHOTROPIC_VISCOELASTIC [2,3ab] {17}
*MAT_CELLULAR_RUBBER [0,3cd,5,8B] { 19}
*MAT_MTS[0,2,3abcd,5,88] {5}
*MAT_PLASTICITY_POLYMER [0,2,3abcd] {45}
*MAT_ACOUSTIC [6] { 25}

*MAT_SOFT_TISSUE [0,2] { 16}

*MAT_SOFT_TISSUE_VISCO [0,2] {58}
*MAT_ELASTIC_6DOF_SPRING_DISCRETE_BEAM [1D] { 25}
*MAT_INELASTIC_SPRING_DISCRETE_BEAM [1D] {9}
*MAT_INELASTC_6DOF_SPRING_DISCRETE_BEAM [1D] {25}
*MAT_BRITTLE_DAMAGE [0,8B] {51}
*MAT_GENERAL_JOINT_DISCRETE_BEAM [1D] {23}
*MAT_SIMPLIFIED_JOHNSON_COOK [0,1H,1B,1T,2,3abcd] { 6}
*MAT_SIMPLIFIED_JOHNSON_COOK_ORTHOTROPIC_DAMAGE [0,2,3abcd] { 22}
*MAT_SPOTWELD_{ OPTION} [0,1SW] {6}
*MAT_SPOTWELD_DAIMLERCHRY SLER [0] {6}
*MAT_GEPLASTIC_SRATE_2000a [2,3ab] { 15}
*MAT_INV_HYPERBOLIC_SIN [0,3cd,8B] {15}
*MAT_ANISOTROPIC_VISCOPLASTIC [0,2,3abcd,5] { 20}
*MAT_ANISOTROPIC_PLASTIC [2,3abcd] {20}
*MAT_DAMAGE._1[0,2,3abcd] {11}

*MAT_DAMAGE_2 [0,2,3abcd] { 7}
*MAT_ELASTIC_VISCOPLASTIC_THERMAL [0,2,3abcd] { 20}
*MAT_MODIFIED_JOHNSON_COOK [0,2,3abcd,5,88] { 15}
*MAT_ORTHO_ELASTIC_PLASTIC [2,3ab] { 15}
*MAT_JOHNSON_HOLMQUIST_CERAMICS [0,3cd,5] { 15}
*MAT_JOHNSON_HOLMQUIST_CONCRETE [0,3cd,5] { 25}
*MAT_FINITE_ELASTIC_STRAIN_PLASTICITY [0,3c,5] {22}
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*MAT

*MAT_113; *MAT_TRIP [2,3ab] {5}

*MAT_114: *MAT_LAYERED_LINEAR_PLASTICITY [2,3ab] {13}

*MAT_115: *MAT_UNIFIED_CREEP [0,2,3abcd,5] { 1}

*MAT_116: *MAT_COMPOSITE_LAYUP [2] {30}

*MAT_117: *MAT_COMPOSITE_MATRIX [2] {30}

*MAT_118: *MAT_COMPOSITE_DIRECT [2] {10}

*MAT_119: *MAT_GENERAL_NONLINEAR_6DOF_DISCRETE_BEAM [1D] {62}
*MAT_120: *MAT_GURSON [0,2,3abcd] {12}

*MAT_120_JC: *MAT_GURSON_JC [0,2] {12}

*MAT_120_ RCDC: *MAT_GURSON_RCDC [0,2] {12}

*MAT_121: *MAT_GENERAL_NONLINEAR_1DOF DISCRETE_BEAM [1D] {20}
*MAT_122; *MAT_HILL_3R [2,3ab] {8}

*MAT_123; *MAT_MODIFIED_PIECEWISE_LINEAR_PLASTICITY [0,2,3abcd,5] { 11}
*MAT_124: *MAT_PLASTICITY_COMPRESSION_TENSION [0,1H,2,3abcd,5,8B] { 7}
*MAT_125: *MAT_KINEMATIC_HARDENING_TRANSVERSELY_ ANISOTROPIC [0,2,3abcd] {11}
*MAT_126: *MAT_MODIFIED_HONEY COMB [0,3cd] { 20}

*MAT_127; *MAT_ARRUDA_BOY CE_RUBBER [0,3cd,5] {49}

*MAT_128: *MAT_HEART_TISSUE [0,3c] { 15}

*MAT_129: *MAT_LUNG_TISSUE [0,3cd] {49}

*MAT_130: *MAT_SPECIAL_ORTHOTROPIC [2] {35}

*MAT_131: *MAT_ISOTROPIC_SMEARED CRACK [0,5,8B] { 15}

*MAT_132; *MAT_ORTHOTROPIC_SMEARED_CRACK [0] {61}

*MAT_133: *MAT_BARLAT_YLD2000 [2,3ab] {9}

*MAT_134: *MAT_VISCOELASTIC_FABRIC[9]

*MAT_135: *MAT_WTM_STM [2,3ab] {30}

*MAT_135 PLC:  *MAT_WTM_STM_PLC [2,3ab] {30}

*MAT_136: *MAT_CORUS VEGTER [2,3ab] {5}

*MAT_138: *MAT_COHESIVE_MIXED_MODE [7] {0}

*MAT_139: *MAT_MODIFIED_FORCE_LIMITED [1B] {35}

*MAT_140: *MAT_VACUUM [0,8A] {0}

*MAT_141: *MAT_RATE_SENSITIVE_POLYMER [0,3cd,8B] {6}

*MAT_142: *MAT_TRANSVERSELY_ANISOTROPIC_CRUSHABLE_FOAM [0,3cd] {12}
*MAT_143: *MAT_WOOD_{OPTION} [0,3cd,5] {37}

*MAT _144: *MAT_PITZER_ CRUSHABLEFOAM [0,3cd,8B] { 7}

*MAT_145: *MAT_SCHWER_MURRAY_CAP_MODEL [0,5] {50}

*MAT_146: *MAT_1DOF_GENERALIZED_SPRING [1D] {1}

*MAT_147 *MAT_FHWA_SOIL [0,3cd,5,8B] { 15}

*MAT_147 N: *MAT_FHWA_SOIL_NEBRASKA [0,3cd,5,8B] { 15}

*MAT_148: *MAT_GAS_MIXTURE [0,8A] {14}

*MAT_151: *MAT_EMMI [0,3cd,5,8B] { 23}

*MAT_153: *MAT_DAMAGE_3[0,1H,2,3abcd]

*MAT_154: *MAT_DESHPANDE_FLECK_FOAM [0,3cd,88B] { 10}

*MAT_155: *MAT_PLASTICITY_COMPRESSION_TENSION_EOS [0,3cd,5,88] { 16}
*MAT_156: *MAT_MUSCLE [1T] {0}

*MAT_157: *MAT_ANISOTROPIC_ELASTIC_PLASTIC [2,3ab] {5}

*MAT_158: *MAT_RATE_SENSITIVE_COMPOSITE_FABRIC [2,3ab] {54}
*MAT_159: *MAT_CSCM_{OPTION} [0,3cd,5] {22}

*MAT_160: * MAT_ALE_INCOMPRESSIBLE

*MAT_161: *MAT_COMPOSITE_MSC [0] {34}

*MAT_162: *MAT_COMPOSITE_DMG_MSC [0] {40}

*MAT_163 *MAT_MODIFIED_CRUSHABLE_FOAM [0,3cd,8B] { 10}

*MAT_164: *MAT_BRAIN_LINEAR_VISCOELASTIC [0] {14}

*MAT_165: *MAT_PLASTIC_NONLINEAR_KINEMATIC [0,2,3abcd,8B] { 8}
*MAT_166: *MAT_MOMENT_CURVATURE_BEAM [1B] {54}

*MAT_167: *MAT_MCCORMICK [03cd,,8B] {8}
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*MAT_168:
*MAT_169:
*MAT_170:
*MAT_171:
*MAT_172:
*MAT_173;
*MAT_174:
*MAT_175:
*MAT_176:
*MAT_177:
*MAT_178:
*MAT_179:
*MAT_181:
*MAT_183:
*MAT_184:
*MAT_185:
*MAT_186:
*MAT _187:
*MAT_188:
*MAT_189:
*MAT_190:
*MAT_191:
*MAT_192:
*MAT_193:
*MAT_194:
*MAT_195:
*MAT_196:
*MAT_197:
*MAT_198:
*MAT_202:
*MAT_219:
*MAT_220:
*MAT_221:
*MAT_224:
*MAT_225:
*MAT_226:
*MAT_230:
*MAT_231:
*MAT_232:
*MAT_233:
*MAT_234:
*MAT_235:
*MAT_236:
*MAT_237:
*MAT_238:
*MAT_240:
*MAT _241:
*MAT _242:
*MAT_243:
*MAT _244:
*MAT_245:
*MAT_246:
*MAT_255:
*MAT_256:
*MAT_266:

*MAT_POLYMER [0,3c,8B] {60}

*MAT_ARUP_ADHESIVE [0] {20}
*MAT_RESULTANT_ANISOTROPIC [2,3ab] {67}
*MAT_STEEL_CONCENTRIC_BRACE [1B] {33}
*MAT_CONCRETE_EC2 [1H,2,3ab] { 35}
*MAT_MOHR_COULOMB [0,5] {31}

*MAT_RC_BEAM [1H] {26}
*MAT_VISCOELASTIC_THERMAL [0,2,3abcd,5,8B] {86}
*MAT_QUASILINEAR_VISCOELASTIC [0,2,3abcd,5,8B] {81}
*MAT_HILL_FOAM [0,3cd] {12}
*MAT_VISCOELASTIC_HILL_FOAM [0,3cd] {92}
*MAT_LOW_DENSITY_SYNTHETIC_FOAM_{ OPTION} [0,3cd] { 77}
*MAT_SIMPLIFIED_RUBBER/FOAM_{ OPTION} [0,2,3cd] {39}
*MAT_SIMPLIFIED_RUBBER WITH_DAMAGE [0,2,3cd] {44}
*MAT_COHESIVE_ELASTIC [7] {0}

*MAT_COHESIVE_TH [7] {0}

*MAT_COHESIVE_GENERAL [7] {6}
*MAT_SAMP-1[0,2,3abcd] {38}
*MAT_THERMO_ELASTO_VISCOPLASTIC_CREEP [0,2,3abcd] {27}
*MAT_ANISOTROPIC_THERMOELASTIC [0,3¢,8B] { 21}
*MAT_FLD_3-PARAMETER BARLAT [2,3ab] {36}
*MAT_SEISMIC_BEAM [1B] {36}

*MAT_SOIL_BRICK [0,3cd] { 71}

*MAT_DRUCKER_PRAGER [0,3cd] { 74}
*MAT_RC_SHEAR WALL [2,3ab] {36}
*MAT_CONCRETE_BEAM [1H] {5}
*MAT_GENERAL_SPRING_DISCRETE_BEAM [1D] { 25}
*MAT_SEISMIC_ISOLATOR [1D] { 10}
*MAT_JOINTED_ROCK [0] {31}

*MAT_STEEL_EC3[1H]

*MAT_CODAM2 [0,2,3abcd]

*MAT_RIGID_DISCRETE [0,2]
*MAT_ORTHOTROPIC_SIMPLIFIED_DAMAGE [0,3cd,5] {17}
*MAT_TABULATED_JOHNSON_COOK [0,2,3abcd, 5] { 11}
*MAT_VISCOPLASTIC_MIXED_HARDENING [0,2,3abcd,5]
*MAT_KINEMATIC_HARDENING BARLAT89 [2,3ab]
*MAT_PML_ELASTIC[0] {24}

*MAT_PML_ACOUSTIC [6] {35}

*MAT_BIOT_HYSTERETIC [0,2,3ab] {30}
*MAT_CAZACU_BARLAT [2,3ab]
*MAT_VISCOELASTIC_LOOSE_FABRIC [2,34]
*MAT_MICROMECHANICS DRY_FABRIC [2,34]
*MAT_SCC_ON_RCC [2,3ab]

*MAT_PML_HYSTERETIC [0] {54}
*MAT_PERT_PIECEWISE_LINEAR_PLASTICITY [0,1H,2,3,5,8A]
*MAT_COHESIVE_MIXED_MODE_ELASTOPLASTIC_RATE [0]
*MAT_JOHNSON_HOLMQUIST_JH1 [0,3cd,5]
*MAT_KINEMATIC_HARDENING_BARLAT2000 [2,3ab]
*MAT_HILL_90[2,3ab]

*MAT_UHS_STEEL [0,2,3abcd,5]

*MAT_PML_{OPTION} TROPIC_ELASTIC [0] {30}
*MAT_PML_NULL [0] {27}
*MAT_PIECEWISE_LINEAR_PLASTIC_THERMAL [0,2,3abcd]
*MAT_AMORPHOUS SOLIDS_FINITE_STRAIN [0]
*MAT_TISSUE_DISPERSED [0]
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*MAT_267: *MAT_EIGHT_CHAIN_RUBBER [0,5]
*MAT_272: *MAT_RHT [0,5]
*MAT_276: *MAT_CHRONOLOGICAL_VISCOELASTIC [2,3abcd]

For the discrete (type 6) beam elements, which are used to model complicated dampers and
multi-dimensional spring-damper combinations, the following material types are available:

*MAT_066: *MAT_LINEAR_ELASTIC_DISCRETE_BEAM [1D]

*MAT _067: *MAT_NONLINEAR_ELASTIC_DISCRETE_BEAM [1D]
*MAT_068: *MAT_NONLINEAR_PLASTIC_DISCRETE_BEAM [1D]
*MAT_069: *MAT_SID_DAMPER_DISCRETE_BEAM [1D]

*MAT_070: *MAT_HYDRAULIC_GAS DAMPER_DISCRETE_BEAM [1D]
*MAT_071: *MAT_CABLE_DISCRETE_BEAM [1D]

*MAT_074: *MAT_ELASTIC_SPRING_DISCRETE_BEAM [1D]

*MAT_093: *MAT_ELASTIC_6DOF_SPRING_DISCRETE_BEAM [1D]
*MAT_094: *MAT_INELASTIC_SPRING_DISCRETE_BEAM [1D]
*MAT_095: *MAT_INELASTIC_6DOF_SPRING_DISCRETE_BEAM [1D]
*MAT_119; *MAT_GENERAL_NONLINEAR_6DOF DISCRETE_BEAM [1D]
*MAT_121: *MAT_GENERAL_NONLINEAR_1DOF DISCRETE_BEAM [1D]
*MAT_146: *MAT_1DOF_GENERALIZED_SPRING [1D]

*MAT_196: *MAT_GENERAL_SPRING_DISCRETE_BEAM [1D]
*MAT_197: *MAT_SEISMIC_ISOLATOR [1D]

*MAT_208: *MAT_BOLT_BEAM [1D]

For the discrete springs and dampers the following material types are available

*MAT_SO1: *MAT_SPRING_ELASTIC
*MAT_S02: *MAT_DAMPER_VISCOUS

*MAT_S03: *MAT_SPRING_ELASTOPLASTIC
*MAT_S04: *MAT_SPRING_NONLINEAR_ELASTIC
*MAT_S05: *MAT_DAMPER_NONLINEAR_VISCOUS
*MAT_S06: *MAT_SPRING_GENERAL_NONLINEAR
*MAT_SO7: *MAT_SPRING_MAXWELL

*MAT_S08: *MAT_SPRING_INELASTIC

*MAT_S13: *MAT_SPRING_TRILINEAR_DEGRADING
*MAT_Sl4: *MAT_SPRING_SQUAT_SHEARWALL
*MAT_S15: *MAT_SPRING_MUSCLE

For ALE solids the following material types are available:

*MAT_ALE_Ol: *MAT_ALE_VACUUM (same as*MAT_140)
*MAT_ALE_02: *MAT_ALE_VISCOUS (similar to *MAT_009)
*MAT_ALE_03: *MAT_ALE_GAS MIXTURE  (sameas*MAT_148)
*MAT_ALE_04: *MAT_ALE_HERSCHEL

For the seatbelts one material is available.

*MAT_BO1: *MAT_SEATBELT

For thermal materials in a coupled structural/thermal or thermal only anaysis, six materials are
available. These materials are related to the structural material via the *PART card. Thermal
materials are defined only for solid and shell elements.

*MAT_TO1: *MAT_THERMAL_ISOTROPIC
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*MAT_T02:
*MAT_TO3:
*MAT_TO04:
*MAT_TO5:
*MAT_TO6:
*MAT_T11-T15:

*MAT_THERMAL_ORTHOTROPIC
*MAT_THERMAL_ISOTROPIC_TD
*MAT_THERMAL_ORTHOTROPIC_TD
*MAT_THERMAL_ISOTROPIC_PHASE_CHANGE
*MAT_THERMAL_ISOTROPIC_TD_LC
*MAT_THERMAL_USER DEFINED
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*MAT MATERIAL MODEL REFERENCE TABLES

MATERIAL MODEL REFERENCE TABLES

The tables provided on the following pages list the material models, some of their attributes, and
the general classes of physical materials to which the numerical models might be applied.

kh'c"ocvgtken'ogfgnkpenwFgu'cp{"gh'vj g"hamgykpi"cwikdwvgu."c'd [N"ykm"crrget'kp"the respective
column of the table:

SRATE - Strain-rate effects

FAIL - Failurecriteria

EOS - Equation-of-State required for 3D solidsand 2D continuum elements
THERM - Thermal effects

ANISO - Anisotropic/orthotropic

DAM - Damage effects

TENS - Tension handled differently than compression in some manner

Potential applications of the material models, in terms of classes of physical materials, are
abbreviated in the table as follows:

GN - Genera
CM - Composite
CR - Ceramic

FL - Fluid

FM - Foam

GL - Glass

HY - Hydrodynamic material
MT - Metal

PL - Plastic

RB - Rubber

SL - Soail, concrete, or rock

AD - Adhesiveor Cohesive material
BIO - Biological material
CIV - Civil Engineering component
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*MAT

-
s
E 2w & 8 b <£

Material Number and Description % | < 8 ,3_: <Z,; é E Applications
1 Elastic GN, FL
2 Orthotropic Elastic (Anisotr opic-solids) Y CM,MT
3 Plastic Kinematic/l sotropic Y |Y CM,MT, PL
4 Elagtic Plastic Thermal Y MT, PL
5 Soil and Foam Y | FM,sSL
6 Linear Viscoelastic Y RB
7 Blatz-K o Rubber RB
8 High Explosive Burn Y HY
9 Null Material Y |[Y |Y Y | FL,HY
10 Elastic Plastic Hydr o(dynamic) Y |Y Y | HY,MT
11 Steinberg: Temp. Dependent Elastoplastic Y |Y |[Y |Y Y | HY,MT
12 I sotropic Elastic Plastic MT
13 I sotropic Elastic with Failure Y Y | MT
14 Soil and Foam with Failure Y Y | FM,sL
15 Johnson/Cook Plagticity M odel Y |[Y Y |Y Y |Y |HY,MT
16 Pseudo Tensor Geological M oddl Y |[Y |Y Y |Y |s
17 Oriented Crack (Elastoplastic w/ Fracture) Y |Y Y Y | HY,MT,PL,CR
18 Power Law Plasticity (I sotropic) Y MT, PL
19 Strain Rate Dependent Plagticity Y |Y MT, PL
20 Rigid
21 Orthotropic Thermal (Elastic) Y |Y GN
22 Composite Damage Y Y Y | cM
23 Temper ature Dependent Orthotr opic Y |Y CM
24 Piecewise Linear Plasticity (I sotropic) Y |Y MT, PL
25 Inviscid Two Invariant Geologic Cap Y Y |sL
26 Honeycomb Y |Y Y Y | CM,FM,SL
27 M ooney-Rivlin Rubber Y |RB
28 Resultant Plasticity MT
29 Force Limited Resultant Formulation Y
30 Shape Memory MT
31 Frazer-Nash Rubber Y | RB
32 Laminated Glass (Composite) Y CM, GL
33 Barlat Anisotropic Plasticity (YLD96) Y Y CR,MT
34 Fabric Y Y | fabric
35 Plastic-Green Naghdi Rate Y MT
36 Three-Parameter Barlat Plasticity Y Y |Y MT

LS-DYNA Version 971

1-9 (MAT)



*MAT MATERIAL MODEL REFERENCE TABLES

-
s
E 2w & 8 = (£

Material Number and Description % | < 8 ,3_: <Z,; é ,"'_J Applications
37 Transver sely Anisotropic Elastic Plastic Y MT
38 Blatz-K o Foam FM, PL
39 FL D Transver sely Anisotropic Y MT
40 Nonlinear Orthotropic Y Y |Y Y | cM
41-50 User Defined M aterials Y IY Y ]Y |[Y]Y |Y |GN
51 Bamman (Temp/Rate Dependent Plasticity) | Y Y GN
52 Bamman Damage Y |Y Y Y MT

53 Closed cell foam (L ow density polyurethane) FM

54 Composite Damage with Chang Failure Y Y |[Y |Y |cM

55 Composite Damage with Tsai-Wu Failure Y Y |[Y |Y |cM

57 Low Density Urethane Foam Y |Y Y |FM

58 Laminated Composite Fabric Y Y |Y |Y |CM,fabric
59 Composite Failure (Plasticity Based) Y Y Y | CM,CR
60 Elastic with Viscosity (Viscous Glass) Y Y GL

61 Kelvin-Maxwell Viscodastic Y FM

62 Viscous Foam (Crash dummy Foam) Y FM

63 I sotropic Crushable Foam Y | FM

64 Rate Sensitive Powerlaw Plasticity Y MT
65 Zerilli-Armstrong (Rate/Temp Plasticity) Y Y |Y Y | MT
66 Linear Elastic Discrete Beam Y Y

67 Nonlinear Elastic Discrete Beam Y Y Y

68 Nonlinear Plastic Discrete Beam Y |Y Y

69 SID Damper Discrete Beam Y

70 Hydraulic Gas Damper Discrete Beam Y

71 Cable Discrete Beam (Elastic) Y | cable
72 Concrete Damage (incl. Release 1) Y |[Y |Y Y |Y |s
73 Low Density Viscous Foam Y |Y Y | FM
74 Elastic Spring Discrete Beam Y |Y Y

75 Bilkhu/Dubois Foam Y |FM
76 General Viscodastic (Maxwell M odel) Y Y Y |RB
77 Hyperelastic and Ogden Rubber Y Y |RB
78 Soil Concrete Y Y |Y |s
79 Hysteretic Soil (Elasto-Perfectly Plastic) Y Y |sL

80 Ramber g-Osgood SL

_<
<
_<

81 Plagticity with Damage MT, PL

_<
<
-<
_<

82 Plagticity with Damage Ortho

83 Fu Chang Foam Y |Y Y |Y |FM
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-
s

E 2w & 8 = <£
Material Number and Description % | < 8 ,3_: <Z,; é E Applications
84 Winfrith Concrete (w/ rate effects) Y Y | FM,SL
85 Winfrith Concrete Y |sL
86 Orthotropic Viscoelastic Y Y RB
87 Cellular Rubber Y Y |RB
88MTS Y Y |Y MT
89 Plasticity Polymer Y Y | PL
90 Acoustic Y | FL
91 Soft Tissue Y |Y Y Y |BIO
92 Soft Tissue (viscous)
93 Elastic 6DOF Spring Discrete Beam Y |Y Y Y
94 Inelastic Spring Discrete Beam Y |Y Y
95 Inelastic 6DOF Spring Discrete Beam Y |Y Y Y
96 Brittle Damage Y |Y Y |[Y |Y |sL
97 General Joint Discrete Beam
98 Simplified Johnson Cook Y |Y MT
99 Simpl. Johnson Cook OrthotropicDamage | Y |Y Y |Y MT
100 Spotweld Y |Y Y |Y | MT (spotwelds)
101 GE Plagtic Strain Rate Y |Y Y | PL
102 Inv. Hyperbolic Sin Y Y MT, PL
103 Anisotropic Viscoplastic Y |Y Y MT
103P Anisotropic Plastic Y MT
104 Damage 1 Y |Y Y |Y MT
105 Damage 2 Y |Y Y MT
106 Elastic Viscoplastic Thermal Y Y PL
107 M odified Johnson Cook Y |Y Y Y MT
108 Ortho Elastic Plastic Y
110 Johnson Holmquist Ceramics Y |Y Y |Y [CRGL
111 Johnson Holmquist Concrete Y |Y Y |Y |s
112 Finite Elagtic Strain Plasticity Y PL
113 Transformation I nduced Plasticity (TRIP) Y MT
114 Layered Linear Plasticity Y |Y MT,PL,CM
115 Unified Creep
116 Composite Layup Y CM
117 Composite Matrix Y CM
118 Composite Dir ect Y CM
119 General Nonlinear 6DOF Discrete Beam Y |Y Y Y
120 Gurson Y |Y Y |Y | MT
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Material Number and Description % | < 8 ,3_: <Z,; é ,"'_J Applications
121 General Nonlinear 1DOF Discrete Beam Y |Y Y
122 Hill 3RC Y MT
123 M odified Piecewise Linear Plasticity Y |Y MT, PL
124 Plasticity Compression Tension Y |Y Y | MT,PL
125 Kinematic Hardening Transver sely Aniso. Y MT
126 M odified Honeycomb Y |Y Y |[Y |Y [CM,FM,SL
127 Arruda Boyce Rubber Y RB
128 Heart Tissue Y Y |BIO
129 Lung Tissue Y Y |BIO
130 Special Orthotropic Y
131 Isotropic Smeared Crack Y Y |Y | MT,CM
132 Orthotropic Smeared Crack Y Y |Y MT,CM
133 Barlat YL D2000 Y Y |Y MT
134 Viscoelastic Fabric
135 Weak and Strong Texture M oddl Y |Y Y MT
136 Corus Vegter Y MT
138 Cohesive Mixed Mode Y Y |[Y |Y |AD
139 M odified Force Limited Y |Y
140 Vacuum
141 Rate Sensitve Polymer Y PL
142 Transver sely Anisotropic Crushable Foam Y Y |FM
143 Wood Y |Y Y |Y |Y | (wood)
144 Pitzer Crushable Foam Y Y |FM
145 Schwer Murray Cap Model Y |Y Y |Y |s
146 1DOF Generalized Spring Y
147 FWHA Soil Y Y |Y |s
147N FHWA Soil Nebraska Y Y |Y |s
148 Gas Mixture Y FL
151 Evolving Microstructural Model of Indlast. | Y | Y Y |[Y |Y MT
153 Damage 3 Y |Y Y MT, PL
154 Deshpande Fleck Foam Y FM
155 Plasticity Compression Tension EOS Y |[Y |Y Y | (ice)
156 Muscle Y Y |BIO
157 Anisotropic Elastic Plastic Y MT,CM
158 Rate-Sensitive Composite Fabric Y |Y Y [Y |Y |cM
159 CSCM Y |Y Y |Y |s.
160 ALE incompressible
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Material Number and Description % | < 8 ,3_: <Z,; é E Applications
161,162 Composite M SC Y |Y Y |Y |Y |cMm
163 M odified Crushable Foam Y Y |FM
164 Brain Linear Viscoelastic Y BIO
165 Plastic Nonlinear Kinematic Y MT
166 M oment Curvature Beam Y |Y Y |[cv
167 McCormick Y MT
168 Polymer Y Y | PL
169 Arup Adhesive Y |Y Y Y | AD
170 Resultant Anisotropic Y PL
171 Steel Concentric Brace Y |Y |cv
172 Concrete EC2 Y Y Y |SL,MT
173 Mohr Coulomb Y Y |sL
174 RC Beam Y |Y |s
175 Viscoelastic Thermal Y Y Y |RB
176 Quasilinear Viscoelastic Y |Y Y |Y |BlO
177 Hill Foam Y |FM
178 Viscoelastic Hill Foam (Ortho) Y Y |FM
179 Low Density Synthetic Foam Y |Y Y |[Y |Y |FM
181 Simplified Rubber/Foam Y |Y Y |Y |RBFM
183 Simplified Rubber with Damage Y Y |Y |RB
184 Cohesive Elagtic Y Y | AD
185 Cohesive TH Y Y |Y |Y |AD
186 Cohesive General Y Y |[Y |Y |AD
187 Semi-Analytical Model for Polymersi 1 Y |Y Y PL
188 Thermo Elasto Viscoelastic Creep Y Y MT
189 Anisotropic Thermodastic Y |Y
190 Flow limit diagram 3-Parameter Barlat Y Y Y | MT
191 Seismic Beam Y | clv
192 Soil Brick Y SL
193 Drucker Prager Y |sL
194 RC Shear Wall Y Y |[Y |cv
195 Concr ete Beam Y |Y Y |Y |cv
196 General Spring Discrete Beam Y Y
197 Seismic | solator Y |Y Y Y | clv
198 Jointed Rock Y Y Y |s.
202 Steel EC3 Clv
208 Bolt Beam
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Material Number and Description % | < 8 ,3_: <Z,; é ,"'_J Applications
219 CODAM?2 Y Y |[Y Y |cm
220 Rigid Discrete
221 Orthotropic Smplified Damage Y Y [Y |Y |cM
224 Tabulated Johnson Cook Y Y Y |Y Y |Y | HY,MT,PL
225 Viscoplastic Mixed Hardening Y |Y MT, PL
226 Kinematic hardening Barlat 89 Y MT
230 Elagtic Perfectly Matched Layer (PML) Y SL
231 Acoustic PML FL
232 Biot Linear Hysteretic Material Y SL
233 Cazacu Barlat Y Y | MT
234 Viscodastic L oose Fabric Y |Y Y Y | Fabric
235 Micromechanic Dry Fabric Y Y | Fabric
236 Ceramic Matrix Y Y Y |CM,CR
237 Biot Hysteretic PML Y SL
238 Piecewise linear plagticity (PERT) Y |Y MT, PL
240 Cohesive mixed mode Y |Y Y |[Y |Y [AD
241 Johnson Holmquist JH1 Y |Y Y |Y |CRGL
242 Kinematic hardening Barlat 2000 Y MT
243 Hill 90 Y Y |Y MT
244 UHS Sted Y Y MT
245 Orthotr opic/anisotropic PM L Y SL
246 Null material PML Y FL
255 Piecewiselinear plastic thermal Y |Y Y Y | MT
256 Amor phous solid (finite strain) Y Y |GL
266 Disper sed tissue Y BIO
267 Eight chain rubber Y Y RB, PL
272 RHT concrete model Y |Y Y |Y [sLcv
276 Chronological viscoelastic Y Y RB
AO1 ALE Vacuum FL
A02 ALE Viscous Y Y |FL
AO3 ALE GasMixture Y FL
A04 ALE Herschel Y Y |FL
Sl Spring Elastic (Linear)
S2 Damper Viscous(Linear) Y
S3 Spring Elastoplastic (I sotr opic)
4 Spring Nonlinear Elastic Y Y
S5 Damper Nonlinear Viscous Y Y
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Material Number and Description % | < 8 ,3_: <Z,; é E Applications
S6 Spring General Nonlinear Y
S7 Spring Maxwell (3-Parameter Viscoelastic) | Y
S8 Spring I nelastic (Tension or Compr ession) Y
S13 Spring Trilinear Degrading Y Y Clv
S14 Spring Squat Shearwall Y Clv
S15 Spring Muscle Y Y |BIO
B1 Seatbelt Y
TO1 Thermal Isotropic Y Heat transfer
T02 Thermal Orthotropic Y |Y Heat transfer
T03 Thermal Isotropic (Temp Dependent) Y Heat transfer
T04 Thermal Orthotropic (Temp Dependent) Y |Y Heat transfer
T05 Thermal Isotropic (Phase Change) Y Heat transfer
T06 Thermal Isotropic (Temp dep-load curve) Y Heat transfer
T11 Thermal User Defined Y Heat transfer
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*MAT_ADD_AIRBAG_POROSITY _LEAKAGE

This command alows users to model porosity leakage through non-fabric material when such
material is used as part of control volume, airbag. It applies to both *AIRBAG_HYBRID and
*AIRBAG_WANG_NEFSKE.

Card1 1 2 3 4 5 6 7 8
Variable MID FLC/X2 | FACIX3 ELA FVOPT X0 X1
Type | F F F F F F
Default none none 1.0 none none none none
VARIABLE DESCRIPTION
MID Material ID for which the porosity |eakage property applies
FLC/X2 If X0” 0,X0” 1: Thisis X2 coefficient of the porosity equation of

Anagonye and Wang [1999]. Else, this is an optiona constant, FLC, a
fabric porous |eakage flow coefficient.
LT.0.0: There are two possible definitions.
If X020, |[FLC]| is the load curve ID of the curve defining FLC
versus time.
If X021, |FLC| is the load curve ID defining FLC versus the

stretching ratio defined as r, 2 A/ A,. See notes below.

FACIX3 If X0” 0,X0” 1: Thisis X3 coefficient of the porosity equation of

Anagonye and Wang [1999]. Else, if and only if X0? 0: Thisis an
optional constant, FAC, afabric characteristic parameter.
LT.0.0: There are three possible definitions.
If FVOPT < 7:
If X020, |[FAC| is the load curve ID of the curve defining FAC
versus absolute pressure.
If X021, |[FAC]| is the load curve ID defining FAC versus the
pressureratio definedas r, 2 P, /P, . Seeremark 3 below.

If FVOPT =7 or 8:
FAC defines leakage volume flux rate versus absolute pressure. The
volume flux (per area) rate (per time) has the unit of

vol ...m3/Emzstj ..m/s, equivalent to relative porous gas speed.

flux
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VARIABLE DESCRIPTION

ELA Effective leakage area for blocked fabric, ELA
LT.0.0: |ELA|istheload curve ID of the curve defining ELA versus
time. The default value of zero assumes that no leakage occurs. A
value of .10 would assume that 10% of the blocked fabric is leaking
gas.

FVOPT Fabric venting option.
EQ.1: Wang-Nefske formulas for venting through an orifice are
used. Blockageis not considered.
EQ.2: Wang-Nefske formulas for venting through an orifice are
used. Blockage of venting area due to contact is considered.
EQ.3: Leakage formulas of Graefe, Krummheuer, and Sigjak [1990]
areused. Blockageisnot considered.
EQ.4: Leakage formulas of Graefe, Krummheuer, and Sigjak [1990]
areused. Blockage of venting area due to contact is considered.
EQ.5: Leakage formulas based on flow through a porous media are
used. Blockageis not considered.
EQ.6: Leakage formulas based on flow through a porous media are
used. Blockage of venting area due to contact is considered.
EQ.7: Leakage is based on gas volume outflow versus pressure load
curve [Lian, 2000]. Blockage is not considered. Absolute pressure
is used in the porous-velocity-versus-pressure load curve, given as
FACinthe*MAT_FABRIC card.
EQ.8: Leakage is based on gas volume outflow versus pressure load
curve [Lian 2000]. Blockage of venting or porous area due to
contact is considered. Absolute pressure is used in the porous-
velocity-versus-pressure load curve, given as FAC in the
*MAT_FABRIC card.

X0,X1 Coefficients of Anagonye and Wang [1999] porosity equation for the
leskagearear A, ? A FX - Xor - X,r - X, rrot
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*MAT_ADD_EROSION

Many of the constitutive models in LS-DYNA do not alow falure and erosion. The
ADD_EROSION option provides away of including failure in these models although the option
can also be applied to congtitutive models with other failure/erosion criterion. Each of the
criterion defined here are applied independently, and once any one of them is satisfied, the
element is deleted from the calculation. This option applies to nonlinear element formulations
including the 2D continuum, 3D solid elements, 3D shell elements, and the thick shell elements
types 1 and 2. Beam types 1 and 11 currently support the erosion but not the damage and
evolution models. In addition to erosion, damage initiation and evolution models are available as

described in the remarks.

Card1 1 2 3 4 5 6 7 8
Variable MID EXCL MXPRES | MNEPS EFFEPS | VOLEPS | NUMFIP NCS
Type A8 F F F F F F F
Default none none 0.0 0.0 0.0 0.0 1.0 1.0
Card 2 1 2 3 4 5 6 7 8
Variable MNPRES SIGP1 SIGVM MXEPS EPSSH SIGTH | IMPULSE | FAILTM
Type F F F F F F F F
Default none none none none none none none none
Thefollowing card isoptional:

Card 3 1 2 3 4 5 6 7 8
Variable IDAM DMGTYP | LCSDG ECRIT DMGEXP | DCRIT FADEXP | LCREGD
Type A8 F F F = = E E
Default 0.0 0.0 0.0 0.0 10 0.0 10 0.0
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If IDAM.GT.0 definethe following card:

Card 4 1 2 3 4 5 6 8
Variable SIZFLG | REFSZ | NAHSV | LCSRS SHRF BIAXF

Type F F F F F F

Default 0.0 0.0 0.0 0.0 0.0 0.0

If IDAM.LT.Othen define-IDAM set of cardson the following for mat:

Card 4 1 2 3 4 5 6 8
Variable DITYP P1 P2

Type F F F

Default 0.0 0.0 0.0

Card 4 1 2 3 4 5 6 8
Variable DETYP | DCTYP Q1

Type F F F

Default 0.0 0.0 0.0

LS-DYNA Version 971
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Optional card 4 (IDAM=0) or 5 (IDAM>0) or 4+2* || DAM| (IDAM<0):

Card 4/5/... 1 2 3 4 5 6 7 8
Variable LCFLD EPSTHIN
Type F F
Default 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification for which this erosion definition applies. A

unique number or label not exceeding 8 characters must be specified.

EXCL The exclusion number, which applies to the values defined on Card 2.
When any of the failure constants are set to the exclusion number, the
associated failure criteria calculations are bypassed (which reduces the
cost of the failure model). For example, to prevent a material from
going into tension, the user should specify an unusual vaue for the
exclusion number, eg., 1234., set P to 0.0 and all the remaining

constants to 1234. The default value is 0.0, which eliminates all criteria
from consideration that have their constants set to 0.0 or left blank in the

input file.

MXPRES Maximum pressure at failure, P, . If the value is exactly zero, it is
automatically excluded to maintain compatibility with old input files.

MNEPS Minimum principal strain at failure, g, . If the valueis exactly zero, it is
automatically excluded to maintain compatibility with old input files.

EFFEPS Maximum effective strain at failure, g, ? \[2/3 g.¥g." . If the value is

exactly zero, it is automatically excluded to maintain compatibility with
old input files. If the value is negative, then |EFFEPS] is the effective
plastic strain to failure. In combination with cohesive elements, EFFEPS

is the maximum effective in-plane strain.

VOLEPS Volumetric strain at failure, g, 2 9,,- 9, - 9ss-

VOLEPS can be a

positive or negative number depending on whether the fallure is in
tension or compression, respectively. If the value is exactly zero, it is
automatically excluded to maintain compatibility with old input files,
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VARIABLE

NUMFIP

NCS

MNPRES

SIGP1

SIGVM

MXEPS

EPSSH

SIGTH

IMPULSE

FAILTM

IDAM

DESCRIPTION

Number of failed integration points prior to element deletion. The
default is unity.
LT.0.0: INUMFIP] is percentage of integration points/layers which
must fail before element fails (only GISSMO). Only for shells.

Number of failure conditions to satisfy before failure occurs. For
example, if SIGP1 and SIGVM are defined and if NCS=2, both failure
criteriamust be met before element deletion can occur. The default is
set to unity.

Minimum pressure at failure, P, .
Principal stress et failure, v, .
Equivalent stress at failure, o, .

Maximum principal strain at failure, g, . The maximum principal strain

at failure is made afunction of the effective strain rate by setting
MXEPS to the negative of the appropriate load curve ID.

Shear strain at failure, 7, .
Threshold stress, v .
Stressimpulse for failure, K, .

Failure time. When the problem time exceeds the failure time, the
material isremoved.

Flag for damage model.
EQ.O0: no damage model is used.
EQ.1: GISSMO damage model.
LT.O: -IDAM represents the number of damage initiation and
evolution criteriato be applied

LS-DYNA Version 971
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VARIABLE

DMGTYP

LCSDG

ECRIT

DMGEXP

DCRIT

FADEXP

LCREGD

SIZFLG

DESCRIPTION

For GISSMO damage type the following applies.
EQ.O: Damage is accumulated, no coupling to flow stress, no failure.
EQ.1: Damage is accumulated, element failure occurs for D=1.
Coupling of damage to flow stress depending on parameters, see
remarks below.

For IDAM.LT.O the following applies.
EQ.O: No action istaken
EQ.1: Damage history isinitiated based on values of initial plastic
strains and initial strain tensor, thisis to be used in multistage
analyses

Load curve ID or Table ID. Load curve defines equivalent plastic strain
to failure vs. triaxiality. Table defines for each Lode angle value
(between -1 and 1) aload curve ID giving the equivaent plastic strain to
failure vs. triaxiality for that Lode angle value.

Critical plastic strain (material instability), see below.
LT.0.0: |ECRIT|isload curve ID defining critical equivalent plastic
strain vs. triaxiality.
EQ.0.0: Fixed value DCRIT defining critical damage is read (see
below)
GT.0.0: Fixed value for stress-state independent critical equivalent
plastic strain.

Exponent for nonlinear damage accumul ation, see remarks.

Damage threshold value (critical damage). If a Load curve of critical
plastic strain or fixed value is given by ECRIT, input
isignored.

Exponent for damage-rel ated stress fadeout.
LT.0.0: |FADEXP|isload curve ID defining el ement-size dependent
fading exponent.
GT.0.0: Constant fading exponent.

Load curve ID defining element size dependent regul arization factors for
equivalent plastic strain to failure.

Flag for method of element size determination.
EQ.O (default): Element size is determined in undeformed
configuration as square root of element area (shells), or cubic root of
element volume (solids), respectively.
EQ.1: Element size is updated every time step, and determined as
mean edge length. (This option was added to ensure comparability
with *MAT _120, and is not recommended for general purpose).

1-22 (MAT)

LS-DYNA Version 971



*MAT_ADD_EROSION *MAT

VARIABLE DESCRIPTION

REFSZ Reference element size, for which an additional output of damage will
be generated. Thisis necessary to ensure the applicability of resulting
damage quantities when transferred to different mesh sizes.

NAHSV Number of history variables from damage model which should be stored
in standard material history array for Postprocessing. See remarks.

LCSRS Load curve ID defining failure strain scaling factor vs. strain rate.
GT.0.: scale ECRIT, too
LT.0.: do not scale ECRIT.

SHRF Reduction factor for regularization at triaxiality=0 (shear)
BIAXF Reduction factor for regularization at triaxiality=2/3 (biaxial)
DITYP Damage initiation type
EQ.0.0: Ductile
EQ.1.0: Shear
EQ.2.0: MSFLD
P1 Damage initiation parameter

DITYP.EQ.0.0: Load curve/table ID representing plastic strain at
onset of damage as function of stresstriaxiality and optionally
plastic strain rate.

DITYP.EQ.1.0: Load curveltable ID representing plastic strain at
onset of damage as function of shear influence and optionally plastic
strain rate.

DITYP.EQ.2.0: Load curve/table ID representing plastic strain at
onset of damage as function of ratio of principal plastic strain rates
and optionally plastic strain rate.

P2 Damage initiation parameter
DITYP.EQ.0.0: Not used
DITYP.EQ.1.0: Pressure influence coefficient ks
DITYP.EQ.2.0: Not used

DETYP Damage evolution type
EQ.0.0: Linear softening, evolution of damage is a function of the
plastic displacement after the initiation of damage.
EQ.1.0: Linear softening, evolution of damage is a function of the
fracture energy after the initiation of damage.

DCTYP Damage composition option for multiple criteria
EQ.0.0: Maximum
EQ.1.0: Multiplicative
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VARIABLE

Q1

LCFLD

EPSTHIN

DESCRIPTION

Damage evolution parameter
DETYP.EQ.0.0: Plastic displacement at failure,
DETYP.EQ.1.0: Fracture energy at failure, G,

Load curve ID defining the Forming Limit Diagram. Minor strainsin
percent are defined as abscissa values and Major strainsin percent are
defined as ordinate values. The forming limit diagram is shown in
Figure 39.1. In defining the curve, list pairs of minor and major strains
starting with the left most point and ending with the right most point.
This criterion isonly for shell elements and it is available starting with
Release 971 R6.

Thinning strain at failure for thin and thick shells.

Thecriteriafor failure besides failuretime are;

1.

PtP._ ., Where P is the pressure (positive in compression), and P _ is the

maximum pressure at failure.

is the minimum

min

95~ 9.n» Where g, is the minimum principal strain, and g
principal strain at failure.

P~P.., where P is the pressure (positive in compression), and P, is the

minimum pressure at failure.

u,tu,, ,where v, isthe maximum principal stress, and v __ is the maximum
principal stress at failure.

Jiu,u, @, where v arethe deviatoric stress components, and &, isthe
equivalent stress at failure.

9,%9,., where g, is the maximum principal strain, and g is the maximum
principal strain at failure.

i ti_ ,where j isthe maximum shear strain = (g,/¢9,)/ 2, and i, isthe
shear strain at failure.

The Tuler-Butcher criterion,

D;[max(o,ulluo)]zdt 1K,
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where v, is the maximum principal stress, v, is a specified threshold stress,
u tu,t0,and K, isthe stress impulse for failure. Stress values below the
threshold value are too low to cause fracture even for very long duration loadings.

Remarks on Damage M odels:
GISSMO

The GISSMO damage model is a phenomenological formulation that allows for an incremental
description of damage accumulation, including softening and failure. It is intended to provide a
maximum in variability for the description of damage for a variety of metallic materias (e.g.
,OCVa246.",0CVa258."E). The input of parameters is based on tabulated data, allowing the
user to directly convert test datato numerical input.

The model is based on an incremental formulation of damage accumul ation:

A 1 0
ED ? DMGEXP Dﬁl/DMGExnggp
9y

with

D: Damage value *0 ~ D ~ 1+. For numerical reasons, D is initialized to a value of
1.E-20 for all damage types in the first time step

i Equivalent plastic strain to failure, determined from LCSDG as a function of the
current triaxiality value . A typical falure curve LCSDG for metal shest,
modeled with shell elements is shown in Figure 0.1. Triaxiality should be
monotonically increasing in this curve. A reasonable range for triaxiality is -2/3 to
2/3 if shell elements are used (plane stress). For 3-dimensional stress states (solid
elements), the possible range of triaxiality goes from -1 to +1, but to get a good
resolution in the internal load curve discretization (depending on parameter
LCINT of *CONTROL_SOLUTION) one should define lower limits, eg. -1to 1
if LCINT=100 (default).

ip,;  Equivalent plastic strain increment
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" plastic
failure
strain

compression tension

-2/3 -1/3 triaxiality 1/3 2/3
O1/Cym

Figure0.1. Typical failure curve for metal sheet, modeled with shell elements.

For constant values of failure strain, this damage rate can be integrated to get a relation of
damage and actual equivalent plastic strain:

A DMGEXP
A—p8 for g, ? const. only!
19,

AZ1 0

Triaxiality "asameasure of the current stress state is defined as

UM

For DMGTYP.EQ.O, damage is accumul ated according to the description above, yet no softening
and failure is taken into account. Thus, parameters ECRIT, DCRIT and FADEXP will not have
any influence. This option can be used to calculate pre-damage in multi-stage deformations
without influencing the simulation results.

For DMGTYP.EQ.1, dementswill be deleted if D "30"

Depending on the set of parameters given by ECRIT (or DCRIT) and FADEXP, a Lemaitre-type
coupling of damage and stress (effective stress concept) can be used.

Three principal ways of damage definition can be used:
1.) Input of afixed value of critical plastic strain (ECRIT.GT.0.)

As soon as the magnitude of plastic strain reaches this value, the current damage parameter D is
stored as critical damage DCRIT and the damage coupling flag is set to unity, in order to
facilitate an identification of critical elements in postprocessing. From this point on, damage is
coupled to the stress tensor using the following relation:
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A ~ ~ FADEXP A

. A iD/DCRIT{ 0
u?u 1/ j———j ’
ﬁ R 1/ DCRIT | 3

This leads to a continuous reduction of stress, up to the load-bearing capacity completely
vanishing as D reaches unity. The fading exponent FADEXP can be defined element size
dependent, to allow for the consideration of an element-size dependent amount of energy to be
dissipated during element fade-out.

2.) Input of aload curve defining critical plastic strain vs. triaxiality (ECRIT.LT.0.), pointing to
load curve ID |[ECRIT|. This allows for a definition of triaxiality-dependent material instability,
which takes account of that instability and localization will occur depending on the actual load
case. This offers the possibility to use a transformed Forming Limit Diagram as an input for the
expected onset of softening and localization. Using this load curve, the instability measure F is
accumulated using the following relation, which is similar to the accumulation of damage D
except for the instability curve is used as an input:
A 1 0

EE 2 DM GEXP Fﬁl/DMGEXPgng
gp,loc

with F Kpuvedknkv{"ogcuwtg"*2@H@3+"
iploc:  Equivalent plastic strain to instability, determined from ECRIT
ip,:  Equivalent plastic strain increment

As soon as the instability measure F reaches unity, the current value of damage D in the
respective element is stored. Damage will from this point on be coupled to the flow stress using
the relation described above

3.) If noinput for ECRIT is made, parameter DCRIT will be considered.

Coupling of Damage to the stress tensor starts if this value (damage threshold) is exceeded
*20FETKV@3+"Eqwrikpi"gh"fcocigvg uvtguu'ku fqpg wukpi'vy g"tgncvkgp fguetkdgfcdaxgl

This input allows for the use of extreme valuesalso T for example, DCRIT.EQ.0.0 would lead to
no coupling at al, and element deletion under full load (brittle fracture).

History Variables:

History variables of the GISSMO damage model are written to the postprocessing database only
if NAHSV>0. The damage history variables start at position ND, which is displayed in d3hsp
hkng."g010"BDhktuv"Fcocig Jkuvgt{"xctkcdng"?"8N"ogcpu'v cv'PF?80
Variable Description

ND Damage parameter D (1.E-20 ¢'D 2'1)

ND+1 Damage threshold DCRIT
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ND+2 Domain flag for damage coupling (0: no coupling, 1: coupling)
ND+3 Triaxiality variable v, / u,,

ND+4 Equivalent plastic strain

ND+5 Regularization factor for failure strain (determined from LCREGD)
ND+6 Exponent for stress fading FADEXP

ND+7 Calculated element size

ND+8 Instability measure F

ND+9 Resultant damage parameter D for element size REFSZ
ND+10  Resultant damage threshold DCRIT for element size REFSZ
ND+11  Averaged triaxiality

ND+12  Lodeanglevaue

1/DMGEXP

ND+13  Alternative damage value: D

Damageinitiation and evolution criteria

As an alternative to GISSMO, the user may invoke an arbitrary number of damage initiation and
evolution criteria, the number of course in practice being limited by the number of available
criteria. With this option the following theory applies.

Assuming that n initiation/evolution types have been defined according to the information above,
n being the same as T IDAM above, damage initiation and evolution history variables y, €]0, ¢]

and D' €]0,1 , k?3.Ep."are introduced for each integration point. These are initialy set to zero

and then evolve with the deformation of the elements according to rules associated with the
specific damage initiation and evolution type chosen, see below for details. The variables can be
post-processed just as ordinary material history variables and their positions in the history
variables array is given in d3hsp, search for the string Damage history listing. The damage
initiation variables do not influence the results but just serve as an indicator for the onset of
damage. The damage evolution variables govern the damage in the material and are used to form

the global damageD €]0,1 . When multiple criteria are active, n>1, each individual criterion can

be of maximum, i€1__, or multiplicative, iE I type, this is defined by the DCTYP

parameter. The global damage variable is defined as

mult ?

D? maX(Dmax’ Dmult)

where

D, ?max, D

max max

D..?1/ R /D)

i€l

mult

mult

1-28 (MAT) LS-DYNA Version 971



*MAT_ADD_EROSION *MAT

The damage variable relates the macroscopic (damaged) and microscopic (true) stress according
to

u?@/D)u.

Once the damage has reached the level of D_ , (=0.99 by default) the stress is set to zero and

the integration point is assumed failed, thus not processed after that. When NUMFIP integration
points have failed the element is eroded and removed from the finite element model.

Now to the evolution of the individual damage initiation and evolution history variables, and for
the sake of clarity we skip the superscript i from now on.

The variables y/, governs the onset of damage and evolves independently of each other and
according to the following.

Ductile (DITYP.EQ.0):

For the ductile initiation option a function g2 2 ¢ (j,g") represents the plastic strain at onset of
damage (P1). Thisisafunction of stresstriaxiality defined as

J?/plq

with p being the pressure and g the von Mises equivalent stress. Optionally this can be defined as

a table with the second dependency being on the effective plastic strain rate g°. The damage
initiation history variable evolves according to

Shear (DITYP.EQ.1):

For the shear initiation option a function g 2 gf(s,g") represents the plastic strain at onset of
damage (P1). Thisisafunction of ashear stress function defined as

s?(q-kgp)/v

with p being the pressure, q the von Mises equivalent stress and v the maximum shear stress
defined as a function of the principal stressvalues

*
V2 U o /fu . .t12.

Introduced here is also the pressure influence parameter ks (P2). Optionally this can be defined

as a table with the second dependency being on the effective plastic strain rate g° . The damage
initiation history variable evolves according to
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g° p
dg

Yo 7?9 o
0 gD

MSFLD (DITYP.EQ.2):

For the MSFLD initiation option a function g 2 g?(c,g") represents the plastic strain at onset
of damage (P1). Thisisafunction of the ratio of principa plastic strain rates defined as

P P
c ’) gminor gmajor "

The MSFLD criterion is only relevant for shells and the principal strains should be interpreted as
the in-plane principal strains. For simplicity the plastic strain evolution in this formula is
assumed to stem from an associated von Mises flow rule and whence

c?s

minor Smajor

with s being the deviatoric stress. This assures that the calculation of ¢ isin asenserobust at the
expense of being dightly off for materials with anisotropic yield functions and/or non-associated
flow rules. Optionally this can be defined as a table with the second dependency being on the

effective plastic strain rateg”, for g” 2 0 the vaue of ¢! is set to a large number to prevent

onset of damage for no plastic evolution. The damage initiation history variable evolves
according to

gp
BN ? I'T]aXt~T —p,
9p

which should be interpreted as the maximum value up to this point in time. An important note
with this initiation option is that the damage initiation variable is evaluated using the strains and
stresses at the mid-surface of the shell and thus bending effects are not taken into account.

For the evolution of the associated damage variable D we introduce the plastic displacement u®
which evolves according to

0 y,>1
Y, #1

up?E
ilg

P

with | being a characteristic length of the element. Fracture energy is related to plastic
displacement as follows

with jy being the yield stress. The following defines the evolution of the damage variable.
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Linear (DETYP.EQ.O):
With this option the damage variable evolves linearly with the plastic displacement

D?2u”/uf

with u? being the plastic displacement at failure (Q1).

Linear (DETYP.EQ.1):

With this option the damage variable evolves linearly as follows
D20 /u’

with u? =2G¢/Jyo and jyo being the yield stress when failure criterion is reached.
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*MAT_ADD_PERMEABILITY

For consolidation calculations.

Card 1 1 2 3 4 5 6 7 8
Variable MID PERM (blank) (blank) THEXP LCKZ
Type I F F I
Default none none 0.0 none
VARIABLE DESCRIPTION
MID Materia identification T must be same as the structural material.
PERM Permeability
THEXP Undrained volumetric thermal expansion coefficient

(Units: 1/temperature)
LCKZ Loadcurve giving factor on PERM versus z-coordinate.
(X-axis| z-coordinate, yaxis| non dimensional factor)
Remarks:

The units of PERM are length/time (volume flow rate of water per unit area per gradient of
head of excess pore pressure head).

See notes under * CONTROL_PORE_FLUID
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*MAT_ADD_PORE_AIR

For pore air pressure calculations.

Card 1 1 2 3 4 5 6 7 8
Variable MID PA_RHO | PA_PRE | PORE
Type I I F F
Default None AIR_RO | AIR_RO 1
Remarks 1 1,2
Card 2 1 2 3 4 5 6 7 8
Variable PERM1 | PERM1 | PERM3 | CDARCY | CDF LCPGD1 | LCPGD2 | LCPGD3
Type F F F F F | | |
Default 0. PERM1 | PERM1 1. 0. None | LCPGD1 | LCPGD1
Remarks 2,345 23,45 23,45 1 1,5 6 6 6
VARIABLE DESCRIPTION
MID Material identification T must be same as the structural material.
PA_RHO Initial density of pore air, default to atmospheric air density, AIR_RO,
defined in * CONTROL_PORE_AIR
PA_PRE Initial pressure of pore air, default to atmospheric air pressure, AIR_P,
defined in * CONTROL_PORE_AIR
PORE Porosity, ratio of poresto total volume, default to 1.
PERM1-~3 Permeability of pore air along x, y and z-direction, <O when its absolute

magnitude is the curve defining permeability coefficient as a function of
volume ratio, current-volume/volume-at-stress-free-state.

LS-DYNA Version 971
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VARIABLE DESCRIPTION
CDARCY Eqghhkekgpyv'gh" Fcte{0u'ncw
CDF Coefficient of Dupuit-Forchheimer law
LCPGD1~3 Curves defining non-tkpgct"Fcte{0u"ncyu'cngpi"z."{"cpf"} -directions, see
Remarks 6.
Remarks:
1 This card must be defined for all materials requiring consideration of pore air pressure.

The pressure contribution of pore air is (t-taym)*RT,PORE, where t andty,, are the
ewttgpy" cpf' cvoqurjgtke” ckt' Fgpukv{." T" ku" cktlu" icu" eqpuvcpy.” V" ku' cvoqurjgtke" ckt"
temperature and PORE is the porosity. All R, T and VAR are assumed to be constant
during simulation.

The unit of PERM; is length®time/mass, (air flow velocity per gradient of excess pore
pressure), i.e.

(CDARCY +CDF||v4|))* PORE*v4= PERM,; *0P40z;, i=1,2,3

where v, ku"vjg" rqtg" ckt” mqy” xgngelv{" cqpi” vjg" kivj" Fktgevkgp." ©P4/Oz; is the pore air
rtguuwtg"rtcfkgpv'cngp vy g'kOvy "fktgevkgp.'cpf'zi=x, X2=y, X3=2.

PERM2 and PERM3 are assumed to be equal to PERM1 when they are not defined. A
Tahkpkvkgp“gh'2N"ogcepupq'rermeability.

(x,y,2), or (1,2,3), refers to materia fiber direction when MID is an orthotropic material,
like mat002 and mat142; otherwise it refersto global coordinate system.

CDF can be used to consider the viscosity effect for high speed air flow
LCGDC; can be used to define a non-nkpgct"Fcte{0u"ncy " cuhgmay/u<
(CDARCY +CDF]|[v4))* PORE* v4= PERM*f; (OP/0z;), i=1~3,

where f; is the function value of LCPGDiI""Vjg"tkpgct' Fcte{0u'ncy." Tgoctmu'4."ecp"dg"
recovered when LCPGD; are defined as straight lines with aslope of 1.
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*MAT_ADD_THERMAL_EXPANSION

The ADD_THERMAL_EXPANSION option is used to occupy an arbitrary material model in
LS-DYNA with a therma expansion property. This option applies to all nonlinear solid, shell,
thick shell and beam elements and all material models except those models which use resultant
formulations such as *MAT_RESULTANT _PLASTICITY and *MAT_SPECIAL _ORTHO-
TROPIC. Orthotropic expansion effects are supported for anisotropic materials.

Card 1 1 2 3 4 5 6 7 8
Variable PID LCID MULT LCIDY | MULTY | LCIDZ | MULTZ
Type | | F F | F
Default none none 1.0 LCID MULT LCID MULT
VARIABLE DESCRIPTION
PID Part ID for which the thermal expansion property applies
LCID Load curve ID defining thermal expansion coefficient in local
x-direction as a function of temperature. If zero, the thermal expansion
coefficient in local x-direction given by constant MULT .
MULT Scale factor scaling load curve given by LCID
LCIDY Load curve ID defining thermal expansion coefficient in local
y-direction as a function of temperature. If zero, the thermal expansion
coefficient in local y-direction given by constant MULTY, if MULTY=0
aswell, the propertiesin x-direction are used.
MULTY Scale factor scaling load curve given by LCIDY
LCIDZ Load curve ID defining thermal expansion coefficient in local
z-direction as a function of temperature. If zero, the thermal expansion
coefficient in local z-direction given by constant MULTZ, if MULTZ=0
aswell, the properties in x-direction are used.
MULTZ Scale factor scaling load curve given by LCI1DZ
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Remarks:

When invoking the isotropic thermal expansion property (no use of thelocal y and z parameters)
for amaterial, the stress update is based on the elastic strain rates given by

& ? & / c(T)Bf,

rather than on the tota strain rates g, . For amaterial with the stress based on the deformation
gradient F._, the elastic part of the deformation gradient is used for the stress computations

ij 1

e /113
Fo? 3/°F,

where J. isthethermal Jacobian. The thermal Jacobian is updated using the rate given by
$ ?23c(T)W,.

For orthotropic properties, which apply only to materials with anisotropy, these equations are
generaized to

g: 2,/ ¢, (T)Tq,a,
and
F’?F.d"Q,Q,
wherethe ¢ are updated as
d 2c/ (T)Td,.

Here q, represents the matrix with material directions with respect to the current configuration
whereas Q, are the corresponding directions with respect to the initial configuration. For (shell)

materials with multiple layers of different anisotropy directions, the mid surface layer determines
the orthotropy for the thermal expansion.

1-36 (MAT) LSDYNA Version 971



*MAT_NONLOCAL *MAT

*MAT_NONLOCAL

In nonlocal failure theories, the failure criterion depends on the state of the material within a
radius of influence which surrounds the integration point. An advantage of nonloca failure is
that mesh size sensitivity on failure is greatly reduced leading to results which converge to a
unique solution as the mesh is refined. Without a nonlocal criterion, strains will tend to localize
randomly with mesh refinement leading to results which can change significantly from mesh to
mesh. The nonloca failure treatment can be a great help in predicting the onset and the
evolution of material failure. This option can be used with two and three-dimensiona solid
elements, and three-dimensional shell elements and thick shell elements. This option appliesto a
subset of elastoplastic materials that include a damage-based failure criterion.

Card 1 1 2 3 4 5 6 7 8
Variable IDNL PID P Q L NFREQ NHV

Type I I F F F I I

Default none none none none none none none

Define as many as needed to input NHV variables. Onecard 2 will beread even if NHV=0.

Card 2 1 2 3 4 5 6 7 8
Variable NL1 NL2 NL3 NL4 NL5 NL6 NL7 NL8
Type | | | | | | | |
Default none none none none none none none none
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Define one card for each symmetry plane. Up to six symmetry planes can be defined. The
next " *" card terminatesthisinput.

Cards3,... 1 2 3 4 5 6 7 8
Variable XC1 YC1 zC1 XC2 YC2 zc2
Type F F F F F F
Default none none none none none none
VARIABLE DESCRIPTION
IDNL Nonlocal material input ID.
PID Part ID for nonlocal material.
P Exponent of weighting function. A typical value might be 8 depending
somewhat on the choice of L. See equations below.
Q Exponent of weighting function. A typical vaue might be 2. See
equations below.
L Characteristic length. This length should span a few elements. See
equations below.
NFREQ Number of time steps between update of neighbors. The nearest

neighbor search can add significant computational time so it is suggested
that NFREQ be set to value of 10 to 100 depending on the problem.
This parameter may be somewhat problem dependent.

NHV Define the number of history variables to be smoothed.
NL1,.,NL8 Define up to eight history variable ID’s per line for nonlocal treatment.
XC1,YC1,zC1 Coordinate of point on symmetry plane.
XC2,YC2,2C2 Coordinate of a point along the normal vector.
Remarks:.

For elastoplastic material modelsin LS-DY NA which use the plastic strain as afailure criterion,
the first history variable, which does not count the six stress components, is the plastic strain. In
this case, the variable NL1=1 and NL2 to NL8=0. See the table below, which lists the history
variable ID’sfor a subset of materials.
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Material Model Name Effective Plastic Strain Location Damage Parameter Location
PLASTIC_KINEMATIC 1 N/A
JOHNSON_COOK 1 5 (shells); 7 (solids)
PIECEWISE_LINEAR_PLASTICITY 1 N/A
PLASTICITY_WITH_DAMAGE 1 2
MODIFIED_ZERILLI-ARMSTRONG 1 N/A
DAMAGE_1 1 4
DAMAGE_2 1 2
MODIFIED_PIECEWISE _LINEAR_PLAST 1 N/A
PLASTICITY_COMPRESSION_TENSION 1 N/A
JOHNSON_HOLMQUIST_CONCRETE 1 2
GURSON 1 2

In applying the nonlocal equations to shell and thick shell elements, integration points lying in
the same plane within the radius determined by the characteristic length are considered.
Therefore, it is important to define the connectivity of the shell elements consistently within the
part ID, e.g., so that the outer integration points lie on the same surface.

The equations and our implementation are based on the implementation by Worswick and Lalbin
[1999] of the nonlocal theory to Pijaudier-Cabot and Bazant [1987]. Let Y, be the

neighborhood of radius, L, of element e, and }e’ the list of elementsincluded in Y , then

i?1,...,N

where

N’
W, ?W*x +? pw*x, / yidy LAWY

i?l

w, ?w*x /yt? ! ,
¢ Z\||xr/yi||0p5
El-4—— 9 U
koL
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Here fr and x, are respectively the nonlocal rate of increase of damage and the center of the
element e , and f];cal , vV, and vy, are respectively the local rate of increase of damage, the
volume and the center of element e .

o | |
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*MAT_ELASTIC

*MAT_001

*MAT_ELASTIC_{OPTION}

This is Material Type 1. This is an isotropic hypoelastic material and is available for beam,
shell, and solid elementsin LS-DYNA. A specialization of this material allows the modeling of

fluids.
Available options include:
<BLANK>
FLUID
such that the keyword cards appear:
*MAT_ELASTIC or MAT_001
*MAT_ELASTIC_FLUID or MAT_001 FLUID

Thefluid option is valid for solid elements only.

Card 1 1 2 3 4 5 6 7
Variable MID RO E PR DA DB K
Type A8 F F F F F F
Default none none none none 0.0 0.0 0.0
Define the following extra card for the FLUID option:
Card 2 1 2 3 4 5 6 7
Variable VC CP
Type F F
Default none 1.0E+20

VARIABLE DESCRIPTION

MID Material identification. A unique number or label not exceeding 8

characters must be specified.

LS-DYNA Version 971
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VARIABLE DESCRIPTION
RO Mass density.
E [qwpi0u"ogfwmwul
PR RakuugpOu"tevkap
DA Axia damping factor (used for Belytschko-Schwer beam, type 2, only).
DB Bending damping factor (used for Belytschko-Schwer beam, type 2,
only).
K Bulk Modulus (define for fluid option only).
\Y/e; Tensor viscosity coefficient, values between .1 and .5 should be okay.
CP Cavitation pressure (default = 1.0e+20).
Remarks:

This hypoelastic material model may not be stable for finite (large) strains. If large strains are
expected, a hyperelastic material model, e.g., *MAT_002, would be more appropriate.

The axial and bending damping factors are used to damp down numerical noise. The update of
the force resultants, F , and moment resultants, M, , includes the damping factors:

The history variable labelgf'cu"Drcuvke"utckpN'd{"NU-PrePost is actually volumetric strain in the
caseof *MAT _ELASTIC.

Hat"vjig"hwkF qrikgp"vj g" dwnm' oo fwmwu"*M+" j cu'va" dg" Fghkpg £ cu" [qwp i 0u" ogfwmwu" cpFRakuugpOu”

ratio isignored. With the fluid option fluid-like behavior is obtained where the bulk modulus, K,
and pressure rate, p, are given by:

and the shear modulus is set to zero. A tensor viscosity is used which acts only the deviatoric
stresses, S;'l , given in terms of the damping coefficient as.

1-42 (MAT) LS-DYNA Version 971



*MAT_ELASTIC *MAT_ 001

where FL is a characteristic element length, a is the fluid bulk sound speed, z is the fluid
density, and  isthe deviatoric strain rate.
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*MAT_{OPTION} TROPIC_ELASTIC

Thisis Material Type 2. This Total-Lagrangian-based materia is valid for modeling the elastic-
orthotropic behavior of solids, shells, and thick shells. An anisotropic option is available for
solid elements. For orthotropic solids an isotropic frictional damping is available.

Available options include:
ORTHO
ANISO
such that the keyword cards appear:
*MAT_ORTHOTROPIC_ELASTIC or MAT_002 (4 cards follow)

*MAT_ANISOTROPIC_ELASTIC or MAT_002_ANIS (5 cards follow)

Cards1and 2 for the ORTHO option.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO EA EB EC PRBA PRCA PRCB
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable GAB GBC GCA AOPT G SIGF

Type F F F F F F

Cards1, 2, and 3 for the ANISO option.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO C11 C12 C22 C13 C23 C33
Type A8 F F F F F F F
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*MAT_002

Card 2 1 2 3 4 5 6 7 8
Variable Cl4 c24 C34 C44 C15 C25 C35 C45
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable C55 C16 C26 C36 C46 C56 C66 AOPT
Type F F F F F F F F
Cards 3/4 and 4/5 for the ORTHO/ANI SO options.
Card 3/4 1 2 3 4 5 6 7 8
Variable XP YP zZP Al A2 A3 MACF
Type F F F F F F |
Card 4/5 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3 BETA REF
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.

Definefor the ORTHO option only:

EA

Ea" [qwpitu"ogfwmwu'kp"c-direction.

LS-DYNA Version 971
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*MAT_{OPTION}TROPIC_ELASTIC

VARIABLE

EB

EC

PRBA

PRCA

PRCB

GAB

GBC

GCA

DESCRIPTION

Ep." [aqwpiu"ogfwiwu'kp"d-direction.

Ec."[awpilu"ogfwmwu'kp"e-direction (nonzero value required but not used
for shells).

Pba-"Rokuugplu“tevkg'del
Pca, Rakuugplu'tevkg'ec.”
Peb."Rofkuugplutevkg cb."
Gan, Shear modulus ab."
Gpc, Shear modulus bc.

Gea, Shear modulus ca.

Fwg'vg'u{ oogvt{"Fghkpg'vj g'wrrgt'vtkcpiwnct'EkI0uhgt'vjg"ANI SO option only:

C11

C12

C66

The 1,1 term in the 6 - 6 anisotropic constitutive matrix. Note that 1
corresponds to the a material direction

The 1,2 term in the 6 - 6 anisotropic constitutive matrix. Note that 2
corresponds to the b material direction

The 6,6 term inthe 6 - 6 anisotropic constitutive matrix.

Define AOPT for both options:

AOPT

Material axes option, see Figure 2.1.

EQ.0.0: locally orthotropic with material axes determined by
element nodes as shown in Figure 2.1. Nodes 1, 2, and 4 of an
element are identica to the nodes used for the definition of a
coordinate system as by *DEFINE_COORDINATE_NODES. When
this option is used in two-dimensional planar and axisymmetric
analysis, it is critical that the nodes in the element definition be
numbered counterclockwise for this option to work correctly.

EQ.1.0: localy orthotropic with material axes determined by a point
in space and the global location of the element center; thisis the a-
direction. Thisoption isfor solid elements only.
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VARIABLE

SIGF

XPYPZP

A1A2 A3

MACF

V1iVv2Vv3

D1 D2D3

BETA

REF

DESCRIPTION

EQ.2.0: globally orthotropic with material axes determined by
vectors defined below, as with *DEFINE_COORDINATE
VECTOR.

EQ.3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle, BETA, from a
line in the plane of the element defined by the cross product of the
vector v with the element normal. The plane of asolid element isthe
midsurface between the inner surface and outer surface defined by
the first four nodes and the last four nodes of the connectivity of the
element, respectively.

EQ.4.0: localy orthotropic in cylindrical coordinate system with the
material axes determined by a vector v, and an originating point, P,
which define the centerline axis. This option is for solid elements
only.

LT.0.0: the absolute value of AOPT is a coordinate system 1D
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE _
VECTOR). Availablein R3 version of 971 and later.

Shear modulus for frequency independent damping.  Fregquency
independent damping is based of a spring and dlider in series. The
critical stress for the slider mechanism is SIGF defined below. For the
best results, the value of G should be 250-1000 times greater than SIGF.
This option applies only to solid elements.

Limit stress for frequency independent, frictional, damping.
Define coordinates of point p for AOPT =1 and 4.
Define components of vector a for AOPT = 2.

Material axes change flag for brick elements:
EQ.1: No change, default,
EQ.2: switch material axesaand b,
EQ.3: switch material axesaand c,
EQ.4: switch material axesb and c.

Define components of vector v for AOPT = 3 and 4.
Define components of vector d for AOPT = 2.

Material angle in degrees for AOPT = 3, may be overridden on the
element card, see *ELEMENT_SHELL _BETA or *ELEMENT_
SOLID_ORTHO.

Use reference geometry to initialize the stress tensor. The reference

LS-DYNA Version 971
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VARIABLE DESCRIPTION

geometry is defined by the keyword: *INITIAL_FOAM _
REFERENCE_GEOMETRY (see there for more details).

EQ.0.0: off,

EQ.1.0: on.

Remarks:

The material law that relates stresses to strains is defined as:

C?T'C, T

where T is a transformation matrix, and ¢, is the constitutive matrix defined in terms of the
material constants of the orthogonal material axes, a, b, and c. The inverse of ¢, for the

orthotropic caseis defined as:

C 1 Wba Wca X
4 / 0 0 0y

E Ea Eb Ec U

E w 1 w U
/= — /=2 o0 0 0 |

E Ea Eb Ec U

E Wac Wbc 1 v

E/ / — 0 0 0 U

/1 5 E Ea Eb Ec U
CO 7 1 0
E O 0 0 — 0 (O

E Gab U

E 1 U

E o 0 0 0 — oV

3 G, U

E U

: Ly

0 0 0 0 0o —

: G..

Note that %9 Wﬁwﬁf; &Wﬂ'y Wi
E, E E. E E

a b c a c b
The frequency independent damping is obtained by having a spring and slider in series as shown
in the following sketch:
G

AN o

Ofric

This option applies only to orthotropic solid elements and affects only the deviatoric stresses.
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*MAT_002

(b) d parallel to z-axis (d)

define point p
a is vector from p to
to element center

For solids, define
vectors aand d
c=axd

b=c¢xa

d  For shells, define
vector a
c=n
a b=c¢xa
a=bxec

AOPT=2.0

define vector v

c=n

X c=axd n is normal to shell element a=vxn

P b=cxa or mid-plane of brick b=nxa
AOPT=1.0 AOPT=3.0

(€) v axis of radial
A symmetry

b

AOPT =4.0

Figure2.1.

define point p and vector v
¢ is the radial axis through

the element center
a=vxe
b=cxa

Options for determining principal material axes. (a) AOPT = 0.0, (b) AOPT = 1.0

for brick elements, (c) AOPT = 2.0, (d) AOPT = 3.0, and (e) AOPT=4.0 for brick

elements.

The procedure for describing the principle materia directions is explained for solid and shell
elements for this material model and other anisotropic materials. We will call the material
direction the a-b-c coordinate system. The AOPT optionsillustrated in Figure 2.1 can define the

LS-DYNA Version 971
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a-b-c system for al elements of the parts that use the material, but this is not the final material
direction. There a-b-c system defined by the AOPT options may be offset by a fina rotation
about the c-axis. The offset angle we call BETA.

For solid elements, the BETA angle is specified in one of two ways. When using AOPT=3, the
BETA parameter defines the offset angle for all elements that use the material. The BETA
parameter has no meaning for the other AOPT options. Alternatively, a BETA angle can be
defined for individual solid elements as described in  remark 5 for
*ELEMENT_SOLID_ORTHO. The beta angle by the ORTHO option is available for all values
of AOPT, and it overrides the BETA angle on the *MAT card for AOPT=3.

The directions determined by the material AOPT options may be overridden for individual
elements as described in remark 3 for *ELEMENT_SOLID_ORTHO. However, be aware that
for materials with AOPT=3, the fina a-b-c system will be the system defined on the element
card rotated about c-axis by the BETA angle specified on the*MAT card.

There are two fundamental differences between shell and solid element orthotropic materials.
First, the c-direction is always normal to a shell element such that the a-direction and b-
directions are within the plane of the element. Second, for most anisotropic materials, shell
elements may have unique fiber directions within each layer through the thickness of the element
so that alayered composite can be modeled with a single element.

When AOPT=0 is used in two-dimensional planar and axisymmetric analysis, it is critica that
the nodes in the element definition be numbered counterclockwise for this option to work
correctly.

Because shell elements have their c-axes defined by the element normal, AOPT=1 and AOPT=4
are not available for shells. Also, AOPT=2 requires only the vector a be defined since d is not
used. The shell procedure projects the inputted a-direction onto each element surface.

Similar to solid elements, the a-b-c direction determined by AOPT is then modified by arotation
about the c-axis which we will call #0 For those materials that allow a unique rotation angle for
each integration point through the element thickness, the rotation angleis calculated by

h2d-d

where dis arotation for the element, and o, ku'vjg"tqucikgp"hgt'vjg'kivy"ne{gt"qh'vjg'gngogpv™Vjg"
d angle can be input using the BETA parameter on the *MAT data, or will be overridden for
individual elements if the BETA keyword option for *ELEMENT_SHELL is used. The &,

angles are input using the ICOMP=1 option of *SECTION_SHELL. If dor o isomitted, they
are assumed to be zero.

All anisotropic shell materials have the BETA option on the *MAT card available for both
AOPT=0 and AOPT=3, except for materials 91 and 92 which have it available for al values of
AOFPT, 0, 2, and 3.
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All anisotropic shell materials alow a BETA angle for each integration point through the
thickness, o , except for materials 2, 21, 86, 91, 92, 117, 130, 170, 172, and 194. This limitation
however does not preclude the use of these materials for layered composites.

The most general way to model alayered composite is to use *PART_COMPOSITE to define a
material model, thickness, and material angle, o , for each layer of a shell element. The same
capability is available through the IRID option on * SECTION_SHELL to specify a user-defined
integration rule in conjunction with the PID option on *INTEGRATION_SHELL. With both
methods, each layer has its own material defined and can thus have its own materia direction.
The*PART_COMPOSITE method is more user-friendly and is recommended.

This discussion of materia direction angles in shell elements also applies to thick shell elements
which alow modeling of layered composites using *INTEGRATION_SHELL or
*PART_COMPOSITE_TSHELL.
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*MAT_PLASTIC_KINEMATIC

*MAT_PLASTIC_KINEMATIC

This is Material Type 3. This model is suited to model isotropic and kinematic hardening
plasticity with the option of including rate effects.

available for beam (Hughes-Liu and Truss), shell, and solid elements.

It is a very cost effective model and is

Card 1 1 2 3 4 5 6 7
Variable MID RO E PR SIGY ETAN BETA
Type A8 F F F F F F
Default none none none none none 0.0 0.0
Card 2 1 2 3 4 5 6 7
Variable SRC SRP FS VP
Type F F F F
Default not used not used 1.E+20 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
E [qwpiOu"oqfwmwul
PR RokuugpOu'tevka)
SIGY Yield stress.
ETAN Tangent modulus, see Figure 3.1.
BETA Hardening parameter, 0> d|> 1. See comments below.
SRC Strain rate parameter, C, for Cowper Symonds strain rate model, see

below. If zero, rate effects are not considered..
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VARIABLE DESCRIPTION
SRP Strain rate parameter, P, for Cowper Symonds strain rate model, see
below. If zero, rate effects are not considered.
FS Effective plastic strain for eroding elements.
VP Formulation for rate effects:

EQ.0.0: Scaleyield stress (default),
EQ.1.0: Viscoplastic formulation

Remarks:

Strain rate is accounted for using the Cowper and Symonds model which scales the yield stress
with the factor

where g isthe strain rate. A fully viscoplastic formulation is optional which incorporates the
Cowper and Symonds formulation within the yield surface. An additional cost is incurred but
the improvement allows for dramatic results. To ignore strain rate effects set both SRC and SRP
to zero.

Kinematic, isotropic, or a combination of kinematic and isotropic hardening may be specified by
varying o| between 0 and 1. For o| equa to O and 1, respectively, kinematic and isotropic
hardening are obtained as shown in Figure 3.1. For isotropic hardening, o|=1, Materia Model
12, *MAT _ISOTROPIC_ELASTIC PLASTIC, requires less storage and is more efficient.

Whenever possible, Material 12 is recommended for solid elements, but for shell elementsit is
less accurate and thus Material 12 is not recommended in this case.
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vield |
stress

=1 isotropic hardening

Figure3.1l. Elastic-plastic behavior with kinematic and isotropic hardening where |, and |
are undeformed and deformed lengths of uniaxia tension specimen. E, is the
slope of the bilinear stress strain curve.
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*MAT_ELASTIC_PLASTIC_THERMAL

This is Material Type 4. Temperature dependent material coefficients can be defined. A
maximum of eight temperatures with the corresponding data can be defined. A minimum of two
pointsis needed. When this materia typeis used it is hecessary to define nodal temperatures by
activating a coupled analysis or by using another option to define the temperatures such as
*LOAD_THERMAL_LOAD_CURVE, or *LOAD_THERMAL_VARIABLE.

Cad 1 1 2 3 4 5 6 7 8
Variable MID RO

Type A8 F

Card 2 1 2 3 4 5 6 7 8
Variable T1 T2 T3 T4 T5 T6 T7 T8
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable El E2 E3 E4 E5 E6 E7 E8
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable PR1 PR2 PR3 PR4 PR5 PR6 PR7 PR8
Type F F F F F F F F
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*MAT_ELASTIC_PLASTIC_THERMAL

No defaults are assumed.

Card 5 1 2 3 4 5 6 7 8
Variable ALPHAL | ALPHA2 | ALPHA3 | ALPHA4 | ALPHAS | ALPHAG | ALPHA7 | ALPHAS
Type F F F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable SIGY1 SIGY2 SIGY3 SIGY 4 SIGY5 SIGY6 SIGY7 SIGY8
Type F F F F F F F F
Card 7 1 2 3 4 5 6 7 8
Variable ETANL1 | ETAN2 | ETAN3 | ETAN4 | ETAN5 | ETAN6 | ETAN7 | ETANS
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
Tl Temperatures. The minimum is 2, the maximum is 8.
El Eqttgurgpfkpi" [qwpilu'ogfwik'cv'vgo rgtowtg' VK0
PRI Eqttgurgpfkpi"Rakuugpiu"tcvkaul
ALPHAI Corresponding coefficients of thermal expansion.
SIGYI Corresponding yield stresses.
ETANI Corresponding plastic hardening moduli.
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Remarks:

At least two temperatures and their corresponding material properties must be defined. The
analysis will be terminated if a material temperature falls outside the range defined in the input.
If a thermoelastic material is considered, do not define SIGY and ETAN. The coefficient of
thermal expansion is defined as the instantaneous value. Thus, the thermal strain rate becomes:

g; ? cT f,
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*MAT_SOIL_AND_FOAM

Thisis Materia Type 5. Thisis a very ssimple model and works in some ways like a fluid. It
should be used only in situations when soils and foams are confined within a structure or when
geometric boundaries are present. A table can be defined if thermal effects are considered in the
pressure versus volumetric strain behavior.

Cad 1 1 2 3 4 5 6 7 8
Variable MID RO G K AO Al A2 PC
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable VCR REF LCID

Type F F F

Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EP4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Cad 4 1 2 3 4 5 6 7 8
Variable EPSO EPS10

Type F F
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Card 5 1 2 3 4 5 6 7 8
Variable P1 P2 P3 P4 P5 P6 P7 P8
Type F F F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable P9 P10
Type F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
G Shear modulus.
K Bulk modulus for unloading used for VCR=0.0.
A0 Yield function constant for plastic yield function below.
Al Yield function constant for plastic yield function below.
A2 Yield function constant for plastic yield function below.
PC Pressure cutoff for tensile fracture (< 0).
VCR Volumetric crushing option:
EQ.0.0: on,
EQ.1.0: loading and unloading paths are the same.
REF Use reference geometry to initialize the pressure. The reference

geometry is defined by the keyword:* INITIAL_FOAM_REFERENCE _
GEOMETRY. This option does not initialize the deviatoric stress state.
EQ.0.0: off,
EQ.1.0: on.
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VARIABLE

P1, P2,.PN

LCID

Remarks:

DESCRIPTION

Volumetric strain values in pressure vs. volumetric strain curve (see
Remarks below). A maximum of 10 values including 0.0 are allowed
and a minimum of 2 values are necessary. If EPS1 is not 0.0 then a
point (0.0,0.0) will be automatically generated and a maximum of nine
values may be input.

Pressures corresponding to volumetric strain values given on Cards 3
and 4.

Load curve ID for pressure as a function of volumetric strain. If it is
fghkpgf."vjgp" vjg' ewtxg" ku" wugF" kpuvgce " gh' vjg" kprw' hgt' GRU3E." cpf
R3EI"Vjg'tgurgpug'ku'gzvgpFgf'vq'dgkpi"vgorgtevwty' fependent if LCID
refersto atable.

Pressureis positive in compression. Volumetric strain is given by the natural log of the relative
volume and is negative in compression. Relative volumeis aratio of the current volume to the
initial volume at the start of the calculation. The tabulated data should be given in order of
increasing compression. If the pressure drops below the cutoff value specified, it isreset to that
value. For adetailed description we refer to Kreig [1972].
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*MAT_005

A
pressure
Loading and unloading follows the input
curve if the volumetric crushing option is
oft (VCR=1.0) /
-
The bulk unloading modulus is used if the
In % volumetric crushing option is on (VCR=0)
0
tension Volumetric strain
-4 \ L - > (compression)
tension cutoff value

Figure5.1. Pressure versus volumetric strain curve for soil and crushable foam model. The
volumetric strain is given by the natural logarithm of the relative volume, V.

The deviatoric perfectly plastic yield function, #, is described in terms of the second invariant

N/

2 ? Esijslj’

pressure, p, and constants ag, a1, and ap as:

h?3,/6a,-ap-a,p’y.

On theyield surface J, 2 % uj where v isthe uniaxial yield stress, i.e,

%
u,?§ 3%, -ap-a,p’ty

there is no strain hardening on this surface.

To eliminate the pressure dependence of the yield strength, set:

a,?a ?0 a

LS-DYNA Version 971
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This approach is useful when avon Mises type elastic-plastic model is desired for use with the
tabulated volumetric data.

Vjg'jkuvat{"xctkcdng'ncdgng F'cu"Drncuvke"uvtckpN'd {"NU-PrePost is actually In(V/V) in the case of
*MAT_SOIL_AND_FOAM.
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*MAT_VISCOELASTIC

This is Material Type 6. This model alows the modeling of viscoelastic behavior for beams
(Hughes-Liu), shells, and solids. Also see *MAT_GENERAL_VISCOELASTIC for a more
genera formulation.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO BULK GO Gl BETA
Type A8 F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density
BULK Elastic bulk modulus.
LT.0.0: IBULK|isload curve of bulk modulus as afunction of
temperature.
GO Short-time shear modulus, see equations below.

LT.0.0: |GO| isload curve of short-time shear modulus as a function
of temperature.

Gl Long-time (infinite) shear modulus, Gy .
LT.0.0: |Gl|isload curve of long-time shear modulus as afunction
of temperature.

BETA Decay constant.
LTO.0: IBETA]isload curve of decay constant as a function of
temperature.
Remarks:

The shear relaxation behavior is described by [Hermann and Peterson, 1968]:
G(t) =G¢ + (Go1 Gg) e ¥

A Jaumann rate formulation is used

! t
ul?2p G*t /vt D.l*v+d|/
I 0 I
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where the prime denotes the deviatoric part of the stressrate, Lllij ,andthestrainrate, D,
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*MAT_BLATZ-KO_RUBBER

This is Material Type 7. This one parameter materia alows the modeling of nearly
kpeqo rtguukdng"eqpvkpwwo"twddgtl™V j g "Rakuugpiu“tevkg'ku"nkzg £'vg 206850

Card 1 1 2 3 4 5 6 7 8
Variable MID RO G REF
Type A8 F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.

RO Mass density.

G Shear modulus.

REF Use reference geometry to initialize the stress tensor. The reference

geometry is defined by the keyword:* INITIAL_FOAM_REFERENCE _
GEOMETRY (seethere for more details).

EQ.0.0: off,

EQ.1.0: on.

Remarks:
The second Piola-Kirchhoff stressis computed as
A

C1 A0
S,?GE—C, /V ™" £
eV y

x

where V is the relative volume defined as being the ratio of the current volume to the initial
volume, ¢, istheright Cauchy-Green strain tensor, and v ku"RakuugpOu"tevka."y jke J "ku'ugv'vg0685"

internaly. This stress measure is transformed to the Cauchy stress, v, according to the
relationship

u, ? V'F,F,S

ik® jIT Ik

where F, isthe deformation gradient tensor. Also see Blatz and Ko [1962].
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*MAT_HIGH_EXPLOSIVE_BURN

This is Material Type 8. It alows the modeling of the detonation of a high explosive. In
addition an equation of state must be defined. See Wilkins[1969] and Giroux [1973].

Card 1 1 2 3 4 5 6 7 8
Variable MID RO D PCJ BETA K G SIGY
Type A8 F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
D Detonation velocity.
PCJ Chapman-Jouget pressure.
BETA Beta burn flag, BETA (see comments below):

EQ.0.0: beta+ programmed burn,
EQ.1.0: betaburn only,
EQ.2.0: programmed burn only.

K Bulk modulus (BETA=2.0 only).
G Shear modulus (BETA=2.0 only).
SIGY u,,yield stress (BETA=2.0 only).
Remarks:

Burn fractions, F, which multiply the equations of states for high explosives, control the release
of chemica energy for ssimulating detonations. At any time, the pressure in a high explosive
element isgiven by:

p?Fp. . (V,E)

eos

where p,, is the pressure from the equation of state (either types 2, 3, or 14), V isthe relative
volume, and E istheinternal energy density per unit initial volume.
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In the initialization phase, a lighting time t; is computed for each element by dividing the
distance from the detonation point to the center of the element by the detonation velocity D. If
multiple detonation points are defined, the closest detonation point determines t;, The burn

fraction F istaken as the maximum
F? max( F,F,)

where

2%t/ ttDA, _
— mx jf t@tl
3v,

i

0 if t~t,

Tn
N
e\ — [ T]: m— — [T

1/V
1/V,,

F,?d?

where v, isthe Chapman-Jouguet relative volume and t is current time. If F exceeds 1, it is
reset to 1. This calculation of the burn fraction usually requires severa time steps for F to
reach unity, thereby spreading the burn front over several elements. After reaching unity, F is
held constant. This burn fraction calculation is based on work by Wilkins [1964] and is also
discussed by Giroux [1973].

If the beta burn option is used, BETA=1.0, any volumetric compression will cause detonation
and
F?F

2
and F, isnot computed.

If programmed burn is used, BETA=2.0, the explosive model will behave as an elastic perfectly
plastic material if the bulk modulus, shear modulus, and yield stress are defined. Therefore, with
this option the explosive material can compress without causing detonation.

As an option, the high explosive material can behave as an elastic perfectly-plastic solid prior to
n-1

detonation. In this case we update the stress tensor, to an elastic trial stress, *s; ",

n-1 n -
*s; 7?8 -8,Y, -S,Y, - 2Gyg| dt

1]

where G is the shear modulus, and g| is the deviatoric strain rate. The von Mises yield
condition is given by:

2

u
h?3,/—~
3

where the second stress invariant, J, , is defined in terms of the deviatoric stress components as
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and the yield stressis v, . If yielding has occurred, i.e., # @0, the deviatoric trial stressis scaled

to obtain the final deviatoric stress at time n+1;

S~
3J,
If ~~0,then
Sn-l ,) *sn-l

Before detonation pressure is given by the expression

n-1 A 1 O
pT 2 Ky —— /1§
AVERE

where K isthe bulk modulus. Once the explosive material detonates:

n-1
s; 20

and the material behaves like a gas.
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*MAT_NULL

This is Material Type 9. This material allows equations of state to be considered without
computing deviatoric stresses. Optionally, a viscosity can be defined. Also, erosion in tension
and compression is possible.

Sometimes it is advantageous to model contact surfaces via shell elements which are not part of
the structure, but are necessary to define areas of contact within nodal rigid bodies or between
nodal rigid bodies.

Beams and shells that use this material type are completely bypassed in the element processing;

however, the mass of the null shell elements is computed and added to the nodal points which

define the connectivity. However, the mass of null beamsisignored if the value of the density is
less than 1.e-110"Vjg" [qwpi0u"ogfwiwu'cpFRakuugpiu"tevkg'ctg"wug ' gpn{"hqt"ugwkpi'vj g"eqpvcey"
kpvgthceg ukhhpguudu."cpFkv'ku"tgeqo o gpFgfvj cv'tgcugpedng“xenwgu'dgkp rwd

Card 1 1 2 3 4 5 6 7 8
Variable MID RO PC MU TEROD | CEROD YM PR
Type A8 F F F F F F F
Defaults none none 0.0 0.0 0.0 0.0 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density
PC Rtguuwtg"ewvghh™g"202+0"Ugg " Tgoctm"60
MU Dynamic viscosity coefficient (optional). See Remark 1.
TEROD Relative volume. —, for erosion in tension. Typically, use values greater

than unity. If zero, erosion in tension isinactive.

CEROD Relative volume, —, for erosion in compression. Typically, use values
less than unity. If zero, erosion in compression isinactive.

YM [awpilu'ogfwmuwugF'hgt'pwn'dgcoucpf ujgmu"gpn{+
PR RakuugpOu"tevkg*wugfhat"pwm"dgcou’cpfuj gmugpn{+
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Remarks:

1 The null material must be used with an equation-of-state. Pressure cutoff is negative in
tension. A (deviatoric) viscous stress of the form

iscomputed for nonzero where  isthedeviatoric strainrate. o isthe dynamic
viscosity. For example, in Sl unit system, o may have a unit of [Pa*g].

2. Null material has no shear stiffness and hourglass control must be used with great care.
In some applications, the default hourglass coefficient might lead to significant energy
losses. In general for fluid(s), the hourglass coefficient QM should be small (in the range
1.0E-4 to 1.0E-6 in the Sl unit system for the standard default IHQ choice).

3. The Null material has no yield strength and behaves in a fluid-like manner.

4, The cut-ghh" rtguuwtg.” RE." oww" dg" Fghkpgf' vg" cmgy" hgt" ¢ ocvgtken” vg" Dpwogtkecm{ "
cavitate. In other words, when a material undergoes dilatation above certain magnitude,
it should no longer be able to resist this dilatation. Since dilatation stress or pressure is
negative, setting PC limit to a very small negative number would allow for the material
to cavitate once the pressure in the material goes below this negative value.
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*MAT_ELASTIC_PLASTIC_HYDRO_{OPTION}

Thisis Material Type 10. This material allows the modeling of an elastic-plastic hydrodynamic

material and requires an equation-of-state (* EOS).
Available options include:

<BLANK>

SPALL
The keyword card can appear in two ways:

*MAT_ELASTIC_PLASTIC_HYDRO or MAT_010

*MAT_ELASTIC_PLASTIC_HYDRO_SPALL or MAT 010 SPALL

Card1 1 2 3 4 5 6 7 8
Variable MID RO G SIGY EH PC FS CHARL
Type A8 F F F F F F F
Default none none none 0.0 0.0 -¢ 0.0 0.0
Definethiscard if and only if the SPALL option is specified.

Optional 1 2 3 4 5 6 7 8
Variable Al A2 SPALL

Type F F F

Card 2 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EP4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F

LS-DYNA Version 971
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*MAT_ELASTIC_PLASTIC_HYDRO

Card 3 1 2 3 4 5 6 7 8
Variable EPS9 EPS10 EPS11 EPS12 EPS13 EPS14 EPS15 EPS16
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable ESL ES2 ES3 ES4 ES5 ES6 ES7 ES8
Type F F F F F F F F
Card 5 1 2 3 4 5 6 7 8
Variable ES9 ES10 ES11 ES12 ES13 ES14 ES15 ES16
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
G Shear modulus.
SIGY Yield stress, see comment below.
EH Plastic hardening modulus, see definition below.
PC Rtguuwtg"ewvghh™*g"202+0"Kh" ; gtq."c"ewvghh"gh"’-¢ is assumed.
FS Failure strain for erosion.
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VARIABLE DESCRIPTION

CHARL Characteristic element thickness for deletion. This applies to 2D solid
elements that lie on a boundary of a part. If the boundary element thins
down due to stretching or compression, and if it thinsto a value less than
CHARL, the element will be deleted. The primary application of this
option isto predict the break-up of axisymmetric shaped charge jets.

Al Linear pressure hardening coefficient.
A2 Quadratic pressure hardening coefficient.
SPALL Spall type:

GS0202<" Fghcwn'ugv'vg"D302K.
EQ.1.0: tensile pressureislimited by PC, i.e., pisaways @ PC
EQ.2.0: if v, -PC element spalls and tension, p<O0, is never

allowed,
EQ.3.0: p<PC eement spallsand tension, p <0, is never allowed.

EPS Effective plastic strain (True). Define up to 16 values. Care must be
taken that the full range of strains expected in the analysis is covered.
Linear extrapolation is used if the strain values exceed the maximum
input value.

ES Effective stress. Define up to 16 values.

Remarks:

If ES and EPS are undefined, the yield stress and plastic hardening modulus are taken from
SIGY and EH. In this case, the bilinear stress-strain curve shown in Figure 3.1. is obtained with
hardening parameter, =1. Theyield strength is calculated as

u,?u,-E g°-*a - pa,tmax]p,0_

The quantity Ep, ku'vjg" rcuvke” jctfgpkpi" ogfwmwu' fghkpgF'kp"vgtou"gh' [qwpilu' ogfwnwu."G."cpf"
the tangent modulus, E;, as follows

E E

t

E, ? :
E/E,

h

and p is the pressure taken as positive in compression.

If ES and EPS are specified, a curve like that shown in Figure 10.1. may be defined. Effective
stress is defined in terms of the deviatoric stress tensor, sjj, as:

%

b

u?ij

N | w
n
()]

OO

P

LS-DYNA Version 971 1-73 (MAT)



*MAT_ 010 *MAT_ELASTIC_PLASTIC_HYDRO

and effective plastic strain by:

_ tA2
7’7 g— DDy dt,
0 3 0

where t denotes time and D is the plastic component of the rate of deformation tensor. In this
case the plastic hardening modulus on Card 1 isignored and the yield stressis given as

u,? t¥g"4,
wherethe valuefor f *z°+ isfound by interpolation from the data curve.

A choice of three spall models is offered to represent materia splitting, cracking, and failure
under tensile loads. The pressure limit model, SPALL=1, limits the hydrostatic tension to the
specified value, peyt- If pressures more tensile than this limit are calculated, the pressure is reset
to peut- This option is not strictly a spall model, since the deviatoric stresses are unaffected by
the pressure reaching the tensile cutoff, and the pressure cutoff value, peyt, remains unchanged
throughout the analysis. The maximum principal stress spall model, SPALL=2, detects spall if
the maximum principal stress, v max, €xceeds the limiting value -pgyt.  Note that the negative
sign is required because pgyt is measured positive in compression, while v max IS positive in
tension. Once spall is detected with this model, the deviatoric stresses are reset to zero, and no
hydrostatic tension (p<0) is permitted. If tensile pressures are calculated, they are reset to 0 in
the spalled material. Thus, the spalled material behaves as a rubble or incohesive material. The
hydrostatic tension spall model, SPALL=3, detects spall if the pressure becomes more tensile
than the specified limit, pet. Once spall is detected the deviatoric stresses are reset to zero, and
nonzero values of pressure are required to be compressive (positive). If hydrostatic tension
(p<0) is subsequently calculated, the pressure is reset to O for that element.

This model is applicable to a wide range of materials, including those with pressure-dependent
yield behavior. The use of 16 points in the yield stress versus effective plastic strain curve
allows complex post-yield hardening behavior to be accurately represented. In addition, the
incorporation of an equation of state permits accurate modeling of a variety of different
materials. The spall model options permit incorporation of material failure, fracture, and
disintegration effects under tensile loads.
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iecewise linear curve defining
the yield stress versus effective
plastic strain. A nonzero yield
stress is defined when the plastic
strain 1s zero.

eP

Figure 10.1. Effective stress versus effective plastic strain curve.
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*MAT_STEINBERG

*MAT_STEINBERG

Thisis Material Type 11. This materia is available for modeling materials deforming at very
high strain rates (>10°) and can be used with solid elements. The yield strength is a function of
temperature and pressure. An equation of state determines the pressure.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO GO SIGO BETA N GAMA SIGM
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable B BP H F A TMO GAMO SA
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable PC SPALL RP FLAG MMN MMX ECO EC1
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable EC2 EC3 EC4 EC5 EC6 EC7 EC8 EC9
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
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VARIABLE

GO

SIGO

BETA

GAMA

SIGM

BP

T™MO

GAMO

SPALL

RP

FLAG

MMN

MMX

DESCRIPTION

Basic shear modulus.
Uo, See defining equations.
d, see defining equations.
n, see defining equations.
., initial plastic strain, see defining equations.
Um, See defining equations.
b, see defining equations.
b|, see defining equations.
h, see defining equations.
f, see defining equations.
Atomic weight (if = 0.0, R| must be defined).
Tmo, See defining equations.
io, See defining equations.
a, see defining equations.
Pressure cutoff (default=-1.e+30)

Spall type: )
GS0"202<"Fghcwnv"ugv*vg"D402N.

EQ.1.0:p £ PC,

EQ. 2.0: if umax ®"-PC element spalls and tension, p < 0, is never
allowed,

EQ. 3.0: p < PC element spalls and tension, p < 0, is never alowed.

R|. If R|” 0.0, A isnot defined.

Set to 1.0 for o"coefficients for the cold compression energy fit. Default
is].

Omin Of Jmin. Optiona o or § minimum value.

Omax OF Jmax- Optional o or J maximum value.

LS-DYNA Version 971
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VARIABLE DESCRIPTION
ECO,...EC9 Cold compression energy coefficients (optional).
Remarks:

Users who have an interest in this model are encouraged to study the paper by Steinberg and
Guinan which provides the theoretical basis. Cpgvjgt" wughwn" tghgtgpeg” ku"vjg" MQXGE" wugtou"
manual.

In terms of the foregoing input parameters, we define the shear modulus, G, before the material
melts as:

AEi/Ec OX fE‘E /E
G?Gogl-bpv%/hA /300@Ue//m |
3 A 3R 00

where p isthe pressure, V isthe relative volume, E is the cold compression energy:

900 R| exp*ax+

E.*xt?p pdx/
0

PR NEVEA

¥1/ x ¢
x=11V,
and En, isthe melting energy:
E, *xt? E_*xt-3R|T_ *xt

which isin terms of the melting temperature T_ *x+:

*
- *X+7Tmoexp 2axt

m ’ v 2%j /al Y+
and the melting temperatureat ¢ 2 ¢, T, .
In the above equation R| is defined by
Rt
Rl ? —
A

where R is the gas constant and A is the atomic weight. If R| is not defined, LS-DYNA
computes it with R in the cm-gram-microsecond system of units.

Theyield strength uy is given by:
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C AE| /Ec OX fE‘E / E
u,?u) f1-blpv ¥ /hj /3009ye” /"
E A 3R i

if Eq,, exceeds E;. Here, ug| isgiven by:
ul?u, G- dti -Gty

where u is the initial yield stress and 1; is the initial plastic strain. If the work-hardened yield
stress Ug| exceeds U, Ug| is set equal to up{"™ Chigt'vjg" ocvgtkenu'ogm.”jy, and G are set to one
half their initial value.

If the coefficients ECO,...,EC9 are not defined above, LS-DYNA will fit the cold compression
energy to aten term polynomial expansion either as a function of o or j depending on the input
variable, FLAG, as:

9
E.fj't? A ECJ'
i?0

9
E.fo't? A EC.0O

i?0

where EC; isthe ith coefficient and:
R 4
J? —
tO

r
o? —/1
t

A linear least squares method is used to perform the fit.

A choice of three spall models is offered to represent materia splitting, cracking, and failure
under tensile loads. The pressure limit model, SPALL=1, limits the hydrostatic tension to the
specified value, pgyt. If pressures more tensile than this limit are calculated, the pressure is reset
to pcut. This option is not strictly a spall model, since the deviatoric stresses are unaffected by
the pressure reaching the tensile cutoff, and the pressure cutoff value, peyt, remains unchanged
throughout the analysis. The maximum principal stress spall model, SPALL=2, detects spall if
Vjg'oczkowo "rtkpekren'uvtguu.” J max, exceeds the limiting value -peyt. Note that the negative sign
is required because pgyt IS measured positive kp"eqortguukap."y jkng" j max 1S positive in tension.
Once spall is detected with this model, the deviatoric stresses are reset to zero, and no hydrostatic
tension (p<0) is permitted. If tensile pressures are calculated, they are reset to O in the spalled
material. Thus, the spalled material behaves as a rubble or incohesive material. The hydrostatic
tension spall model, SPALL=3, detects spall if the pressure becomes more tensile than the
specified limit, pcyt. Once spall is detected the deviatoric stresses are reset to zero, and nonzero
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values of pressure are required to be compressive (positive). If hydrostatic tension (p<O0) is
subsequently calculated, the pressureisreset to O for that element.

This model is applicable to a wide range of materials, including those with pressure-dependent
yield behavior. In addition, the incorporation of an equation of state permits accurate modeling
of a variety of different materials. The spall model options permit incorporation of material
failure, fracture, and disintegration effects under tensile loads.

1-80 (MAT) LS-DYNA Version 971



*MAT_STEINBERG_LUND

*MAT_011 LUND

*MAT_STEINBERG_LUND

This is Material Type 11. This material is a modification of the Steinberg model above to

include the rate model of Steinberg and Lund [1989].

pressure.

The keyword cards can appear in two ways.

*MAT_STEINBERG_LUND or MAT_011 LUND

An equation of state determines the

Card 1 1 2 3 4 5 6 7 8
Variable MID RO GO SIGO BETA N GAMA | SIGM
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable B BP H F A TMO | GAMO SA
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable PC SPALL RP FLAG MMN MMX ECO EC1
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable EC2 EC3 EC4 EC5 EC6 EC7 EC8 EC9
Type F F F F F F F F
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*MAT_STEINBERG_LUND

Cad5 1 2 3 4 5 6 7 8
Variable UK C1 c2 YP YA YM
Type F F F F F F
VARIABLE DESCRIPTION
MID Materia identification. A unigue number or label not exceeding 8
characters must be specified.
RO Mass density.
GO Basic shear modulus.
SIGO J o, See defining equations.
BETA . see defining equations.
N n, see defining equations.
GAMA ij."initial plastic strain, see defining equations.
SIGM Jm, See defining equations.”
B b, see defining equations.
BP b|, see defining equations.
H h, see defining equations.
F f, see defining equations.
A Atomic weight (if = 0.0, R| must be defined).
TMO Tmo, See defining equations.
GAMO i, See defining equations.
SA a, see defining equations.
PC Pcut OF -us (default=-1.e+30)
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VARIABLE DESCRIPTION
SPALL Spall type: )
GS0"202<"Fghcwnv"ugvvg"D402N.
EQ.10: ptp,, .
EQ.20:if v, % /p,, eementspallsandtension, p>0,is never
allowed,
EQ. 3.0: p>/p,, €eement spals and tension, p>0, iS never
allowed.
RP R|. If R|” 0.0, A isnot defined.
FLAG Set to 1.0 for o coefficients for the cold compression energy fit. Default
isj.
MMN Omin OF Jmin- Optional o or § minimum value.
MMX Omax OF Jmax- Optional o or j maximum value.
ECO,...EC9 Cold compression energy coefficients (optional).
UK Activation energy for rate dependent model.
C1 Exponent prefactor in rate dependent model.
C2 Coefficient of drag term in rate dependent model.
YP Peierls stress for rate dependent model.
YA A thermal yield stress for rate dependent model.
YMAX Work hardening maximum for rate mode!.

Remarks:

This model is smilar in theory to the *MAT_STEINBERG above but with the addition of rate
effects. When rate effects are included, the yield stressis given by:

) % T r* J ’
uy " }YT gp' YA gp

0

There are two imposed limits on the yield stress. Thefirst is on the thermal yield stress:

n

Yo frg, 02 Y, - d¥i - gty -

U max

and the second is on the thermal part:

LSDYNA Version 971 1-83 (MAT)



*MAT 011 LUND *MAT_STEINBERG_LUND

1-84 (MAT) LSDYNA Version 971



*MAT_ISOTROPIC_ELASTIC_PLASTIC *MAT 012

*MAT_ISOTROPIC_ELASTIC_PLASTIC

This is Materiad Type 12. This is a very low cost isotropic plasticity model for three-
dimensional solids. In the plane stress implementation for shell elements, a one-step radial
return approach is used to scale the Cauchy stress tensor to if the state of stress exceeds the yield
surface. This approach to plasticity leads to inaccurate shell thickness updates and stresses after
yielding. This is the only model in LS-DYNA for plane stress that does not default to an
iterative approach.

Card 1 2 3 4 5 6 7 8
Variable MID RO G SIGY ETAN BULK
Type A8 F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
G Shear modulus.
SIGY Yield stress.
ETAN Plastic hardening modulus.
BULK Bulk modulus, K.
Remarks:

Here the pressure isintegrated in time
p?/K g,

where g, isthevolumetric strain rate.
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*MAT_ISOTROPIC_ELASTIC_FAILURE

This is Materia Type 13. This is a non-iterative plasticity with smple plastic strain failure

model.
Card 1 1 2 3 4 5 6 7 8
Variable MID RO G SIGY ETAN BULK
Type A8 F F F F F
Default None None None None 0.0 None
Card 2 1 2 3 4 5 6 7 8
Variable EPF PRF REM TREM
Type F F F F
Default None 0.0 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
G Shear modulus.
SIGY Yield stress.
ETAN Plastic hardening modulus.
BULK Bulk modulus.
EPF Plastic failure strain.
PRF Failure pressure (~ 0.0).
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VARIABLE DESCRIPTION

REM Element erosion option:
EQ.0.0: failed element eroded after failure,
NE.0.0: element is kept, no removal except by Ft below.

TREM Ft for element removal:
EQ.0.0: Ftisnot considered (default),
GT.0.0: element eroded if element time step size falls below Ft.

Remarks:

When the effective plastic strain reaches the failure strain or when the pressure reaches the
failure pressure, the element loses its ability to carry tension and the deviatoric stresses are set to
zero, i.e., the material behaves like a fluid. If Ft for element removal is defined the element
removal option isignored.

The element erosion option based on Ft must be used cautiously with the contact options. Nodes
to surface contact is recommended with all nodes of the eroded brick elements included in the
nodelist. Asthe e ements are eroded the mass remains and continues to interact with the master
surface.
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*MAT_SOIL_AND_FOAM_FAILURE

This is Material Type 14. The input for this model is the same as for *“MATERIAL_SOIL _
AND_FOAM (Type 5); however, when the pressure reaches the failure pressure, the element
loses its ability to carry tension. It should be used only in situations when soils and foams are
confined within a structure or when geometric boundaries are present.
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*MAT_JOHNSON_COOK

This is Material Type 15. The Johnson/Cook strain and temperature sensitive plasticity is
sometimes used for problems where the strain rates vary over a large range and adiabatic
temperature increases due to plastic heating cause material softening. When used with solid
elements this model requires an equation-of-state. If therma effects and damage are
unimportant, the much less expensve *MAT_SIMPLIFIED_JOHNSON_COOK model is
recommended. The simplified model can be used with beam elements.

Card1 1 2 3 4 5 6 7 8
Variable MID RO G E PR DTF VP RATEOP
Type A8 F F F F = F E
Default none none none none none 0.0 0.0 0.0
Card 2 1 2 3 4 5 6 7 8
Variable A B N C M ™ TR EPSO
Type F F F F F F F F
Default none 0.0 0.0 0.0 none none none none
Card 3 1 2 3 4 5 6 7 8
Variable CcP PC SPALL IT D1 D2 D3 D4
Type F F F F F F F F
Default none 0.0 2.0 0.0 0.0 0.0 0.0 0.0
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Card 4 1 2 3 4 5 6 7 8
Variable D5 c2/P EROD EFMIN | NUMINT
Type F F F F F
Default 0.0 0.0 0.0 0.000001 0.
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density
G Shear modulus
E [aqwpi0u"Ogfwmwu"*ujgm'gngogpw'gpn{+
PR Rakuugplu“tevkg™uj gm'gngogpugpn{+
DTF Minimum time step size for automatic element deletion (shell elements).

The element will be deleted when the solution time step size drops
below DTF*TSSFAC where TSSFAC is the time step scale factor
defined by *CONTROL_TIMESTEP.

VP Formulation for rate effects:
EQ.0.0: Scaleyield stress (default),
EQ.1.0: Viscoplastic formulation.

RATEOP Optional forms of strain-rate term:
EQ.0.0: Log-Linear Johnson-Cook (default),
EQ.1.0: Log-Quadratic Huh-Kang (2 parameters),
EQ.2.0: Exponential Allen-Rule-Jones,
EQ.3.0: Exponential Cowper-Symonds (2 parameters).
EQ.4.0: Nonlinear rate coefficient (2 parameters).

A See eguations below.
B See equations below.
N See eguations below.
C See equations below.
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VARIABLE DESCRIPTION
M See equations below.
™ Melt temperature
TR Room temperature
EPSO Quasi-static threshold strain rate. Ideally, this vaue represents the

highest strain rate for which no rate adjustment to the flow stress is
needed, and is input in units of 1/model time units. For example, if
strain rate effects on the flow stress first become apparent at strain rates
greater than 1E-02 seconds™ and the system of units for the model input
is kg, mm, msec, then EPSO should be set to 1E-05 [msec™]

CP Specific heat (superseded by heat capacity in
*MAT_THERMAL_OPTION if acoupled thermal/structural analysis)
PC Failure stress or pressure cutoff (PC < 0.0)
SPALL Spall type:

GSI"202<" Fghcwnv"ugy'vg"D402K.

EQ. 1.0: Tensilepressureislimited by PC, i.e, pisaways t PC,
EQ. 20: umax ®"-PC triggers shell element deletion and tensile
stresses to be reset to zero in solid elements. Only compressive
stresses are subsequently allowed in solids,

EQ. 3.0: p < PC triggers shell element deletion and pressure to be
reset to zero in solid elements. Tensile pressure is subsequently
disallowed in solids.

IT Plastic strain iteration option. This input applies to solid elements only
since it is aways necessary to iterate for the shell element plane stress
condition.

EQ. 0.0: no iterations (default),
EQ. 1.0: accurate iterative solution for plastic strain. Much more
expensive than default.

D1-D5 Failure parameters, see equations below.

E41R1p0 Optional strain-rate parameter for Huh-Kang (C2), Cowper-Symonds
(P), and nonlinear rate coefficient (n°) forms; see equations below.

EROD Erosion Flag:
EQ.0.0: default, element erosion alowed.
NE.0.0: element does not erode; deviatoric stresses set to zero
when element fails.

EFMIN The lowerbound for calculated strain at fracture (see equation).
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VARIABLE DESCRIPTION

NUMINT Number of through thickness integration points which must fail before
the shell element is deleted. (If zero, all points must fail.) The default of
al integration points is not recommended since elements undergoing
large strain are often not deleted due to nodal fiber rotations which limit
strains at active integration points after most points have failed. Better
results are obtained if NUMINT is set to 1 or a number less than one half
of the number of through thickness points. For example, if four through
thickness points are used, NUMINT should not exceed 2, even for fully
integrated shells which have 16 integration points.

Remarks:

Johnson and Cook express the flow stress as

u,?¥Aa-B7" +§1- c|ng*§*1/T ™
where
A, B, C, n, and m = input constants
g " effective plastic strain

g
EPSO

For VP=0, g, ? effective total strain rate normalized by quasi-static threshold rate

g;p

ForVP=1, g, ? —— effective plastic strain rate normalized by quasi-static threshold rate

T/T
T* = homologous temperature = Tm

melt room
The quantity T T Trom iS Stored as extra history variable 5.

Constants for a variety of materials are provided in Johnson and Cook [1983]. A fully
viscoplastic formulation is optiona (VP) which incorporates the rate equations within the yield
surface. An additional cost isincurred but the improvement is that results can be dramatic.

Due to nonlinearity in the dependence of flow stress on plastic strain, an accurate value of the
flow stress requires iteration for the increment in plastic strain. However, by using a Taylor
series expansion with linearization about the current time, we can solve for uy with sufficient
accuracy to avoid iteration.
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The strain at fracture is given by
g' ? max(gD, - D,expD,u §fl- D,Ing § g1- DT §,EFMIN)
where u* istheratio of pressure divided by effective stress

u")i

u eff

Fracture occurs when the damage parameter

p

Fg
gf

D? A

reaches the value of 1. D is stored as extra history variable 4 in shell elements and extra history
variable 6 in solid elements.

A choice of three spall models is offered to represent materia splitting, cracking, and failure
under tensile loads. The pressure limit model limits the minimum hydrostatic pressure to the
specified value, p t p,, . If pressures more tensile than this limit are calculated, the pressure is

reset to p,, . Thisoption is not strictly a spall model since the deviatoric stresses are unaffected
by the pressure reaching the tensile cutoff and the pressure cutoff value p . remains unchanged

throughout the analysis. The maximum principal stress spall model detects spall if the maximum
principal stress, v, , exceeds the limiting value v ;. Once spall in solids is detected with this

model, the deviatoric stresses are reset to zero and no hydrostatic tension is permitted. If tensile
pressures are calculated, they are reset to 0 in the spalled material. Thus, the spalled material
behaves as rubble. The hydrostatic tension spall model detects spall if the pressure becomes
more tensile than the specified limit, p ., . Once spall in solids is detected with this model, the
deviatoric stresses are set to zero and the pressure is required to be compressive. If hydrostatic
tension is calculated then the pressure isreset to O for that element.

In addition to the above failure criterion, this material model also supports a shell element
deletion criterion based on the maximum stable time step size for the element, Ft_ . Generally,

Ft _ goes down as the element becomes more distorted. To assure stability of time integration,

max

the global LS-DY NA time step is the minimum of the Ft , values calculated for al elementsin

X

the model. Using this option allows the selective deletion of elements whosetime step Ft_ has

fallen below the specified minimum time step, Ft . Elements which are severely distorted

often indicate that material has failed and supports little load, but these same elements may have
very small time steps and therefore control the cost of the analysis. This option alows these
highly distorted elements to be deleted from the calculation, and, therefore, the analysis can
proceed at a larger time step, and, thus, at a reduced cost. Deleted elements do not carry any
load, and are deleted from all applicable slide surface definitions. Clearly, this option must be
judiciously used to obtain accurate results at @ minimum cost.

Materia type 15 is applicable to the high rate deformation of many materials including most
metals. Unlike the Steinberg-Guinan model, the Johnson-Cook model remains valid down to
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lower strain rates and even into the quasistatic regime. Typica applications include explosive
metal forming, ballistic penetration, and impact.

Optional Strain Rate Forms

The standard Johnson-Cook strain rate term is linear in the logarithm of the strain rate:

1-Clng*

Some additional data fiting capability can be obtained by using the quadratic form proposed by
Huh & Kang [2002]:

1-ClIng*-C,*Ing*+

Three additional exponential forms are available, one due to Allen, Rule & Jones[1997],

the Cowper-Symonds-like [1958] form

and the nonlinear rate coefficient,

The four additional rate forms (RATEOP=1,2, 3 or 4) are currently available for solid & shell
elements but only when the viscoplastic rate option is active (VP=1). See Huh and Kang [2002],
Allen, Rule, and Jones [1997], and Cowper and Symonds [1958].
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*MAT_PSEUDO_TENSOR

Thisis Material Type 16. This model has been used to analyze buried steel reinforced concrete
structures subjected to impulsive loadings.

Cad 1 1 2 3 4 5 6 7 8
Variable MID RO G PR

Type A8 F F F

Default none none none none

Card 2 1 2 3 4 5 6 7 8
Variable SIGF A0 Al A2 AOF AlF Bl PER
Type F F F F F F F F
Default 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Card 3 1 2 3 4 5 6 7 8
Variable ER PRR SIGY ETAN LCP LCR

Type F F F F F F

Default 0.0 0.0 none 0.0 none none
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Cad 4 1 2 3 4 5 6 7 8
Variable X1 X2 X3 X4 X5 X6 X7 X8
Type F F F F F F F F
Default none none none none none none none none
Cad5 1 2 3 4 5 6 7 8
Variable X9 X10 X11 X12 X13 X14 X15 X16
Type F F F F F F F F
Default none none none none none none none none
Card 6 1 2 3 4 5 6 7 8
Variable YS1 YS2 YS3 YSHA YS5 Y S6 YS7 Y S8
Type F F F F F F F F
Default none none none none none none none none
Cad7 1 2 3 4 5 6 7 8
Variable YS9 YSI10 YSl11 YS12 YS13 YS14 YS15 YS16
Type F F F F F F F F
Default none none none none none none none none
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VARIABLE DESCRIPTION
MID Materia identification. A unigue number or label not exceeding 8
characters must be specified.
RO Mass density.
G Shear modulus.
PR RakuugpOu"tevka)
SIGF Tensile cutoff (maximum principal stressfor failure).
A0 Cohesion.
Al Pressure hardening coefficient.
A2 Pressure hardening coefficient.
AOF Cohesion for failed material.
A1F Pressure hardening coefficient for failed material.
B1 Damage scaling factor (or exponent in Mode 11.C).
PER Percent reinforcement.
ER Elastic modulus for reinforcement.
PRR RakuugpOu"tevkg hat"tgkphgtegogpv
SIGY Initial yield stress.
ETAN Tangent modulus/plastic hardening modulus.
LCP Load curve ID giving rate sensitivity for principa material, see

*DEFINE_CURVE.

LCR Load curve ID giving rate sendtivity for reinforcement, see
*DEFINE_CURVE.

Xn Effective plastic strain, damage, or pressure. See discussion below.

YSn Yield stress (Mode 1) or scale factor (Mode I1.B or 11.C).
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Remarks:

This model can be used in two major modes - a simple tabular pressure-dependent yield surface,
and a potentially complex model featuring two yield versus pressure functions with the means of
migrating from one curve to the other. For both modes, load curve LCP is taken to be a strain
rate multiplier for the yield strength. Note that this model must be used with equation-of-state
type 8 or 9.

Response Model. Tabulated Yield StressVersus Pressure

This model is well suited for implementing standard geologic models like the Mohr-Coulomb
yield surface with a Tresca limit, as shown in Figure 16.1. Examples of converting conventional
triaxial compression data to this type of model are found in (Desai and Siriwardane, 1984). Note
that under conventional triaxial compression conditions, the LS-DY NA input corresponds to an
u,/u

ordinate of v,/ u, rather than the more widely used 2, where v, is the maximum

principal stressand v, isthe minimum principal stress.

This material combined with equation-of-state type 9 (saturated) has been used very successfully
to model ground shocks and soil-structure interactions at pressures up to 100kbars
(approximately 1.5 x 106 psi).

A

Mohr-Coulomb

Tresca

6103 %

Friction Angle

Cohesion

e

Figure 16.1. Mohr-Coulomb surface with a Trescalimit.

Pressure
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To invoke Mode | of this model, set ag, az, ap, by, ags, and ajs to zero. The tabulated values of
pressure should then be specified on cards 4 and 5, and the corresponding values of yield stress
should be specified on cards 6 and 7. The parameters relating to reinforcement properties, initia
yield stress, and tangent modulus are not used in this response mode, and should be set to zero.

Simpletensilefailure

Note that ajf isreset internaly to 1/3 even though it isinput as zero; this defines afailed material
curve of slope 3p, where p denotes pressure (positive in compression). In this case the yield
strength is taken from the tabulated yield vs. pressure curve until the maximum principa
stress( v, ) in the element exceeds the tensile cut-off (v, ). For every timestep that v, @u_, the
yield strength is scaled back by a fraction of the distance between the two curves until after 20
time steps the yield strength is defined by the failed curve. The only way to inhibit this feature is
toset v, arbitrarily large.

cut

Response Modell. Two Curve Model with Damage and Failure
This approach uses two yield versus pressure curves of the form

p
a -a,p

uy?ao—

The upper curve is best described as the maximum yield strength curve and the lower curve is
the failed material curve. There are a variety of ways of moving between the two curves and
each is discussed below.

S = B0t P

A a Tagy

Yield

3

Stailed = d0ft__ P
a1f T,

\j

Pressure

Figure 16.2. Two-curve concrete model with damage and failure.
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MODE II. A: Smpletensilefailure
Define ag, a1, ap, agr and a1, Set by to zero, and leave cards 4 through 7 blank. In this case the

yield strength is taken from the maximum yield curve until the maximum principal stress (v, ) in

the element exceeds the tensile cut-off (v ). For every time step that v, @u_, the yield

strength is scaled back by a fraction of the distance between the two curves until after 20 time
steps the yield strength is defined by the failure curve.

Modell.B: Tensilefailure plusplastic strain scaling
Define ag, a1, ap, agr and ayf, set by to zero, and user cards 4 through 7 to define a scale factor,

J, versus effective plastic strain. LS-DY NA evaluates j at the current effective plastic strain and
then calculated the yield stress as

uyield ? U taited _-I(umax / ufailed)

where v, and v ., arefound as shown in Figure 16.2. This yield strength is then subject to

scaling for tensile failure as described above. This type of model alows the description of a
strain hardening or softening material such as concrete.

Modell.C: Tensilefailure plus damage scaling

The change in yield stress as a function of plastic strain arises from the physical mechanisms
such as interna cracking, and the extent of this cracking is affected by the hydrostatic pressure
when the cracking occurs. This mechanism gives rise to the "confinement” effect on concrete
behavior. To account for this phenomenon, a "damage" function was defined and incorporated.
This damage function is given the form:

P . /b
7A 0

n? DAl'LO dg”
oA Yo 0

Define ag, a1, ap, agr and aif, and b1. Cards 4 though 7 now give asafunction of and scale
theyield stress as

PR
ineld ? U gitea = " U max / Ufailed+

and then apply any tensile failure criteria.

Modell Concrete Mode Options
Material Type 16 Mode Il provides for the automatic internal generation of a ssmple "generic"
model from concrete if AO is negative then SIGF is assumed to be the unconfined concrete

compressive strength, f! and T AQ is assumed to be a conversion factor from LS-DY NA pressure

units to psi. (For example, if the model stress units are MPa, A0 should be set to T145.) In this
case the parameter values generated internally are

f. ? SIGF
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51
31-3

a, ? —
2 3f

c

a.?0

of

a, ?0.385

Note that these agr and ass defaults will be overridden by non zero entries on Card 3. If plastic
strain or damage scaling is desired, Cards 5 through 8 and bl should be specified in the input.
When ag is input as a negative quantity, the equation-of-state can be given as 0 and a trilinear
EOS Type 8 model will be automatically generated from the unconfined compressive strength
and Poisson’s ratio. The EOS 8 model is a simple pressure versus volumetric strain model with
no internal energy terms, and should give reasonable results for pressures up to Skbar
(approximately 75,000 psi).

Mixture model
A reinforcement fraction, f,, can be defined along with properties of the reinforcement material.

The bulk modulus, shear modulus, and yield strength are then calculated from a simple mixture
rule, i.e, for the bulk modulus the rule gives:

K?2*/ f+K_- fK,

where K, and K, are the bulk moduli for the geologic material and the reinforcement material,

respectively. This feature should be used with caution. It gives an isotropic effect in the
material instead of the true anisotropic material behavior. A reasonable approach would be to
use the mixture elements only where the reinforcing exists and plain elements elsewhere. When
the mixture model is being used, the strain rate multiplier for the principal material is taken from
load curve N1 and the multiplier for the reinforcement is taken from load curve N2.

A Suggestion
The LLNL DYNA3D manua from 1991 [Whirley and Hallquist] suggests using the damage
function (Mode I1.C.) in Material Type 16 with the following set of parameters:
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and a damage table of:
Card 4 0.0
5.17E-04
Card 5: 9.67E-04
4.00E-03
Card 6: 0.309
0.790
Cad 7: 0.383
0.086

8.62E-06
6.38E-04

1.41E-03
4.79E-03

0.543
0.630

0.247
0.056

a, ?15

b, ?1.25

2.15E-05 3.14E-05 3.95E-04
7.98E-04

1.97E-03 2.59E-03 3.27E-03
0.909

0.840 0.975 1.000
0.469

0.173 0.136 0.114
0.0

This set of parameters should give results consistent with Dilger, Koch, and Kowalczyk, [1984]
for plane concrete. It has been successfully used for reinforced structures where the reinforcing
bars were modeled explicitly with embedded beam and shell elements. The model does not
incorporate the major failure mechanism - separation of the concrete and reinforcement leading
to catastrophic loss of confinement pressure. However, experience indicates that this physical
behavior will occur when this model shows about 4% strain.
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*MAT_ORIENTED_CRACK

Thisis Material Type 17. This material may be used to model brittle materials which fail due to
large tensile stresses.

Card1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN FS PRF
Type A8 F F F F F F F
Default none None none none none 0.0 none 0.0

Optional card for crack propagation to adjacent elements (see remarks):

Card 2 1 2 3 4 5 6 7 8
Variable SOFT CVELO
Type F F
Default 1.0 0.0
VARIABLE DESCRIPTION
MID Materia identification. A unigue number or label not exceeding 8
characters must be specified.
RO Mass density.
E [qwpiOu"oqfwmwul
PR RakuugpOu"tcvkap
SIGY Yield stress.
ETAN Plastic hardening modulus.
FS Fracture stress.
PRF Failure or cutoff pressure (~ 0.0).
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VARIABLE DESCRIPTION

SOFT Factor by which the fracture stress is reduced when a crack is coming
from failed neighboring element. See remarks.

CVELO Crack propagation velocity. See remarks.

Remarks:

Thisis an isotropic elastic-plastic material which includes a failure model with an oriented crack.
The von Mises yield condition is given by:

2

u
h?3,/—~
3
where the second stress invariant, J,, is defined in terms of the deviatoric stress components as

1
? —s.s

J 2 1j )

2

and the yield stress, v, is afunction of the effective plastic strain, g, , and the plastic hardening
modulus, E:

p
u, ?U, - Epgeff

The effective plastic strain is defined as:

t

ge‘;f ? Ddgeﬁf

0

2
where dgg ? ‘/—dg”"dgij”
3

and the plastic tangent modulus is defined in terms of the input tangent modulus, E, , as

EE
E 7 L

* E/E,

Pressure in this model is found from evaluating an equation of state. A pressure cutoff can be
defined such that the pressure is not allowed to fall below the cutoff value.

The oriented crack fracture model is based on a maximum principal stress criterion. When the
maximum principal stress exceeds the fracture stress, v, , the element fals on a plane

perpendicular to the direction of the maximum principal stress. The normal stress and the two
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shear stresses on that plane are then reduced to zero. This stress reduction is done according to a
delay function that reduces the stresses gradually to zero over a small number of time steps. This
delay function procedure is used to reduce the ringing that may otherwise be introduced into the
system by the sudden fracture. The number of steps for stress reduction is 20 by default
(CVELO=0.0) or itisinternaly computed if CVELO > 0.0 is given:

L 0

e ~

CVELO{Ft §

steps

A
n ?mtA
A

where L ku"ejctcevgtkuvke"gngogpyv'ngpivy‘cpf" v'ku'vkoguvgruk; gl

After atensile fracture, the element will not support tensile stress on the fracture plane, but in
compression will support both normal and shear stresses. The orientation of this fracture surface
is tracked throughout the deformation, and is updated to properly model finite deformation
effects. If the maximum principal stress subsequently exceeds the fracture stress in another
direction, the element fails isotropically. In this case the element completely loses its ability to
support any shear stress or hydrostatic tension, and only compressive hydrostatic stress states are
possible. Thus, once isotropic failure has occurred, the material behaves like afluid.

This model is applicable to elastic or elastoplastic materials under significant tensile or shear
loading when fracture is expected. Potential applications include brittle materials such as
ceramics as well as porous materials such as concrete in cases where pressure hardening effects
are not significant.

Crack propagation behavior to adjacent elements can be controlled via parameter SOFT for thin,
shell-like structures (e.g. only 2 or 3 solids over thickness). Additionally, LS-DY NA hasto know
where the plane or solid element midplane is at each integration point for projection of crack
plane on this element midplane. Therefore, element numbering has to be as shown in Figure
17.1. Only solid element type 1 is supported with that option at the moment.

solid
element
midplane

Figure 17.1. Thin structure (2 elements over thickness)
with cracks and necessary element numbering
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*MAT_POWER_LAW_PLASTICITY

This is Material Type 18. This is an isotropic plasticity model with rate effects which uses a
power law hardening rule.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR K N SRC SRP
Type A8 F F F F F F F
Default none none none none none none 0.0 0.0
Card 2 1 2 3 4 5 6 7 8
Variable SIGY VP EPSF
Type F F F
Default 0.0 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
E [aqwpi0u"ogfwmwul
PR RakuugpOu"tevkap
K Strength coefficient.
N Hardening exponent.
SRC Strain rate parameter, C, if zero, rate effects are ignored.
SRP Strain rate parameter, P, if zero, rate effects are ignored.
SIGY Optional input parameter for defining the initial yield stress, v, .
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VARIABLE DESCRIPTION

Generally, this parameter is not necessary and the strain to yield is
calculated as described below.
LT.0.02: g, 2 SIGY

GE.0.02: See below.
EPSF Plastic failure strain for element deletion.

VP Formulation for rate effects:
EQ.0.0: Scaleyield stress (default),
EQ.1.0: Viscoplastic formulation.

Remarks:

Elastoplastic behavior with isotropic hardening is provided by this model. The yield stress, uy, is
afunction of plastic strain and obeys the equation:

n % et n
u,?kg"?2k*g, -g°t

where g is the elastic strain to yield and 7 °is the effective plastic strain (logarithmic). If

SIGY is set to zero, the strain to yield if found by solving for the intersection of the linearly
elastic loading equation with the strain hardening equation:

u?Eyg
u?kg"

which givesthe elastic strain at yield as:

¢1x

o A E genal
9y ? A0

If SIGY yield is nonzero and greater than 0.02 then:

¢1x

S hu, Ok

Iy 2 A0
S

Strain rate is accounted for using the Cowper and Symonds model which scales the yield stress
with the factor

.A}/p

1489
Co

TS T2
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where g isthe strain rate. A fully viscoplastic formulation is optional which incorporates the
Cowper and Symonds formulation within the yield surface. An additional cost is incurred but
the improvement is results can be dramatic.
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*MAT_STRAIN_RATE_DEPENDENT_PLASTICITY

This is Materia Type 19. A strain rate dependent material can be defined. For an aternative,
see Material Type 24. Required is a curve for the yield stress versus the effective strain rate.
Qrvkgpem{." [aqwpitu" ogfwmwu'cpF'vjg'vepigpy ogfwnwu'ecp” crug dg" Fghkpg ' xgtuwu'vj g" ghhgevkxg"
strain rate. Also, optional failure of the material can be defined either by defining a von Mises
stress at failure as a function of the effective strain rate (valid for solids/shells/thick shells) or by
defining a minimum time step size (only for shells).

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR VP
Type A8 F F F F
Default none none none none 0.0
Card 2 1 2 3 4 5 6 7 8
Variable LC1 ETAN LC2 LC3 LC4 TDEL RDEF
Type F F F F F F F
Default none 0.0 0.0 0.0 0.0 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
E [aqwpi0u"ogfwmwul
PR RakuugpOu"tcvkap
VP Formulation for rate effects:

EQ.0.0: Scaleyield stress (default),
EQ.1.0: Viscoplastic formulation
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VARIABLE DESCRIPTION

LC1 Load curve ID defining the yield stress ug as a function of the effective

strain rate.
ETAN Tangent modulus, E;

LC2 Ngcfewtxg"KF" Fghkpkpi" [qwpi0u" ogfwmwu'cu'c"wpevkgp" gh'vj 9" ghhgevkxg
strain rate (available only when VVP=0; not recommended).

LC3 Load curve ID defining tangent modulus as a function of the effective
strain rate (optional).

LC4 Load curve ID defining von Mises stress at failure as a function of the

effective strain rate (optional).

TDEL Minimum time step size for automatic element deletion. Use for shells
only.
RDEF Redefinition of failure curve:

EQ.1.0: Effective plastic strain,

EQ.2.0: Maximum principal stress and absolute value of minimum
principal stress,

EQ.3.0: Maximum principal stress (release 5 of v.971)

Remarks:

In this model, a load curve is used to describe the yield strength v, as a function of effective
strain rate 7 where

; %

- 2 .0
? .o | | ~
g Sg.l g} 0

Iz >

and the prime denotes the deviatoric component. The strain rate is available for post-processing
as the first stored history variable. If the viscoplastic option is active, the plastic strain rate is
output; otherwise, the effective strain rate defined above is output.

Theyield stressis defined as
u,? uo*j+— E,o°

where g° is the effective plastic strain and E ku"ikxgp"kp"vgtou'gh” [aqwpitu' ogfwmwu' cpf'vjg"
tangent modulus by
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EE,
E, ? :
* E/E,

Both Young's modulus and the tangent modulus may optionally be made functions of strain rate
by specifying aload curve ID giving their values as a function of strain rate. If these load curve
ID’s areinput as 0, then the constant values specified in the input are used.

Note that all load curves used to define quantities as a function of strain rate must have the same
number of points at the same strain rate values. This requirement is used to alow vectorized
interpolation to enhance the execution speed of this constitutive model.

This model also contains a simple mechanism for modeling material failure. This option is
activated by specifying a load curve ID defining the effective stress at failure as a function of
strain rate. For solid elements, once the effective stress exceeds the failure stress the element is
deemed to have failed and is removed from the solution. For shell elements the entire shell
element is deemed to have failed if al integration points through the thickness have an effective
stress that exceeds the failure stress. After failure the shell element is removed from the solution.

In addition to the above failure criterion, this material model also supports a shell element
deletion criterion based on the maximum stable time step size for the element, Ft . Generaly,

Ft, .. goesdown as the element becomes more distorted. To assure stability of time integration,
the global LS-DYNA time step is the minimum of the Ft,_ values calculated for al elementsin
the model. Using this option allows the selective deletion of elements whosetime step Ft, ., has
fallen below the specified minimum time step, Ft_,. Elements which are severely distorted

often indicate that material has failed and supports little load, but these same elements may have
very small time steps and therefore control the cost of the analysis. This option alows these
highly distorted elements to be deleted from the calculation, and, therefore, the analysis can
proceed at a larger time step, and, thus, at a reduced cost. Deleted elements do not carry any
load, and are deleted from all applicable slide surface definitions. Clearly, this option must be
judiciously used to obtain accurate results at a minimum cost.

A fully viscoplastic formulation is optional which incorporates the rate formulation within the
yield surface. An additional cost isincurred but the improvement is results can be dramatic.
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*MAT_RIGID

Thisis Material 20. Parts made from this material are considered to belong to a rigid body (for
each part ID). Also, the coupling of arigid body with MADYMO and CAL3D can be defined
via this material. Alternatively, a VDA surface can be attached as surface to model the
geometry, e.g., for the tooling in metalforming applications. Also, global and local constraints
on the mass center can be optionally defined. Optionally, a local consideration for output and
user-defined airbag sensors can be chosen.

Card1 1 2 3 4 5 6 7 8
Variable MID RO E PR N COUPLE M ALIAS
RE

Type A8 F F F F F F CIF

Default none none none none 0 0 0 Blank
none

Card 2 1 2 3 4 5 6 7 8

Variable CMO CON1 CON2

Type F F F

Default 0 0 0
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*MAT_020

Optional for output (Must beincluded but may be left blank).

Card 3

1

2 3 4 5 6 7 8

Variable

LCOor
Al

A2 A3 V1 V2 V3

Type

Default

VARIABLE

MID

RO

PR

COUPLE

DESCRIPTION

Materia identification. A unigue number or label not exceeding 8
characters must be specified.

Mass density

[awpilu" ogfwmwul" " Tgcugpedng" xcnwgu" jexg' va'" dg" ejqugp" hat" eqpucey
analysis (choice of penalty), see Remarks below.

Rakuugplu" tewkgl" " Tgcugpedng” xenwgu' jexg' vg' dg" ejqugp” for contact
analysis (choice of penalty), see Remarks below.

MADYMO3D 5.4 coupling flag, n:
EQ.O: use normal LS-DY NA rigid body updates,
GT.0: therigid body is coupled to MADYMO 5.4 elipsoid number n
LT.O: therigid body is coupled to MADY MO 5.4 plane number |n|.

Coupling option if applicable:
EQ.-1. attach VDA surface in ALIAS (defined in the eighth field)
and automatically generate a mesh for viewing the surface in LS-
PREPOST.

MADYMO 5.4/ CAL3D coupling option:
EQ.O: the undeformed geometry input to LS-DY NA corresponds to
the local system for MADYMO 5.4 / CAL3D. The finite element
mesh isinput,
EQ.1: the undeformed geometry input to LS-DY NA corresponds to
the global system for MADYMO 5.4/ CAL3D,
EQ.2: generate a mesh for the élipsoids and planes internaly in
LS-DYNA.

MADYMOQO3D 5.4 coupling flag, m:
EQ.O: use normal LS-DY NA rigid body updates,
EQ.m: thisrigid body corresponds to MADY MO rigid body number
m. Rigid body updates are performed by MADY MO.

LS-DYNA Version 971

1-113 (MAT)



*MAT_020
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VARIABLE

ALIAS

RE

CMO

CON1

CON2

LCO

DESCRIPTION

VDA surface alias name, see Appendix L.
MADYMO 6.0.1 External Reference Number

Center of mass constraint option, CMO:
EQ.+1.0: constraints applied in global directions,
EQ. 0.0: no constraints,

EQ. -1.0: constraints applied in local directions (SPC constraint).

First constraint parameter:

If CMO=+1.0, then specify global trandational constraint:
EQ.O: no constraints,
EQ.1: constrained x displacement,
EQ.2: constrained y displacement,
EQ.3: constrained z displacement,
EQ.4: constrained x and y displacements,
EQ.5: constrained y and z displacements,
EQ.6: constrained z and x displacements,
EQ.7: constrained X, y, and z displacements.

If CMO0=-1.0, then specify local coordinate system ID.

See *DEFINE_COORDINATE_OPTION: This coordinate

system isfixed in time.

Second constraint parameter:

If CMO=+1.0, then specify global rotational constraint:
EQ.O: no constraints,
EQ.1: constrained x rotation,
EQ.2: constrained y rotation,
EQ.3: constrained z rotation,
EQ.4: constrained x and y rotations,
EQ.5: constrained y and z rotations,
EQ.6: constrained z and x rotations,
EQ.7: constrained X, y, and z rotations.

If CMO0=-1.0, then specify local (SPC) constraint:
EQ.000000 no constraint,
EQ.100000 constrained x trandation,
EQ.010000 constrained y tranglation,
EQ.001000 constrained z trandlation,
EQ.000100 constrained x rotation,
EQ.000010 constrained y rotation,
EQ.000001 constrained z rotation.

Any combination of local constraints can be achieved by adding the

number 1 into the corresponding column.

Local coordinate system number for outpuit.
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VARIABLE DESCRIPTION

A1-V3 Alternative method for specifying local system below:
Define two vectors a and v, fixed in the rigid body which are used
for output and the user defined airbag sensor subroutines. The
output parameters are in the directions a, b, and ¢ where the latter are
given by the cross products c=a-v and b=c-a. This input is
optional.

Remarks:

The rigid materia type 20 provides a convenient way of turning one or more parts comprised of
beams, shells, or solid elementsinto arigid body. Approximating adeformable body asrigidisa
preferred modeling technique in many real world applications. For example, in sheet metal
forming problems the tooling can properly and accurately be treated as rigid. In the design of
restraint systems the occupant can, for the purposes of early design studies, also be treated as
rigid. Elements which are rigid are bypassed in the element processing and no storage is
allocated for storing history variables, consequently, the rigid material type is very cost efficient.

Two unique rigid part ID’s may not share common nodes unless they are merged together using
the rigid body merge option. A rigid body may be made up of disoint finite element meshes,
however. LS-DYNA assumes this is the case since this is a common practice in setting up
tooling meshes in forming problems.

All elements which reference a given part ID corresponding to the rigid material should be
contiguous, but thisis not a requirement. If two digoint groups of elements on opposite sides of
a model are modeled as rigid, separate part 1D’s should be created for each of the contiguous
element groups if each group is to move independently. This requirement arises from the fact
that LS-DYNA internally computes the six rigid body degrees-of-freedom for each rigid body
(rigid material or set of merged materias), and if digoint groups of rigid elements use the same
part ID, the digoint groups will move together as one rigid body.

Inertial properties for rigid materials may be defined in either of two ways. By default, the
inertial properties are calculated from the geometry of the constituent elements of the rigid
material and the density specified for the part ID. Alternatively, theinertial properties and initial
velocities for a rigid body may be directly defined, and this overrides data calculated from the
material property definition and nodal initial velocity definitions.

Young's modulus, E, and Poisson’sratio, are used for determining diding interface parameters
if the rigid body interacts in a contact definition. Redlistic values for these constants should be
defined since unrealistic values may contribute to numerical problem in contact.

Constraint directions for rigid materials (CMO equal to +1 or -1) are fixed, that is, not updated,
with time. To impose a constraint on arigid body such that the constraint direction is updated as
therigid body rotates, use *BOUNDARY _PRESCRIBED _MOTION_RIGID_LOCAL.
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If no constraints are specified for the rigid part (CMO=0) the nodes for the part are scanned to
determine constraints on the part in global directions. If constraints are specified (CMO equal to
+1 or -1) then the nodes are not scanned.

For coupling with MADYMO 5.4.1, only basic coupling is available.

The coupling flags (N and M) must match with SYSTEM and ELLIPSOID/PLANE in the
MADYMO input file and the coupling option (COUPLE) must be defined.

For coupling with MADYMO 6.0.1, both basic and extended coupling are available:

(1) Basic Coupling: The externa reference number (RE) must match with the externa
reference number in the MADYMO XML input file. The coupling option (COUPLE) must
be defined.

(2) Extended Coupling: Under this option MADYMO will handle the contact between the
MADYMO and LS-DYNA models. The externa reference number (RE) and the coupling
option (COUPLE) are not needed. All coupling surfaces that interface with the MADYMO
models need to be defined in * CONTACT_COUPLING.
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*MAT_ORTHOTROPIC_THERMAL

This is Material Type 21. A linearly éastic, orthotropic materia with orthotropic thermal

expansion.
Card 1 1 2 3 4 5 6 7 8
Variable MID RO EA EB EC PRBA PRCA PRCB
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable GAB GBC GCA AA AB AC AOPT MACF
Type F F F F F F F |
Card 3 1 2 3 4 5 6 7 8
Variable XP YP zZP Al A2 A3
Type F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3 BETA REF
Type F F F F F F F
VARIABLE DESCRIPTION
MID Materia identification. A unigue number or label not exceeding 8
characters must be specified.
RO Mass density.
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VARIABLE

EA

EB

EC

PRBA

PRCA

PRCB

GAB

GBC

GCA

AA

AB

AC

DESCRIPTION

Ea" [qwpilu"ogqfwmwu'kp“c-direction.

Ep, [qwpitu"ogfwmwu'kp"d-direction.

Ec [qwpilu'ogfwiwu'kp"e-direction.

Pba ROkuugplu'tekg."dco

Pca, Rakuugplu“tevk."ecd”

Peb, ROkuugplu'tekq."ed"

Gap, Shear modulus, ab."

Gpc, Shear modulus, bc.

Gea Shear modulus, ca.

Ca, coefficients of thermal expansion in the a-direction.
Cp, coefficients of thermal expansion in the b-direction."

C., coefficients of thermal expansion in the c-direction."
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VARIABLE

AOPT

MACF

XPYP,ZP

A1,A2,A3

V1Vv2\V3

D1,b2,D3

BETA

DESCRIPTION

Material axes option (see MAT_OPTION TROPIC_ELASTIC for a

more compl ete description):
EQ. 0.0: locdly orthotropic with materia axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE _
NODES.
EQ. 1.0: locdly orthotropic with material axes determined by a
point in space and the global location of the element center; this is
the a-direction. Thisoptionisfor solid elements only.
EQ. 2.0: globally orthotropic with material axes determined by
vectors defined below, as with *DEFINE_COORDINATE
VECTOR.
EQ. 3.0: localy orthotropic material axes determined by rotating the
material axes about the element normal by an angle, BETA, from a
line in the plane of the element defined by the cross product of the
vector v with the element normal.
EQ. 4.0: localy orthotropic in cylindrical coordinate system with
the material axes determined by a vector v, and an originating point,
p, which define the centerline axis. This option is for solid elements
only.
LT.0.0: the absolute value of AOPT is a coordinate system 1D
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE _
COORDINATE_SYSTEM or *DEFINE_COORDINATE _
VECTOR). Availablein R3 version of 971 and later.

Material axes change flag for brick elements:
EQ.1: No change, default,
EQ.2: switch material axesaand b,
EQ.3: switch material axesaand c,
EQ.4: switch material axesb and c.

Coordinates of point p for AOPT =1 and 4.
Components of vector afor AOPT = 2.
Components of vector v for AOPT = 3 and 4.
Components of vector d for AOPT = 2.

Material angle in degrees for AOPT = 3, may be overridden on the
element card, see *ELEMENT_SHELL_BETA or *ELEMENT_
SOLID_ORTHO.
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VARIABLE DESCRIPTION

REF Use reference geometry to initialize the stress tensor. The reference
geometry is defined by the keyword:* INITIAL_FOAM_REFERENCE _
GEOMETRY (seethere for more details).
EQ.0.0: off,
EQ.1.0: on.

Remarks:

In the implementation for three-dimensional continua a total Lagrangian formulation is used. In
this approach the material law that relates second Piola-Kirchhoff stress S to the Green-St.
Venant strain Eis

S?CUE?T'CTE

where T is the transformation matrix [Cook 1974].

2 2 2

9 1y m, n, l,m, m,n, nl, X

: |2 2 2 | | Y

E 2 m, n, .M, m,n, nl,

E 2 2 2 U

o m n I.m m.n n.l .
Tk 3 3 3 3l alls 3'3 U

: * * * J
EZIII2 2mm, 2nn LLm, -l,m+t *mn,-m,n+ *nl, - n2I1+8

= * * * ¥
E2|z|3 2m,m, 2n,n, *I,m,-1Im,+ *m,n,-m,nn,+ *n,l, - n3I2+u
U

E
p * * * v
g2l 2mm, 2n,n, Flm, - Imgt o Tmgn, - mngt o gl - nylgt g

I, m,, n, arethedirection cosines
x| ?21,x,-mx,-nx, fori?123

and x| denotes the material axes. The constitutive matrix C, is defined in terms of the material
axesas
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1 w w.
E — /= /30 0 0
E Ell E22 E33 U
Eow 1 w. |
E /= — /== 0 0 0 3
E E11 E22 E33 U
E W w. 1 |
E /L /= — 0 0 0 3
C/l ) E Ell E22 E33 U
. ; 1 :
E 0 0 0 — 0 0 3
; G :
E 12 U
E 1 U
£ 0 0 0 0 — 0 U
‘ G ‘
E 2 U
E 10
£ 0 0 0 0 0 U
E G, ()
where the subscripts denote the material axes, i.e.,
w, ? Wy and E; ? E,
Since C, issymmetric
Yo o5 W g,
Ell E22
The vector of Green-St. Venant strain componentsis
t s s
E 9 EEll’E22’E33'E12’E23’E31U

which include the local thermal strains which are integrated in time:

gt gl e X T/ T

g2 g0 -, T /T

gt gl e * T /T
After computing s, we then obtain the Cauchy stress:

r X °Xj
u, ? —— S
Lo, eX, X,

ki

This model will predict realistic behavior for finite displacement and rotations as long as the
strains are small.

In the implementation for shell elements, the stresses are integrated in time and are updated in
the corotational coordinate system. In this procedure the local material axes are assumed to
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remain orthogona in the deformed configuration. This assumption is valid if the strains remain
small.
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*MAT_COMPOSITE_DAMAGE

Thisis Material Type 22. An orthotropic material with optional brittle failure for composites can
be defined following the suggestion of [Chang and Chang 1987a, 1987b]. Three failure criteria
are possible, see the LS-DYNA Theory Manua. By using the user defined integration rule, see
*INTEGRATION_SHELL, the constitutive constants can vary through the shell thickness. For
all shells, except the DKT formulation, laminated shell theory can be activated to properly model
the transverse shear deformation. Lamination theory is applied to correct for the assumption of a
uniform constant shear strain through the thickness of the shell. For sandwich shells where the
outer layers are much stiffer than the inner layers, the response will tend to be too stiff unless
lamination theory isused. To turn on lamination theory see* CONTROL_SHELL.

Card1 1 2 3 4 5 6 7 8
Variable MID RO EA EB EC PRBA PRCA PRCB
Type A8 F F F F = F E
Default none None none none none none none none
Card 2 1 2 3 4 5 6 7 8
Variable GAB GBC GCA KFAIL AOPT MACF

Type F F F F F |

Default none None none 0.0 0.0 0

Card 3 1 2 3 4 5 6 7 8
Variable XP YP ZP Al A2 A3

Type F F F F F F

Default 0.0 0.0 0.0 0.0 0.0 0.0
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Card 4 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3 BETA
Type F F F F F F F
Default 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Card 5 1 2 3 4 5 6 7 8
Variable sc XT YT YC ALPH SN Syz SZX
Type F F F F F F F F
Default none none none none none none none none
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density
EA Ea." [qwpi0u'ogfwmwu'kp'c-direction.
EB Ep." [awpilu"oqfwwu'kp"d-direction.
EC E¢." [qwpi0u"ogfwmwu'kp'e-direction.
PRBA Ppha POISSON ratio, ba.
PRCA Pca, POISSON rétio, ca
PRCB Pch, PoissoN ratio, cb.
GAB Gap, Shear modulus, ab.
GBC Gpe, Shear modulus, bc.
GCA Gca, Shear modulus, ca
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VARIABLE

KFAIL

AOPT

MACF

XPYP,ZP

A1,A2,A3

V1Vv2\V3

D1,D2,D3

BETA

DESCRIPTION

Bulk modulus of failed material. Necessary for compressive failure.

Material axes option (see MAT_OPTION TROPIC ELASTIC for a

more compl ete description):
EQ. 0.0: localy orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE_
NODES.
EQ. 1.0: locdly orthotropic with material axes determined by a
point in space and the global location of the element center; thisis
the a-direction. Thisoptionisfor solid elements only.
EQ. 2.0: globaly orthotropic with material axes determined by
vectors defined below, as with *DEFINE_COORDINATE
VECTOR.
EQ. 3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle, BETA, from a
line in the plane of the element defined by the cross product of the
vector v with the element normal.
EQ. 4.0: localy orthotropic in cylindrical coordinate system with
the material axes determined by a vector v, and an originating point,
p, which define the centerline axis. This option is for solid elements
only.
LT.0.0: the absolute value of AOPT is a coordinate system 1D
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE _
VECTOR). Availablein R3 version of 971 and later.

Materia axes change flag for brick elements:
EQ.1: No change, default,
EQ.2: switch material axesaand b,
EQ.3: switch material axesaand c,
EQ.4: switch material axesb and c.

Coordinates of point p for AOPT = 1 and 4.
Components of vector afor AOPT = 2.
Components of vector v for AOPT = 3 and 4.
Components of vector d for AOPT = 2.

Material angle in degrees for AOPT = 3, may be overridden on the
element card, see *ELEMENT_SHELL _BETA or *ELEMENT_
SOLID_ORTHO.

Shear strength, ab plane, seethe LS-DY NA Theory Manual.
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VARIABLE

XT
YT
YC

ALPH

SYz

SZX

Remarks:

The number of additional integration point variables for shells written to the d3plot database is

DESCRIPTION

Longitudinal tensile strength, a-axis, seethe LS-DY NA Theory Manual.

Transverse tensile strength, b-axis.

Transverse compressive strength, b-axis (positive value).

Shear stress parameter for the nonlinear term, see the LS-DYNA Theory
Manual. Suggested range 0|1 0.5.

Normal tensile strength (solid elements only)

Transverse shear strength (solid elements only)

Transverse shear strength (solid elements only)

input by the optional *DATABASE_EXTENT_BINARY as variable NEIPS. These additional
variables are tabulated below (i = shell integration point):

. o L S-PrePost
History Description Value history variable
Variable

ef(l_) tengleflbe_r mode 1- dagic See table below

cm(i) tensile matrix mode 0- failed 1

ed(i) compressive matrix mode 2

The following components are stored as element component 7 instead of the effective plastic

strain. . Notethat ef(i) for i=1,2,3 is not retrievable.

Description Integration point
nip 1
.LA ef (i)
nlp i?1
nip 2
.iA cm(i)
nip o,
1% _ 3
— Aed(i)
nlp i?1
ef(i) for i>3 [
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