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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, e.g., *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-DYNA does not make use of the title. Inclusion of titles simply gives greater clarity to input
decks.

Key to numbers in square brackets

0 - Solids

1H - Hughes-Liu beam

1B - Belytschko resultant beam

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

1D - Discrete beam

1sw - 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 - Membrane 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
constitutive 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

LS-DYNA Version 971 1-1 (MAT)



*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_011:
*MAT_011_LUND:
*MAT_012:
*MAT_013:
*MAT_014:
*MAT_015:
*MAT_016:
*MAT_017:
*MAT_018:
*MAT_010:
*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_030:
*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 [0,1,2,3cd,5,8A] {3}
*MAT_ELASTIC_PLASTIC_HYDRO_{OPTION} [0,3cd,5,8B] {4}
*MAT_STEINBERG [0,3cd,5,8B] {5}

*MAT_STEINBERG_LUND [0,3cd,5,8B] {5}
*MAT_ISOTROPIC_ELASTIC_PLASTIC [0,2,3abcd,5,8B] {0}
*MAT_ISOTROPIC_ELASTIC_FAILURE [0,3cd,5,8B] {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,5,8B] {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 [0,3cd,5] {12}
*MAT_HONEYCOMB [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,8B] {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 [0,3cd,5,8B] {22}
*MAT_3-PARAMETER_BARLAT [2,3ab,5] {7}
*MAT_TRANSVERSELY_ ANISOTROPIC_ELASTIC_PLASTIC [2,3ab] {9}
*MAT_BLATZ-KO_FOAM [0,2,3¢,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,5,8B] {0}
*MAT_BAMMAN [0,2,3abcd,5,8B] {8}
*MAT_BAMMAN_DAMAGE [0,2,3abcd,5,8B] {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,5,8B] {8}
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*MAT_060C: *MAT_ELASTIC_WITH_VISCOSITY_CURVE [0,2,3abcd,5,8B] {8}
*MAT _061: *MAT_KELVIN-MAXWELL_VISCOELASTIC [0,3cd,5,8B] {14}
*MAT_062: *MAT_VISCOUS_FOAM [0,3cd,8B] {7}

*MAT_063: *MAT_CRUSHABLE_FOAM [0,3cd,5,8B] {8}

*MAT_064: *MAT_RATE_SENSITIVE_POWERLAW _PLASTICITY [0,2,3abcd,5,8B] {30}
*MAT_065: *MAT_MODIFIED_ZERILLI_ARMSTRONG [0,2,3abcd,5,8B] {6}
*MAT_066: *MAT_LINEAR_ELASTIC_DISCRETE_BEAM [1D] {8}
*MAT_067: *MAT_NONLINEAR_ELASTIC_DISCRETE_BEAM [1D] {14}
*MAT_068: *MAT_NONLINEAR_PLASTIC_DISCRETE_BEAM [1D] {25}
*MAT_069: *MAT_SID_DAMPER_DISCRETE_BEAM [1D] {13}

*MAT_070: *MAT_HYDRAULIC_GAS_DAMPER_DISCRETE_BEAM [1D] {8}
*MAT_071: *MAT_CABLE_DISCRETE_BEAM [1D] {8}

*MAT_072: *MAT_CONCRETE_DAMAGE [0,3cd,5,8B] {6}

*MAT_072R3: *MAT_CONCRETE_DAMAGE_RELS3 [0,3cd,5] {6}

*MAT_073: *MAT_LOW_DENSITY_VISCOUS_FOAM [0,3cd,8B] {56}
*MAT_074: *MAT_ELASTIC_SPRING_DISCRETE_BEAM [1D] {8}
*MAT_075: *MAT_BILKHU/DUBOIS_FOAM [0,3cd,5,8B] {8}

*MAT_076: *MAT_GENERAL_VISCOELASTIC [0,2,3abcd,5,8B] {53}
*MAT_077_H: *MAT_HYPERELASTIC_RUBBER [0,2,3¢cd,5,8B] {54}
*MAT_077_O: *MAT_OGDEN_RUBBER [0,2,3cd,8B] {54}

*MAT_078: *MAT_SOIL_CONCRETE [0,3¢cd,5,8B] {3}

*MAT_079: *MAT_HYSTERETIC_SOIL [0,3cd,5,8B] {77}

*MAT_080: *MAT_RAMBERG-0SGOOD [0,3cd,8B] {18}

*MAT_081: *MAT_PLASTICITY_WITH_DAMAGE [0,2,3abcd] {5}
*MAT_082(_RCDC): *MAT _PLASTICITY_WITH_DAMAGE_ORTHO(_RCDC) [0,2,3abcd] {22}
*MAT_083: *MAT_FU_CHANG_FOAM [0,3cd,5,8B] {54}

*MAT_084-085: *MAT_WINFRITH_CONCRETE [0,8B] {54}

*MAT_086: *MAT_ORTHOTROPIC_VISCOELASTIC [2,3ab] {17}
*MAT_087: *MAT_CELLULAR_RUBBER [0,3cd,5,8B] {19}

*MAT_088: *MAT_MTS [0,2,3abcd,5,8B] {5}

*MAT_089: *MAT_PLASTICITY_POLYMER [0,2,3abcd] {45}

*MAT_090: *MAT_ACOUSTIC [6] {25}

*MAT_091: *MAT_SOFT_TISSUE [0,2] {16}

*MAT_092: *MAT_SOFT_TISSUE_VISCO [0,2] {58}

*MAT_093: *MAT_ELASTIC_6DOF_SPRING_DISCRETE_BEAM [1D] {25}
*MAT_094: *MAT_INELASTIC_SPRING_DISCRETE_BEAM [1D] {9}
*MAT_095: *MAT_INELASTC_6DOF_SPRING_DISCRETE_BEAM [1D] {25}
*MAT_096: *MAT_BRITTLE_DAMAGE [0,8B] {51}

*MAT_097: *MAT_GENERAL_JOINT_DISCRETE_BEAM [1D] {23}
*MAT_098: *MAT_SIMPLIFIED_JOHNSON_COOK [0,1H,1B,1T,2,3abcd] {6}
*MAT_099: *MAT_SIMPLIFIED_JOHNSON_COOK_ORTHOTROPIC_DAMAGE [0,2,3abcd] {22}
*MAT_100: *MAT_SPOTWELD_{OPTION} [0,1SW] {6}

*MAT_100_DA: *MAT_SPOTWELD_DAIMLERCHRYSLER [0] {6}

*MAT_101: *MAT_GEPLASTIC_SRATE_2000a [2,3ab] {15}

*MAT_102: *MAT_INV_HYPERBOLIC_SIN [0,3cd,8B] {15}

*MAT_103: *MAT_ANISOTROPIC_VISCOPLASTIC [0,2,3abcd,5] {20}
*MAT_103_P: *MAT_ANISOTROPIC_PLASTIC [2,3abcd] {20}

*MAT_104: *MAT_DAMAGE._1 [0,2,3abcd] {11}

*MAT_105: *MAT_DAMAGE_2 [0,2,3abcd] {7}

*MAT_106: *MAT_ELASTIC_VISCOPLASTIC_THERMAL [0,2,3abcd] {20}
*MAT_107: *MAT_MODIFIED_JOHNSON_COOK [0,2,3abcd,5,8B] {15}
*MAT_108: *MAT_ORTHO_ELASTIC_PLASTIC [2,3ab] {15}

*MAT_110: *MAT_JOHNSON_HOLMQUIST_CERAMICS [0,3cd,5] {15}
*MAT _111: *MAT_JOHNSON_HOLMQUIST_CONCRETE [0,3cd,5] {25}
*MAT_112: *MAT_FINITE_ELASTIC_STRAIN_PLASTICITY [0,3c,5] {22}
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*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_HONEYCOMB [0,3cd] {20}

*MAT_127: *MAT_ARRUDA_BOYCE_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_130: *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,8B] {10}

*MAT_155: *MAT_PLASTICITY_COMPRESSION_TENSION_EOS [0,3cd,5,8B] {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_150: *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_160:
*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 [0,3¢cd,5] {17}
*MAT_TABULATED_JOHNSON_COOK [0,2,3abcd,,5] {11}
*MAT_VISCOPLASTIC_MIXED_HARDENING [0,2,3abcd,5]
*MAT_KINEMATIC_HARDENING_BARLATS9 [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 [2,33]
*MAT_SCC_ON_RCC [2,3ah]

*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_SO05: *MAT_DAMPER_NONLINEAR_VISCOUS
*MAT_S06: *MAT_SPRING_GENERAL_NONLINEAR
*MAT_S07: *MAT_SPRING_MAXWELL

*MAT_S08: *MAT_SPRING_INELASTIC

*MAT_S13: *MAT_SPRING_TRILINEAR_DEGRADING
*MAT_S14: *MAT_SPRING_SQUAT_SHEARWALL
*MAT_S15: *MAT_SPRING_MUSCLE

For ALE solids the following material types are available:
*MAT_ALE_01: *MAT_ALE_VACUUM (same as *MAT_140)
*MAT_ALE_02: *MAT_ALE_VISCOUS (similar to *MAT_009)
*MAT_ALE_03: *MAT_ALE_GAS_MIXTURE  (same as *MAT_148)
*MAT_ALE_04: *MAT_ALE_HERSCHEL

For the seatbelts one material is available.

*MAT_B01: *MAT_SEATBELT

For thermal materials in a coupled structural/thermal or thermal only analysis, 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_TO01: *MAT_THERMAL_ISOTROPIC
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*MAT_TO02: *MAT_THERMAL_ORTHOTROPIC

*MAT_TO03: *MAT_THERMAL_ISOTROPIC_TD

*MAT_T04: *MAT_THERMAL_ORTHOTROPIC_TD
*MAT_TO05: *MAT_THERMAL_ISOTROPIC_PHASE_CHANGE
*MAT_TO06: *MAT_THERMAL_ISOTROPIC_TD_LC

*MAT_T11-T15: *MAT_THERMAL_USER_DEFINED
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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.

If a material model includes any gh"vjg'hgmaykpi "cwtkdwgu.'c'd [N"ykm'crrget'kp'vjg'tgurgevkxg"
column of the table:

SRATE - Strain-rate effects

FAIL - Failure criteria

EOS - Equation-of-State required for 3D solids and 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 - General
CM - Composite
CR - Ceramic

FL - Fluid

FM - Foam

GL - Glass

HY - Hydrodynamic material
MT - Metal

PL - Plastic

RB - Rubber

SL - Soil, concrete, or rock

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

3

E = Y % 8 = (£
Material Number and Description 9‘, E 8 E <Z,: EE E Applications
1 Elastic GN, FL
2 Orthotropic Elastic (Anisotropic-solids) Y CM, MT
3 Plastic Kinematic/lsotropic Y |Y CM, MT, PL
4 Elastic Plastic Thermal Y MT, PL
5 Soil and Foam Y | FM,SL
6 Linear Viscoelastic Y RB
7 Blatz-Ko Rubber RB
8 High Explosive Burn Y HY
9 Null Material Y |[Y Y Y | FL,HY
10 Elastic Plastic Hydro(dynamic) Y |Y Y | HY,MT
11 Steinberg: Temp. Dependent Elastoplastic Y |[Y |[Y Y Y | HY,MT
12 Isotropic Elastic Plastic MT
13 Isotropic Elastic with Failure Y Y | MT
14 Soil and Foam with Failure Y Y | FM,SL
15 Johnson/Cook Plasticity Model Y |Y |[Y |Y Y |Y |HY,MT
16 Pseudo Tensor Geological Model Y |[Y|Y Y |Y |sL
17 Oriented Crack (Elastoplastic w/ Fracture) Y |Y Y Y | HY,MT,PL,CR
18 Power Law Plasticity (Isotropic) Y MT, PL
19 Strain Rate Dependent Plasticity Y |Y MT, PL
20 Rigid
21 Orthotropic Thermal (Elastic) Y |Y GN
22 Composite Damage Y Y Y | cM
23 Temperature Dependent Orthotropic Y |Y CM
24 Piecewise Linear Plasticity (Isotropic) Y |Y MT, PL
25 Inviscid Two Invariant Geologic Cap Y Y |[sL
26 Honeycomb Y |Y Y Y | CM,FM,SL
27 Mooney-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
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g

E N 7 % 8 = (£
Material Number and Description 8:, E 8 E <Z,: EE E Applications
37 Transversely Anisotropic Elastic Plastic Y MT
38 Blatz-Ko Foam FM, PL
39 FLD Transversely Anisotropic Y MT
40 Nonlinear Orthotropic Y Y |Y Y | CM
41-50 User Defined Materials Y [Y 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 (Low 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 Viscoelastic FM

<

62 Viscous Foam (Crash dummy Foam) FM

63 Isotropic 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 111) Y |[Y Y Y |Y |sL
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 Viscoelastic (Maxwell Model) Y Y Y |RB
77 Hyperelastic and Ogden Rubber Y Y |RB
78 Soil Concrete Y Y |Y |sL
79 Hysteretic Soil (Elasto-Perfectly Plastic) Y Y |sL
80 Ramberg-Osgood SL
81 Plasticity with Damage Y |Y Y MT, PL
82 Plasticity with Damage Ortho Y |Y Y |Y

83 Fu Chang Foam Y |Y Y |Y |FM
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*MAT

g

E a7 % 8 = (£
Material Number and Description 8‘, E 8 E <Z,: EE 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
88 MTS 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 Orthotropic Damage |Y |Y Y |Y MT
100 Spotweld Y |Y Y | Y | MT (spotwelds)
101 GE Plastic 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 Modified 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 |sL
112 Finite Elastic Strain Plasticity Y PL
113 Transformation Induced 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 Direct Y CM
119 General Nonlinear 6DOF Discrete Beam Y |Y Y Y
120 Gurson Y |Y Y |Y |MT
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g

E N 7 % 8 = (£
Material Number and Description 8:, E 8 E <Z,: EE E Applications
121 General Nonlinear 1DOF Discrete Beam Y |Y Y
122 Hill 3RC Y MT
123 Modified Piecewise Linear Plasticity Y |Y MT, PL
124 Plasticity Compression Tension Y |Y Y | MT,PL
125 Kinematic Hardening Transversely Aniso. Y MT
126 Modified Honeycomb Y |Y Y |[Y |Y |[CMFM,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 YLD2000 Y Y |Y MT
134 Viscoelastic Fabric
135 Weak and Strong Texture Model Y |Y Y MT
136 Corus Vegter Y MT
138 Cohesive Mixed Mode Y Y |Y |Y |AD
139 Modified Force Limited Y |Y
140 Vacuum
141 Rate Sensitve Polymer Y PL
142 Transversely 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 |sL
146 1DOF Generalized Spring Y
147 FWHA Soil Y Y |Y |sL
147N FHWA Soil Nebraska Y Y |Y |sL
148 Gas Mixture Y FL
151 Evolving Microstructural Model of Inelast. | 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 [sL
160 ALE incompressible
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*MAT

g

E =) % 8 = (£
Material Number and Description 8‘, E 8 E <Z,: EE E Applications
161,162 Composite MSC Y |Y Y [Y Y |c™m
163 Modified Crushable Foam Y Y | FM
164 Brain Linear Viscoelastic Y BIO
165 Plastic Nonlinear Kinematic Y MT
166 Moment Curvature Beam Y |Y Y |civ
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 |cIv
172 Concrete EC2 Y Y Y |SL MT
173 Mohr Coulomb Y Y |sL
174 RC Beam Y |Y |sL
175 Viscoelastic Thermal Y Y Y |RB
176 Quasilinear Viscoelastic Y |Y Y |Y |BIO
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 |RB,FM
183 Simplified Rubber with Damage Y |Y Y |Y |[RB
184 Cohesive Elastic Y Y | AD
185 Cohesive TH Y Y |Y |Y |AD
186 Cohesive General Y Y |[Y |Y |AD
187 Semi-Analytical Model for Polymers 1 1 Y |Y Y PL
188 Thermo Elasto Viscoelastic Creep Y Y MT
189 Anisotropic Thermoelastic Y |Y
190 Flow limit diagram 3-Parameter Barlat Y Y Y | MT
191 Seismic Beam Y |[civ
192 Soil Brick Y SL
193 Drucker Prager Y [sL
194 RC Shear Wall Y Y |[Y |[ClV
195 Concrete Beam Y |Y Y |[Y |cv
196 General Spring Discrete Beam Y Y
197 Seismic Isolator Y |Y Y Y | cIv
198 Jointed Rock Y Y Y |[sL
202 Steel EC3 CIV
208 Bolt Beam
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g

E N 7 % 8 = (£
Material Number and Description 8:, E 8 E <Z,: EE E Applications
219 CODAM?2 Y Y |[Y Y |[c™m
220 Rigid Discrete
221 Orthotropic Simplified 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 Elastic Perfectly Matched Layer (PML) Y SL
231 Acoustic PML FL
232 Biot Linear Hysteretic Material Y SL
233 Cazacu Barlat Y Y | MT
234 Viscoelastic Loose 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 plasticity (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 Steel Y Y MT
245 Orthotropic/anisotropic PML Y SL
246 Null material PML Y FL
255 Piecewise linear plastic thermal Y |Y Y Y | MT
256 Amorphous solid (finite strain) Y Y |GL
266 Dispersed tissue Y BIO
267 Eight chain rubber Y Y RB, PL
272 RHT concrete model Y |Y Y |Y |[sLClV
276 Chronological viscoelastic Y Y RB
A01 ALE Vacuum FL
A02 ALE Viscous Y Y |FL
A03 ALE Gas Mixture Y FL
A04 ALE Herschel Y Y |FL
S1 Spring Elastic (Linear)
S2 Damper Viscous (Linear) Y
S3 Spring Elastoplastic (Isotropic)
S4 Spring Nonlinear Elastic Y Y
S5 Damper Nonlinear Viscous Y Y
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*MAT

3

E a7 % 8 = (£
Material Number and Description 8‘, E 8 E <Z,: EE E Applications
S6 Spring General Nonlinear Y
S7 Spring Maxwell (3-Parameter Viscoelastic) | Y
S8 Spring Inelastic (Tension or Compression) Y
S13 Spring Trilinear Degrading Y Y CIv
S14 Spring Squat Shearwall Y CIv
S15 Spring Muscle Y Y |BIO
B1 Seatbelt Y
TO01 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
TO05 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 allows 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.

Card 1 1 2 3 4 5 6 7 8
Variable MID FLC/X2 | FAC/X3 ELA FVOPT X0 X1
Type | F F F F F F
Default none none 1.0 none none none none
VARIABLE DESCRIPTION
MID Material 1D for which the porosity leakage property applies
FLC/X2 If X0” 0, X0”1: This is X2 coefficient of the porosity equation of

Anagonye and Wang [1999]. Else, this is an optional constant, FLC, a
fabric porous leakage flow coefficient.
LT.0.0: There are two possible definitions.
If XO0?0, |[FLC| is the load curve ID of the curve defining FLC
versus time.
If XO0?1, |[FLC| is the load curve ID defining FLC versus the

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

FAC/X3 If X0” 0, X0”1: This is X3 coefficient of the porosity equation of

Anagonye and Wang [1999]. Else, if and only if X0?0: This is an
optional constant, FAC, a fabric characteristic parameter.
LT.0.0: There are three possible definitions.
If FVOPT < 7:
If X0?0, |[FAC| is the load curve ID of the curve defining FAC
versus absolute pressure.
If X07?1, |FAC| is the load curve ID defining FAC versus the
pressure ratio defined as r, ? B, /R, . See remark 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 .mS/EmZSfj ..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] is the load 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. Blockage is 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 Siejak [1990]
are used. Blockage is not considered.
EQ.4: Leakage formulas of Graefe, Krummheuer, and Siejak [1990]
are used. Blockage of venting area due to contact is considered.
EQ.5: Leakage formulas based on flow through a porous media are
used. Blockage is 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
FAC in the *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
leakage area: A, ? AFX, - Xir, - X,r, - Xt

LS-DYNA Version 971 1-17 (MAT)



*MAT *MAT_ADD_EROSION

*MAT_ADD_EROSION

Many of the constitutive models in LS-DYNA do not allow failure and erosion. The
ADD_EROSION option provides a way of including failure in these models although the option
can also be applied to constitutive 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.

Card 1 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

The following card is optional:

Card 3 1 2 3 4 5 6 7 8
Variable IDAM DMGTYP | LCSDG ECRIT | DMGEXP | DCRIT FADEXP | LCREGD
Type A8 F F = E F F =
Default 0.0 0.0 0.0 0.0 1.0 0.0 1.0 0.0
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If IDAM.GT.O define the 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.0 then define -IDAM set of cards on the following format:

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*|IDAM| (IDAM<0):

Card 4/5/...

1

2 3 4 5 6 7 8

Variable

LCFLD

EPSTHIN

Type

Default

0.0

0.0

VARIABLE

MID

EXCL

MXPRES

MNEPS

EFFEPS

VOLEPS

DESCRIPTION

Material identification for which this erosion definition applies. A
unique number or label not exceeding 8 characters must be specified.

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 value for the
exclusion number, e.g., 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.

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

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

Maximum effective strain at failure, g, ?/2/3 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.

Volumetric strain at failure, g, ? 9, -9, -9 VOLEPS can be a

positive or negative number depending on whether the failure 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 DESCRIPTION

NUMFIP 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.

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

set to unity.
MNPRES Minimum pressure at failure, P, .
SIGP1 Principal stress at failure, v, .
SIGVM Equivalent stress at failure, &, .
MXEPS Maximum principal strain at failure, g, . The maximum principal strain

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

EPSSH Shear strain at failure, 7, .

SIGTH Threshold stress, v, .
IMPULSE Stress impulse for failure, K, .

FAILTM Failure time. When the problem time exceeds the failure time, the

material is removed.

IDAM Flag for damage model.
EQ.0: no damage model is used.
EQ.1: GISSMO damage model.
LT.0: -IDAM represents the number of damage initiation and
evolution criteria to be applied
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VARIABLE

DESCRIPTION

DMGTYP

LCSDG

ECRIT

DMGEXP

DCRIT

FADEXP

LCREGD

SIZFLG

For GISSMO damage type the following applies.
EQ.O0: 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 is taken
EQ.1: Damage history is initiated based on values of initial plastic
strains and initial strain tensor, this is 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) a load curve ID giving the equivalent plastic strain to
failure vs. triaxiality for that Lode angle value.

Critical plastic strain (material instability), see below.
LT.0.0: [ECRIT] is load 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 accumulation, see remarks.

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

Exponent for damage-related stress fadeout.
LT.0.0: |FADEXP] is load curve ID defining element-size dependent
fading exponent.
GT.0.0: Constant fading exponent.

Load curve ID defining element size dependent regularization 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).
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VARIABLE DESCRIPTION

REFSZ Reference element size, for which an additional output of damage will
be generated. This is 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 stress triaxiality and optionally
plastic strain rate.

DITYP.EQ.1.0: Load curve/table 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, Gy,

Load curve ID defining the Forming Limit Diagram. Minor strains in
percent are defined as abscissa values and Major strains in 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 is only for shell elements and it is available starting with
Release 971 R6.

Thinning strain at failure for thin and thick shells.

The criteria for failure besides failure time are:

1.

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

maximum pressure at failure.

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

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

minimum pressure at failure.

u, fu,, , where u, is the maximum principal stress, and v, is the maximum
principal stress at failure.

T, O : L .
suuy ¥4, where v, are the deviatoric stress components, and &, is the

equivalent stress at failure.

9, ¥ 9., Where g, is the maximum principal strain, and g,,, IS the maximum
principal strain at failure.

i, 1, where 7, is the maximum shear strain = (¢, /7¢9;)/ 2, and 7, is the
shear strain at failure.

The Tuler-Butcher criterion,

D; [max(0,u, / u,)FPdt £ K.,
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where w, is the maximum principal stress, u, is a specified threshold stress,
u tu, 10, and K, is the 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 Models:
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 materials (e.g.
,OCVa246.",0CVa258."E). The input of parameters is based on tabulated data, allowing the
user to directly convert test data to numerical input.

The model is based on an incremental formulation of damage accumulation:

A 1 0
FD » DMGEXP [ #siceseir
9 i
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

if Equivalent plastic strain to failure, determined from LCSDG as a function of the
current triaxiality value . A typical failure curve LCSDG for metal sheet,
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, e.g. -1 to 1
if LCINT=100 (default).

I,:  Equivalent plastic strain increment
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" plastic
failure
strain

compression _/\,

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

tension

Figure 0.1. 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:

~ ODMGEXP
D 7§ﬁ§ for g, ?const. only!
g

Triaxiality "as a measure of the current stress state is defined as

- u _ ) _ :
J ? — with hydrostatic stress ¢/,, and equivalent von Mises stress U/, .
uM

For DMGTYP.EQ.O, damage is accumulated 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, elements will 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 a fixed 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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FADEXP 0

2y b AD/DCRIT
21/DCRIT §

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 a load 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:

= » DMGEXP _j DMGEXPgng

gp,loc

with  F: Kpuvedknkv{"ogcuwtg"*2aH@3+("
Iploc:  Equivalent plastic strain to instability, determined from ECRIT
I,:  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 no input 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+"Eqwrnkpi"gh"fcocigvg uvtguu'ku"fqpg“wukpi'vj g"tgncvkgp"fguetkdg f'cdaxgl

This input allows for the use of extreme values also T for example, DCRIT.EQ.0.0 would lead to
no coupling at all, 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"Bhktuv"Fcocig" Jkuvgt{"xctkcdng"?"8N"ogcpu'vjcv'PF 280
Variable Description

ND Damage parameter D (1.E-20 g'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 Lode angle value

ND+13  Alternative damage value: DYPMeE®

Damage initiation 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 yb GE]O, ¢]

and D' GE]O,l_, k?3.Ep."are introduced for each integration point. These are initially 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 damage DCE]O,l_. When multiple criteria are active, n>1, each individual criterion can

be of maximum, iEl_,, or multiplicative, iEI type, this is defined by the DCTYP

parameter. The global damage variable is defined as

mult

D ? max(D, . Dyutt)
where

i
D ? MaXg D

Dmult 71/ B (1/ DI)

iEl

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

u?(1/D)a.

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 )/, 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 g5 ? g5(f,4") represents the plastic strain at onset of
damage (P1). This is a function of stress triaxiality 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 §°. The damage
initiation history variable evolves according to

9"dgp
v, ? !
> 99.5’

Shear (DITYP.EQ.1):

For the shear initiation option a function g5 ? g5(s,¢g") represents the plastic strain at onset of
damage (P1). This is a function of a shear stress function defined as

5?7(q-ksp)/v

with p being the pressure, g the von Mises equivalent stress and v the maximum shear stress
defined as a function of the principal stress values
vo*u  fu. 412,

major minor

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 §°. The damage
initiation history variable evolves according to
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MSFLD (DITYP.EQ.2):

For the MSFLD initiation option a function g} ? gj(c,g") represents the plastic strain at onset
of damage (P1). This is a function of the ratio of principal plastic strain rates defined as

4P 4P
c 7 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...1/s

minor major

with s being the deviatoric stress. This assures that the calculation of ¢ is in a sense robust at the
expense of being slightly 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° 20 the value of g is set to a large number to prevent
onset of damage for no plastic evolution. The damage initiation history variable evolves
according to
gp
Yo ?Max,_; =,

p
D

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

uP ?E (.),, ¥ >1
1g° y, +1

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.0):

With this option the damage variable evolves linearly with the plastic displacement
D?u”/u?

with uf being the plastic displacement at failure (Q1).

Linear (DETYP.EQ.1):

With this option the damage variable evolves linearly as follows
D?u"/uf

with uf = 2G¢/jyo and jyobeing the yield stress when failure criterion is reached.
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For consolidation calculations.

Card 1 1 2 3 4 5 6 7 8
Variable MID PERM (blank) (blank) THEXP LCKZ
Type | F F I
Default none none 0.0 none
VARIABLE DESCRIPTION
MID Material 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 I 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 F F
Default None * * 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 2,345 2,345 1 15 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 pores to total volume, default to 1.
PERM1~3 Permeability of pore air along X, y and z-direction, <0 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

Remarks:

1.

This card must be defined for all materials requiring consideration of pore air pressure.
The pressure contribution of pore air is (t-tam)*RT,PORE, where t andtym, are the
current and atmospheric ckt" Fgpuk{." T" ku" ckt0u" icu" eqpuvcpv." V" ku" atmospheric air
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||v4i[)*PORE*V,i= PERM|; *6P,/0z;, i=1,2,3

where v, is the pore air flow velocity along the kovj" Fktgevkgp, ©P,/Oz; is the pore air
pressure gradient cngpi*vyg kv fktgevkgp."cpf'zi=x, Xo=Y, X3=2.

PERM2 and PERM3 are assumed to be equal to PERM1 when they are not defined. A
dghkpkvkgp"gh'D2N"ogcpu”pq"rgtogedknkv{0

(x,y,2), or (1,2,3), refers to material fiber direction when MID is an orthotropic material,
like mat002 and mat142; otherwise it refers to 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"cu'hgmay u
(CDARCY +CDF||v4||)*PORE*V,= PERM*f; (OP,/0z;), i=1~3,

where f; is the function value of LCPGD;. The linear Fcte{0u'ncy." Tgoctmu'4."ecp"dg"
recovered when LCPGD; are defined as straight lines with a slope 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 thermal 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 I I F I 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
as well, the properties in 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
as well, the properties in x-direction are used.

MULTZ Scale factor scaling load curve given by LC1DZ
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Remarks:

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

% 26 / T,

rather than on the total strain rates g . For a material with the stress based on the deformation

gradient F;, the elastic part of the deformation gradient is used for the stress computations

e /1/3
F ?J: K
where J; is the thermal Jacobian. The thermal Jacobian is updated using the rate given by

$ ?23c(M)W,;.

For orthotropic properties, which apply only to materials with anisotropy, these equations are
generalized to
4 ? 9/ 6 (T)Tg, 0y
and
Fije 7 Fik d/lQmQu
where the ¢, are updated as
d?cMTd.

Here g 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.
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*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 nonlocal 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 nonlocal 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-dimensional solid
elements, and three-dimensional shell elements and thick shell elements. This option applies to 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 | | F F F I I

Default none none none none none none none

Define as many as needed to input NHV variables. One card 2 will be read 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 terminates this input.

Cards 3,... 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 value 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, YCL1,2C1 Coordinate of point on symmetry plane.
XC2, YC2, ZC2 Coordinate of a point along the normal vector.
Remarks:.

For elastoplastic material models in LS-DYNA which use the plastic strain as a failure 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 1D's for 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 1D, 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,” L, the list of elements included in Y, then

where

W, 2W*x, + 2 pw*x, 7 ytdy . AW

i71

rvi

W, ?2W*x /y,t?

1
Alx 7 i€
L
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MR Tl
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0
0 g

b= —H
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Here f'r and x, are respectively the nonlocal rate of increase of damage and the center of the
element e, and f! , V, and y, are respectively the local rate of increase of damage, the

volume and the center of element e, .

| /]

1-40 (MAT) LS-DYNA Version 971



*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 elements in 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

The fluid 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 [qwpiOu"oqfwmwul
PR RakuugpOu"tevkap
DA Axial 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).
VC 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"Dracuvke"uvtckpN'd{"NU-PrePost is actually volumetric strain in the
case of *MAT_ELASTIC.

Hat"vjg"hwkf qrikgp"vjig"dwam' ogfwnwu'*M+" j cu'vg" dg" Fghkpg F'cu" [qwp 1 0u" ogfwmwu' cpF Rakuugplu”

ratio is ignored. 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, Si?'l, given in terms of the damping coefficient as:
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where FL is a characteristic element length, a is the fluid bulk sound speed, t is the fluid
density, and s the deviatoric strain rate.
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*MAT_{OPTION}TROPIC_ELASTIC

This is Material Type 2. This Total-Lagrangian-based material 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)

Cards 1 and 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

Cards 1, 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/ANISO options.
Card 3/4 1 2 3 4 5 6 7 8
Variable XP YP ZpP 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.

Define for the ORTHO option only:

EA

Ea." [qwpilu"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."[qwpilu'ogfwnwu'kp"d-direction.

E.."[qwpilu'ogfwmu'kp'e-direction (nonzero value required but not used
for shells).

Ppa-"Rakuugplutcvkg'ded
Pca, Rakuugplu“tevkg'ec.”
Peb."Rakuugplu'tevkg cb."
Gab, Shear modulus ab."
Ghe, Shear modulus bc.

Gea, Shear modulus ca.

Fwg'vg'u{oogvt{"fghkpg'vjg'wrrgt'vtkcp iwnct"EkIOu"hqt"vj g'CPKUQ"qrvkgp"gpn{<

Cl11

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 in the 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 identical 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: locally orthotropic with material axes determined by a point
in space and the global location of the element center; this is the a-
direction. This option is for solid elements only.
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VARIABLE

SIGF

XPYP ZP

Al A2 A3

MACF

V1V2V3

D1 D2 D3

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 a solid element is the
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: locally 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 ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

Shear modulus for frequency independent damping.  Frequency
independent damping is based of a spring and slider 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 axes a and b,
EQ.3: switch material axes a and c,
EQ.4: switch material axes b 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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*MAT_{OPTION}TROPIC_ELASTIC

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:

277

where T is a transformation matrix, and C, is

material constants of the orthogonal material axes, a, b, and c.

orthotropic case is defined as:

W, w.
E i _ba 2 0 0 0 G
E Ea Eb Ec U
E w w. U
E/-2 1 % 0 0|
E Ea Eb Ec U
E w. o U
/1 E a b c U
o ?E 1 y
E 0 0 0o — 0 0l
E Gay U
E 1 y
E 0 0 0 O — 0V
E Gy, U
E 1 y
E 0o 0 0 ©0 o —UV
E G §
Note that 2  %ba Yea o Wae Wep o Mhe
Ea Eb Ec Ea Ec Eb

C.T

the constitutive matrix defined in terms of the
The inverse of C, for the

The frequency independent damping is obtained by having a spring and slider in series as shown

in the following sketch:

G

Ctric

W

This option applies only to orthotropic solid elements and affects only the deviatoric stresses.
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©) 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=0.0 AOPT=2.0

(b) d parallel to z-axis

define point p
a is vector from p to

define vector v

to element center c=n
X =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
4 define point p and vector v
¢ is the radial axis through
" the element center
a=vxe
b=cxa
L
P
AOPT=4.0

Figure 2.1.  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 material 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 options illustrated in Figure 2.1 can define the

LS-DYNA Version 971 1-49 (MAT)



*MAT _002 *MAT_{OPTION}TROPIC_ELASTIC

a-b-c system for all 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 final 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 4  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 2 for *ELEMENT_SOLID ORTHO. However, be aware that
for materials with AOPT=3, the final 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 a layered composite can be modeled with a single element.

When AOPT=0 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.

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 a rotation
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 angle is calculated by

h2d-d

where d'is a rotation for the element, and ¢, ku'vjg"tqvovkgp'hgt'vig'kivi"nc{gt'gh"vjg'gngogpwVjg"

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 d

angles are input using the ICOMP=1 option of *SECTION_SHELL. If dor d is omitted, 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 all values of
AOPT, 0, 2, and 3.
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All anisotropic shell materials allow a BETA angle for each integration point through the
thickness, 4/, 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 a layered composite is to use *PART_COMPOSITE to define a
material model, thickness, and material angle, d,, 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 material direction.
The *PART_COMPOSITE method is more user-friendly and is recommended.

This discussion of material direction angles in shell elements also applies to thick shell elements
which allow 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.

It is a very cost effective model and is

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

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"ogfwmwul
PR RakuugpOu“tcvkap
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: Scale yield 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 ¢ is the 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 d| between 0 and 1. For d| equal to 0 and 1, respectively, kinematic and isotropic
hardening are obtained as shown in Figure 3.1. For isotropic hardening, d|= 1, Material 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 elements it is
less accurate and thus Material 12 is not recommended in this case.
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vield |
stress

=1 isotropic hardening

Figure 3.1.  Elastic-plastic behavior with kinematic and isotropic hardening where 1, and |
are undeformed and deformed lengths of uniaxial 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
points is needed. When this material type is used it is necessary 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.

Card 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 E1l 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 | ALPHA5 | ALPHA6 | ALPHA7 | ALPHAS8
Type F F F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable SIGY1 SIGY?2 SIGY3 SIGY4 SIGY5 SIGY6 SIGY7 SIGYS
Type F F F F F F F F
Card 7 1 2 3 4 5 6 7 8
Variable ETAN1 | 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.
TI Temperatures. The minimum is 2, the maximum is 8.
El Eqttgurgpfkpi" [qwpilu'ogfwik'ci'vgo rgtcwtg" VKo
PRI Eqttgurgpfkpi"Rakuugpiutcvkaud
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:

% ?cTﬁj
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*MAT_SOIL_AND_FOAM

This is Material Type 5. This is a very simple 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.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO G K A0 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 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable EPS9 EPS10

Type F F
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*MAT 005

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.

LS-DYNA Version 971
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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
TohkpgF." vjgp' vjg" ewtxg" ku" wugF kpuvgcF' gh' vjg"' kprw" hat' GRUSE." cpf
R3E("'Vjg'tgurgpug'ku'gzvgpfgf'vg"dgkpi"vgo rgtewty ' FgrgpFgpy'ki'NEKF
refers to a table.

Pressure is positive in compression. Volumetric strain is given by the natural log of the relative
volume and is negative in compression. Relative volume is a ratio 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 is reset to that
value. For a detailed 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

off (VCR=1.0) P

-
The bulk unloading modulus is used if the
In % volumetric crushing option is on (VCR=0)
0
tension Volumetric strain
> - L (compression)

Figure 5.1.  Pressure versus volumetric strain curve for soil and crushable foam model.
volumetric strain is given by the natural logarithm of the relative volume, V.

AN

tension cutoff value

The

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

J2

1
v ?Esijsij,

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

On the yield surface J,

h? 3,73 -ap-2a,p’.

1 . T .
? 3 uj where ¢/, is the uniaxial yield stress, i.e.,

%
u, ? 3% -a,p-a,p’t

there is no strain hardening on this surface.

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

1
a,?a ?0 %?5¢.

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

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

This is Material Type 6. This model allows the modeling of viscoelastic behavior for beams
(Hughes-Liu), shells, and solids. Also see *MAT_GENERAL_VISCOELASTIC for a more
general 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: |BULK] is load curve of bulk modulus as a function of
temperature.
GO Short-time shear modulus, see equations below.
LT.0.0: |GO] is load curve of short-time shear modulus as a function
of temperature.
Gl Long-time (infinite) shear modulus, Gy .
LT.0.0: |Gl| is load curve of long-time shear modulus as a function
of temperature.
BETA Decay constant.
LTO0.0: IBETA| is load curve of decay constant as a function of
temperature.
Remarks:

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

A Jaumann rate formulation is used

u} 22 [ G*t /v D) vty
I ) I
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1
where the prime denotes the deviatoric part of the stress rate, v/, and the strain rate, D;;
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*MAT_BLATZ-KO_RUBBER

This is Material Type 7. This one parameter material allows the modeling of nearly
kpegqortguukdng"eqpvkpwwo"twddgtl™V j g"Rakuugplu“tevkgku"nkzg F'vq 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 (see there for more details).

EQ.0.0: off,

EQ.1.0: on.

Remarks:

The second Piola-Kirchhoff stress is computed as

B1g oy
Sij ?2G El Cij /V ®1/2W8 fl'JU
EV i

where V is the relative volume defined as being the ratio of the current volume to the initial
volume, C; is the right Cauchy-Green strain tensor, and v ku"Rakuugplu“tcvka."y jkej "ku"ugv'vo 685"

internally.  This stress measure is transformed to the Cauchy stress, v, according to the
relationship
u, ? V" FF,S,

where F; is the deformation gradient tensor. Also see Blatz and Ko [1962].
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*MAT_HIGH_EXPLOSIVE_BURN

*MAT_HIGH_EXPLOSIVE_BURN

This is Material Type 8.

It allows 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: beta burn 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 chemical energy for simulating detonations. At any time, the pressure in a high explosive

element is given by:
P ? FPeos (V. E)

where p,, is the pressure from the equation of state (either types 2, 3, or 14), V is the relative
volume, and E is the internal 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 is taken as the maximum

F? max(F, F,)

where
E2*t/t+D
———m ot if t @,
i 3v,
Fl?E
:, 0 if t~t
1
F,?2d? LY
1/V,,

where V; is the 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 several 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,

and F is not 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
detonation. In this case we update the stress tensor, to an elastic trial stress, *sij”'l,

=il .
Sy 7S =S Yy =S ¥y — 2Gg dt
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,/ =2
3

where the second stress invariant, J,, is defined in terms of the deviatoric stress components as
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1
J,? Esijsij

and the yield stress is ¢ . If yielding has occurred, i.e., /7 @0, the deviatoric trial stress is scaled

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

n-1 ) uy * on-1

iji  f 3J2 ij
If A~ 0, then

n-1 2 * n-1

Before detonation pressure is given by the expression

1 0
V! /18

p"t? Kg

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

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 beams is ignored if the value of the density is
less than 1.e-11. The [qwpilu"ogfwmwu'cpf"Rakuugplu'tevkgctg"wugf gpn{"hqt"ugwkpi'vjg'eqpvcey’
kpvgthceg ukhhpguulu.‘cpFkv'ku"tgeqoogpFgf'vj cv'tgcugpedng"xcnwgu'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 is inactive.

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

YM [awpilu"ogfwmwuwugFhgt"pwi'dgcoucpfujgmu'gpn{+

PR Rakuugplu“tevkg ™ wugFhat"pwmn"dgcoucpf'uj gmugpn{+
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1.

Remarks:

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

is computed for nonzero  where is the deviatoric strain rate. o is the dynamic
viscosity. For example, in SI unit system, o may have a unit of [Pa*s].

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).

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

The cut-ghh" rtguuwtg." RE." oww" dg" Fghkpgf vg" cogy” hat" ¢ ocvgtken" vg" Dpwogtkecm{N"
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}

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

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

Card 1 1 2 3 4 5 6 7 8
Variable MID RO G SIGY EH PC FS CHARL
Type A8 F F = E F F =
Default none none none 0.0 0.0 -¢ 0.0 0.0

Define this card 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 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
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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 ES1 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 thins to a value less than
CHARL, the element will be deleted. The primary application of this
option is to predict the break-up of axisymmetric shaped charge jets.

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

GS0202<" Fghcwm''ugy'va"D302N.
EQ.1.0: tensile pressure is limited by PC, i.e., p is always @PC,
EQ.2.0: if u,, ®-PC element spalls and tension, p <0, is never

allowed,
EQ.3.0: p <PC element spalls and 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. The yield strength is calculated as

u, ? U, - E,g° -*a, - pa,tmax]p,0_

The quantity Ep, ku'vjg" racuvke" jetfgpkpi" ogfwmwu' fghkpgF'kp"vgtou'gh" [owpilu' ogfwmwu."G."cpf"
the tangent modulus, Et, as follows

E.E
E ?

" E/E,

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:

k3. §”
u’?ﬁzsij 5”8
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and effective plastic strain by:
” Y
_ tA2 0
P o A PP
7°? 9, 43 D7D dt,

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 is ignored and the yield stress is given as

u,? t*g°t,
where the value for f *g "+ is found by interpolation from the data curve.

A choice of three spall models is offered to represent material 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 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, pcyt, remains unchanged
throughout the analysis. The maximum principal stress spall model, SPALL=2, detects spall if
the maximum principal stress, ¢ max, exceeds the limiting value -pcyt. Note that the negative
sign is required because pcyt is measured positive in compression, while ¢ 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, pcyt. 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 0 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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A

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

This is Material Type 11. This material 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

RO

characters must be specified.

Mass density.
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VARIABLE

GO

SIGO

BETA

GAMA

SIGM

BP

T™MO

GAMO

SA

PC

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.

i, 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 allowed.

R]. If R|” 0.0, A is not defined.

Set to 1.0 for o"coefficients for the cold compression energy fit. Default
isJ.
Omin OF Jmin- Optional o or J 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:

AE, /E
G?Go(él-bpv%/hﬁ '
E A 3R

0x

© /300 e Voo 15
o

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

900 R| exp*ax+
%1/ % +2*i0/a/;/2+ '

% X
E. *xt7? D, pdx /

x=11V,
and Ep, is the melting energy:
E, *xt? E *xt-3R[T_*xt

which is in terms of the melting temperature T_ *x+:

*
- *X+7Tmoexp 2axt
m ; Vv 2%i,/al Y+

and the melting temperatureat €2 ¢, T, .

In the above equation R| is defined by

r|? RE
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.

The yield strength uy is given by:
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E. / E A fEj
Ty 300e” 7
3R 00

u, ? ul El-b|pv%/h§

if E,,, exceeds E;. Here, ug| is given by:
uf? u, fl- a*i Ak

where ug is the initial yield stress and ij is the initial plastic strain. If the work-hardened yield
stress Ug| exceeds up, Ug| is set equal to uyl™ Chgt'vjg*ocvgtkcnu’ogm.”j,, 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 a ten term polynomial expansion either as a function of o or j depending on the input
variable, FLAG, as:

E *jit? ,&Ec.j
i?0

*iOR i
E."0't? AECo

i?0

where EC; is the ith coefficient and:

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

A choice of three spall models is offered to represent material 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 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, pcyt, remains unchanged
throughout the analysis. The maximum principal stress spall model, SPALL=2, detects spall if
Vjg'oczkowo "rtkpekrenuvtguu.” J max, €xceeds the limiting value -pcyt. Note that the negative sign
is required because peyt ku"ogcuwtgf" rqukvkxg'kp"eqortguukgp."y Jkng" y 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, 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 pressure is reset to 0 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.
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*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]. An equation of state determines the
pressure.

The keyword cards can appear in two ways:

*MAT_STEINBERG_LUND or MAT_011_LUND

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

Card 5 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 Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
GO Basic shear modulus.
SIGO Jo, 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 iy, See defining equations.
SA a, see defining equations.
PC Pcut OF -Uf (default=-1.e+30)
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VARIABLE DESCRIPTION
SPALL Spall type: )
GS0"202<"Fghcwnv'ugv'vg"D402N.
EQ.10: ptp,,,.
EQ. 2.0:if u,, ¥ 7/p,,;, element spalls and tension, p>0,is never
allowed,
EQ. 3.0: p>/p,,, element spalls and tension, p>0, is never
allowed.
RP R|. If R|” 0.0, A is not defined.
FLAG Set to 1.0 for o coefficients for the cold compression energy fit. Default
is j.
MMN Omin OF Jmin. Optional o or §J minimum value.
MMX Omax Of Jmax- Optional o or § 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 model.
Remarks:

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

: »G*p, T4
u, ? N ¥G, TH-Y, g,

0

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

Yafrg, 42V, fL- a*i - g ~ Y,

and the second is on the thermal part:
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*MAT_ISOTROPIC_ELASTIC_PLASTIC

This is Material 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 is integrated in time
p?/K g,

where ¢, is the volumetric strain rate.
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*MAT_ISOTROPIC_ELASTIC_FAILURE

This is Material Type 13. This is a non-iterative plasticity with simple 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: Ftis not 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 is ignored.

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
node list. As the elements 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 thermal effects and damage are
unimportant, the much less expensive *MAT_SIMPLIFIED_JOHNSON_COOK model is
recommended. The simplified model can be used with beam elements.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO G E PR DTF VP RATEOP
Type A8 F F F F F F F
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 CP 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 [awpiOu"Ogfwmwu"*ujgm'gngogpugpn{+
PR Rakuugplu“tevkg™ujgm elements only)
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: Scale yield 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).
A See equations below.
B See equations below.
N See equations below.
C See equations below.
M See equations below.
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VARIABLE DESCRIPTION
™ Melt temperature
TR Room temperature
EPSO Quasi-static threshold strain rate. Ideally, this value 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 a coupled thermal/structural analysis)
PC Failure stress or pressure cutoff (PC < 0.0)
SPALL Spall type:

GS0202<" Fghcwm'ugy'va"D402N.

EQ.1.0: Tensile pressure is limited by PC, i.e., pisalways £ PC,
EQ.2.0: 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 with
VP=0.0 only since it is always necessary to iterate for the shell element
plane stress condition and for VP=1.0.

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.

c2/p Optional strain-rate parameter for Huh-Kang (C2) or Cowper-Symonds
(P) forms; see equations below.

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

EFMIN Lower bound for strain at fracture.
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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 all 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
¥ _ " A . 0* m
u, ?"A-Bg +ﬁl—clng*8 1/T "
where
A, B, C, n, and m = input constants

g’ effective plastic strain

For VP=0, ¢, ? = gSO effective total strain rate normalized by quasi-static

threshold rate

gp
ForVP=1, ¢, ?
EPSO

effective plastic strain rate normalized by quasi-static

threshold rate

T* = homologous temperature = T/ oo
Ta./T

melt room
The quantity T T Tyoom 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 optional (VP) which incorporates the rate equations within the yield
surface. An additional cost is incurred 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.

The strain at fracture is given by
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g' 2%¢D, - D, exp D, §f1- D, Ing'§ fL- D,T -, EFMIN'

where u* is the ratio of pressure divided by effective stress

U’?L

ueff
Fracture occurs when the damage parameter
D2 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 material splitting, cracking, and failure
under tensile loads. The pressure limit model limits the minimum hydrostatic pressure to the
specified value, p ¥ p,,;,. If pressures more tensile than this limit are calculated, the pressure is

reset to p,,;,,. 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 p,, remains unchanged

throughout the analysis. The maximum principal stress spall model detects spall if the maximum
principal stress, u,,,, exceeds the limiting value «,. 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 is reset to 0 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,
the global LS-DYNA time step is the minimum of the Ft_,, values calculated for all elements in
the model. Using this option allows the selective deletion of elements whose time 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 allows 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.

Material 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
lower strain rates and even into the quasistatic regime. Typical applications include explosive
metal forming, ballistic penetration, and impact.
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Optional Strain Rate Forms

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

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

1-Clng*-C,*Ing*+
Two additional exponential forms are available, one due to Allen, Rule & Jones [1997]
*g*‘i'c
and the other a Cowper-Symonds-like [1958] form:

|_\
:l>§>:l>:|>
o‘g‘%
'U\b—‘

0
0
b

The three additional rate forms (RATEOP=1,2, or 3) 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

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

Card 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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Card 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
Card 5 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 YS4 YS5 YS6 YS7 YS8
Type F F F F F F F F
Default none none none none none none none none
Card 7 1 2 3 4 5 6 7 8
Variable YS9 YS10 YS11 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

RO

PR

SIGF

A0

Al

A2

AOF

AlF

Bl

PER

ER

PRR

SIGY

ETAN

LCP

LCR

Xn

YSn

Remarks:

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

Mass density.

Shear modulus.

RakuugpOu"tevkap

Tensile cutoff (maximum principal stress for failure).
Cohesion.

Pressure hardening coefficient.

Pressure hardening coefficient.

Cohesion for failed material.

Pressure hardening coefficient for failed material.
Damage scaling factor (or exponent in Mode I1.C).
Percent reinforcement.

Elastic modulus for reinforcement.

Rakuugplu'tevkg hgt"tgkphgtegogpv

Initial yield stress.

Tangent modulus/plastic hardening modulus.

Load curve ID giving rate sensitivity for principal material, see
*DEFINE_CURVE.

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

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

Yield stress (Mode 1) or scale factor (Mode 11.B or 11.C).

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

LS-DYNA Version 971
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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 Mode I. Tabulated Yield Stress Versus 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-DYNA input corresponds to an

ordinate of w, / u, rather than the more widely used % where w, is the maximum
principal stress and u, is the 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 2100kbars
(approximately 1.5 x 106 psi).

A

Mohr-Coulomb

Tresca

01703 “u

Friction Angle

Cohesion

e

Figure 16.1. Mohr-Coulomb surface with a Tresca limit.

Pressure

To invoke Mode | of this model, set ag, a1, a», b1, ags, and azf 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, initial
yield stress, and tangent modulus are not used in this response mode, and should be set to zero.
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Simple tensile failure
Note that af is reset internally to 1/3 even though it is input as zero; this defines a failed 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 principal
stress(u, ) in the element exceeds the tensile cut-off (v, ). For every time step that v, @Qu,, 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
to set v, arbitrarily large.

cut

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

P

u,?a, -
y 0
a, - a,p

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.

O = d0t P

A ap T agy

Yield

g

Staifed = G0f ¥ P
a1 tap

A

Pressure

Figure 16.2. Two-curve concrete model with damage and failure.

MODE I1. A: Simple tensile failure
Define ag, a1, a2, agf and azf, 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, @Qu,, 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.
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Mode I1.B: Tensile failure plus plastic strain scaling
Define ag, a1, a2, apf and azf, set by to zero, and user cards 4 through 7 to define a scale factor,

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

uyield ? U taited __I(umax / ufailed)

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

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

Mode 11.C: Tensile failure plus damage scaling

The change in yield stress as a function of plastic strain arises from the physical mechanisms
such as internal 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 A/

9A 0
n?2Pil-—-g dg”
0 UCUt
Define ag, a1, ap, agf and azf, and b1. Cards 4 though 7 now give  as a function of  and scale
the yield stress as

=%
u ? Utited = Unmax /ufailed+

yield
and then apply any tensile failure criteria.

Mode Il Concrete Model Options

Material Type 16 Mode Il provides for the automatic internal generation of a simple "generic"
model from concrete if AO is negative then SIGF is assumed to be the unconfined concrete
compressive strength, f! and T A0 is assumed to be a conversion factor from LS-DYNA pressure

units to psi. (For example, if the model stress units are MPa, AO should be set to 1145.) In this
case the parameter values generated internally are

f. 2 SIGF

1

i £2 0
u,, ?174 fe 0
L /A0(
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ay; 20
a,; ?0.385

Note that these apf and azs defaults will be overridden by non zero entries on Card 3. If plastic
strain or damage scaling is desired, Cards 5 through 8 and b1 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 5kbar
(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 manual from 1991 [Whirley and Hallquist] suggests using the damage
function (Mode 11.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
Card 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

b ?1.25

2.15E-05
7.98E-04

1.97E-03
0.909

0.840
0.469

0.173
0.0

3.14E-05 3.95E-04

2.59E-03 3.27E-03

0.975 1.000

0.136 0.114

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

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

Card 1 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 Material identification. A unique number or label not exceeding 8

characters must be specified.

RO Mass density.
E [qwpiOu"ogfwmwul
PR RakuugpOu“tevka)
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:

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

2
Uy

h?23,/—
3

where the second stress invariant, J,, is defined in terms of the deviatoric stress components as
1j <)

Jz?lss
2

and the yield stress, v/, , is a function of the effective plastic strain, g% , and the plastic hardening
modulus, E:

p
Uy ? U, - Epgeff

The effective plastic strain is defined as:

t
9 ? DA
0

where dgg ? /%dgi}’dgijp

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

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, «,, the element fails on a plane

perpendicular to the direction of the maximum principal stress. The normal stress and the two
shear stresses on that plane are then reduced to zero. This stress reduction is done according to a
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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 it is internally computed if CVELO > 0.0 is given:

A 0
n ?2intf —————
seps © TR CVELOGF §

where L. ku'ejctcevgtkuke"gngogpv'ngpivycpf" v'ku'vkog ugruk;go

After a tensile 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 a fluid.

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-DYNA has to 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 [qwpiOu"ogfwmwul
PR RakuugpOu“tevka)
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, «

y "
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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, ? SIGY

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

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

Remarks:

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

n * =pL"
u,?kg"?k*g, -g"t

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

SIGY s 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?Eg
u?kg"

which gives the elastic strain at yield as:

¢ 1x
A E (Qnsil
9y 7&?8

If SIGY yield is nonzero and greater than 0.02 then:
AU, Qent
9y 7h ¢

k8

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

o5
b

_hg
“hc
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where ¢ is the 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 Material Type 19. A strain rate dependent material can be defined. For an alternative,
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"ciug be defined versus the effective
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 [qwpiu"oqfwmwul

PR RakuugpOu"tevkap

VP Formulation for rate effects:

EQ.0.0: Scale yield 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 Ngcf"ewtxg"KF" Fghkpkpi" [qwpi0u" ogfwnwu"cu"c"hwpevkgp" gh'vj 9" ghhgevkxg

strain rate (available only when VP=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 «, as a function of effective
strain rate § where

L k2, 0"
2h=dl g
974399 ]
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.

The yield stress is defined as

u,?u,*gt-E g°

where g°" is the effective plastic strain and E, ku"ikxgp"kp"vgtou'gh” [Caqwpilu' ogfwmwu' cpf'vjg"
tangent modulus by
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Both Young's modulus and the tangent modulus may optionally be made functions of strain rate
by specifying a load curve ID giving their values as a function of strain rate. If these load curve
ID's are input 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 allow 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 all 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 . . Generally,

Ft ... goes down 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 all elements in
the model. Using this option allows the selective deletion of elements whose time 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 allows 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 is incurred but the improvement is results can be dramatic.
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*MAT_RIGID

This is Material 20. Parts made from this material are considered to belong to a rigid body (for
each part ID). Also, the coupling of a rigid body with MADYMO and CAL3D can be defined
via this material.
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.

Alternatively, a VDA surface can be attached as surface to model the

Card 1 1 2 3 4 6 8
Variable MID RO E PR COUPLE ALIAS
RE

Type A8 F F F F CIF

Default none none none none 0 Blank
none

Card 2 1 2 3 4 6 8

Variable CMO CON1 CON2

Type F F F

Default 0 0 0
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Optional for output (Must be included but may be left blank).

Card 3

1

2 3 4 5 6 7 8

Variable

LCO or
Al

A2 A3 V1 V2 V3

Type

Default

VARIABLE

MID

RO

PR

COUPLE

DESCRIPTION

Material identification. A unique 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" towkgl" " Tgcugpedng” xenwgu' jexg' vg' dg" ejqugp" hat" eqpvcev
analysis (choice of penalty), see Remarks below.

MADYMO3D 5.4 coupling flag, n:
EQ.O: use normal LS-DYNA rigid body updates,
GT.0: the rigid body is coupled to MADYMO 5.4 ellipsoid number n
LT.0: the rigid body is coupled to MADYMO 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-DYNA corresponds to
the local system for MADYMO 5.4 / CAL3D. The finite element
mesh is input,
EQ.1: the undeformed geometry input to LS-DYNA corresponds to
the global system for MADYMO 5.4 / CAL3D,
EQ.2: generate a mesh for the ellipsoids and planes internally in
LS-DYNA.

MADYMO3D 5.4 coupling flag, m:
EQ.O: use normal LS-DYNA rigid body updates,
EQ.m: this rigid body corresponds to MADYMO rigid body number
m. Rigid body updates are performed by MADYMO.

LS-DYNA Version 971
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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 translational 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 is fixed 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 CM0=-1.0, then specify local (SPC) constraint:
EQ.000000 no constraint,
EQ.100000 constrained x translation,
EQ.010000 constrained y translation,
EQ.001000 constrained z translation,
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 output.
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VARIABLE DESCRIPTION

Al1-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 material type 20 provides a convenient way of turning one or more parts comprised of
beams, shells, or solid elements into a rigid body. Approximating a deformable body as rigid is a
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 disjoint 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 this is not a requirement. If two disjoint groups of elements on opposite sides of
a model are modeled as rigid, separate part ID'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 materials), and if disjoint groups of rigid elements use the same
part 1D, the disjoint 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, the inertial 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's ratio,  are used for determining sliding interface parameters
if the rigid body interacts in a contact definition. Realistic 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 a rigid body such that the constraint direction is updated as
the rigid 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 external reference number (RE) must match with the external
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 external 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.

1-116 (MAT) LS-DYNA Version 971



*MAT_ORTHOTROPIC_THERMAL *MAT 021

*MAT_ORTHOTROPIC_THERMAL

This is Material Type 21. A linearly elastic, orthotropic material 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 ZP 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 Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.

LS-DYNA Version 971
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VARIABLE

EA

EB

EC

PRBA

PRCA

PRCB

GAB

GBC

GCA

AB

AC

DESCRIPTION

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

Ep, [qwpilu'ogfwmwu'kp'd-direction.

E., [qwpilu'ogfwnwu'kp"e-direction.

Pba, Rgkuugpu"tevkq."dco

Pea, Rakuugplu“tcvk."ect”

Peb, Rakuugplu'tevkq."ed"

Gab, Shear modulus, ab."

Gpc, Shear modulus, bc.

Gca, Shear modulus, ca.

C,, 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 DESCRIPTION

AOPT Material axes option (see MAT_OPTION TROPIC _ELASTIC for a
more complete description):

EQ. 0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE _
NODES.
EQ. 1.0: locally orthotropic with material axes determined by a
point in space and the global location of the element center; this is
the a-direction. This option is for solid elements only.
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.
EQ. 4.0: locally 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 ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

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

XP,YP,ZP Coordinates of point p for AOPT = 1.
A1,A2,A3 Components of vector a for AOPT = 2.
V1V2,V3 Components of vector v for AOPT = 3.
D1,D2,D3 Components of vector d for AOPT = 2.
BETA 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 (see there 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 E is
S?COE ?T‘C,T@E

where T is the transformation matrix [Cook 1974].

E I:I.2 m12 nl2 Ilml mlnl nlll G

E 1; m; n; I,m, m,N, n,l, U

T ,)E I32 m§ n§ I3m3 m3n3 n3l3 H
CE2LL, 2mm, 2nn, *Im,-Lm+t *mn,-myn+t *nl, -n,l +V

= * * * Y
E2L,l, 2m,m; 2n,n; *lLmg -I;m,t o *mong -mgn,t Tn,ly - ngl, 4

E * * * y
g2l 2mm, 2n;n, Tlym - Imgt *mgn, -mngt ngl - nylit )

l,, m;, n; are the direction cosines
] ?2Lx -mx,-nx, fori?12,3

and x| denotes the material axes. The constitutive matrix C, is defined in terms of the material
axes as
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¢ i /ﬂ /ﬂ 0 0 0 X

E Ell E22 E33 B
R Y RPN ol

E Ell E22 E33 B
Y S
ETE E. E Y

C/l 7 E 11 22 33 U
" fFo 0o o X o o
: Gy, !

E O 0 0 o X 9 B

; Ca

E 0 0 o 0 o LV

E G31H

where the subscripts denote the material axes, i.e.,

w 2w, and E; ?E,
Since C, is symmetric
Y2 o T ete.
11 22

The vector of Green-St. Venant strain components is
E' ?EE,,,E,,, Eqs By, By Byl
which include the local thermal strains which are integrated in time:
gu ? G-I T/ T
I ? 9 = Gy T
gr2gh - ¥ T /T
After computing S;; we then obtain the Cauchy stress:

T =X °X;

UL, eX, *X,

SkI
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 orthogonal in the deformed configuration. This assumption is valid if the strains remain
small.
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*MAT_COMPOSITE_DAMAGE

This is 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 Manual. 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 is used. To turn on lamination theory see *CONTROL_SHELL.

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
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." [qwpilu"ogfwmwu'kp'c-direction.
EB Ep."[aqwpilu"ogfwwu'kp"d-direction.
EC Ec." [qwpi0u"ogfwwu'kp"c-direction.

PRBA Ppa, Poisson ratio, ba.

PRCA Pca, POISSON ratio, ca.

PRCB Peb, POISSON ratio, cb.

GAB Gab, Shear modulus, ab.

GBC Gpe, Shear modulus, bc.

GCA Gca, Shear modulus, ca.
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VARIABLE DESCRIPTION
KFAIL Bulk modulus of failed material. Necessary for compressive failure.
AOPT Material axes option (see MAT_OPTION TROPIC_ELASTIC for a

more complete description):
EQ. 0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE_
NODES.
EQ. 1.0: locally orthotropic with material axes determined by a
point in space and the global location of the element center; this is
the a-direction. This option is for solid elements only.
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.
EQ. 4.0: locally 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 ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

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

XP,YP,ZP Coordinates of point p for AOPT = 1.

A1,A2,A3 Components of vector a for AOPT = 2.

\VARVZAVK! Components of vector v for AOPT = 3.

D1,D2,D3 Components of vector d for AOPT = 2.

BETA Material angle in degrees for AOPT = 3, may be overridden on the
element card, see *ELEMENT SHELL BETA or *ELEMENT
SOLID_ORTHO.
sc Shear strength, ab plane, see the LS-DYNA Theory Manual.
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VARIABLE

XT
YT
YC

ALPH

SN
SYz

SZX

Remarks:

DESCRIPTION

Longitudinal tensile strength, a-axis, see the LS-DYNA 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 | 0.5.

Normal tensile strength (solid elements only)

Transverse shear strength (solid elements only)

Transverse shear strength (solid elements only)

The number of additional integration point variables for shells written to the d3plot database is
input by the optional *DATABASE_EXTENT_BINARY as variable NEIPS. These additional
variables are tabulated below (ip = shell integration point):

] o LS-PrePost
History Description Value history variable
Variable
ef(i) tensile fiber mode . 1
- : - 1 - elastic
cm(i) tensile matrix mode . 2
; - : 0 - failed
ed(i) compressive matrix mode 3

These variables can be plotted in LS-PrePost as element history variables 1, 2, and 3. The
following components are stored as element component 7 instead of the effective plastic strain.

Description Integration point
1% 1
— Aef(i
nipﬁ‘ M
nie 2
= Acm(i)
ID iz
w0 3
L Aed(i)
1D in
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*MAT_TEMPERATURE_DEPENDENT_ORTHOTROPIC

This is Material Type 23. An orthotropic elastic material with arbitrary temperature dependency
can be defined.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO AOPT REF MACF

Type A8 F F F |

Card 2 1 2 3 4 5 6 7

Variable XP YP ZP Al A2 A3

Type F F F F F F

Card 3 1 2 3 4 5 6 7
Variable V1 V2 V3 D1 D2 D3 BETA
Type F F F F F F F

Define one set of constants on two cards for each temperature point. Up to 48 points (96
cards) can be fghkpgfi"Vjg'pgzv'BxNectf'vgtokpcvgu'vyg'kp rwvl

Card 1 for 1 2 3 4 5 6 7 8
Temperature

Ti

Variable EAI EBI ECi PRBAI PRCAI PRCBI

Type F F F F F F
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Card 2 for
Temperature
Ti

1

Variable

AAi

ABI ACi GABI GBCi GCAiI Ti

Type

VARIABLE

MID

RO

AOPT

REF

DESCRIPTION

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

Mass density.

Material axes option (see MAT_OPTION TROPIC ELASTIC for a

more complete description):
EQ. 0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE_
NODES.
EQ. 1.0: locally orthotropic with material axes determined by a
point in space and the global location of the element center; this is
the a-direction. This option is for solid elements only.
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.
EQ. 4.0: locally 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 ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE _
VECTOR). Available in R3 version of 971 and later.

Use reference geometry to initialize the stress tensor. The reference
geometry is defined by the keyword:*INITIAL_FOAM_REFERENCE _
GEOMETRY (see for more details).

EQ.0.0: off,

EQ.1.0: on.
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VARIABLE

MACF

XP,YP,ZP

Al,A2,A3

V1V2V3

D1,D2,D3

BETA

EAI

EBi

ECi

PRBAI

PRCAI

PRCBI

AAI

ABI

ACi

GABI

GBCi

GCAI

Ti

DESCRIPTION

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

Coordinates of point p for AOPT = 1.

Components of vector a for AOPT = 2.
Components of vector v for AOPT = 3.
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.

Ea." [qwpilu'ogfwmwu'kp'c-direction at temperature Ti.
Ep."[aqwpilu"ogfwiwu'kp"d-direction at temperature Ti.
Ec."[qwpilu"ogfwmwu'kp c-direction at temperature Ti.
Pba-"Rakuugpiu'tevkqdecv'vgo rgtowtg Vil
Pea."Rakuugplu'tevkg'ec"cv'vgo rgtovwtg Vil
Pcb-"Rakuugpiu'tevkg'ed"cv'vgo rgtovwtg "Vl

Ca, coefficient of thermal expansion in a-direction at temperature Ti.
Cp, coefficient of thermal expansion in b-direction at temperature Ti.
Cc, coefficient of thermal expansion in c-direction at temperature Ti.
Gap, Shear modulus ab at temperature Ti.

Gpc, Shear modulus bc at temperature Ti.

Gca, Shear modulus ca at temperature Ti.

ith temperature
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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 E is

S?COE?T'CTHE

where T is the transformation matrix [Cook 1974].

(E; III.2 ml nl2 Ilml mlnl nlll l)j

E |22 mz2 nz2 I,m, m,N, n,l, U

T ,?E |32 mg n§ |3m3 m3n3 n3|3 H
CE2L1L, 2mm, 2nn, *Im,-Lm+t *mn,-myn+t *nl, -n,l +V

= * * * \
E2L,l; 2m,m; 2n,n; *lmg - I;m,t Fmyn, -mgn,t Tn,ly - ngl, 4
E Y
2L, 2mm, 2n,n flm -1mgt *mgn -mpngt *ngl - nylt g
I, m,, n, are the direction cosines

x| ? Lx, - mXx, - n,

X, fori?12,3

and x| denotes the material axes. The temperature dependent constitutive matrix C, is defined
in terms of the material axes as

(E; 1 M/ls *T + M/31 *T + 0 0 O )‘(
P ESTH D ESTE T ESTY 8
VAN T 0 0
E = Ex T+ Eq T+ U
E U
LAY Wk L 0 0 o U
CI/1 ) E Ex T+ E, T+ Ex T+ 8
£ o0 0 o 1 0 0o
E G, T+ 8
0 0 0 0 L o |
‘ G, *T+ ‘
E U
= 0 0 0 0 0 L Y
E G31 T + U
where the subscripts denote the material axes, i.e.,
i 2wy, and E; ?E,
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Since C, is symmetric

@?@ etc.

11 22
The vector of Green-St. Venant strain components is
Et ') EEll’ E22' E33’ E12’ E23' EBlg

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

gt gl - ¢, TTHET /Ty

o' 2 g5 - 6, T HET /T

gx" g - TTHETT T
After computing S; we then obtain the Cauchy stress:

T =X °X;

U, eX, =X,

SkI

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

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 remain orthogonal in
the deformed configuration. This assumption is valid if the strains remain small.

LS-DYNA Version 971 1-131 (MAT)



*MAT 024 *MAT_PIECEWISE_LINEAR_PLASTICITY

*MAT_PIECEWISE_LINEAR_PLASTICITY

This is Material Type 24. An elasto-plastic material with an arbitrary stress versus strain curve
and arbitrary strain rate dependency can be defined. See also Remark below. Also, failure based
on a plastic strain or a minimum time step size can be defined. For another model with a more
comprehensive failure criteria see MAT_MODIFIED_PIECEWISE_LINEAR_PLASTICITY. If
considering laminated or sandwich shells with non-uniform material properties (this is defined
through the wuser specified integration rule), the model, MAT_LAYERED_ LINEAR_
PLASTICITY, is recommended. If solid elements are used and if the elastic strains before
yielding are finite, the model, MAT_FINITE_ELASTIC_STRAIN_PLASTICITY, treats the
elastic strains using a hyperelastic formulation.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN FAIL TDEL
Type A8 F F F F F F F
Default none none none none none 0.0 10.E+20 0
Card 2 1 2 3 4 5 6 7 8
Variable C P LCSS LCSR VP

Type F F F F F

Default 0 0 0 0 0

Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
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*MAT_024

Card 4 1 2 3 4 5 6 7 8
Variable ES1 ES2 ES3 ES4 ES5 ES6 ES7 ES8
Type F F F F F F F F
Default 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 [qwpiOu"oqfwmwul
PR RakuugpOu"tevka)
SIGY Yield stress.
ETAN Tangent modulus, ignored if (LCSS.GT.0) is defined.
FAIL Failure flag.
LT.0.0: User defined failure subroutine, matusr_24 in dyn2l1.F, is
called to determine failure
EQ.0.0: Failure is not considered. This option is recommended if
failure is not of interest since many calculations will be saved.
GT.0.0: Effective plastic strain to failure. When the plastic strain
reaches this value, the element is deleted from the calculation.
TDEL Minimum time step size for automatic element deletion.
C Strain rate parameter, C, see formula below.
P Strain rate parameter, P, see formula below.
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VARIABLE DESCRIPTION

LCSS Load curve ID or Table ID (optional; supersedes SIGY, ETAN, EPS1-8,
ES1-8). Load curve ID defining effective stress versus effective plastic
strain. If defined EPS1-EPS8 and ES1-ES8 are ignored. The table ID
defines for each strain rate value a load curve ID giving the stress versus
effective plastic strain for that rate, See Figure 24.1. The stress versus
effective plastic strain curve for the lowest value of strain rate is used if
the strain rate falls below the minimum value. Likewise, the stress
versus effective plastic strain curve for the highest value of strain
rate is used if the strain rate exceeds the maximum value. The strain rate
parameters: C and P; the curve ID, LCSR; EPS1-EPS8 and ES1-ES8 are
ignored if a Table ID is defined. NOTE: The strain rate values defined
in the table may be given as the natural logarithm of the strain rate. If
the first stress-strain curve in the table corresponds to a negative strain
rate, LS-DYNA assumes that the natural logarithm of the strain rate
value is used. Since the tables are internally discretized to equally space
the points, natural logarithms are necessary, for example, if the curves
correspond to rates from 10.e-04 to 10.e+04. Computing the natural
logarithm of the strain rate does slow the stress update down
significantly on some computers.

LCSR Load curve ID defining strain rate scaling effect on yield stress. If LCSR
IS negative, the load curve is evaluated using a binary search for the
correct interval for the strain rate. The binary search is slower than the
default incremental search, but in cases where large changes in the strain
rate may occur over a single time step, it is more robust. This option is
not necessary for the viscoplastic formulation.

VP Formulation for rate effects:
EQ.-1.0: Cowper-Symonds with deviatoric strain rate rather than
total,
EQ.0.0: Scale yield stress (default),
EQ.1.0: Viscoplastic formulation.

EPS1-EPS8 Effective plastic strain values (optional; supersedes SIGY, ETAN). At
least 2 points should be defined. The first point must be zero
corresponding to the initial yield stress. WARNING: If the first point is
nonzero the yield stress is extrapolated to determine the initial yield. If
this option is used SIGY and ETAN are ignored and may be input as
zero.

ES1-ES8 Corresponding yield stress values to EPS1 - EPS8.
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Remarks:

The stress strain behavior may be treated by a bilinear stress strain curve by defining the tangent
modulus, ETAN. Alternately, a curve of effective stress vs. effective plastic strain similar to that
shown in Figure 10.1 may be defined by (EPS1,ES1) - (EPS8,ES8); however, a curve ID (LCSS)
may be referenced instead if eight points are insufficient. The cost is roughly the same for either
approach. Note that in the special case of uniaxial stress, true stress vs. true plastic strain is
equivalent to effective stress vs. effective plastic strain. The most general approach is to use the
table definition (Lcss) discussed below.

Three options to account for strain rate effects are possible.

l. Strain rate may be accounted for using the Cowper and Symonds model which scales the
yield stress with the factor

hgo

hch
where ¢ is the strain rate. g:\/g'Tj g 1f VP=-1. The deviatoric strain rates are used instead.

If the viscoplastic option is active, VP=1.0, and if SIGY is > 0 then the dynamic yield stress is
computed from the sum of the static stress, v} *gP +, which is typically given by a load curve ID,

and the initial yield stress, SIGY, multiplied by the Cowper-Symonds rate term as follows:

5/
0

u, Ygb abt 2 uf *ge‘;f $-SIGY ¢ uﬁgg

where the plastic strain rate is used. With this latter approach similar results can be obtained
between this model and material model: *MAT_ANISOTROPIC_VISCOPLASTIC. If SIGY=0,

the following equation is used instead where the static stress, v} *ge’;f 1, must be defined by a load
curve:

Uy "G Gen 1 7 Uy geﬁ+1 AR
E ACO U

This latter equation is always used if the viscoplastic option is off.

Il. For complete generality a load curve (LCSR) to scale the yield stress may be input instead.
In this curve the scale factor versus strain rate is defined.

Il. If different stress versus strain curves can be provided for various strain rates, the option
using the reference to a table (LCSS) can be used. Then the table input in
*DEFINE_TABLE has to be used, see Figure 24.1.
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A fully viscoplastic formulation is optional (variable VVP) which incorporates the different
options above within the yield surface. An additional cost is incurred over the simple scaling but
the improvement is results can be dramatic.
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D
Eeff

Figure 24.1. Rate effects may be accounted for by defining a table of curves. If a table ID is
specified a curve ID is given for each strain rate, see *DEFINE_TABLE.
Intermediate values are found by interpolating between curves. Effective plastic
strain versus yield stress is expected. If the strain rate values fall out of range,
extrapolation is not used; rather, either the first or last curve determines the yield
stress depending on whether the rate is low or high, respectively.

LS-DYNA Version 971 1-137 (MAT)



*MAT 025

*MAT_GEOLOGIC_CAP_MODEL

*MAT_GEOLOGIC_CAP_MODEL

This is Material Type 25. This is an inviscid two invariant geologic cap model. This material
model can be used for geomechanical problems or for materials as concrete, see references cited

below.
Card 1 1 2 3 4 5 6 7 8
Variable MID RO BULK G ALPHA | THETA | GAMMA | BETA
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable R D w X0 C N
Type F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable PLOT FTYPE VEC TOFF
Type 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 Initial bulk modulus, K.
G Initial Shear modulus.
ALPHA Failure envelope parameter, cl
THETA Failure envelope linear coefficient, s.
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VARIABLE DESCRIPTION
GAMMA Failure envelope exponential coefficient, 1.

BETA Failure envelope exponent, d.
R Cap, surface axis ratio.
D Hardening law exponent.
W Hardening law coefficient.
X0 Hardening law exponent, Xg.
C Kinematic hardening coefficient, C .
N Kinematic hardening parameter.

PLOT Save the following variable for plotting in LS-PrePost, to be labeled

vjgtg"cu'Dghhgevkxg" rcuvke"uvtckpi
EQ.1: hardening parameter, m
EQ.2: cap -J1 axis intercept, X (m)
EQ.3: volumetric plastic strain g
EQ.4: first stress invariant, J1

EQ.5: second stress invariant, /3
EQ.6: not used

EQ.7: not used

EQ.8: response mode number
EQ.9: number of iterations

FTYPE Formulation flag:
EQ.1: soils (Cap surface may contract)
EQ.2: concrete and tgem™*Ecr"fqguplv'eqpvtcev+

VEC Vectorization flag:
EQ.O: vectorized (fixed number of iterations)
EQ.1: fully iterative
If the vectorized solution is chosen, the stresses might be slightly off the
yield surface; however, on vector computers a much more efficient
solution is achieved.

TOFF Tension Cut Off, TOFF < 0 (positive in compression).

Remarks:

The implementation of an extended two invariant cap model, suggested by Stojko [1990], is
based on the formulations of Simo, et al. [1988, 1990] and Sandler and Rubin [1979]. In this
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model, the two invariant cap theory is extended to include nonlinear kinematic hardening as
suggested by Isenberg, Vaughan, and Sandler [1978]. A brief discussion of the extended cap
model and its parameters is given below.

N
A Vhp=Fe

/ VJhop — Fe

/

i
o
3 |

J
T 0 K X(x) >

Figure 25.1. The yield surface of the two-invariant cap model in pressureﬂ[\]2D /J; space.
Surface f1 is the failure envelope, f; is the cap surface, and f3 is the tension cutoff.

The cap model is formulated in terms of the invariants of the stress tensor. The square root of
the second invariant of the deviatoric stress tensor, ,/J,, is found from the deviatoric stresses s

as

1
&, Jop » E SijSij

and is the objective scalar measure of the distortional or shearing stress. The first invariant of the
stress, J1, is the trace of the stress tensor.

The cap model consists of three surfaces in /J,, 7 J, space, as shown in Figure 25.1. First,
there is a failure envelope surface, denoted f; in the figure. The functional form of fq is

f,2d,p /ZMin*F X4 T 1+,

where Fe is given by
F*Jt»c/iexp*/dlt-s],

and T_. »|[X*m+/L*mt. This failure envelop surface is fixed in ﬂ/JZD /J, space, and

therefore does not harden unless kinematic hardening is present. Next, there is a cap surface,
denoted f7 in the figure, with fo given by
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f,?J,p 7/ F.*J, Kt

where F is defined by

F.*J3,,mt »%\/gx*mu |_*/77+552/§31/L*m+52 :
X *mt is the intersection of the cap surface with the J1 axis
X*mt? m-RF, *mt,
and L*m+ is defined by

Emifm>0

L*/7l+»E )
[0ifm ~0

The hardening parameter m is related to the plastic volume change g/ through the hardening law
g7 ?W YL/ expf/D* Xt/ Xty

Geometrically, m is seen in the figure as the J; coordinate of the intersection of the cap surface
and the failure surface. Finally, there is the tension cutoff surface, denoted f3 in the figure. The
function f3 is given by

f»T-J,

where T is the input material parameter which specifies the maximum hydrostatic tension
sustainable by the material. The elastic domain in \/J,, 7/ J, space is then bounded by the

failure envelope surface above, the tension cutoff surface on the left, and the cap surface on the
right.

An additive decomposition of the strain into elastic and plastic parts is assumed:
g=g°+4gP,

where g€ is the elastic strain and gP is the plastic strain. Stress is found from the elastic strain
wukp1"JggmgOu'ncy.

a=C(g - g°),

where @ is the stress and C is the elastic constitutive tensor.

The yield condition may be written
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f*st~0
f,*s,mt~0
f,*st~0
and the plastic consistency condition requires that

nf 20
k?1,2,3
n 10
where 7, is the plastic consistency parameter for surface k. If f >0 then, 7, 20 and the
response is elastic. If f, @0 then surface k is active and /7k is found from the requirement that
f, 20.

Cuugekevg ' racuvke"tngy"ku" cuuwo g F."ug"wukp i "Makvgtiu' hngy " twng"vj g rcuvke uvtckp' tovg 'ku" ikxgp"cu”
the sum of contribution from all of the active surfaces,

A . of
9°? An—=.
ket ®S
One of the major advantages of the cap model over other classical pressure-dependent plasticity
models is the ability to control the amount of dilatancy produced under shear loading. Dilatancy
is produced under shear loading as a result of the yield surface having a positive slope in

JJZD / J space, so the assumption of plastic flow in the direction normal to the yield surface

produces a plastic strain rate vector that has a component in the volumetric (hydrostatic)
direction (see Figure 25.1). In models such as the Drucker-Prager and Mohr-Coulomb, this
dilatancy continues as long as shear loads are applied, and in many cases produces far more
dilatancy than is experimentally observed in material tests. In the cap model, when the failure
surface is active, dilatancy is produced just as with the Drucker-Prager and Mohr-Coulumb
models. However, the hardening law permits the cap surface to contract until the cap intersects
the failure envelope at the stress point, and the cap remains at that point. The local normal to the
yield surface is now vertical, and therefore the normality rule assures that no further plastic
volumetric strain (dilatancy) is created. Adjustment of the parameters that control the rate of cap
contractions permits experimentally observed amounts of dilatancy to be incorporated into the
cap model, thus producing a constitutive law which better represents the physics to be modeled.

Another advantage of the cap model over other models such as the Drucker-Prager and Mohr-
Coulomb is the ability to model plastic compaction. In these models all purely volumetric
response is elastic. In the cap model, volumetric response is elastic until the stress point hits the
cap surface. Therefore, plastic volumetric strain (compaction) is generated at a rate controlled by
the hardening law. Thus, in addition to controlling the amount of dilatancy, the introduction of
the cap surface adds another experimentally observed response characteristic of geological
material into the model.
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The inclusion of kinematic hardening results in hysteretic energy dissipation under cyclic loading
conditions. Following the approach of Isenberg, et al. [1978] a nonlinear kinematic hardening
law is used for the failure envelope surface when nonzero values of and N are specified. In this
case, the failure envelope surface is replaced by a family of yield surfaces bounded by an initial
yield surface and a limiting failure envelope surface. Thus, the shape of the yield surfaces
described above remains unchanged, but they may translate in a plane orthogonal to the J axis,

Vicpuncvkqp'gh'vj g {kgnf'uwthcegu'ku' rgtokwg F'vj tawi J'vj o'kpvtqFwevkgp'gh'c"Bdcem'uvtguulN'vgpugt."a
The formulation including kinematic hardening is obtained by replacing the stress & with the
translated stress tensor g » ¢/ / € in all of the above equation. The history tensor @ is assumed

deviatoric, and therefore has only 5 unique components. The evolution of the back stress tensor
is governed by the nonlinear hardening law

c?cF*u, cté’

where T is a constant, F is a scalar function of @ and @ and €° is the rate of deviatoric plastic
strain. The constant may be estimated from the slope of the shear stress - plastic shear strain
curve at low levels of shear stress.

The function F is defined as

_ A *u/ct,cl
F » maxj O,llu—~
ﬁ 2NFe*J1+ g

where N is a constant defining the size of the yield surface. The value of N may be interpreted
as the radial distant between the outside of the initial yield surface and the inside of the limit
surface. In order for the limit surface of the kinematic hardening cap model to correspond with
the failure envelope surface of the standard cap model, the scalar parameter ¢ must be replaced
C - N in the definition Fe.

The cap model contains a number of parameters which must be chosen to represent a particular
material, and are generally based on experimental data. The parameters c, d, s, and i are usually
evaluated by fitting a curve through failure data taken from a set of triaxial compression tests.
The parameters W, D, and Xq define the cap hardening law. The value W represents the void
fraction of the uncompressed sample and D governs the slope of the initial loading curve in
hydrostatic compression. The value of R is the ration of major to minor axes of the quarter
ellipse defining the cap surface. Additional details and guidelines for fitting the cap model to
experimental data are found in Chen and Baladi [1985].
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*MAT_HONEYCOMB

This is Material Type 26. The major use of this material model is for honeycomb and foam
materials with real anisotropic behavior. A nonlinear elastoplastic material behavior can be
defined separately for all normal and shear stresses. These are considered to be fully uncoupled.
See notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY VF MU BULK
Type A8 F F = E F F =
Default none none none none none none .05 0.0
Card 2 1 2 3 4 5 6 7 8
Variable LCA LCB LCC LCS LCAB LCBC LCCA LCSR
Type F F F F F F F F
Default none LCA LCA LCA LCS LCS LCS optional
Card 3 1 2 3 4 5 6 7 8
Variable EAAU EBBU ECCU GABU GBCU GCAU AOPT MACF
Type F F F F F F |
Card 4 1 2 3 4 5 6 7 8
Variable XP YP ZP Al A2 A3

Type F F F F F F
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Card 5 1 2 3 4 5 6 7 8

Variable D1 D2 D3 TSEF SSEF V1 V2 V3

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.

E [awpilu'ogfwmu'hgt'eqorcevgf' jopg{eqod ocvgtkcn

PR Rakuugplu“tevkg'hgt'eqorcevgf japg{eqod ocvgtken)

SIGY Yield stress for fully compacted honeycomb.

VF Relative volume at which the honeycomb is fully compacted.

MU 0, material viscosity coefficient. (default=.05) Recommended.

BULK Bulk viscosity flag:

EQ.0.0: bulk viscosity is not used. This is recommended.
EQ.1.0: bulk viscosity is active and 0=0. This will give results
identical to previous versions of LS-DYNA.

LCA Load curve ID, see *DEFINE_CURVE, for sigma-aa versus either
relative volume or volumetric strain. See notes below.

LCB Load curve ID, see *DEFINE_CURVE, for sigma-bb versus either
relative volume or volumetric strain. Default LCB=LCA. See notes
below.

LCC Load curve ID, see *DEFINE_CURVE, for sigma-cc versus either
relative volume or volumetric strain. Default LCC=LCA. See notes
below.

LCS Load curve ID, see *DEFINE_CURVE, for shear stress versus either

Default LCS=LCA. Each
See notes

relative volume or volumetric strain.
component of shear stress may have its own load curve.
below.
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VARIABLE DESCRIPTION

LCAB Load curve ID, see *DEFINE_CURVE, for sigma-ab versus either
relative volume or volumetric strain. Default LCAB=LCS. See notes
below.

LCBC Load curve ID, see *DEFINE_CURVE, for sigma-bc versus either
relative volume or volumetric strain. Default LCBC=LCS. See notes
below.

LCCA Load curve ID, see *DEFINE_CURVE, or sigma-ca versus either
relative volume or volumetric strain. Default LCCA=LCS. See notes
below.

LCSR Load curve ID, see *DEFINE_CURVE, for strain-rate effects defining

the scale factor versus strain rate. This is optional. The curves defined
above are scaled using this curve.

EAAU Elastic modulus Eaay in uncompressed configuration.
EBBU Elastic modulus Eppy in uncompressed configuration.
ECCU Elastic modulus Eccy in uncompressed configuration.
GABU Shear modulus Gapy in uncompressed configuration.
GBCU Shear modulus Gpy in uncompressed configuration.
GCAU Shear modulus Gegy in uncompressed configuration.
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VARIABLE DESCRIPTION
AOPT Material axes option (see MAT_OPTION TROPIC _ELASTIC for a
more complete description):
EQ.0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE _
NODES.
EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center; this is the a-
direction.
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 a solid element is the
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: locally 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 ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later..
MACF Material axes change flag:
EQ.1: No change, default,
EQ.2: switch material axes a and b,
EQ.3: switch material axes a and c,
EQ.4: switch material axes b and c.
XP YP ZP Coordinates of point p for AOPT = 1.
Al A2 A3 Components of vector a for AOPT = 2.
D1 D2 D3 Components of vector d for AOPT = 2.
V1V2V3 Define components of vector v for AOPT = 3 and 4.
TSEF Tensile strain at element failure (element will erode).
SSEF Shear strain at element failure (element will erode).
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Remarks:

For efficiency it is strongly recommended that vjg'gcf'ewtxg'KF0u<'NEC."NED."NEE."NEU."
LCAB, LCBC, and LCCA, contain exactly the same number of points with corresponding
strain values on the abscissa. If this recommendation is followed the cost of the table
lookup is insignificant. Conversely, the cost increases significantly if the abscissa strain
values are not consistent between load curves.

The behavior before compaction is orthotropic where the components of the stress tensor are
uncoupled, i.e., an a component of strain will generate resistance in the local a-direction with no
coupling to the local b and c directions. The elastic moduli vary, from their initial values to the
fully compacted values at Vs, linearly with the relative volume V:

E. ?E, -d*E/E_,t
E, ?E,, - *E/E,,*
E.?E, -d*E/E_*t
- d*G/G,, 1
G, ?E,, - d*G/G,,t

G, ?E,, - d*G/G,,*

where
0 x
av maxgmin 1/—Vl ,0U
E éllvf @ U

and G is the elastic shear modulus for the fully compacted honeycomb material

»_E
2% - v+

The relative volume, V, is defined as the ratio of the current volume to the initial volume.
Typically, V=1 at the beginning of a calculation. The viscosity coefficient p (MU) should be set
to a small number (usually .02-.10 is okay). Alternatively, the two bulk viscosity coefficients on
the control cards should be set to very small numbers to prevent the development of spurious
pressures that may lead to undesirable and confusing results. The latter is not recommended
since spurious numerical noise may develop.

The load curves define the magnitude of the average stress as the material changes density
(relative volume), see Figure 26.1. Each curve related to this model must have the same number
of points and the same abscissa values. There are two ways to define these curves, a) as a
function of relative volume (V) or b) as a function of volumetric strain defined as:
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q ?1/V

In the former, the first value in the curve should correspond to a value of relative volume slightly
less than the fully compacted value. In the latter, the first value in the curve should be less than or
equal to zero, corresponding to tension, and increase to full compaction. Care should be taken
when defining the curves so that extrapolated values do not lead to negative yield stresses.

Cv'vjg'dgikppkpi"gh'vj g uvtguu'wrrfovg'gee j "gngogpviu'uvtguugu'cpFuvtckp"tovgu'ctg 'vicpuhgto g Fkpyg'
the local element coordinate system. For the uncompacted material, the trial stress components
are updated using the elastic interpolated moduli according to:

n- ltrial
aa

? u;]a - EaaFgaa

r.|_1trial n
Uy 2 Uy —EyFgy,

n _llrial
cc

n
? Ug - Ecc Fgcc
n_ltrial n
uab ? uab - 2Gab Fgab

n_ltrial ’) n 2G F
Uy £ Uy he T Fhc

n_ltrial n
u ?u, -2G_Fg.,

ca
Each component of the updated stresses is then independently checked to ensure that they do not
exceed the permissible values determined from the load curves; e.g., if
1 —qtrial

Uy

@uy*V +

then

nun_ltrial

n-1 ij
uij 9 ulJ *\/ + ‘n n_ltrial
u;
)

On Card 2 uj(V) is defined by LCA for the aa stress component, LCB for the bb component,

LCC for the cc component, and LCS for the ab, bc, ca shear stress components. The parameter n
is either unity or a value taken from the load curve number, LCSR, that defines n as a function of
strain-rate. Strain-rate is defined here as the Euclidean norm of the deviatoric strain-rate tensor.

For fully compacted material it is assumed that the material behavior is elastic-perfectly plastic
and the stress components updated according to:

devn _}/2

trial n
Si ? Sij — 2GFgij

where the deviatoric strain increment is defined as
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ov 1
Fg;; ? Fy, /éngkﬁj

Now a check is made to see if the yield stress for the fully compacted material is exceeded by
comparing

trial ~ % 3 trial Jtrial %
St 7 28 S 1

the effective trial stress to the defined yield stress, SIGY. If the effective trial stress exceeds the
yield stress the stress components are simply scaled back to the yield surface

n-1 o) uy trial
ij * o trial Y
eff

Now the pressure is updated using the elastic bulk modulus, K

p"* 2 p" / KFgy
-~ E
3*1/2v+

to obtain the final value for the Cauchy stress

n-1 n-1 n-1
ui=?sg /p

After completing the stress update transform the stresses back to the global configuration.
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A

Unloading and
reloading path

]

- >
0 Strain —&;;
CUW? extends into negqtive strain quad- Unloading is based on the interpolated
rant since LS-DYNA will ex.trz?polate Young’s moduli which must provide an
using the two end points. It is important unloading tangent that exceeds the
that the extrapolation does not extend into loading tangent.

the negative stress region.

Figure 26.1. Stress quantity versus volumetric strain. Pavg" vjcr' vjg' D{kgnf" uwtguull" cv' "
volumetric strain of zero is non-zero. In the load curve definition, see
, FGHKPGaEWT XG."vjg"Brkogh" xcnwg'ku"vj g' xgmwogvtke" uvtckp" cpF'vj g Dhwpevkgpl"
value is the yield stress.
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*MAT_MOONEY-RIVLIN_RUBBER

This is Material Type 27. A two-parametric material model for rubber can be defined.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO PR A B REF
Type A8 F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable SGL SW ST LCID
Type F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
PR Rakuugplu“tevkg™*xcnwg"dgvyggp"206 ; "cp 207" ku'tgeqo ogpfgf."uocmgt”
values may not work).
A Constant, see literature and equations defined below.
B Constant, see literature and equations defined below.
REF Use reference geometry to initialize the stress tensor. The reference

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

EQ.0.0: off,

EQ.1.0: on.

If A=B=0.0, then a least square fit is computed from tabulated uniaxial data via a load curve.
The following information should be defined

SGL

SW

Specimen gauge length lg, see Figure 27.1.

Specimen width, see Figure 27.1.
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VARIABLE DESCRIPTION
ST Specimen thickness, see Figure 27.1.

LCID Load curve ID, see *DEFINE_CURVE, giving the force versus actual
change FL in the gauge length. See also Figure 27.2 for an alternative
definition.

Remarks:

The strain energy density function is defined as:
W 2 A*1 /3t-B*I1 /3+-C*II172 /1t - D*1I1 /14
where
C=05A+B

5 A*Sy / 2+ - B*11w / 54

D
2*1/ 2wt

w = Rakuugplu“tevkg
2(A+B) = shear modulus of linear elasticity
I, I, 1l = invariants of right Cauchy-Green Tensor C.

The load curve definition that provides the uniaxial data should give the change in gauge length,
FL, versus the corresponding force. In compression both the force and the change in gauge
length must be specified as negative values. In tension the force and change in gauge length
should be input as positive values. The principal stretch ratio in the uniaxial direction, ny, is then
given by

L, - FL

n?

with Lo being the initial length and L being the actual length.

Alternatively, the stress versus strain curve can also be input by setting the gauge length,
thickness, and width to unity (1.0) and defining the engineering strain in place of the change in
gauge length and the nominal (engineering) stress in place of the force, see Figure 27.2.

The least square fit to the experimental data is performed during the initialization phase and is a
comparison between the fit and the actual input is provided in the d3hsp file. It is a good idea to
visually check to make sure it is acceptable. The coefficients A and B are also printed in the
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output file. It is also advised to use the material driver (see Appendix K) for checking out the
material model.

_ | gauge
length Fores
A
A gauge length
AA

y Section AA ¢

@ <] thickness
<!

width

Figure 27.1. Uniaxial specimen for experimental data.

A

applied force  _ F_

initial area Ag

change in gauge length AL

gauge length ~ L

Figure 27.2. The stress versus strain curve can used instead of the force versus the change in
the gauge length by setting the gauge length, thickness, and width to unity (1.0)
and defining the engineering strain in place of the change in gauge length and the
nominal (engineering) stress in place of the force. *MAT_077_O is a better
alternative for fitting data resembling the curve above. *MAT _027 will provide a
poor fit to a curve that exhibits an strong upturn in slope as strains become large.
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*MAT_RESULTANT_PLASTICITY

This is Material Type 28. A resultant formulation for beam and shell elements including elasto-
plastic behavior can be defined. This model is available for the Belytschko-Schwer beam, the CO
triangular shell, the Belytschko-Tsay shell, and the fully integrated type 16 shell. For beams, the
treatment is elastic-perfectly plastic, but for shell elements isotropic hardening is approximately

modeled. For a detailed description we refer to the LS-DYNA Theory Manual.

Since the

stresses are not computed in the resultant formulation, the stresses output to the binary databases
for the resultant elements are zero.

Card 1 1 2 3 4 5 6 8
Variable MID RO E PR SIGY ETAN
Type A8 F F F F F
Default none none none none none 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.

RO Mass density

E [qwpilu'ogfwmwu

PR Rakuugplu‘tevkg

SIGY Yield stress

ETAN Plastic hardening modulus (for shells only)
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*MAT_FORCE_LIMITED

This is Material Type 29. With this material model, for the Belytschko-Schwer beam only,
plastic hinge forming at the ends of a beam can be modeled using curve definitions. Optionally,
collapse can also be modeled. See also *MAT _139.

Description: FORCE LIMITED Resultant Formulation

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR DF AOPT YTFLAG | ASOFT
Type A8 F F E E F F =
Default none none none none 0.0 0.0 0.0 0.0
Card 2 1 2 3 4 5 6 7 8
Variable M1 M2 M3 M4 M5 M6 M7 M8
Type F F F F F F F F
Default none 0 0 0 0 0 0 0
Card 3 1 2 3 4 5 6 7 8
Variable LC1 LC2 LC3 LC4 LC5 LC6 LC7 LC8
Type F F F F F F F F
Default none 0 0 0 0 0 0 0
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Card 4 1 2 3 4 5 6 7 8
Variable LPS1 SFS1 LPS2 SFS2 YMS1 YMS2
Type F F F F F F
Default 0 1.0 LPS1 1.0 1.0E+20 | YMS1
Card 5 1 2 3 4 5 6 7 8
Variable LPT1 SFT1 LPT2 SFT2 YMT1 YMT2
Type F F F F F F
Default 0 1.0 LPT1 1.0 1.0E+20 | YMT1
Card 6 1 2 3 4 5 6 7 8
Variable LPR SFR YMR
Type F F F
Default 0 1.0 1.0E+20

VARIABLE DESCRIPTION

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

RO

PR

DF

characters must be specified.

Mass density

[Caqwpilu'ogfwmwu

Rakuugplu“tcvk

Damping factor, see definition in notes below. A proper control for the

timestep has to be maintained by the user!
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VARIABLE

AOPT

YTFLAG

ASOFT

M1, M2,...,M8

LC1, LC2,...,

LPS1

SFS1

LPS2

SFS2

YMS1

YMS2

Iptl

LC8

DESCRIPTION

Axial load curve option:
EQ.0.0: axial load curves are force versus strain,
EQ.1.0: axial load curves are force versus change in length.
LT.0.0: the absolute value of AOPT is a coordinate system ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

Flag to allow beam to yield in tension:
EQ.0.0: beam does not yield in tension,
EQ.1.0: beam can yield in tension.

Axial elastic softening factor applied once hinge has formed. When a
hinge has formed the stiffness is reduced by this factor. If zero, this
factor is ignored.

Applied end moment for force versus (strain/change in length) curve. At
least one must be defined. A maximum of 8 moments can be defined.
The values should be in ascending order.

Load curve ID (see *DEFINE_CURVE) defining axial force (collapse
load) versus strain/change in length (see AOPT) for the corresponding
applied end moment. Define the same number as end moments. Each
curve must contain the same number of points.

Load curve ID for plastic moment versus rotation about s-axis at node 1.
If zero, this load curve is ignored.

Scale factor for plastic moment versus rotation curve about s-axis at
node 1. Default =1.0.

Load curve ID for plastic moment versus rotation about s-axis at node 2.
Default: is same as at node 1.

Scale factor for plastic moment versus rotation curve about s-axis at
node 2. Default: is same as at node 1.

Yield moment about s-axis at node 1 for interaction calculations (default
set to 1.0E+20 to prevent interaction).

Yield moment about s-axis at node 2 for interaction calculations (default
setto YMSL1).

Load curve ID for plastic moment versus rotation about t-axis at node 1.
If zero, this load curve is ignored.
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VARIABLE DESCRIPTION

sftl Scale factor for plastic moment versus rotation curve about t-axis at
node 1. Default = 1.0.

Ipt2 Load curve ID for plastic moment versus rotation about t-axis at node 2.
Default: is the same as at node 1.

sft2 Scale factor for plastic moment versus rotation curve about t-axis at
node 2. Default: is the same as at node 1.

YMT1 Yield moment about t-axis at node 1 for interaction calculations (default
set to 1.0E+20 to prevent interactions)

YMT2 Yield moment about t-axis at node 2 for interaction calculations (default
setto YMT1)
LPR Load curve ID for plastic torsional moment versus rotation. If zero, this

load curve is ignored.
SFR Scale factor for plastic torsional moment versus rotation (default = 1.0).

YMR Torsional yield moment for interaction calculations (default set to
1.0E+20 to prevent interaction)

Remarks:

This material model is available for the Belytschko resultant beam element only. Plastic hinges
form at the ends of the beam when the moment reaches the plastic moment. The moment versus
rotation relationship is specified by the user in the form of a load curve and scale factor. The
points of the load curve are (plastic rotation in radians, plastic moment). Both quantities should
be positive for all points, with the first point being (zero, initial plastic moment). Within this
constraint any form of characteristic may be used, including flat or falling curves. Different load
curves and scale factors may be specified at each node and about each of the local s and t axes.

Axial collapse occurs when the compressive axial load reaches the collapse load. Collapse load
versus collapse deflection is specified in the form of a load curve. The points of the load curve
are either (true strain, collapse force) or (change in length, collapse force). Both quantities
should be entered as positive for all points, and will be interpreted as compressive. The first
point should be (zero, initial collapse load).

The collapse load may vary with end moment as well as with deflections. In this case several
load-deflection curves are defined, each corresponding to a different end moment. Each load
curve should have the same number of points and the same deflection values. The end moment
is defined as the average of the absolute moments at each end of the beam and is always positive.

Stiffness-proportional damping may be added using the damping factor n. This is defined as
follows:
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2.2
y

n??

where z is the damping factor at the reference frequency vy (in radians per second). For example
if 1% damping at 2Hz is required

2,0.01

n? ?0.001592

If damping is used, a small timestep may be required. LS-DYNA does not check this so to avoid
instability it may be necessary to control the timestep via a load curve. As a guide, the timestep
tgswktgF'hat" cp{" ikxgp"gngogpv'ku" ownkrakgF' d{" 205Nlen when damping is present (L = element
length, ¢ = sound speed).

Moment Interaction:

Plastic hinges can form due to the combined action of moments about the three axes. This
facility is activated only when yield moments are defined in the material input. A hinge forms
when the following condition is first satisfied.

22 a2

Am, 00 Am 0 Am 0
éMwield@ ﬁMsyield@ Mtyiteldg H

22

where,
My, Mg, My = current moment

Mryield: Msyield: Mtyield = yield moment

Note that scale factors for hinge behavior defined in the input will also be applied to the yield
moments: for example, Msyielq in the above formula is given by the input yield moment about
the local axis times the input scale factor for the local s axis. For strain-softening characteristics,
the yield moment should generally be set equal to the initial peak of the moment-rotation load
curve.

On forming a hinge, upper limit moments are set. These are given by

A M0
M, ? MAXAM,,—2* 5
pp A 2 0

and similar for Mg and M.

Thereafter the plastic moments will be given by
Mrp, = min (Mrupper, Mrcurve) and similar for s and t

where

Mrp current plastic moment

moment taken from load curve at the current rotation scaled according to the
scale factor.

M rcurve
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The effect of this is to provide an upper limit to the moment that can be generated; it represents
the softening effect of local buckling at a hinge site. Thus if a member is bent about is local s-
axis it will then be weaker in torsion and about its local t-axis. For moments-softening curves,
the effect is to trim off the initial peak (although if the curves subsequently harden, the final
hardening will also be trimmed off).

It is not possible to make the plastic moment vary with axial load.

8
M7
A
Mg
Ms
M4
Mj
axial
force
My
M,
o

strains or change in length (see AOPT)

Figure 29.1. The force magnitude is limited by the applied end moment. For an intermediate
value of the end moment LS-DYNA interpolates between the curves to determine
the allowable force value.
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*MAT_SHAPE_MEMORY

This is material type 30.

This material model describes the superelastic response present in

shape-memory alloys (SMA), that is the peculiar material ability to undergo large deformations
with a full recovery in loading-unloading cycles (See Figure 30.1). The material response is
always characterized by a hysteresis loop. See the references by Auricchio, Taylor and Lubliner
[1997] and Auricchio and Taylor [1997]. This model is available for shell and solid elements.
For Hughes-Liu beam elements it is available starting in Release 3 of version 971.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR
Type A8 F F F
Default none none none none
Card 2 1 2 3 4 5 6 7 8
Variable SIG_ASS | SIG_ASF | SIG_SAS | SIG_SAF | EPSL ALPHA | YMRT
Type F F F F F F F
Default none none none none none 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Density
E [qwpilu"oqfwmwu
PR Rakuugplu“tcvk
SIG_ASS Starting value for the forward phase transformation (conversion of

austenite into martensite) in the case of a uniaxial tensile state of stress.
A load curve for SIG_ASS as a function of temperature is specified by
using the negative of the load curve ID number.
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VARIABLE

DESCRIPTION

SIG_ASF

SIG_SAS

SIG_SAF

EPSL

ALPHA

YMRT

Remarks:

Final value for the forward phase transformation (conversion of
austenite into martensite) in the case of a uniaxial tensile state of stress.
SIG_ASF as a function of temperature is specified by using the negative
of the load curve 1D number.

Starting value for the reverse phase transformation (conversion of
martensite into austenite) in the case of a uniaxial tensile state of stress.
SIG_SAS as a function of temperature is specified by using the negative
of the load curve 1D number.

Final value for the reverse phase transformation (conversion of
martensite into austenite) in the case of a uniaxial tensile state of stress.
SIG_SAF as a function of temperature is specified by using the negative
of the load curve 1D number.

Recoverable strain or maximum residual strain. It is a measure of the
maximum deformation obtainable all the martensite in one direction.

Parameter measuring the difference between material responses in
tension and compression (set alpha = 0 for no difference). Also, see the
following Remark.

[aqwpilu" ogfwmwu'hqt"vjg' octvgpukvg"kh' k' ku" Fkhhgtgpyv' htgo"'vjg" ogfwnwu
for the austenite. Defaults to the austenite modulus if it is set to zero.

The material parameter alpha, c, measures the difference between material responses in tension
and compression. In particular, it is possible to relate the parameter c to the initial stress value of
the austenite into martensite conversion, indicated respectively as ¢*~ and v/, according to

the following expression:

UAS,/ / USAS,—

c?=
AS,/ AS,-
u>" - ug

S
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c
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Figure 30.1. Pictorial representation of superelastic behavior for a shape-memory material.

In the following, the results obtained from a simple test problem is reported. The material

properties are set as:

Nu
sig_AS s
sig_AS f
sig_SA s
sig_SA f
epsL
alpha

ymrt

60000 MPa
0.3

520 MPa
600 MPa
300 MPa
200 MPa
0.07

0.12

50000 MPa
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The investigated problem is the complete loading-unloading test in tension and compression.
The uniaxial Cauchy stress versus the logarithmic strain is plotted in Figure 30.2.

1000

500 //

Cauchy Stress
o

F

o
=)
S

-

-1000 L L
-0.1 -0.05 0 0.05

True Strain

Figure 30.2. Complete loading-unloading test in tension and compression
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*MAT _FRAZER_NASH_RUBBER_MODEL

This is Material Type 31. This model defines rubber from uniaxial test data. It is a modified
form of the hyperelastic constitutive law first described in Kenchington [1988]. See also the

notes below.
Card 1 1 2 3 4 5 6 7 8
Variable MID RO PR C100 C200 C300 C400
Type A8 F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable C110 C210 €010 C020 EXIT EMAX EMIN REF
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable SGL SW ST LCID
Type F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
PR Rakuugplu“tevkgl™ Xcnwgu'dgvy ggp'06 ; "cpF072"ctg"uwi i guvg
C100 C100 (EQ.1.0 if term is in the least squares fit.)
C200 Co00 (EQ.1.0 if term is in the least squares fit.)
C300 C300 (EQ.1.0 if term is in the least squares fit.)
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VARIABLE

DESCRIPTION

C400
C110
C210
C010
C020

EXIT

EMAX
EMIN

REF

SGL
SW
ST

LCID

Remarks:

Ca00 (EQ.1.0 if term is in the least squares fit.)
C110 (EQ.1.0 if term is in the least squares fit.)
C210 (EQ.1.0 if term is in the least squares fit.)
Co10 (EQ.1.0 if term is in the least squares fit.)
Co20 (EQ.1.0 if term is in the least squares fit.)

Exit option:
EQ.0.0: stop if strain limits are exceeded (recommended),
NE.0.0: continue if strain limits are exceeded. The curve is then
extrapolated.

Maximum strain limit, (Green-St, Venant Strain).
Minimum strain limit, (Green-St, Venant Strain).

Use reference geometry to initialize the stress tensor. The reference
geometry is defined by the keyword: *INITIAL_FOAM_
REFERENCE_GEOMETRY (see there for more details).

EQ.0.0: off,

EQ.1.0: on.

Specimen gauge length, see Figure 27.1.
Specimen width, see Figure 27.1.
Specimen thickness, see Figure 27.1.

Load curve ID, see DEFINE_CURVE, giving the force versus actual
change in gauge length. See also Figure 27.2 for an alternative
definition.

The constants can be defined directly or a least squares fit can be performed if the uniaxial data

(SGL, SW, ST and LCID) is available.

If a least squares fit is chosen, then the terms to be

included in the energy functional are flagged by setting their corresponding coefficients to unity.
If all coefficients are zero the default is to use only the terms involving I, and 1,. Cygo defaults

to unity if the least square fit is used.

The strain energy functional, U, is defined in terms of the input constants as:
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2 3 4
U ?Clooll_CZOOIl _C300|1 _C4oo|1 _Cnolllz -
2 2 *
CZlOIl Iz _C010|2 _Cozolz - f7J+4

where the invariants can be expressed in terms of the deformation gradient matrix, Fjj, and the
Green-St. Venant strain tensor, Ejj :

J ?\F..

ij

I, ? E,
1 .

1,2 FUELE

pi—aj

The derivative of U with respect to a component of strain gives the corresponding component of
stress

here, Sjj, is the second Piola-Kirchhoff stress tensor.

The load curve definition that provides the uniaxial data should give the change in gauge length,
FL, and the corresponding force. In compression both the force and the change in gauge length
must be specified as negative values. In tension the force and change in gauge length should be
input as positive values. The principal stretch ratio in the uniaxial direction, ny, is then given by

L, - FL
L

0

n-?

Alternatively, the stress versus strain curve can also be input by setting the gauge length,
thickness, and width to unity and defining the engineering strain in place of the change in gauge
length and the nominal (engineering) stress in place of the force, see figure 27.2.

The least square fit to the experimental data is performed during the initialization phase and is a
comparison between the fit and the actual input is provided in the printed file. It is a good idea
to visually check the fit to make sure it is acceptable. The coefficients C1gg9 - Co2o are also
printed in the output file.
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*MAT_LAMINATED_GLASS

This is Material Type 32. With this material model, a layered glass including polymeric layers
can be modeled. Failure of the glass part is possible. See notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO EG PRG SYG ETG EFG EP
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable PRP SYP ETP

Type F F F

Define 1-4 cards with a maximum of 32 number. If less than 4 cards are input, reading is
uwvgrrgf'd{"c"B, Negpvtgn'ectfl

Card 3... 1 2 3 4 5 6 7 8
Variable F1 F2 F3 F4 F5 F6 F7 F8
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

EG [aqwpi0u"ogfwmwu'hgt"incuu

PRG Rakuugplu“tevkg hgt"incuu

SYG Yield stress for glass

ETG Plastic hardening modulus for glass
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VARIABLE

EFG
EP
PRP
SYpP
ETP

F1,.FN

Remarks:

DESCRIPTION

Plastic strain at failure for glass
[awpilu'ogfwmwu'hgt'rgi{ ogt
Rakuugplu“tevkg 'hgt'ron{ogt

Yield stress for polymer

Plastic hardening modulus for polymer

Integration point material:

fn=0.0: glass,

fn = 1.0: polymer.
A user-defined integration rule must be specified, see
*INTEGRATION_SHELL. See remarks below.

Isotropic hardening for both materials is assumed. The material to which the glass is bonded is

assumed to stretch plastically without failure.

A user defined integration rule specifies the

thickness of the layers making up the glass. Fj defines whether the integration point is glass (0.0)
or polymer (1.0). The material definition, Fj, has to be given for the same number of integration

points (NIPTS) as specified in the rule. A maximum of 32 layers is allowed.

If the recommended user defined rule is not defined, the default integration rules are used. The
location of the integration points in the default rules are defined in the *SECTION_SHELL

keyword description.
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*MAT_BARLAT_ANISOTROPIC_PLASTICITY

This is Material Type 33. This model was developed by Barlat, Lege, and Brem [1991] for
modeling anisotropic material behavior in forming processes. The finite element implementation
of this model is described in detail by Chung and Shah [1992] and is used here. It is based on a
six parameter model, which is ideally suited for 3D continuum problems, see notes below. For
sheet forming problems, material 36 based on a 3-parameter model is recommended.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR K EO N M
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable A B C F G H LCID

Type F F F F F F F

Card 3 1 2 3 4 5 6 7 8
Variable AOPT OFFANG

Type F F

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

Type F F F F F F
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Card 5 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3
Type 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.

E [qwpilu"oqfwmwu."Gl

PR Rakuugplu'tckg."p.

K k, strength coefficient, see notes below.

EO do» Strain corresponding to the initial yield, see notes below.
N n, hardening exponent for yield strength.

M o."mqy"rqvgpvken'gzrapgpy"kp"Detncviu"Og g

A c."cpkugvtqr{"eqghhkekgpv'kp"Dctncviu"OqFgn

B d."cpkuqvtqr{"eqghhkekgpv'kp"Detncviu"Oq g

C ¢ anisotropy coefficient kp"Dctncviu"Ogfgnl

F h."cpkugvtqr{"eqghhkekgpy'kp"Detncviu" O g Fgn)

G i."cpkugvtqr{"eqghhkekgpv'kp"Detncvdu"Oq g

H j."cpkuqvtqr{"eqghhkekgpv'kp"Dctncvdu"Oq g

LCID Option load curve ID defining effective stress versus effective plastic

strain. If nonzero, this curve will be used to define the yield stress. The
load curve is implemented for solid elements only.
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VARIABLE

AOPT

BETA

MACF

XP YP ZP
Al A2 A3
V1V2V3

D1 D2 D3

Remarks:

DESCRIPTION

Material axes option:
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 identical to the Nodes used for the definition of a
coordinate system as by *DEFINE_COORDINATE_NODES.
EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center, this is the a-
direction.
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 offsetting
the material axes by an angle, OFFANG, from a line determined by
LT.0.0: the absolute value of AOPT is a coordinate system ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

Offset angle for AOPT = 3.

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

Coordinates of point p for AOPT = 1.
Components of vector a for AOPT = 2.
Components of vector v for AOPT = 3.

Components of vector d for AOPT = 2.

The yield function H is defined as:

H?|S, /7S,[" =[S, 7S,[" =S, 7S ?2a"

where & is the effective stress and S,,, , , are the principal values of the symmetric matrix S_,,

Lk %
Sy ?fcu, /U, t/b uZZ/uXX+ﬁ/3
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S,, ? Ea*uyy /u t/ctu, /uyy+l>j/3

S, ?fb*u, /ugt/atu, /u, +6/3

The material constants a, b, ¢, f, g and h represent anisotropic properties.  When
a?b?c?f?g?h?1, the material is isotropic and the yield surface reduces to the Tresca
yield surface for m=1 and von Mises yield surface for m=2 or 4.

For face centered cubic (FCC) materials m=8 is recommended and for body centered cubic
(BCC) materials m=6 is used. The yield strength of the material is

u, 2k*g" - gt

where g, is the strain corresponding to the initial yield stress and g" is the plastic strain.
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*MAT_BARLAT_YLD96

This is Material Type 33. This model was developed by Barlat, Maeda, Chung, Yanagawa,
Brem, Hayashida, Lege, Matsui, Murtha, Hattori, Becker, and Makosey [1997] for modeling
anisotropic material behavior in forming processes in particular for aluminum alloys. This
model is available for shell elements only.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR K

Type A8 F F F F

Card 2 1 2 3 4 5 6 7 8
Variable EO N ESRO M HARD A

Type F F F F F F

Card 3 1 2 3 4 5 6 7 8
Variable C1l Cc2 C3 C4 AX AY AZ0 AZ1
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable AOPT OFFANG

Type F F
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Card 5 1 2 3 4 5 6 7 8
Variable Al A2 A3
Type F F F
Card 6 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3
Type 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.
E [qwpilu'oqfwmu. E.
PR RokuugpOu'tevkg. p.
K k, strength coefficient or a in VVoce, see notes below.
EO Jo. Strain corresponding to the initial yield or b in Voce, see notes below.
N n, hardening exponent for yield strength or c in Voce.
ESRO Osro» iN powerlaw rate sensitivity.
M m, exponent for strain rate effects
HARD Hardening option:
LT. 0.0: absolute value defines the load curve ID.
EQ. 1.0: powerlaw
EQ. 2.0: Voce
A Flow potential exponent.
C1 cl, see equations below.
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VARIABLE DESCRIPTION

C2 c2, see equations below.
C3 c3, see equations below.
C4 c4, see equations below.

AX ax, see equations below.

AY ay, see equations below.

AZ0 az0, see equations below.

AZ1 azl, see equations below.

AOPT Material axes option:

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 identical to the Nodes used for the definition of a
coordinate system as by *DEFINE_COORDINATE_NODES.
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 offsetting
the material axes by an angle, OFFANG, from a line determined by
taking the cross product of the vector v with the normal to the plane
of the element.

LT.0.0: the absolute value of AOPT is a coordinate system ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

OFFANG Offset angle for AOPT = 3.

Al A2 A3 Components of vector a for AOPT = 2.

V1V2V3 Components of vector v for AOPT = 3.

D1 D2 D3 Components of vector d for AOPT = 2.
Remarks:

The yield stress v, is defined three ways. The first, the Swift equation, is given in terms of the
input constants as:
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Ao 0"
u, 2k*g, - gt i—2—§
’ ’ A sro 0

The second, the VVoce equation, is defined as:
u,?a/be’”

and the third option is to give a load curve ID that defines the yield stress as a function of
effective plastic strain. The yield function H is defined as:

H?gls, /s, -Gls, /s -cls; /s ?2u;

where s, is a principle component of the deviatoric stress tensor where in vector notation:

s? Ly
and L is given as
¢c-c /g /c, o
E 3 3 3 y
E U
£ /6 &G fa g
L?E 3 3 3 8
E /% /4 GG gy
E 3 3 3 U
E o 0 0 ¢

A coordinate transformation relates the material frame to the principle directions of S is used to
obtain the ¢, coefficients consistent with the rotated principle axes:

2 2 2
(& R C Py — Cy Pai — €, Pa
c, ? c,co8°2d - c,sin*2d

where p, are components of the transformation matrix. The angle & defines a measure of the
rotation between the frame of the principal value of s and the principal anisotropy axes.
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*MAT_FABRIC

This is Material Type 34. This material is especially developed for airbag materials. The fabric
model is a variation on the layered orthotropic composite model of material 22 and is valid for 3
and 4 node membrane elements only. In addition to being a constitutive model, this model also
invokes a special membrane element formulation which is more suited to the deformation
experienced by fabrics under large deformation. For thin fabrics, buckling can result in an
inability to support compressive stresses; thus a flag is included for this option. A linearly elastic
liner is also included which can be used to reduce the tendency for these elements to be crushed
when the no-compression option is invoked. In LS-DYNA versions after 931 the isotropic
elastic option is available.

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 CSE EL PRL LRATIO DAMP
Type F F F F F F F F
Remarks 1 2 2 2

Card 3 1 2 3 4 5 6 7 8
Variable AOPT FLC/X2 | FAC/X3 ELA LNRC FORM FVOPT | TSRFAC
Type F F F F F F F F
Remarks 3 3 4 0 0 9
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Card 4 1 2 3 4 5 6 7 8
Variable Al A2 A3 X0 X1
Type F F F F F
Card 5 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3 BETA | ISREFG
Type F F F F F F F |
Define if and only if FORM=4, 14 or -14.
Card 6 1 2 3 4 5 6 7 8
Variable LCA LCB LCAB LCUA LCUB | LCUAB RL
Type | | | | | | F
Define if and only if FORM=-14.
Card 6 1 2 3 4 5 6 7 8
Variable LCAA LCBB H DT
Type | I I |

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 DESCRIPTION
EA [awpilu' ogfwwu' - longitudinal direction. For an isotopic elastic fabric
material gpi{"GC"cpF'RTDC"ctg"fghkpgf'cpf ctg'wugf cu'vjg'kuqvtqrke” Lawpilu
oqfwmwu"cpf'RakuugpOu”tevka."tgurgevkxgn{0"" Vi g"kprw'hqt'vjg fiber directions
and liner should be input as zero for the isotropic elastic fabric
EB [awpilu' ogfwmwu' - transverse direction, set to zero for isotropic elastic
material.
(EC) [aqwpilu'ogfwmwu'- normal direction, set to zero for isotropic elastic material.
(Not used)
PRBA Ppa-"Rakuugpiu'tevkq"dc"Fktgevkap!
(PRCA) Pea."Rakuugplu'tevkg'ec direction, set to zero for isotropic elastic material. (Not
used)
(PRCB) Peb-"Rakuugplu“tevkg'ed" Fktgevkap. "ugv'va" L gtghqt kugvtg rke"gncuvke" ocvg tken"*Pav
used)
GAB Ganb, shear modulus ab direction, set to zero for isotropic elastic material.
(GBC) Gpc, Shear modulus bc direction, set to zero for isotropic elastic material. (Not
used)
(GCA) Gca, Shear modulus ca direction, set to zero for isotropic elastic material. (Not
used)
CSE Compressive stress elimination option (default 0.0):
GS0202<"fqplv eliminate compressive stresses,
EQ.1.0: eliminate compressive stresses (This option does not apply to the
liner).
EL [aqwp i 0u"ogfwmwu'hat'gncuvkenkpgt"*q rkgpen+d
PRL Rakuugplu“tevkg hgt"gncuvke"nkpgt*qrvkgpentd
LRATIO Ratio of liner thickness to total fabric thickness.
DAMP Rayleigh damping coefficient. A 0.05 coefficient is recommended

corresponding to 5% of critical damping. Sometimes larger values are
necessary.
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VARIABLE DESCRIPTION

AOPT Material axes option (see MAT_OPTION TROPIC _ELASTIC for a more
complete description):

EQ.0.0: locally orthotropic with material axes determined by element
nodes 1, 2, and 4, as with *DEFINE_COORDINATE_NODES, and then
rotated about the element normal by an angle BETA.
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.
LT.0.0: the absolute value of AOPT is a coordinate system ID number
(CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_VECTOR).
Available in R3 version of 971 and later.

FLC/X2 If X0”0,X0"”1: This is X2 coefficient of the porosity equation of
Anagonye and Wang [1999]. Else, this is an optional constant, FLC, a fabric
porous leakage flow coefficient.

LT.0.0: There are two possible definitions.

If X0?0, |FLC| is the load curve ID of the curve defining FLC versus
time.

If X0 7?1, |[FLC| is the load curve ID defining FLC versus the stretching
ratio defined as r, ? A/ A,. See notes below.

FAC/X3 If X0” 0,X0"”1: This is X3 coefficient of the porosity equation of
Anagonye and Wang [1999]. Else, if and only if X0 ?0: This is an optional
constant, FAC, a fabric characteristic parameter.

LT.0.0: There are three possible definitions.

If FVOPT < 7:

If X0?0, |FAC| is the load curve ID of the curve defining FAC versus
absolute pressure.

If X07?1, |FAC| is the load curve ID defining FAC versus the pressure
ratio defined as r, ? P, /R, . See remark 3 below.

air bag
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 g, ..mS/Emzstj ..m/s, equivalent to relative porous gas speed.

ELA Effective leakage area for blocked fabric, ELA,
LT.0.0: |[ELA] s the load 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.
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VARIABLE DESCRIPTION
LNRC Flag to turn off compression in liner until the reference geometry is reached,
i.e., the fabric element becomes tensile.
EQ.0.0: off.
EQ.1.0: on.
FORM Flag to modify membrane formulation for fabric material:

EQ.0.0: default. Least costly and very reliable.

EQ.1.0: invariant local membrane coordinate system

EQ.2.0: Green-Lagrange strain formulation

EQ.3.0: large strain with nonorthogonal material angles. See Remark 5.
EQ.4.0: large strain with nonorthogonal material angles and nonlinear
stress strain behavior. Define optional load curve 1Ds on optional card.
EQ.12.0: Updated form 2. See Remark 10.

EQ.13.0: Updated form 3. See Remark 10.

EQ.14.0: Updated form 4. See Remark 10.

EQ.-14.0: Same as form 14, but invokes reading of card 7. See Remark 12.

FVOPT Fabric venting option.
EQ.1: Wang-Nefske formulas for venting through an orifice are used.
Blockage is 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 Siejak [1990] are
used. Blockage is not considered.
EQ.4: Leakage formulas of Graefe, Krummheuer, and Siejak [1990] are
used. Blockage of venting area due to contact is considered.
EQ.5: Leakage formulas based on flow through a porous media are used.
Blockage is 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 FAC in the
*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.

TSRFAC Tensile stress cutoff reduction factor
LT.0: |TSRFAC] is the curve ID of the curve defining TSRFAC versus
time.0
GT.0and LT.1: TSRFAC applied from time 0.
GE.1: TSRFAC is a curve ID for the new option.

Al A2 A3 Components of vector a for AOPT = 2.
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VARIABLE DESCRIPTION
X0,X1 Coefficients of Anagonye and Wang [1999] porosity equation for the leakage
area: A ? A Xo - Xt = X1, - Xonrt
V1V2V3 Components of vector v for AOPT = 3.
D1D2D3 Components of vector d for AOPT = 2.
BETA Material angle in degrees for AOPT = 0 and 3, may be overridden on the

element card, see *ELEMENT_SHELL_BETA.

ISREFG Initial stress by reference geometry for FORM=12
EQ.0.0: default. Not active.
EQ.1.0: active
LCA Load curve or table ID. Load curve ID defines the stress versus uniaxial strain

along the a-axis fiber. Table ID defines for each strain rate a load curve
representing stress versus uniaxial strain along the a-axis fiber. Available for
FORM=4, 14 and | 14 only, table allowed only for form=-14. If zero, EA is
used.

LCB Load curve or table ID. Load curve ID defines the stress versus uniaxial strain
along the b-axis fiber. Table ID defines for each strain rate a load curve
representing stress versus uniaxial strain along the b-axis fiber. Available for
FORM=4, 14 and 114 only, table allowed only for form=-14. If zero, EB is
used.

LCAB Load curve ID for shear stress versus shear strain in the ab-plane; available for
FORM=4 or 14 only. If zero, GAB is used.

LCUA Unload/reload curve ID for stress versus strain along the a-axis fiber;
available for FORM=4 or 14 only. If zero, LCA is used.

LCUB Unload/reload curve ID for stress versus strain along the b-axis fiber;
available for FORM=4 or 14 only. If zero, LCB is used.

LCUAB Unload/reload curve ID for shear stress versus shear strain in the ab-plane;
available for FORM=4 or 14 only. If zero, LCAB is used.

RL Optional reloading parameter for FORM=14. Values between 0.0 (reloading
on unloading curve-default) and 1.0 (reloading on a minimum linear slope
between unloading curve and loading curve) are possible.

LCAA Load curve or table ID. Load curve ID defines the stress along the a-axis fiber
versus biaxial strain. Table ID defines for each directional strain rate a load
curve representing stress along the a-axis fiber versus biaxial strain. Available
for FORM=I 14 only, if zero, LCA is used.
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VARIABLE DESCRIPTION

LCBB Load curve or table ID. Load curve ID defines the stress along the b-axis fiber

versus biaxial strain. Table ID defines for each directional strain rate a load
curve representing stress along the b-axis fiber versus biaxial strain. Available
for FORM=I 14 only, if zero, LCB is used.

Normalized hysteresis parameter between 0 and 1.

DT Strain rate averaging option.

EQ.0.0: Strain rate is evaluated using a running average.
LT.0.0: Strain rate is evaluated using average of last 11 time steps.
GT.0.0: Strain rate is averaged over the last DT time units.

Remarks:

1.

The no compression option allows the simulation of airbag inflation with far less elements
than would be needed for the discretization of the wrinkles which would occur for the case
when compressive stresses are not eliminated.

When using this material for the analysis of membranes as airbags it is well known from
classical theory that only one layer has to be defined. The so-called elastic liner has to be
defined for numerical purposes only when the no compression option is invoked.

The parameters FLC and FAC are optional for the Wang-Nefske inflation models. It is
possible for the airbag to be constructed of multiple fabrics having different values for
porosity and permeability. The leakage of gas through the fabric in an airbag then requires
an accurate determination of the areas by part ID available for leakage. The leakage area
may change over time due to stretching of the airbag fabric or blockage when the bag
contacts the structure. LS-DYNA can check the interaction of the bag with the structure
and split the areas into regions that are blocked and unblocked depending on whether the
regions are in or not in contact, respectively. Typically, FLC and FAC must be determined
experimentally and their variations in time or with pressure are optional to allow for
maximum flexibility.

The elastic backing layer always acts in tension and compression since the tension cutoff
option, CSE, does not apply. This can sometimes cause difficulties if the elements are very
small in relationship to their actual size as defined by the reference geometry (See
*AIRBAG_REFERENCE_GEOMETRY.). If the flag, LNRC, is set to 1.0 the elastic liner
does not begin to act until the area of defined by the reference geometry is reached.

For FORM=0, 1, and 2, the a-axis and b-axis fiber directions are assumed to be orthogonal
and are completely defined by the material axes option, AOPT=0, 2, or 3. For FORM=3, 4,
13, or 14, the fiber directions are not assumed orthogonal and must be specified using the
ICOMP=1 option on *SECTION_SHELL. Offset angles should be input into the B1 and
B2 fields used normally for integration points 1 and 2. The a-axis and b-axis directions
will then be offset from the a-axis direction as determined by the material axis option,
AOPT=0, 2, or 3.
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6.

For FORM=4 or 14, 2" Piola-Kirchoff stress xul" I tggplu"urtckp curves may be defined for
a-axis, b-axis, and shear stresses for loading and also for unloading and reloading. All
curves should start at the origin and be defined for positive strains only. The a-axis and b-
axis stress follows the curves for tension only. For compression, stress is calculated from
the constant values, EA or EB. Shear stress/strain behavior is assumed symmetric. If a
load curve is omitted, the stress is calculated from the appropriate constant modulus, EA,
EB, or GAB.

When both loading and unloading curves are defined, the initial yield strain is assumed to
be equal to the strain at the first point in the load curve with stress greater than zero. When
strain exceeds the yield strain, the stress continues to follow the load curve and the yield
strain is updated to the current strain. When unloading occurs, the unload/reload curve is
shifted along the x-axis until it intersects the load curve at the current yield strain. If the
curve shift is to the right, unloading and reloading will follow the shifted unload/reload
curve. If the curve shift is zero or to the left, unloading and reloading will occur along the
load curve. When using unloading curves, compressive stress elimination should be active
to prevent the fibers from developing compressive stress during unloading when the strain
remains tensile. If LCUA, LCUB, or LCUAB are input with negative values, then
unloading is handled differently. Instead of shifting the unload curve along the x-axis, the
curve is stretched in the x-direction such that the first point remains at (0,0) and the unload
curve intersects with the load curve at the current yield point. This option guarantees the
stress remains tensile while the strain is tensile so compressive stress elimination is not
necessary. To use this option the unload curve should have an initial slope less steep than
the load curve, and should steepen such that it intersects the load curve at some positive
strain value.

The FVOPT flag allows an airbag fabric venting equation to be assigned to an material.
The anticipated use for this option is to allow a vent to be defined using FVOPT=1 or 2 for
one material and fabric leakage to be defined for using FVOPT=3, 4, 5, or 6 for other
materials. In order to use FVOPT, a venting option must first be defined for the airbag
using the OPT parameter on *AIRBAG_WANG_NEFSKE or *AIRBAG_HYBRID. If
OPT=0, then FVOPT is ignored. If OPT is defined and FVOPT is omitted, then FVOPT is
set equal to OPT.

The TSRFAC factor is used to assure that airbags that have a reference geometry will open
to the correct geometry. Airbags that use a reference geometry might have an initial
geometry that results in initial strains. To prevent such strains from prematurely opening
an airbag, these strains are eliminated by default. A side effect of this behavior is that
airbags that use a reference geometry and that are initially stretched will never achieve the
correct shape. The TSRFAC factor is used to restore the tensile strains over time such that
the correct geometry is achieved. It is recommended that a load curve be used to define
TSRFAC as function of time. Initially the load curve ordinate value should be 0.0 which
will allow the bag to remain unstressed. At a time when the bag is partially open, the value
of TSRFAC should ramp up to a small number of about 0.0001. Each cycle, the stored
initial strains are scaled by (1.0-TSRFAC) such that they reduce to a very small number. A
pay"qrkgp"ku"kpxgmg " d{"ugwkpi"VUTHCE®3"kp"y jkej case TSRFAC is a curve ID. The
curve should ramp from 0.0 to 1.0. When the curve ordinate value is 0.0, the stored initial
strain is subtracted from the total strain. For values between 0.0 and 1.0, a fraction of the
stored initial strain is subtracted from the total strain where the fraction is 1.0-TSRFAC.
When the curve value reaches or exceeds 1.0, the total strain is used. This option gives the
user better control of the rate of restoring the strains as it is independent of the solution
time step.
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10.

11.

12.

13.

Material forms 12, 13, and 14 are updated versions of forms 2, 3, and 4, respectively.
These new forms are intended to be less susceptible to timestep collapse and also guarantee
zero stress in the initial geometry when a reference geometry is used. The behavior should
otherwise be similar with one exception. The LNRC flag eliminates not only initial
compressive strain but total initial strain. Therefore, the TSRFAC option is recommended
(see Remark 9) when forms 12, 13, and 14 are used with a reference geometry and
LNRC=1.

An option to calculate the initial stress by using a reference geometry is available for
material FORM 12 only.

If tables are used the strain rate measure is the Green-Lagrange strain rate of the Green-
Lagrange strain in the direction of interest. To suppress noise the strain rate is averaged
according to the value of DT. If DT>O0, it is recommended to use a large enough value to
suppress the noise but small enough to not lose important frequency content. This option
seems to be the most robust averaging choice.

The hysteresis parameter H defines the fraction of dissipated energy during a load cycle in
terms of the maximum possible dissipated energy. Referring to the figure below,

H . AA-A)

“>~._ " loading
~~._  unloading
~~ reloading

v
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*MAT_PLASTIC_GREEN-NAGHDI_RATE

*MAT_PLASTIC_GREEN-NAGHDI_RATE

This is Material Type 35. This model is available only for brick elements and is similar to model
3, but uses the Green-Naghdi Rate formulation rather than the Jaumann rate for the stress update.
For some cases this might be helpful. This model also has a strain rate dependency following the
Cowper-Symonds model.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR
Type A8 F F F
Card 2 1 2 3 4 5
Variable SIGY ETAN SRC SRP BETA
Type F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Density
E [qwpilu"oqfwmwu
PR Rakuugplu“tcvkg
SIGY Yield stress
ETAN Plastic hardening modulus
SRC Strain rate parameter, C
SRP Strain rate parameter, P
BETA Hardening parameter, 0 < d| <1
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*MAT 036

*MAT_3-PARAMETER_BARLAT {OPTION}

This is Material Type 36. This model was developed by Barlat and Lian [1989] for modeling
sheets with anisotropic materials under plane stress conditions. This material allows the use of
the Lankford parameters for the definition of the anisotropy. This particular development is due
to Barlat and Lian [1989]. A version of this material model which has a flow limit diagram
failure option is *MAT_FLD_3-PARAMETER_BARLAT.

Available options include:

<BLANK>

The option NLP allows for prediction of sheet metal failure using the Formability Index (F.1.),
which accounts for the non-linear strain path effect (see Remarks below). The variable NLP in
card #3 needs to be defined when using the option.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR HR P1 P2 ITER
Type A8 F F = E = F =
Card 2 1 2 3 4 5 6 7 8
Variable M ROO/AB | R45/CB | R90/HB | LCID EO SPI P3
Type F F F F | F F E
Define the following card if and only if M<0

Card opt. 1 2 3 4 5 6 7 8
Variable CRC1 CRAl CRC2 CRA2 CRC3 CRA3 CRC4 CRA4
Type F F F F F F F F
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Card 3 1 2 3 4 5 6 7 8
Variable AOPT C P VLCID PB NLP/HTA | HTB
Type F F F | F I/F F
Card 4 1 2 3 4 5 6 7 8
Variable Al A2 A3 HTC HTD
Type F F F F F
Card 5 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3 BETA | HTFLAG
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.
E [aqwpilu'ogfwmwu."G
GT.0.0: Constant value,
LT.0.0: Load curve ID = (-G+"y jkej "fghkpgu" [ qwp 10u"Oqfwmwu"cu"c"
function of plastic strain. See Remark 1.
PR RokuugpOu'tckg."p
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VARIABLE

HR

P1

P2

ITER

CRCN

CRCA

ROO

DESCRIPTION

Hardening rule:
EQ.1.0: linear (default),
EQ.2.0: exponential (Swift)
EQ.3.0: load curve or table with strain rate effects
EQ.4.0: exponential (Voce)
EQ.5.0: exponential (Gosh)
EQ.6.0: exponential (Hocket-Sherby)
EQ.7.0: load curves in three directions
EQ.8.0: table with temperature dependence
EQ.9.0: 3d table with temperature and strain rate dependence

Material parameter:
HR.EQ.1.0: Tangent modulus,
HR.EQ.2.0: k, strength coefficient for Swift exponential hardening
HR.EQ.4.0: a, coefficient for Voce exponential hardening
HR.EQ.5.0: k, strength coefficient for Gosh exponential hardening
HR.EQ.6.0: a, coefficient for Hocket-Sherby exponential hardening
HR.EQ.7.0: load curve ID for hardening in 45 degree direction. See
Remark 2.

Material parameter:
HR.EQ.1.0: Yield stress
HR.EQ.2.0: n, exponent for Swift exponential hardening
HR.EQ.4.0: c, coefficient for Voce exponential hardening
HR.EQ.5.0: n, exponent for Gosh exponential hardening
HR.EQ.6.0: c. coefficient for Hocket-Sherby exponential hardening
HR.EQ.7.0: load curve ID for hardening in 90 degree direction.
See Remark 2.

Iteration flag for speed:

ITER.EQ.O.0: fully iterative

ITER.EQ.1.0: fixed at three iterations
Generally, ITER=0 is recommended. However, ITER=1 is somewhat
faster and may give acceptable results in most problems.

m."gzrapgpv'kp"Detneviu"{kgnf'uwthceg, absolute value is used if negative.
Chaboche-Roussiler hardening parameter, see remarks.
Chaboche-Roussiler hardening parameter, see remarks.

Roo, Lankford parameter in O degree direction
GT.0.0: Constant value,
LT.0.0: Load curve or Table ID = (-R00) which defines R value as a
function of plastic strain (Curve) or as a function of temperature and
plastic strain (Table). See Remark 3.
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VARIABLE

R45

R90

AB

CB

HB

LCID

EO

SPI

P3

DESCRIPTION

R4s, Lankford parameter in 45 degree direction
GT.0.0: Constant value,
LT.0.0: Load curve or Table ID = (-R45) which defines R value as a
function of plastic strain (Curve) or as a function of temperature and
plastic strain (Table). See Remarks 2 and 3.

Rgp, Lankford parameter in 90 degree direction
GT.0.0: Constant value,
LT.0.0: Load curve or Table ID = (-R90) which defines R value as a
function of plastic strain (Curve) or as a function of temperature and
plastic strain (Table). See Remarks 2 and 3.

a, Barlat89 parameter, which is read instead of R0O if PB>O0.
c, Barlat89 parameter, which is read instead of R45 if PB>O0.
h, Barlat89 parameter, which is read instead of R90 if PB>0.

Load curve/table ID for hardening in the O degree direction. See
Remark 1.

Material parameter
HR.EQ.2.0: g, for determining initial yield stress for Swift exponential

hardening. (Default=0.0)
HR.EQ.4.0: b, coefficient for Voce exponential hardening
HR.EQ.5.0: g, for determining initial yield stress for Gosh exponential

hardening. (Default=0.0)
HR.EQ.6.0: b, coefficient for Hocket-Sherby exponential hardening

spi, if g, is zero above and HR.EQ.2.0. (Default=0.0)
EQ.0.0: g, ?*E/k+**E1/*n /14y
LE.0.02: g, ? spi
GT.0.02: g, ?*spi/kt**[1/n_
If HR.EQ.5.0 the strain at plastic yield is determined by an iterative
procedure based on the same principles as for HR.EQ.2.0.

Material parameter:
HR.EQ.5.0: p, parameter for Gosh exponential hardening
HR.EQ.6.0: n, exponent for Hocket-Sherby exponential hardening
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VARIABLE

AOPT

VLCID

PB

NLP

HTA

HTB

XPYP ZP

Al A2 A3

HTC

HTD

V1V2V3

D1 D2 D3

DESCRIPTION

Material axes option (see MAT_OPTION TROPIC_ELASTIC for a
more complete description):
EQ.0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE _
NODES, and then rotated about the shell element normal by an angle
BETA.
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.
LT.0.0: the absolute value of AOPT is a coordinate system ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available with the R3 release of Version 971 and later.

C in Cowper-Symonds strain rate model
p in Cowper-Symonds strain rate model, p=0.0 for no strain rate effects

Volume correction curve ID defining the relative volume change
(change in volume relative to the initial volume) as a function of the
effective plastic strain. This is only used when nonzero. See Remark 1.

Barlat89 parameter, p. If PB>0, parameters AB, CB, and HB are read
instead of ROO, R45, and R90. See Remark 4.

Load curve ID of the Forming Limit Diagram (FLD) under linear strain
paths (see Remarks below). Define when option _NLP is used.

Load curve/Table ID for postforming parameter A in heat treatment
Load curve/Table ID for postforming parameter B in heat treatment
Coordinates of point p for AOPT = 1.

Components of vector a for AOPT = 2.

Load curve/Table ID for postforming parameter C in heat treatment
Load curve/Table ID for postforming parameter D in heat treatment
Components of vector v for AOPT = 3.

Components of vector d for AOPT = 2.
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VARIABLE DESCRIPTION

1.

BETA Material angle in degrees for AOPT=0 and 3, may be overridden on the

element card, see *ELEMENT_SHELL BETA.

HTFLAG Heat treatment flag (see remarks):

HTFLAG.EQ.O: Preforming stage
HTFLAG.EQ.1: Heat treatment stage
HTFLAG.EQ.2: Postforming stage

Remarks:

The effective plastic strain used in this model is defined to be plastic work equivalent. A
consequence of this is that for parameters defined as functions of effective plastic strain,
the rolling (00) direction should be used as reference direction. For instance, the
hardening curve for HR=3 is the stress as function of strain for uniaxial tension in the
rolling direction, VLCID curve should give the relative volume change as function of
strain for uniaxial tension in the rolling direction and load curve given by -E should give
vjg" [qwpilu' ogfwmwu' cu" hwpevkgp' gh" uvtckp" hqt" wpkezken tension in the rolling direction.
Optionally the curve can be substituted for a table defining hardening as function of
plastic strain rate (HR=3) or temperature (HR=8).

Exceptions from the rule above are curves defined as functions of plastic strain in the 45
and 90 directions, i.e., P1 and P2 for HR=7 and negative R45 or R90. The hardening
curves are here defined as measured stress as function of measured plastic strain for
uniaxial tension in the direction of interest, i.e., as determined from experimental testing
using a standard procedure. Moreover, the curves defining the R values are as function of
the measured plastic strain for uniaxial tension in the direction of interest. These curves
are transformed internally to be used with the effective stress and strain properties in the
actual model. The effective plastic strain does not coincide with the plastic strain
components in other directions than the rolling direction and may be somewhat confusing
to the user. Therefore the von Mises work equivalent plastic strain is output as history
variable #2 if HR=7 or if any of the R-values is defined as function of the plastic strain.

The R-values in curves are defined as the ratio of instantaneous width change to
instantaneous thickness change. That is, assume that the width W and thickness T are
measured as function of strain. Then the corresponding R-value is given by:

— /W
R?_dg_

e

dg

The anisotropic yield criterion H for plane stress is defined as:

H?alK, - K,|" -a|K, 7 K,|" - c|]2K,[" ? 2%
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where v, is the yield stress and Kij=1 2 are given by:

u, -hu,
2

hu /hu, O
K,? [i—2§ - p?
2 \/ﬁ 2 8 p Xy

K, ?

If PB=0, the anisotropic material constants a, c, h, and p are obtained through Rqg, R4s,

and Rop:
a?Z/ZZ&& c?2/a
1-R, 1-Ry,

The anisotropy parameter p is calculated implicitly. According to Barlat and Lian the R
value, width to thickness strain ratio, for any angle /7 can be calculated from:

R, ? - .
AeH H O

- uh
.uX .uy

where v, is the uniaxial tension in the /2 direction. This expression can be used to
iteratively calculate the value of p. Let /=45 and define a function g as

/1

2mu
*nt? - ¥ /1/R
g'p FeH  oH O 45
ﬁ-u Ty g9
X y

An iterative search is used to find the value of p.
If PB>0, material parameters a (AB), ¢ (CB), h (HB), and p (PB) are used directly.

For face centered cubic (FCC) materials m=8 is recommended and for body centered
cubic (BCC) materials m=6 may be used. The yield strength of the material can be
expressed in terms of k and n:

u,?k g" ?k*g, ~g°t
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where g, is the elastic strain to yield and g is the effective plastic strain (logarithmic).

If SIGY s 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 gives the elastic strain at yield as:

¢1x
A E (Qensil
9y 7&?8

If SIGY yield is nonzero and greater than 0.02 then:

Au. Ot
G A C
yp Ak8

The other available hardening models include the VVoce equation given by

uy(g,) ?arsbe””,

the Gosh equation given by
uY(gp) ’) k(go _gp)n / p '

and finally the Hocket-Sherby equation given by
uy(g,) ?a/be’.

For the Gosh hardening law, the interpretation of the variable SPI is the same, i.e., if set
to zero the strain at yield is determined implicitly from the intersection of the strain
hardening equation with the linear elastic equation.

To include strain rate effects in the model we multiply the yield stress by a factor
depending on the effective plastic strain rate. We use the Cowper-U{ogpful" ogfgn."
hence the yield stress can be written

A

U A VA
uy(9,.9,) ?us(9,)EL-A=—=0 U
1 ACO y

where vy, denotes the static yield stress, C and p are material parameters, g, is the
effective plastic strain rate.

5. A kinematic hardening model is implemented following the works of Chaboche and
Roussilier. A back stress g is introduced such that the effective stress is computed as
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ugWwu,/2c,/c,,u,l2c,/c,u,’/c,)

eff

The back stress is the sum of up to four terms according to
4L
G 26,
and the evolution of each back stress component IS as follows

fc, 7CkAak— Qfgp
A ef‘f
where C, and a, are material parameters, s; is the deviatoric stress tensor, U, is the

effective stress and g, is the effective plastic strain.

6. When the option _NLP is used, a necking failure criterion is activated to account for the
non-linear strain path effect in sheet metal forming. Based on the traditional Forming
Limit Diagram (FLD) for the linear strain path, the Formability Index (F.l.) is calculated
for every element in the model throughout the simulation duration and the entire history
is stored in history variable #9 in D3PLOT files, accessible from Post/History menu in
LS-PrePost v3.1. The time history of the index can be plotted for each element under the
menu. It is therefore necessary to set NEIPS to 10, in the second field of card 1 in
keyword *DATABASE_EXTENT_BINARY, to output the history variable to the
D3PLOT files. The index can also be plotted as a color contour map on the formed sheet
blank, accessible from Post/FriComp/Misc menu. The index has a value ranging from 0.0
to 1.2, with the onset of necking failure at 1.0. The F.I. is calculated based on critical
effect strain method, as illustrated in the Figure in Remarks in *MAT _037. The
theoretical background can be found in two papers also referenced in Remarks section in
*MAT_037.

7. When using the D3PLOT file to plot the history variable #9 (the F.1.) in color contour,
the value in the DMaxN' ram-down menu in Post/FriComp pggfu’vg" dg" ugv' vg' DMinN,
meaning that the necking failure occurs only when all integration points through the
thickness have reached the critical value of 1.0. It is suggested to set the variable
0OCZKPV("kp" , FCVCDCUGaGZVGPVaDKPFCT["to the same value as the variable
OPKR0" kp" , USEVKQPaUJGNN(" kp" cFfkkap." vjg" xcnwg" kp" vjg' DPAvgN' rwm-down menu in
Post/FriRang pggfu'vg"dg"ugv'vg"DPapgli"Vj g uvtckp" revj " jhuvgt{"*oclgt"xul" okpat" uvtckp+"
of each element can be plotted with radial dial button Strain Path in Post/FLD.

8. An example of a partial input for the material is provided below, where the FLD for the
linear strain path is defined by the variable NLP with load curve ID 211, where abscissa
values represent minor strains and ordinate values represent major strains.

LS-DYNA Version 971 1-197 (MAT)



*MAT 036

*MAT_3-PARAMETER_BARLAT

*MAT_3-PARAMETER_BARLAT_NLP

R i K e e it L B i i i il CE R o}
$ MID RO E PR HR P1 P2 ITER
1 2.890E-09 6.900E04 0.330 3.000
$ M ROO R45 R90 LCID EO SP1 P3
8.000 0.800 0.600 0.550 99
$ AOPT C P VLCID NLP
2.000 211
$ Al A2 A3
0.000 1.000 0.000
$ V1 V2 V3 D1 D2 D3 BETA
$--—+-—---1--——t-—---2- -t Bt bt =Bt G- —F——— =T ————+———-8
$ Hardening Curve
*DEFINE_CURVE
99
0.000 130.000
0.002 134.400
0.006 143.000
0.010 151.300
0.014 159.300
0.900 365.000
1.000 365.000
$ FLD Definition
*DEFINE_CURVE
211
-0.2 0.325
-0.1054 0.2955
-0.0513 0.2585
0.0000 0.2054
0.0488 0.2240
0.0953 0.2396
0.1398 0.2523
0.1823 0.2622
9. The following FLD prediction of non-linear strain paths for a single element was done

using this new option, for an Aluminum alloy with ry0=0.8, r45=0.6, rgo =0.55, and yield at
130.0 MPa. In each case, the element is further strained in three different paths (uniaxial -
U.A., plane strain - P.S., and equi-biaxial I E.B.) separately, following a pre-straining in
uniaxial, plane strain and equi-biaxial. The forming limits are determined at the end of
the further straining for each path, when the F.1. has reached the value of 1.0.

Unstrained

A 4

v

U.A.

U.A.

P.S.

E.B.

Major True Strain

03

0.25

0.2

0.15

0.1

0.05

0 0.1 0.2

Minor True Strain

Nonlinear FLD prediction with pre-straining in uniaxial
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0.3 ~
U.A.
0.25 ////
£
Unstrained S o2 /
g /
I o 015
> — P.S =
§, 0.1 i
[
=
P.S. 005
E.B.
0-0.2 0.1 0 0.1 I 0.2
Minor True Strain
Nonlinear FLD prediction with pre-straining in plane strain
U.A. "
[pe—
U ined 0.25
nstraine
0.2 /
> —_— P.S.
0.15
0.1 l 1
E.B.
0.05
E.B.
. .
0.2 -0.1 0 0.1 0.2

Minor True Strain

Nonlinear FLD prediction with pre-straining in equi-biaxial mode

10.  Typically, to assess sheet formability, F.l. contour of the entire part can be plotted. Based
on the contour plot, non-linear strain path and the F.I. time history of a few elements in
the area of concern can be plotted for further study. These plots are similar to those

shown in manual pages of *MAT_037.

11.  The option _NLP is implemented for Explicit Dynamic analysis and is available pending

a release soon.

12. Heat treatment for increasing the formability of prestrained aluminum sheets can be
simulated through the use of HTFLAG, where the intention is to run a forming
simulation in steps involving preforming, springback, heat treatment and postforming.
In each step the history is transferred to the next via the use of dynain (see
*INTERFACE_SPRINGBACK). The first two steps are performed with HTFLAG=0
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according to standard procedures, resulting in a plastic strain field gg corresponding to
the prestrain. The heat treatment step is performed using HTFLAG=1 in a coupled
thermomechanical simulation, where the blank is heated. The coupling between

thermal and mechanical is only that the maximum temperature T° is stored as a history
variable in the material model, this corresponding to the heat treatment temperature.
Here it is important to export all history variables to the dynein file for the postforming
step. In the final postforming step, HTFLAG=2, the yield stress is then augmented by
the Hocket-Sherby like term

Fu2b/(b/a)exp*/cg, /905t

where a, b, ¢ and d are given as tables as functions of the heat treatment
temperature T° and prestrain gg. That is, in the table definitions each load

curve corresponds to a given prestrain and the load curve value is with respect
to the heat treatment temperature,

a?a(l’.g;) b?b(T°g)) c?c(T’g)) d2d(’g,)

The effect of heat treatment is that the material strength decreases but hardening
increases, thus typically

a~0 bfa c@ d@
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*MAT_TRANSVERSELY_ANISOTROPIC_ELASTIC_PLASTIC_{OPTION}
Cxcknedng'qrikgp'cmgyu'vjg'ejepig'gh’ [owp i0u"Ogfwnwu"fwtkpi"vj g'ukowncvkgp<
<BLANK>
ECHANGE

A new option is available to allow for the calculation of the Formability Index (F.l.) which
accounts for sheet metal forming problems with non-linear strain path:

NLP_FAILURE

This is Material Type 37. This model is for simulating sheet forming processes with anisotropic
material. Only transverse anisotropy can be considered. Optionally an arbitrary dependency of
stress and effective plastic strain can be defined via a load curve. This plasticity model is fully
iterative and is available only for shell elements. Also see the notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN R HLCID
Type A F F F F F F F

Define the following card if option ECHANGE or NLP_FAILURE is used,

Optional 1 2 3 4 5 6 7 8
Variable | IDSCALE EA COE ICFLD STRAINLT
Type | F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.

RO Mass density.
E [qwpilu"ogfwmwu
PR RakuugpOu“tevka)
SIGY Yield stress.
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VARIABLE DESCRIPTION
ETAN Plastic hardening modulus.
R Anisotropic hardening parameter.
HLCID Loa.d curve ID defining effective yield stress versus effective plastic
strain.
IDSCALE Lgcf'ewtxg'KF"Fghkpkpi"vjg'uecng"hcevgt'hgt'vjg' [aqwpilu'ogfwmwu'ejcpig

with respect to effective strain (if EA and COE are defined), this curve is
not necessary).

EA, COE Caghhkekgpu' Fahkpkpi"vjg" [aqwpi0u" ogfwiwu' ykvj " tgurgev'vg'vjg' ghhgevkxg
strain, EA is E* and Coe is / (if IDSCALE is defined, these two
parameters are not necessary).

ICFLD Load curve ID for Forming Limit Diagram (FLD) definition.
STRAINLT Critical strain value at which strain averaging is activated
Remarks:
1. Consider Cartesian reference axes which are parallel to the three symmetry planes of

anisotropic behavior. Then, the yield function suggested by Hill [1948] can be written
2 2 2
FXuy, /Uyt -G u, fuyt -H*uy, / u,t” -2Luz, -2Mus, -2Nw}, /120

where u,,, u,,, and u,,, are the tensile yield stresses and v,,,, U,,,, and v, are the shear

yield stresses. The constants F, G H, L, M, and N are related to the yield stress by
1

2
y23

2L 7?
u

1

2
y31

2M ?

u

1

2
Uy12

2N ?

ol 1,1
y2 Uy Uy
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67~ -L/ 1
o Up Uy
TEENEUEY
yl uy2 uy3
The isotropic case of von Mises plasticity can be recovered by setting F ?7G ? H ? 2—12
u
y
3
and L?M?N?—
2u,

For the particular case of transverse anisotropy, where properties do not vary in the x1-x2 plane,
the following relations hold:

2F 2267
y3

2H?2 2/ L
uy, Uy

N2 2t L
u, y3

where it has been assumed that v, ? v, ? U, .
: u . A .
Letting K ? —X, the yield criteria can be written
y3

Ffut?u,?u,,

where

Frut» ful - u3, - K2l 1 KPug*uy, - uy,t 172/ Ky,
. R JA
2Lu? Ul - Ul - 2%2/%K20uf2§

y

The rate of plastic strain is assumed to be normal to the yield surface so g”p is found from

F

1Y
gij?n

e uij
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Now consider the case of plane stress, where uzz = 0. Also, define the anisotropy input
parameter, R, as the ratio of the in-plane plastic strain rate to the out-of-plane plastic strain rate,

R? Yz
/8

It then follows that

22

Using the plane stress assumption and the definition of R, the yield function may now be written

2R 2R-1 ,x?
F*u+?éufl—uzzz/munuzz—ZHUEZQ .

Note that there are several differences between this model and other plasticity models for shell
elements such as the model, MAT_PIECEWISE_LINEAR_PLASTICITY. First, the yield
function for plane stress does not include the transverse shear stress components which are
updated elastically, and, secondly, this model is always fully iterative. Consequently, in
comparing results for the isotropic case where R=1.0 with other isotropic model, differences in
the results are expected, even though they are usually insignificant.

Vjg" [aqwpilu' ogfwmwu' jcu'dggp" cuuwogf'vg'dg eqpuvepvl Tgegpw{."uqog"tgugcte jgtu' jexg haqwp "
that Y oupi0u"ogfwnwu'fgetgcugu"ykvj "tgurgevva'vj g'kpetgeug"ghghhgevkxguvtckpd'Va'ceeqoogfevg”
this new observation, a new option of ECHANGE is added. There are two methods defining the
ejepig'gh' [qwpilu'ogfwiwu'ejcpige

The first method is to use a curve to define the scale factor with respect to the effective strain.
The value of this scale factor should decrease from 1 to 0 with the increase of effective strain.

The second method is to use a function as proposed by Yoshida [2003]:
E?E°/(E°/E*)(1/exp(//9)).

2. When option _NLP_FAULURE is used, a necking failure criterion independent of strain
path changes is activated. In sheet metal forming, as strain path history (plotted on in-plane
major and minor strain space) of an element becomes non-linear, the position and shape of a
traditional strain-based Forming Limit Diagram (FLD) changes. This option provides a simple
formability index (F.l.) which remains invariant regardless of the presence of the non-linear
strain path, and can be used to identify if the element has reached its necking limit.

3. Formability index (F.1) is calculated, as illustrated in the following figure, for every
element throughout the simulation duration. The value of F.l. is 0.0 for virgin material and
reaches maximum of 1.0 when the material fails. The theoretical background can be found in two
rcrgtu<'3+ VDI Uvgwi jvgp."Z0¥ jw."DTgxkgy"qh"Vjgqtgvkecn"Oqfgnu"gh*vj g"Uvtckp-Based FLD and
their Relevance to the Stress-Dcugf'HNF."Kpvgtpcwkagpen'Lawtpen” gh” Rncuvkekv{N." X0"42."Kuuwgu' = -9,
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P. 1463-1486, 2003; and 2) Danielle Zeng, Xinhai Zhu, Laurent B. Chappuis, Z. Egftke"Zkc."bC"
Revy"Kpfgrgpfgpy'Hatokpi"Nkokg " Etkvgtkap hat"Ujggv' OgvenHgtokpi " UkownevkgpuN."422 - "UCG"
Proceedings, Detroit MI, April, 2008.
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Calculation of FI based on critical effective strain method

4. Load curve input for FLD (ICFLD) follows keyword format in *DEFINE_CURVE, with
abscissa values as minor strains and ordinate values as major strains.

5. Input of FLD can also be done using keyword *DEFINE_CURVE_FLC, where sheet
ogven'vjkempguu'cpfuvtckp” j ctfgpkpi“xenwg'0p0ctg"wug i Detailed usage information can be found
in the manual pages describing the keyword.

6. The formability index is output as a history variable #1 in D3PLOT files. It is activated
by setting NEIPS to 1, in the second field of card 1 in keyword *DATABASE_EXTENT _
BINARY. The history variable can be plotted in LS-PrePost, accessible in FCOMP (page 1),
wpfgt'OHtkpig'Eqorgpgpvd'MISC.

7. When plotting the formability index, use the pulldown menu to select minimum value
OMin0"wpFgt'FCOMP for necking failure determination. In RANGE (page 1), select option None
in the pulldown menu next to Avg. The index has a default range between 0.0 and 1.0. The non-
linear forming limit is reached when the index reaches 1.0.

8. In addition, the evolution of the index throughout the simulation can be plotted in LS-
PrePost under HISTORY (page 1) by Element, using the scroll bar to roll down the bottom to
select history var#l. Furthermore, the strain path of an element can be plotted in FLD (page 1),
using option Tracer, by selecikpi"eqttgurgpfkpi"kpvgitovkgp" rakpy' tgrtgugpvkpi"vig' 00kp0" kpFgx
value in the Position pulldown menu.
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9. Strains (and strain ratios) can be averaged to reduce noises, which in turn affect the
calculation of the formability index. This is done through the variable STRAINLT. Under this
user input value, various strains of every element are averaged through the calculation time and
these averaged values are used to calculate the index. A reasonable STRAINLT value could be
ranged from 5.0E-3 to 1.0E-2. Averaged strain ratios (minor/major) for every element are output
through history variable #2, accessible through LS-PrePost under HISTORY (page 1) by Element,
also through FCOMP *rcig"3+."wpfgt'0Htkpig'Eqorgpgpvd'MISC. It is therefore necessary to set
the value of NEIPS to 2 to have the variable written into D3PLOT files.

10. It is suggested that variable 00CZKPV('kp" , FCVCDCUGaGZVGPVaDKPCT["is set to
the same value of variable 0PKR0p", UGEVKQPaUJGNN.

11.  Anexample of an partial keyword input using this non-linear strain path failure criterion
is provided below:

*MAT_TRANSVERSELY_ANISOTROPIC_ELASTIC_PLASTIC_NLP_FAILURE

$ MID RO E PR SIGY ETAN R HLCID
1 7.830E-09 2.070E+05 0.28 0.0 0.0 0.864 200
$ IDY EA COE ICFLD STRAINLT
891 1.0E-02
*DEFINE_CURVE
891
$ minor, major strains for FLD definition
-3.375000e-01 4.965000e-01
-2.750000e-01 4.340000e-01
-2.250000e-01 3.840000e-01
-1.840909e-01 3.430909e-01
-1.500000e-01 3.090000e-01
-1.211539e-01 2.801539e-01
-9.642858e-02 2.554286e-01
-7.500000e-02 2.340000e-01
-5.625001e-02 2.152500e-01
-3.970589e-02 1.987059e-01
B -2.500000e-02 1.840000e-01
EE

SEERRRRRARRRRRIRARR AR RURAA RN IR RRAR AR RA RS
$ load curve 200: Mat_037 property, DP600 NUMISHEET"05 Xmbr, Power law Fit

PSS SSSISSISSF SIS SSFISSISSFSSFSSFSSFSSSISSFSSFSSSSSSISSISSISSSSSSSS
*DEFINE_CURVE

200

cNoNoNeoNoNe)

-000,395.
.001,425.
-003,440.
-004,452.
-005,462.
.006,472.

000
200
300
000
400
100 ....

12.  As shown below, typically, F.lI contour can be plotted in FCOMP/Misc, in LS-PrePost.
Strain paths of cp"kpfkxkFwen"gngogpy."qt' gngogpwu"kp” cp' ctgc" ecp"dg" raqwg F'wukpi“vjg'DTraceri"
feature in the FLD menu. Finally, time history plot of the F.l. for elements selected can be
plotted in History menu.
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Time =  0.1587, #nodes=476931

Contours of History Variable#1 1.000e+00

min ipt. value 9.000e-01

min=0, at elem# 305 ;

max=1, at elem# 8887 : , T 8.000e-01
"’-" 7.000e-01

6.000e-01
5.000e-01
4.000e-01
3.000e-01 _
2.000e-01
1.000e-01
0.000e+00

F.1. contour plot (min IP value, non-averaged)
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Non-linear Strain Path F.1. time history plot

13.  The NLP_FAILURE option is currently implemented in Explicit Dynamic and is
available in LS-DYNA R5 Revision 60925 and later releases.
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*MAT_BLATZ-KO_FOAM

This is Material Type 38. This model is for the definition of rubber like foams of polyurethane.
It is a simple one-rctcogvgt'oqfgn"ykvj"c'hkzgf'Rakuuqplu“tevkq'gh'0470

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 (see there for more details).

EQ.0.0: off,

EQ.1.0: on.

Remarks:

The strain energy functional for the compressible foam model is given by
w2 Egl - 241 /5§

Blatz and Ko [1962] suggested this form for a 47 percent volume polyurethane foam rubber with
c" RgkuugpOu" tevkg” gh” 20470 " Kp" vgtou" gh” v g" uvtckp” kpxctkepuu.” K." KK." cp ' KKK." vj 9" ugeqp " Rkanc-
Kirchhoff stresses are given as

ij Q* ”0 /1
S ’?GEIf/C+ ﬁ\/_/III8CH

where Cj; is the right Cauchy-Green strain tensor. This stress measure is transformed to the
Cauchy stress, uij, according to the relationship
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U2 2R, F,S,

where Fij is the deformation gradient tensor.
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*MAT_FLD_TRANSVERSELY_ANISOTROPIC

This is Material Type 39. This model is for simulating sheet forming processes with anisotropic
material. Only transverse anisotropy can be considered. Optionally, an arbitrary dependency of
stress and effective plastic strain can be defined via a load curve. A Forming Limit Diagram
(FLD) can be defined using a curve and is used to compute the maximum strain ratio which can
be plotted in LS-PrePost. This plasticity model is fully iterative and is available only for shell
elements. Also see the notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN R HLCID
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8

Variable LCIDFLD

Type F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
E [qwpiOu"ogfwmwul
PR RakuugpOu“tevkap
SIGY Yield stress.
ETAN Plastic hardening modulus, see notes for model 37.
R Anisotropic hardening parameter, see notes for model 37.
HLCID Load curve ID defining effective stress versus effective plastic strain.

The yield stress and hardening modulus are ignored with this option.
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*MAT 039

VARIABLE

LCIDFLD

Remarks:

DESCRIPTION

Load curve ID defining the Forming Limit Diagram. Minor strains in
percent are defined as abscissa values and Major strains in 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, see
*DEFINE_CURVE.

See material model 37 for the theoretical basis. The first history variable is the maximum strain

ratio defined by:

corresponding to g,
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Figure 39.1. Forming Limit Diagram.
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*MAT_NONLINEAR_ORTHOTROPIC

This is Material Type 40. This model allows the definition of an orthotropic nonlinear elastic
material based on a finite strain formulation with the initial geometry as the reference. Failure is
optional with two failure criteria available. Optionally, stiffness proportional damping can be
defined. In the stress initialization phase, temperatures can be varied to impose the initial
stresses. This model is only available for shell and solid elements. We do not recommend using
this model at this time since it can be unstable especially if the stress-strain curves increase in
stiffness with increasing strain.

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
Default none none none none none none none none
Card 2 1 2 3 4 5 6 7 8
Variable GAB GBC GCA DT TRAMP ALPHA

Type F F F F F F

Default None none none 0 0 0

Card 3 1 2 3 4 5 6 7 8
Variable LCIDA LCIDB EFAIL DTFAIL | CDAMP AOPT MACF

Type F F F F F F |

Default 0.0 0.0 0.0 0.0 0.0 0.0 0
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Card 4 1 2 3 4 5 6 7
Variable XP YP zpP Al A2 A3
Type F F F F F F
Card 5 1 2 3 4 5 6 7
Variable V1 V2 V3 D1 D2 D3 BETA
Type F F F F F F F
Optional Card 6 (Applies to Solid elements only)
Card 6 1 2 3 4 5 6 7
Variable LCIDC | LCIDAB | LCIDBC | LCIDCA
Type F F F F
Default optional optional optional optional
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
EA Ea." [qwpilu'ogfwmwu'kp'c-direction.
EB Ep." [aqwpilu'ogfwnwu'kp"d-direction.
EC E.."[qwpitu"oqfwmwu'kp"e-direction.
PRBA Ppa-"Rakuugplutcvkg‘ded
PRCA Pea-"ROkuugpOu'tevkg'ecld
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VARIABLE DESCRIPTION
PRCB Peb-"Rakuugplutcvkg'ed)
GAB Ganb, shear modulus ab.
GBC Gpc, Shear modulus bc.
GCA Gca, Shear modulus ca.
DT Temperature increment for isotropic stress initialization. This option can

be used during dynamic relaxation.

TRAMP Time to ramp up to the final temperature.

ALPHA Thermal expansion coefficient.

LCIDA Optional load curve ID defining the nominal stress versus strain along
a-axis. Strain is defined as na-1 where njy is the stretch ratio along the a
axis.

LCIDB Optional load curve ID defining the nominal stress versus strain along
b-axis. Strain is defined as np-1 where ny is the stretch ratio along the b
axis.

EFAIL Failure strain, n-1.

DTFAIL Time step for automatic element erosion

CDAMP Damping coefficient.
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VARIABLE DESCRIPTION

AOPT Material axes option (see MAT_OPTION TROPIC _ELASTIC for a
more complete description):

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 identical to the nodes used for the definition of a
coordinate system as by *DEFINE_COORDINATE_NODES, and
then, for shells only, rotated about the shell element normal by an
angle BETA.
EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center; this is the a-
direction. This option is for solid elements only.
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 a solid element is the
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: locally 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 ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

MACF Material axes change flag:
EQ.1: No change, default,
EQ.2: switch material axes a and b,
EQ.3: switch material axes a and c,
EQ.4: switch material axes b and c.

XP YP ZP Define coordinates of point p for AOPT =1 and 4.

A1,A2,A3 a1 ap az, define components of vector a for AOPT = 2,
D1,D2,D3 d, d d3, define components of vector d for AOPT = 2.
V1,Vv2,Vv3 V1 V> v3, define components of vector v for AOPT = 3 and 4.
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VARIABLE DESCRIPTION
BETA Material angle in degrees for AOPT = 0 (shells only) and 3. BETA
may be overridden on the element card, see

*ELEMENT_SHELL_BETA and *ELEMENT_SOLID_ORTHO..

The following input is optional and applies to SOLID ELEMENTS only

LCIDC Load curve ID defining the nominal stress versus strain along c-axis.
Strain is defined as nc-1 where n¢ is the stretch ratio along the c axis.

LCIDAB Load curve ID defining the nominal ab shear stress versus ab-strain in
the ab-plane. Strain is defined as the sin(ia) where iy, is the shear angle.

LCIDBC Load curve ID defining the nominal ab shear stress versus ab-strain in
the bc-plane. Strain is defined as the sin(inc) where iy is the shear angle.

LCIDCA Load curve ID defining the nominal ab shear stress versus ab-strain in
the ca-plane. Strain is defined as the sin(ic,) where 1y is the shear angle.
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*MAT _041-050

*MAT_USER_DEFINED_MATERIAL_MODELS

These are Material Types 41-50. The user must provide a material subroutine. See also Appendix
A. This keyword input is used to define material properties for the subroutine. Isotopic,
anisotropic, thermal, and hyperelastic material models with failure can be handled.

Card 1 1 2 3 4 5 6 7 8

Variable MID RO MT LMC NHV | IORTHO/ | IBULK IG
ISPOT

Type A8 F | | | | | |

Card 2 1 2 3 4 5 6 7 8

Variable IVECT IFAIL | ITHERM | IHYPER IEOS LMCA

Type | I | | | |

Define the following two cards if and only if IORTHO=1

Card 3 1 2 3 4 5 6 7 8

Variable AOPT MACF XP YP ZP Al A2 A3

Type F | F F F F F F

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
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*MAT _041-050

Define LMC material parameters using 8 parameters per card.

Card 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

Define LMCA material parameters using 8 parameters per card.

RO

MT

LMC

NHV

IORTHO/ISPOT

IBULK

IVECT

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

characters must be specified.
Mass density.

User material type (41-50 inclusive). A number between 41 and 50 has
to be chosen.

Length of material constant array which is equal to the number of
material constants to be input. (see remark 4)

Number of history variables to be stored, see Appendix A. When the
model is to be used with an equation of state, NHV must be increased by
4 to allocate the storage required by the equation of state.

EQ. 1: if the material is orthotropic.
EQ. 2: if material is used with spot weld thinning.

Address of bulk modulus in material constants array, see Appendix A.
Address of shear modulus in material constants array, see Appendix A.

Vectorization flag (on=1). A vectorized user subroutine must be
supplied.
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VARIABLE

IFAIL

ITHERM

IHYPER

IEOS

LMCA

AOPT

MACF

DESCRIPTION

Failure flag.
EQ.0: No failure,
EQ.1: Allows failure of shell and solid elements,
LT.0: |IFAIL] is the address of NUMINT in the material constants
array. NUMINT is defined as the number of failed integration points
that will trigger element deletion. This option applies only to shell
and solid elements (release 5 of v.971).

Temperature flag (on=1). Compute element temperature.

Deformation gradient flag (on=1 or 11). Compute deformation gradient,
see Appendix A.

Equation of state (on=1).
Length of additional material constant array.

Material axes option (see *MAT _002 for a more complete description):
EQ.0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE_
NODES, and then, for shells only, rotated about the shell element
normal by an angle BETA.

EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center; this is the a-
direction. This option is for solid elements only.

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.

EQ.4.0: locally 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 ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

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

VARIABLE DESCRIPTION
XP YP ZP Coordinates of point p for AOPT = 1.
Al A2 A3 Components of vector a for AOPT = 2.
V1iV2V3 Components of vector v for AOPT = 3.
D1 D2 D3 Components of vector d for AOPT = 2.
BETA Material angle in degrees for AOPT = 0 (shells only) and 3. BETA
may be overridden on the element card, see

*ELEMENT_SHELL_BETA and *ELEMENT _SOLID_ORTHO.
P1 First material parameter.
P2 Second material parameter.
P3 Third material parameter.

P4 Fourth material parameter.

PLMC LMCth material parameter.

Remarks:

The material model for the cohesive element (solid element type 19) uses the first two
material parameters to set flags for the element formulation. P1 controls how the density
is used to calculate the mass. The cohesive element formulation permits the element to
have zero or negative volume. Tractions are calculated on a surface midway between the
surfaces defined by nodes 1-2-3-4 and 5-6-7-8. If P1 is set to 1.0, then the density is per
unit area of the midsurface instead of per unit volume. The second parameter, P2,
specifies the number of integration points (one to four) that are required to fail for the
gngogpy'vg"hcknl"kh'kv'ku" fgtq."vj g"gngogpy"y qpiv'hckn"tg i ctfguu’gh"vj g"xcnwg' gh'KHCKNI'V j g
recommended value of P2 is 1.

The cohesive element currently only uses MID, RO, MT, LMC, NHV, IFAIL and IVECT
in addition to the material parameters.

See Appendix R for the specifics of the umat subroutine requirements for the cohesive
element.

If IORTHO=0, LMC must be g"6:0"kh'kQTVJIQ?3."LMC oww'dg"g"40. If more material
constants are needed, LMCA may be used to create an additional material constant array.
There is no limit on the size of LMCA.
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5. If the user-defined material is used for beam or brick element spot welds that are tied to
shell elements, and SPOTHIN>0 on *CONTROL_CONTACT, then spot weld thinning
will be done for those shells if ISPOT=2. Otherwise, it will not be done.
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*MAT_BAMMAN

This is Material Type 51. It allows the modeling of temperature and rate dependent plasticity
with a fairly complex model that has many input parameters [Bamman 1989].

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR T HC
Type A8 F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable C1 C2 C3 C4 C5 C6 C7 C8
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable C9 C10 C11 C12 C13 Cl4 C15 C16
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable C17 C18 Al A2 A4 A5 A6 KAPPA
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

RO

characters must be specified.

Mass density.
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VARIABLE DESCRIPTION

E [qwpi0u"ogfwmwu"ruk+

PR Rakuugplu“tcvk

T Initial temperature (°R)

HC Heat generation coefficient (°R/psi)
C1 Psi

C2 OR

C3 Psi

C4 OR

C5 1y

C6 oR

c7 1/pSi

Cs8 oR

C9 Psi

C10 OR

c11 L/psi-s

C12 oR

C13 1/psi

C14 oR

C15 psi

C16 OR

Cc17 L/psi-s

c18 oR

Al C1, initial value of internal state variable 1
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VARIABLE DESCRIPTION
A2 C», initial value of internal state variable 2. (Note: c3=-(C1+C))
A3 Cg4, initial value of internal state variable 3
Ad Cs, initial value of internal state variable 4
A5 Cs, Initial value of internal state variable 5

KAPPA m, initial value of internal state variable 6
sec-psi-°R sec-MPa-°R sec-MPA-°K
C1 *1|145 *1j145
Co T *Sg
Cs *1|145 *1j145
Cs L *5g
Cs T T
Ce T *5/g
Cy *145 *145
Cg T *Sg
Co *1j145 *1j145
C10 T *Slg
C11 *145 *145
C12 T *Slg
C13 *145 *145
C14 T *5|g
Ci15 *1[145 *1j145
Cig T *Slg
C17 *145 *145
Cis T *Slg
CO=HC *145 *145*5)g

E *1j145 *1j145

w T T

T T *Sg

Remarks:

The kinematics associated with the model are discussed in references [Hill 1948, Bammann and
Aifantis 1987, Bammann 1989]. The description below is taken nearly verbatim from Bammann

[1989].

With the assumption of linear elasticity we can write,
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0
u?ntr*D+1-20D°
where the Cauchy stress u is convected with the elastic spin W¢ as,

0?0/ WU - LW®

This is equivalent to writing the constitutive model with respect to a set of directors whose
direction is defined by the plastic deformation [Bammann and Aifantis 1987, Bammann and
Johnson 1987]. Decomposing both the skew symmetric and symmetric parts of the velocity

gradient into elastic and plastic parts we write for the elastic stretching D°® and the elastic spin
We,

D¢?D/DP/D™, WE?2W 2WP,

Within this structure it is now necessary to prescribe an equation for the plastic spin W* in
addition to the normally prescribed flow rule for DP and the stretching due to the thermal
expansion D™. As proposed, we assume a flow rule of the form,

*T+
DPf ? f*T+sinhEM6ﬂ.
E VT il

where T is the temperature, m is the scalar hardening variable, and z| is the difference between
the deviatoric Cauchy stress u| and the tensor variable c|,

z|?ul/ cl

and f(T), Y(T), V(T) are scalar functions whose specific dependence upon the temperature is
given below. Assuming isotropic thermal expansion and introducing the expansion coefficient

A | the thermal stretching can be written,
D" ? AT1

The evolution of the internal variables ¢ and m are prescribed in a hardening minus recovery
format as,

c?2h*T+DP /1, *THD’|- r*T+|c|c,
0
m? H¥T+DP /R, *T+DP|- R*T +ym’
where h and H are the hardening moduli, rs (T) and Rg (T) are scalar functions describing the

Fihhwukgp" eqpvtgmg " Ouvcked" gt' Ovjgtocnd” tgegxgt{." cpF' tq (T) and Ry (T) are the functions
describing dynamic recovery.
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If we assume that WP = 0, we recover the Jaumann stress rate which results in the prediction of
an oscillatory shear stress response in simple shear when coupled with a Prager kinematic
hardening assumption [Johnson and Bammann 1984]. Alternatively we can choose,

WP ?2 RTUU”'R,

which recovers the Green-Naghdi rate of Cauchy stress and has been shown to be equivalent to
Ocpfgniu"kugenkpke"uvevg']Dcoocpp' cpf' Ckicpiku'3; 19 0'Vjg' ogfgn'gorg{kpi "vjku"tcvg  cogyu'c"
reasonable prediction of directional softening for some materials, but in general under-predicts
the softening and does not accurately predict the axial stresses which occur in the torsion of the
thin walled tube.

The final equation necessary to complete our description of high strain rate deformation is one
which allows us to compute the temperature change during the deformation. In the absence of a
coupled thermo-mechanical finite element code we assume adiabatic temperature change and
follow the empirical assumption that 90 -95% of the plastic work is dissipated as heat. Hence,

T2 D0t
zC

v

where t is the density of the material and Cy, the specific heat.

In terms of the input parameters the functions defined above become:

V(T) = C1exp(-C2/T) h(T) = C9exp(C10/T)
Y(T) = C3exp(C4/T) rs(T) = Cllexp(-C12/T)
f(T) = C5exp(-C6/T) RD(T) = C13exp(-C14/T)
rd(T) = C7 exp(-C8/T) H(T) = C15exp(C16/T)

RS(T) = C17exp(-C18/T)

and the heat generation coefficient is
HC ? —.
tC
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*MAT_BAMMAN_DAMAGE

This is Material Type 52. This is an extension of model 51 which includes the modeling of
damage. See Bamman et al. [1990].

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR T HC

Type A8 F F F F F

Card 2 1 2 3 4 5 6 7 8
Variable C1 C2 C3 C4 C5 C6 Cc7 C8
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable C9 C10 C11 C12 C13 Cl4 C15 C16
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable C17 C18 Al A2 A3 Ad A5 A6
Type F F F F F F F F
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Card 5 1 2 3 4 5 6 7 8
Variable N Do FS
Type F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.

RO Mass density
E [aqwpi0u'ogfwmwu"*ruk+
PR Rakuugplu“tcvkg
T Initial temperature (°R)
HC Heat generation coefficient (°R/psi)
C1 Psi
c2 OR
C3 Psi
c4 OR
C5 1y
C6 oR
c7 1/psi
Cs8 oR
C9 Psi
C10 OR
c11 L/psi-s
Cc12 oR
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*MAT 052

VARIABLE DESCRIPTION
C13 L/psi
Cl4 oR
C15 psi
C16 OR
C17 L/psi-s
C18 oR
Al C, initial value of internal state variable 1
A2 C», initial value of internal state variable 2
A3 C3, initial value of internal state variable 3
Ad Cg4, initial value of internal state variable 4
A5 Cs, initial value of internal state variable 5
A6 Cs, initial value of internal state variable 6
N Exponent in damage evolution
DO Initial damage (porosity)
FS Failure strain for erosion.
Remarks:

The evolution of the damage parameter, h is defined by Bammann et al. [1990]

o7
A X
hodi— Lt _sasm

E¥1/ ht i

in which

2*2N /1t px
E 2N /1+UU

where p is the pressure and & is the effective stress.
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*MAT_CLOSED CELL_FOAM

This is Material Type 53. This allows the modeling of low density, closed cell polyurethane
foam. It is for simulating impact limiters in automotive applications. The effect of the confined
air pressure is included with the air being treated as an ideal gas. The general behavior is
isotropic with uncoupled components of the stress tensor.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E A B C PO PHI
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8

Variable GAMAO LCID

Type F I
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.

RO Mass density
E [qwpilu"oqfwmwu
A a, factor for yield stress definition, see notes below.
B b, factor for yield stress definition, see notes below.
C ¢, factor for yield stress definition, see notes below.
PO Initial foam pressure, Pg

PHI Ratio of foam to polymer density, h

GAMAO Initial volumetric strain, ig. The default is zero.
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VARIABLE DESCRIPTION

LCID Optional load curve defining the von Mises yield stress versus /7. If
the load curve ID is given, the yield stress is taken from the curve and
the constants a, b, and c are not needed. The load curve is defined in the
positive quadrant, i.e., positive values of 7 are defined as negative
values on the abscissa.

Remarks:

A rigid, low density, closed cell, polyurethane foam model developed at Sandia Laboratories
[Neilsen, Morgan and Krieg 1987] has been recently implemented for modeling impact limiters
in automotive applications. A number of such foams were tested at Sandia and reasonable fits to
the experimental data were obtained.

In some respects this model is similar to the crushable honeycomb model type 26 in that the
components of the stress tensor are uncoupled until full volumetric compaction is achieved.
However, unlike the honeycomb model this material possesses no directionality but includes the
effects of confined air pressure in its overall response characteristics.

u; ? uij?" / fijuﬁlir

r

where uij?" is the skeletal stress and ¢*" is the air pressure computed from the equation:

uair 7 / p(-)i
1-7i/h

where pg is the initial foam pressure, usually taken as the atmospheric pressure, and 1 defines the
volumetric strain
i?2V/1-1i,

where V is the relative volume, defined as the ratio of the current volume to the initial volume,
and 1g is the initial volumetric strain, which is typically zero. The yield condition is applied to
the principal skeletal stresses, which are updated independently of the air pressure. We first
obtain the skeletal stresses:

S| air

Uy

K

? U - uu
and compute the trial stress, uskt

skt sk .
u; ?uij -Eg; Ft

vigtg'G'ku" [qwpilu" ogfwnwud' Ukpeg' Rakuugpu“tevkq'ku" L gtg."vj g"wrfevg"gh"gee J "uvtguu'eqorapgpy"
is uncoupled and 2G=E where G is the shear modulus. The yield condition is applied to the
principal skeletal stresses such that, if the magnitude of a principal trial stress component, «*,

exceeds the yield stress, Uy, then
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t

u 2 minu, o

u;

+ uiskt
uiskt

The yield stress is defined by

u,?a-b*1-cit
where a, b, and c are user defined input constants and i is the volumetric strain as defined above.
After scaling the principal stresses they are transformed back into the global system and the final
stress state is computed

sk air
u; ? Uy / ﬁju .

1-232 (MAT) LS-DYNA Version 971



*MAT_ENHANCED_COMPOSITE_DAMAGE *MAT _054-055

*MAT_ENHANCED_COMPOSITE_DAMAGE

These are Material Types 54-55 which are enhanced versions of the composite model material
type 22. Arbitrary orthotropic materials, e.g., unidirectional layers in composite shell structures
can be defined. Optionally, various types of failure can be specified following either the
suggestions of [Chang and Chang 1987b] or [Tsai and Wu 1971]. In addition special measures
are taken for failure under compression. See [Matzenmiller and Schweizerhof 1991]. This
model is only valid for thin shell elements. The parameters in parentheses below apply only to
solid elements and are therefore always ignored in this material model. They are included for
consistency with material types 22 and 59. 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 is used. To turn on lamination theory see *CONTROL_SHELL. A damage
model for transverse shear strain is added since version 971 release R4 to model interlaminar
shear failure. The definition of minimum stress limits is available since version 971 R5.

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 (KF) AOPT

Type F F F F F

Card 3 1 2 3 4 5 6 7 8
Variable Al A2 A3 MANGLE

Type F F F F
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Card 4 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3 DFAILM | DFAILS
Type F F F F F F F F
Card 5 1 2 3 4 5 6 7 8
Variable TFAIL ALPH SOFT FBRT YCFAC | DFAILT | DFAILC EFS
Type F F F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable XC XT YC YT sC CRIT BETA

Type F F F F F F F

Optional Card 7 (starting with version 971 release R4)

Card 7 1 2 3 4 5 6 7 8
Variable PFL EPSF EPSR TSMD SOFT2

Type F F F F F

Optional Card 8 (starting with version 971 release R5)

Card 8 1 2 3 4 5 6 7 8
Variable SLIMTL | SLIMC1 | SLIMT2 | SLIMC2 | SLIMS | NCYRED | SOFTG

Type F F F F F F F
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VARIABLE

DESCRIPTION

MID

RO

EA
EB
(EC)
PRBA
PRCA
PRCB
GAB
GBC
GCA
(KF)

AOPT

Al A2 A3

V1V2V3

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

Mass density

Ea." [qwpifu'modulus - longitudinal direction
Ep."[awpilu"ogfwmwu'- transverse direction
E.."[qwpilu"ogfwmwu'- normal direction (not used)
Ppa-"Rakuugplu“tcvkgde

Pea."Rkuugplu'tevkg'ec

Peb."Rakuugpdutcvkg''ed

Gap, shear modulus ab

Gy, shear modulus bc

Geca, Shear modulus ca

Bulk modulus of failed material (not used)

Material axes option (see MAT_OPTION TROPIC _ELASTIC for a
more complete description):
EQ.0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE_
NODES, and then, for shells only, rotated about the shell element
normal by an angle MANGLE.
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 (MANGLE)
from a line in the plane of the element defined by the cross product
of the vector v with the element normal.
LT.0.0: the absolute value of AOPT is a coordinate system ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE _
VECTOR). Available in R3 version of 971 and later.

Define components of vector a for AOPT = 2.

Define components of vector v for AOPT = 3.
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VARIABLE

D1 D2 D3

MANGLE

DFAILM

DFAILS

TFAIL

ALPH

SOFT

FBRT

YCFAC

DFAILT

DESCRIPTION

Define components of vector d for AOPT = 2.

Material angle in degrees for AOPT = 0 (shells only) and 3. MANGLE
may be overridden on the element card, see
*ELEMENT_SHELL_BETA and *ELEMENT_SOLID_ORTHO. .

Maximum strain for matrix straining in tension or compression (active
only for MAT_054 and only if DFAILT > 0). The layer in the element
is completely removed after the maximum strain in the matrix direction
is reached. The input value is always positive.

Maximum tensorial shear strain (active only for MAT_054 and only if
DFAILT > 0). The layer in the element is completely removed after the
maximum shear strain is reached. The input value is always positive.

Time step size criteria for element deletion:
2"2<"pq"gngogpv"fFgngukgp"d{"kog"uvgruk; gi"'Vjg'etcujhtgpv'cnigtkvj o
only works if tfgj) is set to a value above zero.

0 < taj) 2"203<""gngogpv"ku"Fgngvg Ty Jop"kw'vkog"uwgr ku"uocmgt'vjcp
the given value,

>.1: element is deleted when the quotient of the actual time step and
the original time step drops below the given value.

Shear stress parameter for the nonlinear term, see Material 22.

Softening reduction factor for material strength in crashfront elements
(default = 1.0). TFAIL must be greater than zero to activate this option.

Softening for fiber tensile strength:
EQ.0.0: tensile strength = Xt

GT.0.0: tensile strength = Xt, reduced to X, * FBRT after failure has
occurred in compressive matrix mode.

Reduction factor for compressive fiber strength after matrix compressive
failure (MAT_054 only). The compressive strength in the fiber direction
after compressive matrix failure is reduced to:
X. ?YCFAC *Y, (default : YCFAC ? 2.0)

Maximum strain for fiber tension (MAT_054 only). (Maximum 1 =
100% strain). The layer in the element is completely removed after the
maximum tensile strain in the fiber direction is reached. If a nonzero
value is given for DFAILT, a nonzero, negative value must also be
provided for DFAILC.
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VARIABLE DESCRIPTION

DFAILC Maximum strain for fiber compression (MAT_054 only). (Maximum -1
= 100% compression). The layer in the element is completely removed
after the maximum compressive strain in the fiber direction is reached.
The input value should be negative and is required if DFAILT > 0.

EFS Effective failure strain (MAT_054 only).

XC Longitudinal compressive strength (absolute value is used).
GE.0.0: Poisson effect (PRBA) after failure is active.
LT.0.0: Poisson effect after failure is not active, i.e. PRBA=0.

XT Longitudinal tensile strength, see below.
YC Transverse compressive strength, b-axis (positive value), see below.
YT Transverse tensile strength, b-axis, see below.
sc Shear strength, ab plane, see below.
CRIT Failure criterion (material number):

EQ.54.0: Chang matrix failure criterion (as Material 22) (default),
EQ.55.0: Tsai-Wu criterion for matrix failure.

BETA Weighting factor for shear term in tensile fiber mode (MAT_054 only).
*202'g"DGVC"g"302+

PFL Percentage of layers which must fail until crashfront is initiated. E.g.
|PFL|=80.0, then 80 % of layers must fail until strengths are reduced in
neighboring elements. Default: all layers must fail. A single layer fails if
1 in-plane IP fails (PFL>0) or if 4 in-plane IPs fail (PFL<0). (MAT_054

only).
EPSF Damage initiation transverse shear strain. (MAT_054 only).
EPSR Final rupture transverse shear strain. (MAT_054 only).
TSMD Transverse shear maximum damage, default=0.90. (MAT_054 only).
SOFT2 Qrvkgpendatvjqigpen'ughvgpkp i "tgFwevkgp hcevgt'hgt' ocvgtken'utgpivj 'kp"

crashfront elements (default = 1.0). See remarks.

SLIMT1 Factor to determine the minimum stress limit after stress maximum
(fiber tension). Similar to *MAT _058.

SLIMC1 Factor to determine the minimum stress limit after stress maximum
(fiber compression). Similar to *MAT_058.
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VARIABLE DESCRIPTION

SLIMT2

SLIMT2

SLIMS

NCYRED

SOFTG

Remarks:

Factor to determine the minimum stress limit after stress maximum
(matrix tension). Similar to *MAT _058.

Factor to determine the minimum stress limit after stress maximum
(matrix compression). Similar to *MAT _058.

Factor to determine the minimum stress limit after stress maximum
(shear). Similar to *MAT _058.

Number of cycles for stress reduction from maximum to minimum.

Softening reduction factor for transverse shear moduli GBC and GCA in
crashfront elements (default=1.0).

The Chang/Chang (mat_54) criteria is given as follows:

for the tensile fiber mode,

~ 22 ~ A A .

Au._ 0 Au, 0 0 failed
u, @ then e ?joe; —d;\uabollg'i -

A X 0 KS. 0 T[>0Oelastic

Ea?Eb?Gab?pba?pab?O’

for the compressive fiber mode,

~ 22 A -
Au.. 0 1 0 failed
u,, >0 then ef?;\ﬁo /1E o
X, > O elastic

Ea?laba?pab?o'

for the tensile matrix mode,

~ 72 ~ A2 n A
Au. 0 Au. 0 1 0 failed
u,, @ then e,i?;\ﬂo _Auabo /1E o
AY.0 KS.0 [> 0 elastic

E,?p,20. >G, 20,

and for the compressive matrix mode,

~ 22 ~ ~ 22 ~ -

Au, O Ay 0, *u, Awu,0 , EfOfailed
u, >0 then ej?;\ﬂo - EA Yo 0 /1Uﬂ—;\ﬂ~ /1E s

A2S.0 EA2S:0 gYe A Se 0 > O elastic
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b?lana?pab?o' >Gab?o
X, ?2Y, for 50% fiber volume’
In the Tsai-Wu (MAT _055) criteria the tensile and compressive fiber modes are treated as in the

Chang-Chang criteria.  The failure criterion for the tensile and compressive matrix mode is
given as:

o o U _ﬁuab gz AAARDS /1E¢o failed
™YY, RS, 0 Y.Y, > 0 elastic

For d=1 we get the original criterion of Hashin [1980] in the tensile fiber mode. For d=0 we get
the maximum stress criterion which is found to compare better to experiments.

In MAT _054, failure can occur in any of four different ways:

1. If DFAILT is zero, failure occurs if the Chang-Chang failure criterion is satisfied in the
tensile fiber mode.

2. If DFAILT is greater than zero, failure occurs if the tensile fiber strain is greater than
DFAILT or less than DFAILC.

3. If EFS is greater than zero, failure occurs if the effective strain is greater than EFS.

4. If TFAIL is greater than zero, failure occurs according to the element timestep as
described in the definition of TFAIL above.

When failure has occurred in all the composite layers (through-thickness integration points), the
gngogpv' ku" Fgngvg " Gngogpw'y jkej"ujctg" pafgu' ykvj"vig" FongvgF' gngogpv' dgeqog"Detcujhtgpull”
elements and can have their strengths reduced by using the SOFT parameter with TFAIL greater
than zero. An earlier initiation of crashfront elements is possible by using parameter PFL.

An optional direction dependent strength reduction can be invoked by setting 0<SOFT2<1.
Then, SOFT equals a strength reduction factor for fiber parallel failure and SOFT2 equals a
strength reduction factor for fiber orthogonal failure. Linear interpolation is used for angles in
between. See Figure 54.2.

Information about the status in each layer (integration point) and element can be plotted using
additional integration point variables. The number of additional integration point variables for
shells written to the LS-DYNA database is input by the *DATABASE_EXTENT_BINARY
definition as variable NEIPS. For Models 54 and 55 these additional variables are tabulated
below (i = shell integration point):

_ o LS-Prepost
History Description Value history variable
Variable
1ef*it tensile fiber mode 1
2.ec’it compressive fiber mode 1 - elastic 2
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_ o LS-Prepost

History Description Value history variable
Variable
3.em*i+ tensile matrix mode 0 - failed 3
4.ed*i+ | compressive matrix mode 4
5.efail max[ef(ip)] 5
-1 - element intact

6.dam damage parameter 108 - e[ement in cra_tshfront 5

. +1 | element failed

These variables can be plotted in LS-Prepost element history variables 1 to 6. The following
components, defined by the sum of failure indicators over all through-thickness integration
points, are stored as element component 7 instead of the effective plastic strain.

Description Integration point
o 1
iAef *it
nip >
o 2
iAec*H
nip >
o 3
iAem*H
nip >

In an optional damage model for transverse shear strain, out-of-plane stiffness (GBC and GCA)
can get linearly decreased to model interlaminar shear failure. Damage starts when effective

94 295 -9

reaches EPSF. Final rupture occurs when effective transverse shear strain reaches EPSR. A
maximum damage of TSMD (0.0<TSMD<0.99) cannot be exceeded. See Figure 54.1.

transverse shear strain
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*MAT_ENHANCED_COMPOSITE_DAMAGE

*MAT_054-055

transverse shear stiffness
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Figure 54.1 Linear damage for transverse shear behavior
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Figure 54.2 Direction dependent softening
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*MAT_LOW_DENSITY_FOAM

*MAT 057

*MAT_LOW _DENSITY_FOAM

This is Material Type 57 for modeling highly compressible low density foams. Its main
applications are for seat cushions and padding on the Side Impact Dummies (SID). Optionally, a
tension cut-off failure can be defined. A table can be defined if thermal effects are considered in
the nominal stress versus strain behavior. Also, see the notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E LCID TC HU BETA DAMP
Type A8 F F F F F F F
Default 1.E+20 1. 0.05
Remarks 3 1
Card 2 1 2 3 4 5 6 7 8
Variable SHAPE FAIL | BVFLAG ED BETA1 KCON REF
Type F F F F F F F
Default 1.0 0.0 0.0 0.0 0.0 0.0 0.0
Remarks 3 2 5 5 6
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density
E [qwpi0u"ogfuwmwu'wugf'kp"vgpukgpl"Hgt'ko rikekv' rtqdngou'G'ku"ugv'va vj g"

initial slope of load curve LCID.
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*MAT_LOW_DENSITY_FOAM *MAT_057

VARIABLE

LCID

TC

HU

BETA

DAMP

SHAPE

FAIL

BVFLAG

ED

BETA1l

KCON

DESCRIPTION

Load curve or table 1D, see *DEFINE_CURVE, for the nominal stress
versus strain curve definition. If a table is used, a family of curves is
defined each corresponding to a discrete temperature, see
*DEFINE_TABLE.

Tension cut-off stress

Hysteretic unloading factor between 0 and 1 (default=1, i.e., no energy
dissipation), see also Figure 57.1.

d, decay constant to model creep in unloading

Viscous coefficient (.05< recommended value <.50) to model damping
effects.
LT.0.0: IDAMP] is the load curve ID, which defines the damping
constant as a function of the maximum strain in compression defined
as:
Gnex 2 MaxQA/ n,1/ m,1./ ny)

In tension, the damping constant is set to the value corresponding to
the strain at 0. The abscissa should be defined from 0 to 1.

Shape factor for unloading. Active for nonzero values of the hysteretic
unloading factor. Values less than one reduces the energy dissipation
and greater than one increases dissipation, see also Figure 57.1.

Failure option after cutoff stress is reached:
EQ.0.0: tensile stress remains at cut-off value,
EQ.1.0: tensile stress is reset to zero.

Bulk viscosity activation flag, see remark below:
EQ.0.0: no bulk viscosity (recommended),
EQ.1.0: bulk viscosity active.

Optional Young's relaxation modulus, E,, for rate effects. See
comments below.

Optional decay constant, d,.

Stiffness coefficient for contact interface stiffness. If undefined the
maximum slope in stress vs. strain curve is used. When the maximum
slope is taken for the contact, the time step size for this material is
reduced for stability. In some cases Ft may be significantly smaller, and
defining a reasonable stiffness is recommended.
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*MAT_057 *MAT_LOW_DENSITY_FOAM

VARIABLE DESCRIPTION

REF Use reference geometry to initialize the stress tensor. The reference
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 compressive behavior is illustrated in Figure 57.1 where hysteresis on unloading is shown.
This behavior under uniaxial loading is assumed not to significantly couple in the transverse
directions. In tension the material behaves in a linear fashion until tearing occurs. Although our
implementation may be somewhat unusual, it was motivated by Storakers [1986].

The model uses tabulated input data for the loading curve where the nominal stresses are defined
as a function of the elongations, gj, which are defined in terms of the principal stretches, nj, as:

gi:niT 1

The stretch ratios are found by solving for the eigenvalues of the left stretch tensor, Vijj, which
is obtained via a polar decomposition of the deformation gradient matrix, Fj;. Recall that,

Fij = RikUkj = VikRgj

The update of Vjj follows the numerically stable approach of Taylor and Flanagan [1989]. After
solving for the principal stretches, we compute the elongations and, if the elongations are
compressive, the corresponding values of the nominal stresses, vj are interpolated. If the
elongations are tensile, the nominal stresses are given by

vi = Egi
and the Cauchy stresses in the principal system become

u, ? d

nn,

The stresses can now be transformed back into the global system for the nodal force calculations.

Additional Remarks:

1. When hysteretic unloading is used the reloading will follow the unloading curve if the
decay constant, d, is set to zero. If d is nonzero the decay to the original loading curve is
governed by the expression:

1.-edt
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*MAT_LOW_DENSITY_FOAM *MAT_057

2.

The bulk viscosity, which generates a rate dependent pressure, may cause an unexpected
volumetric response and, consequently, it is optional with this model.

The hysteretic unloading factor results in the unloading curve to lie beneath the loading
curve as shown in Figure 57.1. This unloading provides energy dissipation which is
reasonable in certain kinds of foam.

Note that since this material has no effective plastic strain, the internal energy per initial
volume is written into the output databases.

Rate effects are accounted for through linear viscoelasticity by a convolution integral of
the form

ron'g. * 9
Ui ? ), Gy t/|/+.—;'d|/

r

where g, (t/ V) is the relaxation function. The stress tensor, v, augments the stresses

determined from the foam, uijf; consequently, the final stress, ¢, is taken as the

summation of the two contributions:

f
u; ? uy - U

Since we wish to include only simple rate effects, the relaxation function is represented
by one term from the Prony series:

N
9?6 - Ac,e™
m?1

given by,
g(t) ? Ee’*!

This model is effectively a Maxwell fluid which consists of a damper and spring in series.
We characterize this in the input by a Young's modulus, E,, and decay constant, ¢;. The

formulation is performed in the local system of principal stretches where only the
principal values of stress are computed and triaxial coupling is avoided. Consequently,
the one-dimensional nature of this foam material is unaffected by this addition of rate
effects. The addition of rate effects necessitates twelve additional history variables per
integration point. The cost and memory overhead of this model comes primarily from the
pggFvg'Dtgogodgt'vje local system of principal stretches.
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*MAT 057

*MAT_LOW_DENSITY_FOAM

A
Typical unloading curves determined Typical unloading for a large shape
by the hysteretic unloading factor factor, e.g., 5.01 8.0, and a small
with a shape factor equal to unity. hysteretic unloading factor, e.g., 0.01.
c
Unloading
Curves
- > - >
strain strain
Figure 57.1. Behavior of the low density urethane foam model.
6. The time step size is based on the current density and the maximum of the instantaneous

loading slope, E, and KCON. If KCON is undefined the maximum slope in the loading

curve is used instead.
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*MAT_LAMINATED_COMPOSITE_FABRIC

*MAT 058

*MAT_LAMINATED_COMPOSITE_FABRIC

This is Material Type 58. Depending on the type of failure surface, this model may be used to
model composite materials with unidirectional layers, complete laminates, and woven fabrics.
This model is implemented for shell and thick shell elements.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO EA EB (EC) PRBA TAUl | GAMMAL
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable GAB GBC GCA SLIMT1 | SLIMC1 | SLIMT2 | SLIMC2 SLIMS
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable AOPT TSIZE ERODS SOFT FS

Type F F F F F

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

Type F F F F F F

LS-DYNA Version 971
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*MAT 058

*MAT_LAMINATED_COMPOSITE_FABRIC

Card 5 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3 BETA
Type F F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable E11C E11T E22C E22T GMS
Type F F F F F
Card 7 1 2 3 4 5 6 7 8
Variable XC XT YC YT sC
Type 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

EA Ea." [qwpilu'ogfwmwu'- longitudinal direction

EB Ep."[qwpilu'ogfwnwu'- transverse direction

(EC) E.."[qwpifu"ogfwmwu'- normal direction (not used)

PRBA Ppa-"Rakuugplu“tcvkg'de

TAUL vl, stress limit of the first slightly nonlinear part of the shear stress

versus shear strain curve. The values vl and il are used to define a
curve of shear stress versus shear strain. These values are input if FS,
defined below, is set to a value of -1.
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*MAT_LAMINATED_COMPOSITE_FABRIC

*MAT 058

VARIABLE

GAMMAL1L

GAB

GBC

GCA

SLIMT1

SLIMC1

SLIMT?2

SLIMC2

SLIMS

AOPT

TSIZE

DESCRIPTION

i1, strain limit of the first slightly nonlinear part of the shear stress

versus engineering shear strain curve.
Gap, shear modulus ab
Gy, shear modulus bc
Geca, Shear modulus ca

Factor to determine the minimum stress
(fiber tension).

Factor to determine the minimum stress
(fiber compression).

Factor to determine the minimum stress
(matrix tension).

Factor to determine the minimum stress
(matrix compression).

Factor to determine the minimum stress
(shear).

limit after stress maximum

limit after stress maximum

limit after stress maximum

limit after stress maximum

limit after stress maximum

Material axes option (see MAT_OPTION TROPIC_ELASTIC for a

more complete description):

EQ. 0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE_
NODES, and then rotated about the shell element normal by an angle

BETA.

EQ. 2.0: globally orthotropic with material axes determined by

vectors defined below, as with
VECTOR.

*DEFINE_COORDINATE_

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.

LT.0.0: the absolute value of AOPT is a coordinate system ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

Time step for automatic element deletion.
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*MAT 058

*MAT_LAMINATED_COMPOSITE_FABRIC

VARIABLE

ERODS

SOFT

FS

XPYP ZP

Al A2 A3

V1V2V3

D1 D2 D3

BETA

El1C

E11T

E22C

E22T

GMS

XC

XT

YC

DESCRIPTION

Maximum effective strain for element layer failure. A value of unity
would equal 100% strain.
GT.0.0: fails when effective strain calculated assuming material is
volume preserving exceeds ERODS (old way).
LT.0.0: fails when effective strain calculated from the full strain
tensor exceeds |ERODS,|.

Softening reduction factor for strength in the crashfront.

Failure surface type:
EQ.1.0: smooth failure surface with a quadratic criterion for both the
fiber (a) and transverse (b) directions. This option can be used with
complete laminates and fabrics.
EQ.0.0: smooth failure surface in the transverse (b) direction with a
limiting value in the fiber (a) direction. This model is appropriate
for unidirectional (UD) layered composites only.
EQ.-1.. faceted failure surface. When the strength values are
reached then damage evolves in tension and compression for both
the fiber and transverse direction. Shear behavior is also considered.
This option can be used with complete laminates and fabrics.

Define coordinates of point p for AOPT = 1.

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

Material angle in degrees for AOPT=0 and 3, may be overridden on the
element card, see *ELEMENT_SHELL_BETA.

Strain at longitudinal compressive strength, a-axis (positive).
Strain at longitudinal tensile strength, a-axis.

Strain at transverse compressive strength, b-axis.

Strain at transverse tensile strength, b-axis.

Engineering shear strain at shear strength, ab plane.
Longitudinal compressive strength (positive value).
Longitudinal tensile strength, see below.

Transverse compressive strength, b-axis (positive value), see below.
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*MAT_LAMINATED _COMPOSITE_FABRIC *MAT _058

VARIABLE DESCRIPTION
YT Transverse tensile strength, b-axis, see below.
sc Shear strength, ab plane, see below.
Remarks:

Parameters to control failure of an element layer are: ERODS, the maximum effective strain, i.e.,
maximum 1 = 100 % straining. The layer in the element is completely removed after the
maximum effective strain (compression/tension including shear) is reached.

The stress limits are factors used to limit the stress in the softening part to a given value,

U, ? SLIMxx @strength ,

thus, the damage value is slightly modified such that elastoplastic like behavior is achieved with
the threshold stress. As a factor for SLIMxx a number between 0.0 and 1.0 is possible. With a
factor of 1.0, the stress remains at a maximum value identical to the strength, which is similar to
ideal elastoplastic behavior. For tensile failure a small value for SLIMTx is often reasonable;
however, for compression SLIMCx = 1.0 is preferred. This is also valid for the corresponding
shear value. If SLIMxx is smaller than 1.0 then localization can be observed depending on the
total behavior of the lay-up. If the user is intentionally using SLIMxx < 1.0, it is generally
recommended to avoid a drop to zero and set the value to something in between 0.05 and 0.10.
Then elastoplastic behavior is achieved in the limit which often leads to less numerical problems.
Defaults for SLIMXX = 1.0E-8.

The crashfront-algorithm is started if and only if a value for TSIZE (time step size, with element
elimination after the actual time step becomes smaller than TSIZE) is input.

The damage parameters can be written to the postprocessing database for each integration point
as the first three additional element variables and can be visualized.

Material models with FS=1 or FS=-1 are favorable for complete laminates and fabrics, as all di-
rections are treated in a similar fashion.

For material model FS=1 an interaction between normal stresses and the shear stresses is
assumed for the evolution of damage in the a and b-directions. For the shear damage is always
the maximum value of the damage from the criterion in a or b-direction is taken.

For material model FS=-1 it is assumed that the damage evolution is independent of any of the
other stresses. A coupling is only present via the elastic material parameters and the complete
structure.

In tensile and compression directions and in a as well as in b- direction different failure surfaces
can be assumed. The damage values, however, increase only also when the loading direction
changes.
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*MAT _058 *MAT_LAMINATED _COMPOSITE_FABRIC

Special control of shear behavior of fabrics

For fabric materials a nonlinear stress strain curve for the shear part for failure surface FS=-1 can
be assumed as given below. This is not possible for other values of Fs.

The curve, shown in Figure 58.1 is defined by three points:
a) the origin (0,0) is assumed,
b) the limit of the first slightly nonlinear part (must be input), stress (TAU1) and

strain (GAMMAL), see below.
c) the shear strength at failure and shear strain at failure.

In addition a stress limiter can be used to keep the stress constant via the SLIMS parameter. This
value must be less or equal 1.0 but positive, and leads to an elastoplastic behavior for the shear
part. The default is 1.0E-08, assuming almost brittle failure once the strength limit SC is reached.

K A

SC SLIMS =1.0
// SLIMS =0.9
TAUlL —

SLIMS =0.6

GAMMA1 GMS

Figure 58.1. Stress-strain diagram for shear.
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*MAT_COMPOSITE_FAILURE_{OPTION} MODEL

*MAT 059

*MAT_COMPOSITE_FAILURE_{OPTION} MODEL

This is Material Type 59.

Available options include:

SHELL

SOLID

SPH

depending on the element type the material is to be used with, see *PART.

For both options define cards 1 to 4 below

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 KF AOPT MACF

Type F F F F F |

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

Type F F F F F F
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*MAT 059

*MAT_COMPOSITE_FAILURE_{OPTION} MODEL

Card 4 1 2 3 4 5 6 7
Variable V1 V2 V3 D1 D2 D3 BETA
Type F F F F F F F
Cards 5 and 6 for SHELL option

Card 5 1 2 3 4 5 6 7
Variable TSIZE ALP SOFT FBRT SR SF

Type F F F F F F

Card 6 1 2 3 4 5 6 7
Variable XC XT YC YT SC

Type F F F F F

Cards 5 and 6 for SOLID and SPH option

Card 5 1 2 3 4 5 6 7
Variable SBA SCA SCB XXC YYC zzc

Type F F F F F F

Card 6 1 2 3 4 5 6 7
Variable XXT YYT Y4\

Type F F F
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*MAT_COMPOSITE_FAILURE_{OPTION} MODEL *MAT_059

VARIABLE DESCRIPTION

MID Material identification. A unique number or label not exceeding 8
characters must be specified.

RO Density
EA Ea." [qwpilu"ogfwmwu'- longitudinal direction
EB Ep."[awpilu"ogfwmwu'- transverse direction
EC E.."[qwpilu'ogfwmwu'- normal direction
PRBA Pba Rokuugplu“tcvkg'de
PRCA Pea ROkuugpOu'tevkg'ec
PRCB Peb Rakuugplu“tcvkg'ed
GAB Gap Shear Modulus
GBC Gpc Shear Modulus
GCA Gca Shear Modulus
KF Bulk modulus of failed material
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*MAT _059 *MAT_COMPOSITE_FAILURE_{OPTION} MODEL

VARIABLE DESCRIPTION

AOPT Material axes option (see MAT_OPTION TROPIC _ELASTIC for a
more complete description):

EQ.0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE _
NODES, and then, for shells only, rotated about the shell element
normal by an angle BETA.
EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center; this is the a-
direction. This option is for solid elements only.
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.
EQ.4.0: locally 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 ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

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

XP YP ZP Define coordinates of point p for AOPT =1 and 4.
Al A2 A3 Define components of vector a for AOPT = 2.
V1V2V3 Define components of vector v for AOPT = 3 and 4.
D1 D2 D3 Define components of vector d for AOPT = 2:
BETA Material angle in degrees for AOPT=0 (shells only) and AOPT=3, may

be overridden on the element card, see *ELEMENT_SHELL BETA or
*ELEMENT _ SOLID_ORTHO.

TSIZE Time step for automatic element deletion

ALP Nonlinear shear stress parameter
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*MAT_COMPOSITE_FAILURE_{OPTION} MODEL

*MAT 059

VARIABLE DESCRIPTION

SOFT Softening reduction factor for strength in crush

FBRT Softening of fiber tensile strength
SR S, reduction factor (default=0.447)
SF sf, softening factor (default=0.0)
XC Longitudinal compressive strength, a-axis (positive value).
XT Longitudinal tensile strength, a-axis
YC Transverse compressive strength, b-axis (positive value).
YT Transverse tensile strength, b-axis
sC Shear strength, ab plane:

GT.0.0 faceted failure surface theory,
LT.0.0 ellipsoidal failure surface theory.

SBA In plane shear strength.

SCA Transverse shear strength.

SCB Transverse shear strength.

XXC Longitudinal compressive strength a-axis (positive value).
YYC Transverse compressive strength b-axis (positive value).
zzc Normal compressive strength c-axis (positive value).

XXT Longitudinal tensile strength a-axis.

YYT Transverse tensile strength b-axis.

zzT Normal tensile strength c-axis.
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*MAT 060 *MAT_ELASTIC_WITH_VISCOSITY

*MAT_ELASTIC_WITH_VISCOSITY

This is Material Type 60 which was developed to simulate forming of glass products (e.g., car
windshields) at high temperatures. Deformation is by viscous flow but elastic deformations can
also be large. The material model, in which the viscosity may vary with temperature, is suitable
for treating a wide range of viscous flow problems and is implemented for brick and shell
elements.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO VO A B C LCID

Type A8 F F F F F F

Card 2 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
Card 3 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 4 1 2 3 4 5 6 7 8
Variable V1 V2 V3 Va4 V5 V6 V7 V8
Type F F F F F F F F
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*MAT_ELASTIC_WITH_VISCOSITY

*MAT 060

Card 5 1 2 3 4 5 6 7 8
Variable El E2 E3 E4 E5 E6 E7 ES
Type F F F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable ALPHAL | ALPHA2 | ALPHA3 | ALPHA4 | ALPHAS5 | ALPHA6 | ALPHA7 | ALPHAS
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
VO Temperature independent viscosity coefficient, Vo. If defined, the
temperature dependent viscosity defined below is skipped, see type (i)
and (ii) definitions for viscosity below.
A Viscosity coefficient, see type (i) and (ii) definitions for viscosity below.
B Viscosity coefficient, see type (i) and (ii) definitions for viscosity below.
C Viscosity coefficient, see type (i) and (ii) definitions for viscosity below.
LCID Load curve (see *DEFINE_CURVE) defining viscosity versus
temperature, see type (iii). (Optional)
T1,T2,..TN Temperatures, define up to 8 values
PR1, PR2,..PRN Rakuugplu“tevkqu'hgt'vjg'vgo rgtovwtgu'Vi
V1, V2,..VN Corresponding viscosity coefficients (define only one if not varying with
temperature)
E1,E2,..EN Eqttgurgpfkpi" [qwpitu" ogfwik' eqghhkekgpwu" *Fghkpg" gpn{" qpg" k" pqv

varying with temperature)
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*MAT 060 *MAT_ELASTIC_WITH_VISCOSITY

VARIABLE DESCRIPTION
ALPHA.... Corresponding thermal expansion coefficients
Remarks:

Volumetric behavior is treated as linear elastic. The deviatoric strain rate is considered to be the
sum of elastic and viscous strain rates:

a2 -a 244
~ total ~ elastic  ~ viscous ZG 2V

where G is the elastic shear modulus, v is the viscosity coefficient, and ~ indicates a tensor. The
stress increment over one timestep dt is

dul ? 26 g} dt / S dtu]
w

The stress before the update is used for «|. For shell elements the through-thickness strain rate
is calculated as follows.

du, 207 K%g'n—g'zz— g'33§dt = 2G s dt/%dtujg

where the subscript ij = 33 denotes the through-thickness direction and K is the elastic bulk
modulus. This leads to:
g3 ? /agg'n— gzzé) -bp
2

A 0
K/=G
a?ﬁ 3 8

A 4 _0
A%~ 3C8

L, Gt
CWFK - 4Gt

in which p is the pressure defined as the negative of the hydrostatic stress.

The variation of viscosity with temperature can be defined in any one of the 3 ways.

(i) Constant, V = Vg Do not define constants, A, B, and C or the piecewise curve.(leave
card 4 blank)

(i) V=Vg- 10** (A/(T-B) + C)
(iii) Piecewise curve: define the variation of viscosity with temperature.

Note: Viscosity is inactive during dynamic relaxation.
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*MAT_ELASTIC_WITH_VISCOSITY_CURVE

*MAT _060C

*MAT_ELASTIC_WITH_VISCOSITY_CURVE

This is Material Type 60 which was developed to simulate forming of glass products (e.g., car
windshields) at high temperatures. Deformation is by viscous flow but elastic deformations can
also be large. The material model, in which the viscosity may vary with temperature, is suitable
for treating a wide range of viscous flow problems and is implemented for brick and shell

elements. Load curves are used to represent the temperature depgpfgpeg" gh" Rakuugpiu" tckg.

n

[aqwpi0u'ogfwmwu."vjg'eqghhkekgpv'gh'gz repukgp."cpf'vj g"xkuequkv{0

Card 1 1 2 3 4 5 6 7 8
Variable MID RO VO A B C LCID
Type A8 F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable PR.LC | YM_LC | A_LC V_LC V_LOG
Type 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
VO Temperature independent viscosity coefficient, Vo. If defined, the
temperature dependent viscosity defined below is skipped, see type (i)
and (ii) definitions for viscosity below.
A Viscosity coefficient, see type (i) and (ii) definitions for viscosity below.
B Viscosity coefficient, see type (i) and (ii) definitions for viscosity below.
C Viscosity coefficient, see type (i) and (ii) definitions for viscosity below.
LCID Load curve (see *DEFINE_CURVE) defining factor on viscosity versus

temperature, see type (iii). (Optional).
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VARIABLE DESCRIPTION
PR_LC Ngcf" ewtxg" *ugg" , FGHKPGaEWTXG+" fghkpkpi" Rakuugplu" tcvkg" cu' ¢
function of temperature.
YM_LC Ngcf" ewtxg" *ugg" , FGHKPGaEWTXG+' fghkpkpi" [qwpilu" ogqfwmwu' cu' ¢
function of temperature.
A LC Load curve (see *DEFINE_CURVE) defining the coefficient of thermal
expansion as a function of temperature.
V_LC Load curve (see *DEFINE_CURVE) defining the viscosity as a function
of temperature.
V_LOG Flag for the form of V_LC. If V_LOG=1.0, the value specified in V_LC

is the natural logarithm of the viscosity, In(V). The value interpolated
from the curve is then exponentiated to obtain the viscosity. If
V_LOG=0.0, the value is the viscosity. The logarithmic form is useful if
the value of the viscosity changes by orders of magnitude over the
temperature range of the data.

Remarks:

Volumetric behavior is treated as linear elastic. The deviatoric strain rate is considered to be the
sum of elastic and viscous strain rates:

. . . U u
ad 2491 -9 L ul _ul

~ total ~elasic - viscous 2G  2v

where G is the elastic shear modulus, v is the viscosity coefficient, and ~ indicates a tensor. The
stress increment over one timestep dt is

du| ? 26ghydt/ diul

The stress before the update is used for «|. For shell elements the through-thickness strain rate
is calculated as follows.

du, 2072 K%gn— G2~ g'33§dt _2G gl dt/%dtujs

where the subscript ij = 33 denotes the through-thickness direction and K is the elastic bulk
modulus. This leads to:

g3 ?/a%‘g'u—g'zz%— bp
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b2 Gdt
w*K - 4Gt

in which p is the pressure defined as the negative of the hydrostatic stress.

The variation of viscosity with temperature can be defined in any one of the 3 ways.

(i) Constant, V = Vg Do not define constants, A, B, and C or the piecewise curve.(leave
card 4 blank)

(i) V=Vg- 10** (A/(T-B) + C)

(iii) Piecewise curve: define the variation of viscosity with temperature.

Note: Viscosity is inactive during dynamic relaxation.
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*MAT_KELVIN-MAXWELL_VISCOELASTIC

*MAT_KELVIN-MAXWELL_VISCOELASTIC

This is Material Type 61. This material is a classical Kelvin-Maxwell model for modeling
viscoelastic bodies, e.g., foams. This model is valid for solid elements only. See also notes

below.
Card 1 1 2 3 4 5 6 7 8
Variable MID RO BULK GO Gl DC FO SO
Type A8 F F F F F F F
Default none none none none 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
BULK Bulk modulus (elastic)
GO Short-time shear modulus, Gg
Gl Long-time (infinite) shear modulus, G y
DC Maxwell decay constant, d[FO=0.0] or
Kelvin relaxation constant, v [FO=1.0]
FO Formulation option:
EQ.0.0: Maxwell,
EQ.1.0: Kelvin.
SO Strain (logarithmic) output option to control what is written as

component 7 to the d3plot database. (LS-Prepost always blindly labels
this component as effective plastic strain.) The maximum values are
updated for each element each time step:
EQ.0.0: maximum principal strain that occurs during the calculation,
EQ.1.0: maximum magnitude of the principal strain values that
occurs during the calculation,
EQ.2.0: maximum effective strain that occurs during the calculation.
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Remarks:
The shear relaxation behavior is described for the Maxwell model by:
G(t) ?G - (G, /G, )e’™

A Jaumann rate formulation is used

UJ'? 2§) Gt/ v+ DJ* el

1
where the prime denotes the deviatoric part of the stress rate, ¢, and the strain rate Djj . For the
Kelvin model the stress evolution equation is defined as:

S‘j‘%sij ?*1- £,1G, & - *1- fij+G—V¢e'u'

The strain data as written to the LS-DYNA database may be used to predict damage, see
[Bandak 1991].
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*MAT_VISCOUS_FOAM

This is Material Type 62. It was written to represent the Confor Foam on the ribs of EuroSID
side impact dummy. It is only valid for solid elements, mainly under compressive loading.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO El N1 V2 E2 N2 PR
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
El Kpkvken" [qwpiOu"oqfwmwu™*G 1)
N1 Exponent in power ncy"ngt" [quiOu"oqfwnwu"*pl)
V2 Viscous coefficient (V,)
E2 Elastic modulus for viscosity (E,), see notes below.
N2 Exponent in power law for viscosity (n,)
PR RokuugpOu'tekg."p
Remarks:

The model consists of a nonlinear elastic stiffness in parallel with a viscous damper. The elastic
stiffness is intended to limit total crush while the viscosity absorbs energy. The stiffness E,

exists to prevent timestep problems. It is used for time step calculations a long as E; is smaller

than Ep. It has to be carefully chosen to take into account the stiffening effects of the viscosity.
Both E1 and V2 are nonlinear with crush as follows:

E! 2 E,*V/"4

V) 2V, *abs*1/V +#”

1-266 (MAT) LS-DYNA Version 971



*MAT_VISCOUS_FOAM *MAT_062

where viscosity generates a shear stress given by
v 2V, i

i is the engineering shear strain rate, and V is the relative volume defined by the ratio of the
current to initial volume. Typical values are (units of N, mm, s):

E,=0.0036 n;=4.0 V,=0.0015

E,=100.0 n,=0.2 p=0.05
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*MAT_CRUSHABLE_FOAM

This is Material Type 63 which is dedicated to modeling crushable foam with optional damping
and tension cutoff. Unloading is fully elastic. Tension is treated as elastic-perfectly-plastic at
the tension cut-off value. A modified version of this model, *MAT_MODIFIED
CRUSHABLE_FOAM includes strain rate effects.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR LCID TSC DAMP
Type A8 F F F F F F
Default none none none none none 0.0 0.10
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.

RO Mass density
E [qwpilu'ogfwmwu
PR Rakuugplu“tcvkg
LCID Load curve ID defining yield stress versus volumetric strain, 1, see
Figure 63.1.
TSC Tensile stress cutoff. A nonzero, positive value is strongly recommended

for realistic behavior.

DAMP Rate sensitivity via damping coefficient (.05<recommended value<.50).

Remarks:
The volumetric strain is defined in terms of the relative volume, V, as:
i=1-V

The relative volume is defined as the ratio of the current to the initial volume. In place of the
effective plastic strain in the D3PLOT database, the integrated volumetric strain is output.
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A

SS

Stress increases at
\., higher strain rates
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NOMINAL YIELD STRE

VOLUMETRIC STRAIN

Figure 63.1. Behavior of strain rate sensitive crushable foam. Unloading is elastic to the
tension cutoff. Subsequent reloading follows the unloading curve.
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*MAT_RATE_SENSITIVE_POWERLAW_PLASTICITY

This is Material Type 64 which will model strain rate sensitive elasto-plastic material with a
power law hardening. Optionally, the coefficients can be defined as functions of the effective
plastic strain.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR K M N EO
Type A8 F F F F F F F
Default none none none none none 0.0001 none 0.0002
Card 2 1 2 3 4 5 6 7 8
Variable VP EPSO
Type F F
Default 0.0 1.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.

RO Mass density

E [qwpi0u"ogfwmu'ghgncuvkekv{

PR Rakuugplu“tevkg

K Material constant, k. If k<0 the absolute value of k is taken as the load

curve number that defines k as a function of effective plastic strain.

M Strain hardening coefficient, m. If m<0 the absolute value of m is taken
as the load curve number that defines m as a function of effective plastic
strain.
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VARIABLE DESCRIPTION

N Strain rate sensitivity coefficient, n. If n<0 the absolute value of n is
taken as the load curve number that defines n as a function of effective
plastic strain.

EO Initial strain rate (default = 0.0002)

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

EPSO Quasi-static threshold strain rate. See description under *MAT_015.

Remarks:

This material model follows a constitutive relationship of the form:
u?kg"g"

where v is the yield stress, g is the effective plastic strain, ¢ is the normalized effective plastic
strain rate, and the constants k, m, and n can be expressed as functions of effective plastic strain
or can be constant with respect to the plastic strain. The case of no strain hardening can be
obtained by setting the exponent of the plastic strain equal to a very small positive value, i.e.
0.0001.

This model can be combined with the superplastic forming input to control the magnitude of the
pressure in the pressure boundary conditions in order to limit the effective plastic strain rate so
that it does not exceed a maximum value at any integration point within the model.

A fully viscoplastic formulation is optional. An additional cost is incurred but the improvement
IS results can be dramatic.
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*MAT_MODIFIED_ZERILLI_ARMSTRONG

*MAT_MODIFIED_ZERILLI_ARMSTRONG

This is Material Type 65 which is a rate and temperature sensitive plasticity model which is
sometimes preferred in ordnance design calculations.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO G EO N TROOM PC SPALL
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable C1 C2 C3 C4 C5 C6 EFAIL VP
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable B1 B2 B3 Gl G2 G3 G4 BULK
Type 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
EO g, , factor to normalize strain rate
N n, exponent for bcc metal
TROOM Tr, room temperature
PC pc, Pressure cutoff
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VARIABLE

SPALL

C1
Cc2
C3
C4
C5
C6

EFAIL

VP

Bl

B2
B3

Gl

G2
G3
G4

BULK

Remarks:

DESCRIPTION

Spall Type:
EQ.1.0: minimum pressure limit,
EQ.2.0: maximum principal stress,
EQ.3.0: minimum pressure cutoff.

C1, coefficients for flow stress, see notes below.
C2, coefficients for flow stress, see notes below.
C3, coefficients for flow stress, see notes below.
Ca, coefficients for flow stress, see notes below.
Cs, coefficients for flow stress, see notes below.
Ce, coefficients for flow stress, see notes below.

Failure strain for erosion

Formulation for rate effects:
EQ.0.0: Scale yield stress (default)
EQ.1.0: Viscoplastic formulation

B1, coefficients for polynomial to represent temperature dependency of
flow stress yield.

B>
B3

G, coefficients for defining heat capacity and temperature dependency
of heat capacity.

Bulk modulus defined for shell elements only. Do not input for solid
elements.

The Armstrong-Zerilli Material Model expresses the flow stress as follows.
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For fcc metals (n=0),

E

urc, ke, g fe T i o T+ 0

U
F i~ Yk 7203

9" = effective plastic strain

g ?g_i effective plastic strain rate where go =1, 1e-3, 1le-6 for time units of
0

seconds, milliseconds, and microseconds, respectively.

For bce metals (n>0),

*/Cy-CyIn¥ g HT % pn xA o*T+ 0
?2C,-C -C.%g"t -C,}
u?C-Cge (00" - Col o
where
A o*T+ 0
i »?B -BT-BT?.
ﬁo*293+@ .

The relationship between heat capacity (specific heat) and temperature may be characterized by a
cubic polynomial equation as follows:

C,?G -GT-GT*-G,T’

A fully viscoplastic formulation is optional. An additional cost is incurred but the improvement
is results can be dramatic.

1-274 (MAT) LS-DYNA Version 971



*MAT_LINEAR_ELASTIC_DISCRETE_BEAM *MAT_066

*MAT_LINEAR_ELASTIC_DISCRETE_BEAM

This is Material Type 66. This material model is defined for simulating the effects of a linear
elastic beam by using six springs each acting about one of the six local degrees-of-freedom. The
two nodes defining a beam may be coincident to give a zero length beam, or offset to give a
finite length beam.  For finite length discrete beams the absolute value of the variable SCOOR
in the SECTION_BEAM input should be set to a value of 2.0, which causes the local r-axis to be
aligned along the two nodes of the beam to give physically correct behavior. The distance
between the nodes of a beam should not affect the behavior of this model. A triad is used to
orient the beam for the directional springs. Translational/rotational stiffness and viscous damping
effects are considered for a local cartesian system, see notes below. Applications for this
element include the modeling of joint stiffnesses.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO TKR TKS TKT RKR RKS RKT
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable TDR TDS TDT RDR RDS RDT
Type F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable FOR FOS FOT MOR MOS MOT
Type F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.
RO Ocuu"fgpukv{."ugg"crug'dxgmwogi'kp'vjg", UGEVKQPaDGC O fghkpkvkap!

TKR Translational stiffness along local r-axis, see notes below.
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VARIABLE DESCRIPTION
TKS Translational stiffness along local s-axis.
TKT Translational stiffness along local t-axis.
RKR Rotational stiffness about the local r-axis.
RKS Rotational stiffness about the local s-axis.
RKT Rotational stiffness about the local t-axis.
TDR Translational viscous damper along local r-axis. (Optional)
TDS Translational viscous damper along local s-axis. (Optional)
TDT Translational viscous damper along local t-axis. (Optional)
RDR Rotational viscous damper about the local r-axis. (Optional)
RDS Rotational viscous damper about the local s-axis. (Optional)
RDT Rotational viscous damper about the local t-axis. (Optional)
FOR Preload force in r-direction. (Optional)
FOS Preload force in s-direction. (Optional)
FOT Preload force in t-direction. (Optional)
MOR Preload moment about r-axis. (Optional)
MOS Preload moment about s-axis. (Optional)
MOT Preload moment about t-axis. (Optional)

Remarks:

The formulation of the discrete beam (type 6) assumes that the beam is of zero length and
requires no orientation node. A small distance between the nodes joined by the beam is
permitted. The local coordinate system which determines (r,s,t) is given by the coordinate ID,
see *DEFINE_COORDINATE_OPTION, in the cross sectional input, see *SECTION_BEAM,
where the global system is the default. The local coordinate system axes can rotate with either
node of the beam or an average rotation of both nodes (see SCOOR variable in
*SECTION_BEAM).

For null stiffness coefficients, no forces corresponding to these null values will develop. The
viscous damping coefficients are optional.
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*MAT 067

*MAT_NONLINEAR_ELASTIC_DISCRETE_BEAM

This is Material Type 67. This material model is defined for simulating the effects of nonlinear
elastic and nonlinear viscous beams by using six springs each acting about one of the six local
degrees-of-freedom. The two nodes defining a beam may be coincident to give a zero length
beam, or offset to give a finite length beam. For finite length discrete beams the absolute value
of the variable SCOOR in the SECTION_BEAM input should be set to a value of 2.0, which
causes the local r-axis to be aligned along the two nodes of the beam to give physically correct
behavior. The distance between the nodes of a beam should not affect the behavior of this
material model. A triad is used to orient the beam for the directional springs. Arbitrary curves to
model transitional/ rotational stiffness and damping effects are allowed. See notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO LCIDTR | LCIDTS | LCIDTT | LCIDRR | LCIDRS | LCIDRT
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable LCIDTDR | LCIDTDS | LCIDTDT | LCIDRDR | LCIDRDS | LCIDRDT

Type F F F F F F

Card 3 1 2 3 4 5 6 7 8
Variable FOR FOS FOT MOR MOS MOT

Type F F F F F F
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Cards 4 and 5 must be defined to consider failure; otherwise, they are optional.
Card 4 1 2 3 4 5 6 7 8
Variable FFAILR | FFAILS | FFAILT | MFAILR | MFAILS | MFAILT
Type F F F F F F
Default 0.0 0.0 0.0 0.0 0.0 0.0
Card 5 1 2 3 4 5 6 7 8
Variable UFAILR | UFAILS | UFAILT | TFAILR | TFAILS | TFAILT
Type F F F F F F
Default 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, see also volume in *SECTION_BEAM definition.
LCIDTR Load curve ID defining translational force resultant along local r-axis
versus relative translational displacement, see Remarks and Figure 67.1.
LCIDTS Load curve ID defining translational force resultant along local s-axis
versus relative translational displacement.
LCIDTT Load curve ID defining translational force resultant along local t-axis
versus relative translational displacement.
LCIDRR Load curve ID defining rotational moment resultant about local r-axis
versus relative rotational displacement.
LCIDRS Load curve ID defining rotational moment resultant about local s-axis
versus relative rotational displacement.
LCIDRT Load curve ID defining rotational moment resultant about local t-axis

versus relative rotational displacement.
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VARIABLE

LCIDTDR

LCIDTDS

LCIDTDT

LCIDRDR

LCIDRDS

LCIDRDT

FOR

FOS

FOT

MOR

MOS

MOT

FFAILR

FFAILS

FFAILT

MFAILR

MFAILS

MFAILT

DESCRIPTION

Load curve ID defining translational damping force resultant along local
r-axis versus relative translational velocity.

Load curve ID defining translational damping force resultant along local
s-axis versus relative translational velocity.

Load curve ID defining translational damping force resultant along local
t-axis versus relative translational velocity.

Load curve ID defining rotational damping moment resultant about local
r-axis versus relative rotational velocity.

Load curve ID defining rotational damping moment resultant about local
s-axis versus relative rotational velocity.

Load curve ID defining rotational damping moment resultant about local
t-axis versus relative rotational velocity.

Preload force in r-direction. (Optional)
Preload force in s-direction. (Optional)
Preload force in t-direction. (Optional)
Preload moment about r-axis. (Optional)
Preload moment about s-axis. (Optional)
Preload moment about t-axis. (Optional)

Optional failure parameter. If zero, the corresponding force, Fy, is not
considered in the failure calculation.

Optional failure parameter. If zero, the corresponding force, Fs, is not
considered in the failure calculation.

Optional failure parameter. If zero, the corresponding force, Ft, is not
considered in the failure calculation.

Optional failure parameter. If zero, the corresponding moment, My, is
not considered in the failure calculation.

Optional failure parameter. If zero, the corresponding moment, M, is
not considered in the failure calculation.

Optional failure parameter. If zero, the corresponding moment, My, is
not considered in the failure calculation.
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VARIABLE DESCRIPTION

UFAILR Optional failure parameter. If zero, the corresponding displacement, uy,
is not considered in the failure calculation.

UFAILS Optional failure parameter. If zero, the corresponding displacement, us,
is not considered in the failure calculation.

UFAILT Optional failure parameter. If zero, the corresponding displacement, ut,
is not considered in the failure calculation.

TFAILR Optional failure parameter. If zero, the corresponding rotation, sy, is not
considered in the failure calculation.

TFAILS Optional failure parameter. If zero, the corresponding rotation, Ss, is not
considered in the failure calculation.

TFAILT Optional failure parameter. If zero, the corresponding rotation, st, is not
considered in the failure calculation.

Remarks:
For null lgcf'ewtxg'kFOu."pg"hategu'cty'eqo rwg o

The formulation of the discrete beam (type 6) assumes that the beam is of zero length and
requires no orientation node. A small distance between the nodes joined by the beam is
permitted. The local coordinate system which determines (r,s,t) is given by the coordinate 1D,
see *DEFINE_COORDINATE_OPTION, in the cross sectional input, see *SECTION_BEAM,
where the global system is the default. The local coordinate system axes can rotate with either
node of the beam or an average rotation of both nodes (see SCOOR variable in
*SECTION_BEAM).

If different behavior in tension and compression is desired in the calculation of the force
resultants, the load curve(s) must be defined in the negative quadrant starting with the most
negative displacement then increasing monotonically to the most positive. If the load curve
behaves similarly in tension and compression, define only the positive quadrant. Whenever
displacement values fall outside of the defined range, the resultant forces will be extrapolated.
Figure 67.1 depicts a typical load curve for a force resultant. Load curves used for determining
the damping forces and moment resultants always act identically in tension and compression,
since only the positive quadrant values are considered, i.e., start the load curve at the origin [0,0].
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Figure 67.1. The resultant forces and moments are determined by a table lookup. If the origin
of the load curve is at [0,0] as in (b.) and tension and compression responses are
symmetric.

Catastrophic failure based on force resultants occurs if the following inequality is satisfied.

AR O ARO AR O AM 0 AM 0 AM, 0/1¢0
ﬁ Frfail 8 ﬁ stail 8 ﬁ Ft fail 8 ﬁ M rfail 8 ﬁ Msfail 8 ﬁ Mtf ail O

After failure the discrete element is deleted. Likewise, catastrophic failure based on
displacement resultants occurs if the following inequality is satisfied:

As 0
Afalollio
AST 0

After failure the discrete element is deleted. If failure is included either one or both of the
criteria may be used.
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*MAT_NONLINEAR_PLASTIC_DISCRETE_BEAM

This is Material Type 68. This material model is defined for simulating the effects of nonlinear
elastoplastic, linear viscous behavior of beams by using six springs each acting about one of the
six local degrees-of-freedom. The two nodes defining a beam may be coincident to give a zero
length beam, or offset to give a finite length beam. For finite length discrete beams the absolute
value of the variable SCOOR in the SECTION_BEAM input should be set to a value of 2.0,
which causes the local r-axis to be aligned along the two nodes of the beam to give physically
correct behavior. The distance between the nodes of a beam should not affect the behavior of this
material model. A triad is used to orient the beam for the directional springs.
Translational/rotational stiffness and damping effects can be considered. The plastic behavior is
modeled using force/moment curves versus displacements/ rotation. Optionally, failure can be
specified based on a force/moment criterion and a displacement/ rotation criterion. See also
notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO TKR TKS TKT RKR RKS RKT
Type A8 F F F F F F =
Default none none none none none none none none
Card 2 1 2 3 4 5 6 7 8
Variable TDR TDS TDT RDR RDS RDT

Type F F F F F F

Default none none none none none none
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*MAT 068

Card 3 1 2 3 4 5 6 7 8
Variable LCPDR LCPDS LCPDT | LCPMR | LCPMS | LCPMT

Type F F F F F F

Default 0.0 0.0 0.0 0.0 0.0 0.0

Card 4 1 2 3 4 5 6 7 8
Variable FFAILR FFAILS FFAILT | MFAILR | MFAILS | MFAILT

Type F F F F F F

Default 0.0 0.0 0.0 0.0 0.0 0.0

Card 5 1 2 3 4 5 6 7 8
Variable UFAILR | UFAILS | UFAILT | TFAILR | TFAILS TFAILT

Type F F F F F F

Default 0.0 0.0 0.0 0.0 0.0 0.0

Card 6 1 2 3 4 5 6 7 8
Variable FOR FOS FOT MOR MOS MOT

Type F F F F F F
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VARIABLE

MID

RO

TKR

TKS

TKT

RKR

RKS

RKT

TDR

TDS

TDT

RDR

RDS

RDT

LCPDR

LCPDS

LCPDT

LCPMR

LCPMS

DESCRIPTION

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

Mass density, see also volume on *SECTION_BEAM definition.
Translational stiffness along local r-axis
Translational stiffness along local s-axis
Translational stiffness along local t-axis
Rotational stiffness about the local r-axis
Rotational stiffness about the local s-axis
Rotational stiffness about the local t-axis
Translational viscous damper along local r-axis
Translational viscous damper along local s-axis
Translational viscous damper along local t-axis
Rotational viscous damper about the local r-axis
Rotational viscous damper about the local s-axis
Rotational viscous damper about the local t-axis

Load curve ID-yield force versus plastic displacement r-axis. If the
curve ID is zero, and if TKR is nonzero, then elastic behavior is obtained
for this component.

Load curve ID-yield force versus plastic displacement s-axis. If the
curve ID is zero, and if TKS is nonzero, then elastic behavior is obtained
for this component.

Load curve ID-yield force versus plastic displacement t-axis. If the
curve ID is zero, and if TKT is nonzero, then elastic behavior is obtained
for this component.

Load curve ID-yield moment versus plastic rotation r-axis. If the curve
ID is zero, and if RKR is nonzero, then elastic behavior is obtained for
this component.

Load curve ID-yield moment versus plastic rotation s-axis. If the curve
ID is zero, and if RKS is nonzero, then elastic behavior is obtained for
this component.
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VARIABLE

LCPMT

FFAILR

FFAILS

FFAILT

MFAILR

MFAILS

MFAILT

UFAILR

UFAILS

UFAILT

TFAILR

TFAILS

TFAILT

FOR

FOS

FOT

DESCRIPTION

Load curve ID-yield moment versus plastic rotation t-axis. If the curve
ID is zero, and if RKT is nonzero, then elastic behavior is obtained for
this component.

Optional failure parameter. If zero, the corresponding force, Fy, is not
considered in the failure calculation.

Optional failure parameter. If zero, the corresponding force, Fs, is not
considered in the failure calculation.

Optional failure parameter. If zero, the corresponding force, Fy, is not
considered in the failure calculation.

Optional failure parameter. If zero, the corresponding moment, My, is
not considered in the failure calculation.

Optional failure parameter. If zero, the corresponding moment, Mg, is
not considered in the failure calculation.

Optional failure parameter. If zero, the corresponding moment, My, is
not considered in the failure calculation.

Optional failure parameter. If zero, the corresponding displacement, uy,
is not considered in the failure calculation.

Optional failure parameter. If zero, the corresponding displacement, us,
is not considered in the failure calculation.

Optional failure parameter. If zero, the corresponding displacement, ut,
is not considered in the failure calculation.

Optional failure parameter. If zero, the corresponding rotation, sy, is not
considered in the failure calculation.

Optional failure parameter. If zero, the corresponding rotation, Ss, is not
considered in the failure calculation.

Optional failure parameter. If zero, the corresponding rotation, st, is not
considered in the failure calculation.

Preload force in r-direction. (Optional)
Preload force in s-direction. (Optional)

Preload force in t-direction. (Optional)

LS-DYNA Version 971

1-285 (MAT)



*MAT _068 *MAT_NONLINEAR_PLASTIC_DISCRETE_BEAM

VARIABLE DESCRIPTION
MOR Preload moment about r-axis. (Optional)
MOS Preload moment about s-axis. (Optional)
MOT Preload moment about t-axis. (Optional)

Remarks:

For the translational and rotational degrees of freedom where elastic behavior is desired, set the
load curve ID to zero.

The formulation of the discrete beam (type 6) assumes that the beam is of zero length and
requires no orientation node. A small distance between the nodes joined by the beam is
permitted. The local coordinate system which determines (r,s,t) is given by the coordinate ID
(see *DEFINE_COORDINATE_OPTION) in the cross sectional input, see *SECTION_BEAM,
where the global system is the default. The local coordinate system axes can rotate with either
node of the beam or an average rotation of both nodes (see SCOOR variable in
*SECTION_BEAM).

Catastrophic failure based on force resultants occurs if the following inequality is satisfied.

2 . 2 . £2
AM, 0 AM, 0 AM, O
Mfai|0 _AMfaiIO _AMf;il /1.10.
0 A 0 A

t

OO

After failure the discrete element is deleted. Likewise, catastrophic failure based on
displacement resultants occurs if the following inequality is satisfied:

~ 72 ~ 22 ~ 72 ~ 22 ~ 22 ~ 22
Au 0 Au 0 Au 0 As 0 As 0 As 0
A —A—0 A0 “A—0 —A—-0 -A—t( /1.10.
ﬁurfall 8 ﬁusfall 8 ﬁutfall 8 ﬁsrfall 8 ﬁssfall 8 ﬁstfall 8

After failure the discrete element is deleted. If failure is included either one or bhoth of the
criteria may be used.
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-Zp=-mCcwmmEg

PLASTIC DISPLACEMENT

Figure 68.1. The resultant forces and moments are limited by the yield definition. The initial
yield point corresponds to a plastic displacement of zero.
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*MAT_SID_DAMPER_DISCRETE_BEAM

This is Material Type 69. The side impact dummy uses a damper that is not adequately treated
by the nonlinear force versus relative velocity curves since the force characteristics are
dependent on the displacement of the piston. See also notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO ST D R H K Cc
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable C3 STF RHOF C1 C2 LCIDF LCIDD SO
Type F F F F F F F F

Read in up to 15 orifice locations with orifice location per card. Input is terminated when
c"D, Nectfku'hqwp " Qp'vjg'hktuv'ectF'dgngy"vjg'grvkgpenkprw'rctcogvgtu"UH cpf'FH"
may be specified.

Cards 3... 1 2 3 4 5 6 7 8
Variable ORFLOC | ORFRAD SF DC
Type F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.
RO Mass density, see also volume on *SECTION_BEAM definition.

ST St, piston stroke. S; must equal or exceed the length of the beam
element, see Figure 69.1 below.

D d, piston diameter
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VARIABLE

R

H

C3

STF

RHOF

C1

C2

LCIDF

LCIDD

SO

ORFLOC

ORFRAD

SF

DC

DESCRIPTION

R, default orifice radius
h, orifice controller position

K, damping constant
LT.0.0: |K] is the load curve number ID, see *DEFINE_CURVE,
defining the damping coefficient as a function of the absolute value of
the relative velocity.

C, discharge coefficient
Coefficient for fluid inertia term
k, stiffness coefficient if piston bottoms out

g » Tluid density

C1, coefficient for linear velocity term
Co, coefficient for quadratic velocity term

Load curve number ID defining force versus piston displacement, s, i.e.,
term f*s-s,+. Compressive behavior is defined in the positive

quadrant of the force displacement curve. Displacements falling outside
of the defined force displacement curve are extrapolated. Care must be
taken to ensure that extrapolated values are reasonable.

Load curve number ID defining damping coefficient versus piston
displacement, s, i.e., g*s-s,t. Displacements falling outside the

defined curve are extrapolated. Care must be taken to ensure that
extrapolated values are reasonable.

Initial displacement sg, typically set to zero. A positive displacement
corresponds to compressive behavior.

d;, orifice location of ith orifice relative to the fixed end.
r;, orifice radius of ith orifice, if zero the default radius is used.
Scale factor on calculated force. The default is set to 1.0

¢, linear viscous damping coefficient used after damper bottoms out
either in tension or compression.

LS-DYNA Version 971
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Remarks:

As the damper moves, the fluid flows through the open orifices to provide the necessary damping
resistance. While moving as shown in Figure 69.1 the piston gradually blocks off and effectively
closes the orifices. The number of orifices and the size of their opening control the damper
resistance and performance. The damping force is computed from,

;0§ Ci A 0° X
F?SF EKApr EC—1 - C, V| i EAi;g /1uE/ f*s-s,#-V g*s - s+
{ A EACAD [y

0y

where K is a user defined constant or a tabulated function of the absolute value of the relative
velocity, Vp is the piston velocity, C is the discharge coefficient, A is the piston area, A, is the
total open areas of orifices at time t, tfyiq is the fluid density, C; is the coefficient for the linear
term, and C is the coefficient for the quadratic term.

—\C =G>

In the implementation, the orifices are assumed to be circular with partial covering by the orifice
controller. As the piston closes, the closure of the orifice is gradual. This gradual closure is
properly taken into account to insure a smooth response. If the piston stroke is exceeded, the
stiffness value, k, limits further movement, i.e., if the damper bottoms out in tension or
compression the damper forces are calculated by replacing the damper by a bottoming out spring
and damper, k and c, respectively. The piston stroke must exceed the initial length of the beam
element. The time step calculation is based in part on the stiffness value of the bottoming out
spring. A typical force versus displacement curve at constant relative velocity is shown in Figure
69.2.

The factor, SF, which scales the force defaults to 1.0 and is analogous to the adjusting ring on the
damper.

1-290 (MAT) LS-DYNA Version 971



*MAT_SID_DAMPER_DISCRETE_BEAM *MAT_069

orifice opening controller
2R-h

Figure 69.1. Mathematical model for the Side Impact Dummy damper.

linear loading
after orifices
close

Lo e R I o B ]

last orifice
closes

force increases as orifice
is gradually covered

-

displacement

Figure 69.2. Force versus displacement as orifices are covered at a constant relative velocity.
Only the linear velocity term is active.
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*MAT_HYDRAULIC_GAS_DAMPER_DISCRETE_BEAM

This is Material Type 70. This special purpose element represents a combined hydraulic and
gas-filled damper which has a variable orifice coefficient. A schematic of the damper is shown
in Figure 70.1. Dampers of this type are sometimes used on buffers at the end of railroad tracks
and as aircraft undercarriage shock absorbers. This material can be used only as a discrete beam
element. See also notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO co N PO PA AP KH
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable LCID FR SCLF CLEAR

Type F F F F

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

characters must be specified.

RO Mass density, see also volume in *SECTION_BEAM definition.

co Length of gas column, Co

N Adiabatic constant

PO Initial gas pressure, Po

PA Atmospheric pressure, Py

AP Piston cross sectional area, Ap

KH Hydraulic constant, K
LCID Load curve ID, see *DEFINE_CURVE, defining the orifice area, ay,

versus element deflection.
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VARIABLE

FR

SCLF

CLEAR

DESCRIPTION

Return factor on orifice force. This acts as a factor on the hydraulic
force only and is applied when unloading. It is intended to represent a
valve that opens when the piston unloads to relieve hydraulic pressure.
Set it to 1.0 for no such relief.

Scale factor on force. (Default = 1.0)

Clearance (if nonzero, no tensile force develops for positive
displacements and negative forces develop only after the clearance is
closed.

Orifice

S

Remarks:

Oil Profiled Pin Gas
Figure 70.1. Schematic of Hydraulic/Gas damper.

As the damper is compressed two actions contribute to the force which develops. First, the gas is
adiabatically compressed into a smaller volume. Secondly, oil is forced through an orifice. A
profiled pin may occupy some of the cross-sectional area of the orifice; thus, the orifice area
available for the oil varies with the stroke. The force is assumed proportional to the square of the
velocity and inversely proportional to the available area.

The equation for this element is:

c x g
F’>SCLF©EK QXS EPﬁ S 8/PaU©Ap3
T A& E7AG gy

where S is the element deflection and V is the relative velocity across the element.
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*MAT_CABLE_DISCRETE_BEAM

This is Material Type 71. This model permits elastic cables to be realistically modeled; thus, no
force will develop in compression.

Note: The following options will be available starting in release 3 of version 971: TMAXFO,
TRAMP, IREAD, OUTPUT, TSTART.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E LCID FO TMAXFO | TRAMP IREAD
Type A8 F F F F F F |
Default none none none none 0 0 0 0

Define Card 2 only if IREAD >0

Card 2 1 2 3 4 5 6 7 8
Variable OUTPUT | TSTART
Type | F
Default 0 0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density, see also volume in *SECTION_BEAM definition.
E GT.0.0: Young's modulus
LT.0.0: Stiffness
LCID Load curve ID, see *DEFINE_CURVE, defining the stress versus
engineering strain. (Optional).
FO Initial tensile force. If FO is defined, an offset is not needed for an initial

tensile force.
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VARIABLE DESCRIPTION
TMAXFO Time for which pre-tension force will be held
TRAMP Ramp-up time for pre-tension force
IREAD Set to 1 to read second line of input
OUTPUT Flag =1 to output axial strain (see note)
TSTART Time at which the ramp-up of pre-tension begins
Remarks:

The force, F, generated by the cable is nonzero if and only if the cable is tension. The force is
given by:

F ? max*F, - KFL,0.t
where FL is the change in length
FL ? current length / *initial length / offset+

and the stiffness (E > 0.0 only ) is defined as:

- Efarea
" *initial length / offset+

Note that a constant force element can be obtained by setting:
F, @ and K?0
although the application of such an element is unknown.

The area and offset are defined on either the cross section or element cards. For a slack cable the
offset should be input as a negative length. For an initial tensile force the offset should be
positive.

kh'c'ngcFewtxg'ku"urgekhkgF'vjg" [owpilu'ogfwmwu"ykm'dg'kipgtgd and the load curve will be used
instead. The points on the load curve are defined as engineering stress versus engineering strain,
i.e., the change in length over the initial length. The unloading behavior follows the loading.

By default, cable pretension is applied only at the start of the analysis. If the cable is attached to
flexible structure, deformation of the structure will result in relaxation of the cables, which will
therefore lose some or all of the intended preload.
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This can be overcome by using TMAXFO. In this case, it is expected that the structure will
deform under the loading from the cables and that this deformation will take time to occur during
the analysis. The unstressed length of the cable will be continuously adjusted until time
TMAXFO such that the force is maintained at the user-defined pre-tension force 1 this is
analogous to operation of the pre-tensioning screws in real cables. After time TMAXFO, the
unstressed length is fixed and the force in the cable is determined in the normal way using the
stiffness and change of length.

Sudden application of the cable forces at time zero may result in an excessively dynamic
response during pre-tensioning. A ramp-up time TRAMP may optionally be defined. The cable
force ramps up from zero at time TSTART to the full pre-tension FO at time TSTART+TRAMP.
TMAXFO, if set less than TSTART+TRAMP by the user, will be internally reset to
TSTART+TRAMP.

If the model does not use dynamic relaxation, it is recommended that damping be applied during
pre-tensioning so that the structure reaches a steady state by time TMAXFO.

If the model uses dynamic relaxation, TSTART, TRAMP, and TMAXFO apply only during
dynamic relaxation. The cable preload at the end of dynamic relaxation carries over to the start
of the subsequent transient analysis.

The cable mass will be calculated from length x area x density if VOL is set to zero on
*SECTION_BEAM. Otherwise, VOL x density will be used.

If OUTPUT is set in any cable material, extra variables will be written to the d3plot and d3thdt
files for all beam elements. Post-processors should interpret the extra data as per Resultant
beams. Only the first extra data item, axial strain, is computed for MAT_CABLE elements.

If the stress-strain load curve option, LCID, is combined with preload, two types of behavior are
available:

1. If the preload is applied using the TMAXFO/TRAMP method, the initial strain is
calculated from the stress-strain curve to achieve the desired preload.
2. If TMAXFO/TRAMP are not used, the preload force is taken as additional to the

force calculated from the stress/strain curve. Thus, the total stress in the cable
will be higher than indicated by the stress/strain curve.

1-296 (MAT) LS-DYNA Version 971



*MAT_CONCRETE_DAMAGE *MAT 072

*MAT_CONCRETE_DAMAGE

This is Material Type 72. This model has been used to analyze buried steel reinforced concrete
structures subjected to impulsive loadings. A newer version of this model is available as *MAT _
CONCRETE_DAMAGE_REL3

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

Type A8 F F

Default none none none

Card 2 1 2 3 4 5 6 7 8
Variable SIGF A0 Al A2

Type F F F F

Default 0.0 0.0 0.0 0.0

Card 3 1 2 3 4 5 6 7 8
Variable A0Y AlY A2Y AlF A2F Bl B2 B3
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
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Card 4 1 2 3 4 5 6 7 8
Variable PER ER PRR SIGY ETAN LCP LCR

Type F F F F F F F

Default 0.0 0.0 0.0 none 0.0 none none

Card 5 1 2 3 4 5 6 7 8
Variable n n2 n3 n4 n5 n6 n7 n8
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 n9 nl0 nil ni2 ni3

Type F F F F F

Default none none none none none

Card 7 1 2 3 4 5 6 7 8
Variable j1 j2 j3 j4 J5 jbé J7 j8
Type F F F F F F F F
Default none none none none none none none none
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Card 8 1 2 3 4 5 6 7 8
Variable J9 J10 jiu J12 J13
Type F F F F F
Default 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.

PR RakuugpOu“tcvkap
SIGF Maximum principal stress for failure.

A0 Cohesion.

Al Pressure hardening coefficient.

A2 Pressure hardening coefficient.

A0Y Cohesion for yield

AlY Pressure hardening coefficient for yield limit
A2Y Pressure hardening coefficient for yield limit

AILF Pressure hardening coefficient for failed material.
A2F Pressure hardening coefficient for failed material.
B1 Damage scaling factor.

B2 Damage scaling factor for uniaxial tensile path.
B3 Damage scaling factor for triaxial tensile path.
PER Percent reinforcement.

ER Elastic modulus for reinforcement.

PRR Rakuugplu'tevkg hgt"tgkphgtegogpv
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VARIABLE

SIGY
ETAN

LCP

LCR

nl-ni3

jl1-j13

Remarks:

DESCRIPTION

Initial yield stress.
Tangent modulus/plastic hardening modulus.

Load curve ID giving rate sensitivity for principal material, see
*DEFINE_CURVE.

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

Tabulated damage function

Tabulated scale factor.

- Cohesion for failed material agf = 0.0
- B3 must be positive or zero.
- Ny <N.+1. The first point must be zero.
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*MAT_CONCRETE_DAMAGE_REL3

This is Material Type 72. The Karagozian & Case (K&C) Concrete Model - Release Il is a
three-invariant model, uses three shear failure surfaces, includes damage and strain-rate effects,
and has origins based on the Pseudo-TENSOR Model (Material Type 16). The most significant
user improvement provided by Release Ill is a model parameter generation capability, based
solely on the unconfined compression strength of the concrete. The implementation of Release
Il significantly changed the user input, thus previous input files using Material Type 72, i.e.
prior to LS-DYNA Version 971, are not compatible with the present input format.

An open source reference, that precedes the parameter generation capability, is provided in
Malvar et al. [1997]. A workshop proceedings reference, Malvar et al. [1996], is useful, but may
be difficult to obtain. More recent, but limited distribution reference materials, e.g. Malvar et al.
[2000], may be obtained by contacting Karagozian & Case.

Seven card images are required to define the complete set of model parameters for the K&C
Concrete Model; an Equation-of-State is also required for the pressure-volume strain response.
Brief descriptions of all the input parameters are provided below, however it is expected that this
model will be used primarily with the option to generate the model parameters based on the
unconfined compression strength of the concrete. The pressure-volume strain response for the
model is also generated, in the form of a Tabulated Compaction Equation-of-State (EOS 8)
whose parameters are also written to the LS-DYNA Pmessagel file.

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

Type A8 F F

Default none none none

Card 2 1 2 3 4 5 6 7 8
Variable FT A0 Al A2 Bl OMEGA AlF

Type F F F F F F F

Default none 0.0 0.0 0.0 0.0 none 0.0
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Card 3 1 2 3 4 5 6 7 8
Variable Sn NOUT EDROP RSIZE UCF LCRATE | LOCWID NPTS
Type F F F F F F F F
Default none none none none none none none none
Card 4 1 2 3 4 5 6 7 8
Variable n01 n02 n03 n04 n05 n06 n07 n08
Type F F F F F F F F
Default none none none none none none none none
Card 5 1 2 3 4 5 6 7 8
Variable n09 nl10 nll nl2 ni3 B3 AQY AlY
Type F F F F F F F F
Default none none none none none none 0.0 0.0
Card 6 1 2 3 4 5 6 7 8
Variable jo1 Jjo2 Jo3 Jjo4 Jjo5 Jo6 Jjo7 jos8
Type F F F F F F F F
Default none none none none none none none none
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Card 7 1 2 3 4 5 6 7 8
Variable jo9 j10 ju Jj1e j13 B2 A2F A2Y
Type F F F F F F F F
Default none none none none 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.
PR Rakuugplu“tevka."v .
FT Uniaxial tensile strength, f,.
A0 Maximum shear failure surface parameter, a, or / f| for parameter
generation (recommended).
Al Maximum shear failure surface parameter, a,.
A2 Maximum shear failure surface parameter, a, .
B1 Compressive damage scaling parameter, b,
OMEGA Fractional dilatancy, y .
AlLF Residual failure surface coefficient, a,, .
Sn n stretch factor, s.
NOUT Output selector for effective plastic strain (see table).
EDROP Post peak dilatancy decay, N°.
RSIZE Unit conversion factor for length (inches/user-unit), e.g. 39.37 if user
length unit in meters.
UCF Unit conversion factor for stress (psi/user-unit), e.g. 145 if f] in MPa.
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VARIABLE

LCRATE

LOCWID

NPTS

nol

no2
n03
no4
no5
no6
n07
no8
n09
n10
nll
nl2
ni3

B3

AQY

AlY

joi

jo2

jo3

DESCRIPTION

Define (load) curve number for strain-rate effects; effective strain rate
on abscissa (negative = tension) and strength enhancement on ordinate.

Three times the maximum aggregate diameter (input in user length

units).

Number of points in 77 versus g damage relation; must be 13 points.

1* value of damage function, 7,

2" value of damage function,
3" value of damage function,
4" value of damage function,
5™ value of damage function,
6" value of damage function,
7" value of damage function,
8" value of damage function,
9" value of damage function,
10" value of damage function,
11" value of damage function,
12" value of damage function,

13" value of damage function..

Damage scaling coefficient for triaxial tension, b,.

Initial yield surface cohesion, a,, .
Initial yield surface coefficient, a,, .

1* value of scale factor, j, .

2" value of scale factor,

3" value of scale factor,
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VARIABLE DESCRIPTION
jo4 4" value of scale factor,
jos 5™ value of scale factor,
j06 6™ value of scale factor,
jo7 7" value of scale factor,
jos 8" value of scale factor,
j09 9" value of scale factor,
j10 10™ value of scale factor,
j11 11" value of scale factor,
j12 12" value of scale factor,
j13 13" value of scale factor.
B2 Tensile damage scaling exponent, b, .
A2F Residual failure surface coefficient, a,, .
A2Y Initial yield surface coefficient, a,, .

Output of Selected Variables

LS-PrePost will display the variable described in Table 72.1 when the effective plastic strain is
selected, for the corresponding user input value of NOUT; see Card 3 above.

NOUT Function Description
1 Current shear failure surface radius
2 r?2nl*n-n.+ Scaled damage measure
3 U;; g Strain energy (rate)
4 Uy gy Plastic strain energy (rate)

Table 72.1 Output variables for post-processing using NOUT parameter.

Sample Input for Concrete

As an example of the K&C Concrete Model material parameter generation, the following sample
input for a 45.4 MPa (6,580 psi) unconfined compression strength concrete is provided. The
basic units for the provided parameters are length in millimeters (mm), time in milliseconds
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(msec), and mass in grams (g). This base unit set yields units of force in Newtons (N) and
pressure in Mega-Pascals (MPa).

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

Type 72 2.3E-3

Card 2 1 2 3 4 5 6 7 8
Variable FT A0 Al A2 Bl OMEGA AlF

Type -45.4

Card 3 1 2 3 4 5 6 7 8
Variable Sn NOUT EDROP RSIZE UCF LCRATE | LOCWID NPTS
Type 3.94E-2 145.0 723.0

Card 4 1 2 3 4 5 6 7 8
Variable n01 n02 n03 n04 n05 n06 no7 n08
Type

Card 5 1 2 3 4 5 6 7 8
Variable n09 n10 nll ni2 ni3 B3 AQY AlY
Type
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Card 6 1 2 3 4 5 6 7 8
Variable jo1 jo2 jo3 jo4 Jo5 Joe6 Jo7 jo8
Type

Card 7 1 2 3 4 5 6 7 8
Variable j09 j10 ju j12 j13 B2 A2F A2Y
Type

Shear strength enhancement factor versus effective strain rate is given by a curve
(*DEFINE_CURVE) with LCID 723. The sample input values, see Malvar & Ross [1998], are
given in Table 72.2.
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Strain-Rate (1/ms) Enhancement
-3.0E+01 9.70
-3.0E-01 9.70
-1.0E-01 6.72
-3.0E-02 4.50
-1.0E-02 3.12
-3.0E-03 2.09
-1.0E-03 1.45
-1.0E-04 1.36
-1.0E-05 1.28
-1.0E-06 1.20
-1.0E-07 1.13
-1.0E-08 1.06
0.0E+00 1.00

3.0E-08 1.00
1.0E-07 1.03
1.0E-06 1.08
1.0E-05 1.14
1.0E-04 1.20
1.0E-03 1.26
3.0E-03 1.29
1.0E-02 1.33
3.0E-02 1.36
1.0E-01 2.04
3.0E-01 2.94
3.0E+01 2.94

Table 72.2 Enhancement versus effective strain rate for 45.4 MPa concrete (sample). When
defining curve LCRATE, input negative (tensile) values of effective strain rate first. The
enhancement should be positive and should be 1.0 at a strain rate of zero.
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*MAT 073

*MAT_LOW _DENSITY_VISCOUS _FOAM

This is Material Type 73 for Modeling Low Density Urethane Foam with high compressibility
and with rate sensitivity which can be characterized by a relaxation curve. Its main applications
are for seat cushions, padding on the Side Impact Dummies (SID), bumpers, and interior foams.
Also, see the notes below and the
description of material 57: *MAT_LOW_DENSITY_FOAM.

Optionally, a tension cut-off failure can be defined.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E LCID TC HU BETA DAMP
Type A8 F F F F F F F
Default 1.E+20 1.

Remarks 3 1

Card 2 1 2 3 4 5 6 7 8
Variable SHAPE FAIL BVFLAG KCON LCID2 BSTART | TRAMP NV
Type F F F F F F F |
Default 1.0 0.0 0.0 0.0 0 0.0 0.0 6

If LCID2 = 0 then define the following viscoelastic constants. Up to 6 cards may be input.
C'mg{yqtf'ectf *ykvj"c"D,Nkp"egwop" 3+ vgtokpcvgu'vku"kprwy'kh"nguu"vjcp" 8'ectfu’ ctg"

used.

Optional 1 2 3 4 5 6 7 8
Cards

Variable Gl BETAI REF

Type F F F

LS-DYNA Version 971
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If LCID2 = -1 then define the following frequency dependent viscoelastic data.

Cards opt. 1 2 3 4 5 6 7 8
Variable LCID3 LCID4 | SCALEW | SCALEA
Type | I | |
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density
E [awpilu" ogfwmwu" wugF'kp"vgpukgpl” Hat'ko rakekv" rtgdngou” G"ku"ugv'vg'vj g
initial slope of load curve LCID.
LCID Load curve ID, see *DEFINE_CURVE, for nominal stress versus strain.
TC Tension cut-off stress
HU Hysteretic unloading factor between 0 and 1 (default=1, i.e., no energy
dissipation), see also Figure 57.1.
BETA d, decay constant to model creep in unloading.
EQ.0.0: No relaxation.
DAMP Viscous coefficient (.05< recommended value <.50) to model damping
effects.
LT.0.0: IDAMP] is the load curve ID, which defines the damping
constant as a function of the maximum strain in compression defined
as: g, ?max*1/n,1/ n1./ nt
In tension, the damping constant is set to the value corresponding to
the strain at 0. The abscissa should be defined from 0 to 1.
SHAPE Shape factor for unloading. Active for nonzero values of the hysteretic
unloading factor. Values less than one reduces the energy dissipation
and greater than one increases dissipation, see also Figure 57.1.
FAIL Failure option after cutoff stress is reached:

EQ.0.0: tensile stress remains at cut-off value,
EQ.1.0: tensile stress is reset to zero.
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VARIABLE

BVFLAG

KCON

LCID2

BSTART

TRAMP

NV

Gl

BETAI

REF

LCID3

LCID4

DESCRIPTION

Bulk viscosity activation flag, see remark below:
EQ.0.0: no bulk viscosity (recommended),
EQ.1.0: bulk viscosity active.

Stiffness coefficient for contact interface stiffness. Maximum slope in
stress vs. strain curve is used. When the maximum slope is taken for the
contact, the time step size for this material is reduced for stability. In
some cases Ft may be significantly smaller, and defining a reasonable
stiffness is recommended.

Load curve ID of relaxation curve. If constants gk are determined via a
least squares fit. This relaxation curve is shown in Figure 76.1. This
model ignores the constant stress.

Fit parameter. In the fit, ¢y is set to zero, @b is set to BSTART, a5 is
10 times @b, dy is 10 times greater than &3  and so on. If zero,
BSTART=.01.

Optional ramp time for loading.

Number of terms in fit. If zero, the default is 6. Currently, the
maximum number is set to 6. Values of 2 are 3 are recommended, since
each term used adds significantly to the cost. Caution should be
exercised when taking the results from the fit. Preferably, all generated
coefficients should be positive. Negative values may lead to unstable
results. Once a satisfactory fit has been achieved it is recommended that
the coefficients which are written into the output file be input in future
runs.

Optional shear relaxation modulus for the ith term
Optional decay constant if ith term

Use reference geometry to initialize the stress tensor. The reference
geometry is defined by the keyword:*INITIAL_FOAM_REFERENCE_
GEOMETRY (see there for more details).

EQ.0.0: off,

EQ.1.0: on.

Load curve ID giving the magnitude of the shear modulus as a function
of the frequency. LCID3 must use the same frequencies as LCID4.

Load curve ID giving the phase angle of the shear modulus as a function
of the frequency. LCID4 must use the same frequencies as LCID3.

LS-DYNA Version 971
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VARIABLE DESCRIPTION

SCALEW Flag for the form of the frequency data.
EQ.0.0: Frequency is in cycles per unit time.
EQ.1.0: Circular frequency.

SCALEA Flag for the units of the phase angle.
EQ.0.0: Degrees.
EQ.1.0: Radians.

Remarks:

This viscoelastic foam model is available to model highly compressible viscous foams. The
hyperelastic formulation of this model follows that of Material 57.

Rate effects are accounted for through linear viscoelasticity by a convolution integral of the form
t Og
Ui ? ) Gya "t/ v+.—de

r

where g, *t/v+ is the relaxation function. The stress tensor, w/, augments the stresses

determined from the foam, uijf ; consequently, the final stress, v, is taken as the summation of

the two contributions:
f r
u; ? Ui —Ujy.

Since we wish to include only simple rate effects, the relaxation function is represented by up to
six terms of the Prony series:

N
g*tt? ¢, - Ac,e’”

m?1

This model is effectively a Maxwell fluid which consists of a dampers and springs in series. The
formulation is performed in the local system of principal stretches where only the principal
values of stress are computed and triaxial coupling is avoided. Consequently, the one-
dimensional nature of this foam material is unaffected by this addition of rate effects. The
addition of rate effects necessitates 42 additional history variables per integration point. The cost
and memory overhead of this model comgu’ rtkoctkn{"htqo"vjg" pggf'vq' Ptgogodgti' vjg" ngecn"
system of principal stretches and the evaluation of the viscous stress components.

Frequency data can be fit to the Prony series. Using Fourier transforms the relationship between
the relaxation function and the frequency dependent data is

X ¢ (yld Y
G ?C. - M\  m7
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Rcyld
W) ﬁl_y/dm

where the storage modulus and loss modulus are defined in terms of the frequency dependent
magnitude G and phase angle / given by load curves LCID3 and LCID4 respectively,

G,(y) ?G(y)cos(1(y)), and G,(y) ? G(Y)sin(h(y)) .

Additional Remarks:

1. When hysteretic unloading is used the reloading will follow the unloading curve if the
decay constant, d, is set to zero. If d is nonzero the decay to the original loading curve is
governed by the expression:

1/¢e’*

2. The bulk viscosity, which generates a rate dependent pressure, may cause an unexpected
volumetric response and, consequently, it is optional with this model.

3. The hysteretic unloading factor results in the unloading curve to lie beneath the loading
curve as shown in Figure 57.1. This unloading provides energy dissipation which is
reasonable in certain kinds of foam.
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*MAT_ELASTIC_SPRING_DISCRETE_BEAM

*MAT_ELASTIC_SPRING_DISCRETE_BEAM

This is Material Type 74. This model permits elastic springs with damping to be combined and
represented with a discrete beam element type 6. Linear stiffness and damping coefficients can
be defined, and, for nonlinear behavior, a force versus deflection and force versus rate curves can
be used. Displacement based failure and an initial force are optional.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO K FO D CDF TDF
Type A8 F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable FLCID HLCID C1 c2 DLE GLCID
Type 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, see also volume in *SECTION_BEAM definition.

K Stiffness coefficient.

FO Optional initial force. This option is inactive if this material is
referenced in a part referenced by material type *MAT_ELASTIC _
6DOF_SPRING

D Viscous damping coefficient.

CDF Compressive displacement at failure. Input as a positive number. After
failure, no forces are carried. This option does not apply to zero length
springs.

EQ.0.0: inactive.
TDF Tensile displacement at failure. After failure, no forces are carried.
FLCID Load curve ID, see *DEFINE_CURVE, defining force versus deflection

for nonlinear behavior.
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VARIABLE DESCRIPTION

HLCID Load curve ID, see *DEFINE_CURVE, defining force versus relative
velocity for nonlinear behavior (optional). If the origin of the curve is at
(0,0) the force magnitude is identical for a given magnitude of the
relative velocity, i.e., only the sign changes.

C1 Damping coefficient for nonlinear behavior (optional).
C2 Damping coefficient for nonlinear behavior (optional).
DLE Factor to scale time units. The default is unity.
GLCID Optional load curve ID, see *DEFINE_CURVE, defining a scale factor

versus deflection for load curve ID, HLCID. If zero, a scale factor of
unity is assumed.

Remarks:
If the linear spring stiffness is used, the force, F, is given by:

F ?F, - KFL - DFL

but if the load curve ID is specified, the force is then given by:

: . A : ~ (0% : :
F ?F, - Kf *FL+E1- C1¢FL - C28sgn*FLInAmax EL, - gy - DFL - g*FL+h*FL4
E A1 DLEyq

In these equations, FL is the change in length

FL ? current length / initial length

The cross sectional area is defined on the section card for the discrete beam elements, See
*SECTION_BEAM. The square root of this area is used as the contact thickness offset if these
elements are included in the contact treatment.
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*MAT_BILKHU/DUBOIS_FOAM

This is Material Type 75. This model is for the simulation of isotropic crushable foams.
Uniaxial and triaxial test data are used to describe the behavior.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO YM LCPY LCUYS vC PC VPC
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable TSC VTSC | LCRATE PR KCON ISFLG
Type | 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

YM [qwpilu'ogfwmwu+G+

LCPY Load curve ID giving pressure for plastic yielding versus volumetric
strain, see Figure 75.1.

LCUYS Load curve ID giving uniaxial yield stress versus volumetric strain, see
Figure 75.1, all abscissa should be positive if only the results of a
compression test are included, optionally the results of a tensile test can
be added (corresponding to negative values of the volumetric strain), in
the latter case PC, VPC, TC and VTC will be ignored

VC Viscous damping coefficient (.05<recommended value<.50).
PC Pressure cutoff. If zero, the default is set to one-tenth of pg, the yield
pressure corresponding to a volumetric strain of zero.
VPC Variable pressure cutoff as a fraction of pressure yield value. If non-zero

this will override the pressure cutoff value PC.
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VARIABLE DESCRIPTION

TC Tension cutoff for uniaxial tensile stress. Default is zero. A nonzero
value is recommended for better stability.

VTC Variable tension cutoff as a fraction of the uniaxial compressive yield
strength, if non-zero this will override the tension cutoff value TC.

LCRATE Load curve ID giving a scale factor for the previous yield curves,
dependent upon the volumetric plastic strain.

PR Poisson coefficient, which applies to both elastic and plastic
deformations, must be smaller then 0.5

KCON Stiffness coefficient for contact interface stiffness. If undefined one-
vjktF'gh" [owpilu'ogfwmwu." [O. ku'wugfI"MEQP ku"cnug"eqpukFgtgFkp'vi g
element time step calculation; therefore, large values may reduce the
element time step size.

ISFLG Flag for tensile response (active only if negative abscissa are present in
load curve LCUYYS)
EQ.O: load curve abscissa in tensile region correspond to
volumetric strain
EQ.1: load curve abscissa in tensile region correspond to effective
strain

Remarks:

The logarithmic volumetric strain is defined in terms of the relative volume, V , as:

i?/In*V+
If used (ISFLG-1), the effective strain is defined in the usual way:

2. .
Gest ? EKI

In defining the load curve LCPY the stress and strain pairs should be positive values starting
with a volumetric strain value of zero.

The load curve LCUYS can optionally contain the results of the tensile test (corresponding to
negative values of the volumetric strain), if so, then the load curve information will override PC,
VPC, TCand VTC
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‘—- Uniaxial yield stress
Y Pressure yield

VOLUMETRIC STRAIN

nNER=HN K2

Figure 75.1. Behavior of crushable foam. Unloading is elastic.

The yield surface is defined as an ellipse in the equivalent pressure and von Mises stress plane.
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*MAT _076

*MAT_GENERAL_VISCOELASTIC

This is Material Type 76. This material model provides a general viscoelastic Maxwell model
having up to 18 terms in the prony series expansion and is useful for modeling dense continuum
rubbers and solid explosives. Either the coefficients of the prony series expansion or a relaxation
curve may be specified to define the viscoelastic deviatoric and bulk behavior.

The material model can also be used with laminated shell. Either an elastic or viscoelastic layer
can be defined with the laminated formulation. To activate laminated shell you need the
laminated formulation flag on *CONTROL_SHELL. With the laminated option a user defined
integration rule is needed.

Card 1 1 2 3 4 5 6 7 8

Variable MID RO BULK PCF EF TREF A B

Type A8 F F F F F F F

Insert a blank card here if constants are defined on cards 3,4,... below.

If an elastic layer is defined in a laminated shell this card must be blank.

Card 2 1 2 3 4 5 6 7 8

Variable LCID NT BSTART | TRAMP | LCIDK NTK BSTART | TRAMPK
K

Type F | F F F I F F

Card Format for viscoelastic constants. Up to 18 cards may be input. A keyword card

*ykvj'c'D, Nkp'egqnwop"3+'vgtokpevgu'vj kukprwv'kh'nguu'y j cp'8'ect Fu'ctg wug 0"V j gug'ect Fu'
are not needed if relaxation data is defined. The number of terms for the shear behavior
may differ from that for the bulk behavior: simply insert zero if a term is not included. If
an elastic layer is defined you only need to define Gl and KI (note in an elastic layer only

one card is needed)

Cards opt. 1 2 3 4 5 6 7 8
Variable Gl BETAI Kl BETAKI
Type F F F F
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VARIABLE

MID

RO

BULK

PCF

EF

TREF

LCID

NT

BSTART

TRAMP

LCIDK

NTK

BSTARTK

TRAMPK

Gl

DESCRIPTION

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

Mass density.
Elastic bulk modulus.

Tensile pressure elimination flag for solid elements only. If set to unity
tensile pressures are set to zero.

Elastic flag (if equal 1, the layer is elastic. If O the layer is viscoelastic).
Reference temperature for shift function (must be greater than zero).

Coefficient for the Arrhenius and the Williams-Landau-Ferry shift
functions.

Coefficient for the Williams-Landau-Ferry shift function.

Load curve ID for deviatoric behavior if constants, Gj, and a are
determined via a least squares fit. This relaxation curve is shown below.

Number of terms in shear fit. If zero the default is 6. Fewer than NT
terms will be used if the fit produces one or more negative shear moduli.
Currently, the maximum number is set to 18.

In the fit, d1 is set to zero, @b is set to BSTART, a5 is 10 times @b, dj
is 10 times a3 , and so on. If zero, BSTART is determined by an
iterative trial and error scheme.

Optional ramp time for loading.

Load curve ID for bulk behavior if constants, Kj, and a7 are determined
via a least squares fit. This relaxation curve is shown below.

Number of terms desired in bulk fit. If zero the default is 6. Currently,
the maximum number is set to 18.

In the fit, dm is set to zero, dmp is set to BSTARTK, dim is 10 times
am, dmy is 100 times greater than aiz and so on. If zero, BSTARTK is
determined by an iterative trial and error scheme.

Optional ramp time for bulk loading.

Optional shear relaxation modulus for the ith term
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VARIABLE DESCRIPTION
BETAI Optional shear decay constant for the ith term
Kl Optional bulk relaxation modulus for the ith term
BETAKI Optional bulk decay constant for the ith term
Remarks:

Rate effects are taken into accounted through linear viscoelasticity by a convolution integral of
the form:

t .g
Uy ? ) Yo *t/ |/+.—;'d|/

where ¢ Is the relaxation functions for the different stress measures. This stress is added to

ijkI*t/v+
the stress tensor determined from the strain energy functional.

If we wish to include only simple rate effects, the relaxation function is represented by six terms
from the Prony series:

N
g*tt? AG, e’ ™

m?1

We characterize this in the input by shear moduli, G,, and decay constants, d,. An arbitrary
number of terms, up to 18, may be used when applying the viscoelastic model.

For volumetric relaxation, the relaxation function is also represented by the Prony series in terms
of bulk moduli:

N
/4t
k*tt+? AK, e

m?1

The Arrhenius and Williams-Landau-Ferry (WLF) shift functions account for the effects of the
temperature on the stress relaxation. A scaled time, 0,

t
t)
t| 7 DOH(T)dt
is used in the relaxation function instead of the physical time. The Arrhenius shift function is

1 .
H*T+? exp;\/A{lli}g
A T Teer 0

and the Williams-Landau-Ferry shift function is

T/Ter O

H*T+?expﬁ/A 8
A B-T/Txe 0
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If all three values (TREF, A, and B) are not zero, the WLF function is used; the Arrhenius
function is used if B is zero; and no scaling is applied if all three values are zero.

Stress Relaxation Curve

| | | |
100 10n+l 10H+2 time

! |
! |
| «¢—»| Optional ramp time for loading

Figure 76.1. Relaxation curve. This curve defines stress versus time where time is defined on
a logarithmic scale. For best results, the points defined in the load curve should
be equally spaced on the logarithmic scale. Note the values for the abscissa are
input as time, not log(time). Furthermore, the load curve should be smooth and
defined in the positive quadrant. If nonphysical values are determined by least
squares fit, LS-DYNA will terminate with an error message after the initialization
phase is completed. If the ramp time for loading is included, then the relaxation
which occurs during the loading phase is taken into account. This effect may or
may not be important.
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*MAT_077_H

*MAT_HYPERELASTIC_RUBBER

This is Material Type 77. This material model provides a general hyperelastic rubber model
combined optionally with linear viscoelasticity as outlined by Christensen [1980].

Card 1 1 2 3 4 5 6 7 8
Variable MID RO PR N NV G SIGF REF
Type A8 F F I I F F =
Extra card to read table for Mullins effect if PR.LT.0

Card opt. 1 2 3 4 5 6 7 8
Variable TBHYS

Type F

Card 2 if N > 0, a least squares fit is computed from uniaxial data

Card 2 1 2 3 4 5 6 7 8
Variable SGL SwW ST LCID1 DATA LCID2 | BSTART | TRAMP
Type F F F F F F F F
Card 2 if N = 0 define the following constants

Card 2 1 2 3 4 5 6 7 8
Variable C10 co1 C11 C20 C02 C30

Type F F F F F F
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Card Format for Viscoelastic Constants and frictional damping constants. Up to 12 cards
oc{'dgkprwi"C'mg{yqtfectf*ykvj'c'D, Nkp'egwop"3+vgtoinates this input if less than
12 cards are used.

Cards opt. 1 2 3 4 5 6 7 8
Variable Gl BETAI GJ SIGFJ
Type F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.
RO Mass density

PR Poissons ratio (>.49 is recommended, smaller values may not work and
should not be used). If this is set to a negative number, then the absolute
value is used and an extra card is read for Mullins effect.

TBHYS Table ID for hysteresis, see Remarks

N Number of constants to solve for:
EQ.1: Solve for C10 and CO1
EQ.2: Solve for C10, C01, C11, C20, and C02
EQ.3: Solve for C10, C01, C11, C20, C02, and C30

NV Number of Prony series terms in fit. If zero, the default is 6. Currently,
the maximum number is set to 12. Values less than 12, possibly 3-5 are
recommended, since each term used adds significantly to the cost.
Caution should be exercised when taking the results from the fit.
Preferably, all generated coefficients should be positive. Negative
values may lead to unstable results. Once a satisfactory fit has been
achieved it is recommended that the coefficients which are written into
the output file be input in future runs.

G Shear modulus for frequency independent damping.  Frequency
independent damping is based of a spring and slider 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.

SIGF Limit stress for frequency independent frictional damping.
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VARIABLE

REF

DESCRIPTION

Use reference geometry to initialize the stress tensor. The reference
geometry is defined by the keyword:*INITIAL_FOAM_REFERENCE _
GEOMETRY (see there for more details).

EQ.0.0: off,

EQ.1.0: on.

If N>0 test information from a uniaxial test are used.

SGL

SW

ST

LCID1

DATA

LCID2

BSTART

TRAMP

Specimen gauge length

Specimen width

Specimen thickness

Load curve ID giving the force versus actual change in the gauge length

Type of experimental data.
EQ.0.0: uniaxial data (Only option for this model)

Load curve ID of relaxation curve

If constants adkare determined via a least squares fit. This relaxation
curve is shown in Figure 76.1. This model ignores the constant
stress.

In the fit, &1 is set to zero, @b is set to BSTART, a5 is 10 times @b, ds
is 10 times a3 , and so on. If zero, BSTART is determined by an
iterative trial and error scheme.

Optional ramp time for loading.

If N=0, the following constants have to be defined:

C10

Cco1

Cl1

C20

C02

C30

Gl

Cio
Co1
Cu1
C20
Co2
Cao

Optional shear relaxation modulus for the ith term
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VARIABLE DESCRIPTION
BETAI Optional decay constant if ith term
GJ Optional shear modulus for frequency independent damping represented

as the jth spring and slider in series in parallel to the rest of the stress
contributions.

SIGFJ Limit stress for frequency independent, frictional, damping represented
as the jth spring and slider in series in parallel to the rest of the stress
contributions.

Remarks:

Rubber is generally considered to be fully incompressible since the bulk modulus greatly
exceeds the shear modulus in magnitude. To model the rubber as an unconstrained material a

hydrostatic work term, W,, *J+, is included in the strain energy functional which is function of
the relative volume, J, [Ogden 1984]:

R
W*3,,3,,042 A C %3, /73t°%), /37 - W, ¥t

p.g?0
3,21,1.7
3,21,1,7%

In order to prevent volumetric work from contributing to the hydrostatic work the first and

second invariants are modified as shown. This procedure is described in more detail by Sussman
and Bathe [1987].

Rate effects are taken into account through linear viscoelasticity by a convolution integral of the
form:

t 0g
Uy ? ] Gy *t/ |/+.—;'d|/

or in terms of the second Piola-Kirchhoff stress, S;, and Green's strain tensor, E; ,

ij
t o[
Si 2D, G *t/|/+.—;'d|/
where g, *t/v+ and Gy, *t/ v+ are the relaxation functions for the different stress measures.

This stress is added to the stress tensor determined from the strain energy functional.

If we wish to include only simple rate effects, the relaxation function is represented by six terms
from the Prony series:
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N
* /at
g*tt?c, - Ac,e
m?1

given by,
A
g*tt?2 AGe ™

i71

This model is effectively a Maxwell fluid which consists of a dampers and springs in series. We
characterize this in the input by shear moduli, G,, and decay constants, d,. The viscoelastic

behavior is optional and an arbitrary number of terms may be used.

The Mooney-Rivlin rubber model (model 27) is obtained by specifying n=1. In spite of the
differences in formulations with Model 27, we find that the results obtained with this model are
pgctn{"kFgpvkecn"ykvj 'vjqug'gh"Ocvgtken"49"cu"ngp i "cu'nctig"xcnwgu'gh'Rgkuugplutevkg"ctg wug

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

G
AN o

Ofric
Several springs and sliders in series can be defined that are put in parallel to the rest of the stress
contributions of this material model.

If a table for hysteresis is defined, then this is interpreted as follows. Let W, be the current

dev

value of the deviatoric strain energy density as calculated above. Furthermore, let W,,, be the

dev
peak strain energy density reached up to this point in time. It is then assumed that the resulting
stress is reduced by a factor due to damage according to
.Wdev .W

_ vol

o[ o

S ’) D(\Ndev ’Vvdev)

I.e., the deviatoric stress is reduced by damage factor that is given as input. The table should thus
consist of curves for different values of W, , where each curve gives the stress reduction (a

dev !
v+ 1he abscissa values for a curve corresponding to

value between 0 an 1) for a given value of W

a peak energy density of W, should range from 0 to W,,,, and the ordinate values should

preferably increase with increasing W,,, and must take the value 1 when W, ?W,_, . This table

can be estimated from a uniaxial quasistatic compression test. Let a test specimen of volume V
be loaded and unloaded one cycle. We assume f (d) to be the loading force as function of the

displacement d, and f, (d) be the unloading curve. The specimen is loaded to maximum

dev

displacement d before unloading. The strain energy density is then given as a function of the
loaded displacement as
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W, (d) ? \%E) (s)ds

o ? W, (d) . From this energy curve we can also
determine the inverse, i.e., the displacement d(W,,). The curve to be input to LS-DYNA is then

and the peak energy is of course given as W,,, ?W,

Y f (d (\Ndev ))
D ’Wdev ? e
(\NdeV ) f (d (\Ndev))

This procedure is repeated for different values of d .
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*MAT_OGDEN_RUBBER

This is also Material Type 77. This material model provides the Ogden [1984] rubber model
combined optionally with linear viscoelasticity as outlined by Christensen [1980].

Card 1 1 2 3 4 5 6 7 8
Variable MID RO PR N NV G SIGF REF
Type A8 F F I I F F =
Extra card to read table for Mullins effect if PR.LT.0

Card opt. 1 2 3 4 5 6 7 8
Variable TBHYS

Type F

Card 2 if N > 0, a least squares fit is computed from uniaxial data

Card 2 1 2 3 4 5 6 7 8
Variable SGL Sw ST LCID1 DATA LCID2 | BSTART | TRAMP
Type F F F F F F F
Cards 2,3 if N = 0 define the following constants

Card 2 1 2 3 4 5 6 7 8
Variable MU1 MU2 MU3 MU4 MU5 MU6 MU7 MUS8
Type F F F F F F F F
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Card 3 1 2 3 4 5 6 7 8

Variable ALPHAl | ALPHA2 | ALPHA3 | ALPHA4 | ALPHAS | ALPHAG6 | ALPHA7 | ALPHAS

Type F F F F F F F F

Card Format for Viscoelastic Constants. Up to 12 cards may be input. A keyword card
*wkvj"c"D, Nkp'egwop"3+vgtokpevgu'vykukprwy'kh'nguu'v jcp'12 cards are used.

Cards opt. 1 2 3 4 5 6 7 8
Variable Gl BETAI
Type F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.
RO Mass density

PR Poissons ratio (.49 is recommended; smaller values may not work and
should not be used). If this is set to a negative number, then the absolute
value is used and an extra card is read for Mullins effect.

N Order of fit to the Ogden model, (currently <9, 2 generally works okay).
The constants generated during the fit are printed in the output file and
can be directly input in future runs, thereby, saving the cost of
performing the nonlinear fit. The users need to check the correction of
the fit results before proceeding to compute.

NV Number of Prony series terms in fit. If zero, the default is 6. Currently,
the maximum number is set to 12. Values less than 12, possibly 3-5 are
recommended, since each term used adds significantly to the cost.
Caution should be exercised when taking the results from the fit.
Preferably, all generated coefficients should be positive. Negative
values may lead to unstable results. Once a satisfactory fit has been
achieved it is recommended that the coefficients which are written into
the output file be input in future runs.
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VARIABLE

G

SIGF

REF

TBHYS

DESCRIPTION

Shear modulus for frequency independent damping.  Frequency
independent damping is based on a spring and slider 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.

Limit stress for frequency independent frictional damping.

Use reference geometry to initialize the stress tensor. The reference
geometry is defined by the keyword: *INITIAL_FOAM_REFERENCE _
GEOMETRY (see there for more details).

EQ.0.0: off,

EQ.1.0: on.

Table ID for hysteresis, see Remarks on
MAT_HYPERELASTIC_RUBBER

If N>0 test information from a uniaxial test are used:

SGL

SW

ST

LCID1

DATA

LCID2

BSTART

TRAMP

MUi

ALPHAI

Specimen gauge length

Specimen width

Specimen thickness

Load curve ID giving the force versus actual change in the gauge length

Type of experimental data.
EQ.1.0: uniaxial data (default)
EQ.2.0: biaxial data
EQ.3.0: pure shear data

Load curve ID of relaxation curve. If constants dkare determined via a
least squares fit. This relaxation curve is shown in Figure 76.1. This
model ignores the constant stress.

In the fit, ¢} is set to zero, &b is set to BSTART, a5 is 10 times &b , dj
is 10 times a3 , and so on. If zero, BSTART is determined by an
iterative trial and error scheme.

Optional ramp time for loading.
If N=0, the constants MUi and ALPHAI have to be defined:

0j, the ith shear modulus, i varies up to 8. See discussion below.

Ci, the ith exponent, i varies up to 8. See discussion below.
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VARIABLE DESCRIPTION
Gl Optional shear relaxation modulus for the ith term
BETAI Optional decay constant if ith term
VFLAG Flag for the viscoelasticity formulation. This appears only on the first

line defining Gl, BETAI, and VFLAG. If VFLAG=0, the standard
viscoelasticity formulation is used (the default), and if VFLAG=1, the
viscoelasticity formulation using the instantaneous elastic stress is used.

Remarks:

Rubber is generally considered to be fully incompressible since the bulk modulus greatly
exceeds the shear modulus in magnitude. To model the rubber as an unconstrained material a
hydrostatic work term is included in the strain energy functional which is function of the relative
volume, , [Ogden 1984]:

@O

The asterisk (*) indicates that the volumetric effects have been eliminated from the principal
stretches, .. The number of terms, n, may vary between 1 to 8 inclusive, and K is the bulk

modulus.

Rate effects are taken into account through linear viscoelasticity by a convolution integral of the
form:

or in terms of the second Piola-Kirchhoff stress, {S}, and Green's strain tensor, {S_}.

where and are the relaxation functions for the different stress measures.
This stress is added to the stress tensor determined from the strain energy functional.

If we wish to include only simple rate effects, the relaxation function is represented by six terms
from the Prony series:

given by,
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This model is effectively a Maxwell fluid which consists of a dampers and springs in series. We
characterize this in the input by shear moduli, , and decay constants, . The viscoelastic
behavior is optional and an arbitrary number of terms may be used.

For VFLAG=1, the viscoelastic term is

where Is the instantaneous stress evaluated from the internal energy functional. The
coefficients in the Prony series therefore correspond to normalized relaxation moduli instead of
elastic moduli.

The Mooney-Rivlin rubber model (model 27) is obtained by specifying n=1. In spite of the
differences in formulations with Model 27, we find that the results obtained with this model are
nearly identical with those of Material 27 as long as large values of PoiuuqpOu“tcvkg"ctg"wug o

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

AN/ o

Stric
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*MAT_SOIL_CONCRETE

This is Material Type 78. This model permits concrete and soil to be efficiently modeled. See
the explanations below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO G K LCPV LCYP LCFP LCRP
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable PC ouT B FAIL
Type 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
K Bulk modulus
LCPV Load curve ID for pressure versus volumetric strain. The pressure
versus volumetric strain curve is defined in compression only. The sign
convention requires that both pressure and compressive strain be defined
as positive values where the compressive strain is taken as the negative
value of the natural logarithm of the relative volume.
LCYP Load curve ID for yield versus pressure:
GT.0: von Mises stress versus pressure,
LT.0: Second stress invariant, Jo, versus pressure. This curve must
be defined.
LCFP Load curve ID for plastic strain at which fracture begins versus pressure.

This load curve ID must be defined if B>0.0.
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VARIABLE DESCRIPTION

LCRP Load curve ID for plastic strain at which residual strength is reached
versus pressure. This load curve ID must be defined if B>0.0.

PC Pressure cutoff for tensile fracture

ouT Output option for plastic strain in database:
EQ.O: volumetric plastic strain,
EQ.1: deviatoric plastic strain.

B Residual strength factor after cracking, see Figure 78.1.

FAIL Flag for failure:
EQ.O: no failure,
EQ.1: When pressure reaches failure pressure element is eroded,
EQ.2: When pressure reaches failure pressure element loses it ability
to carry tension.

Remarks:

Pressure is positive in compression. Volumetric strain is defined as the natural log of the relative
volume and is positive in compression where the relative volume, V, is the ratio of the current
volume to the initial volume. The tabulated data should be given in order of increasing
compression. If the pressure drops below the cutoff value specified, it is reset to that value and
the deviatoric stress state is eliminated.

If the load curve ID (LCYP) is provided as a positive number, the deviatoric, perfectly plastic,
pressure dependent, yield function h, is given as

h=\33, / F*pt2 u, / F*pt

where , F(p) is a tabulated function of yield stress versus pressure, and the second invariant, Jp, is
defined in terms of the deviatoric stress tensor as:

3,215 s
2

ij~ij
assuming that if the ID is given as negative then the yield function becomes:
h?J,/F*pt

being the deviatoric stress tensor.

If cracking is invoked by setting the residual strength factor, B, on card 2 to a value between 0.0
and 1.0, the yield stress is multiplied by a factor f which reduces with plastic strain according to
a trilinear law as shown in Figure 78.1.
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Figure 78.1. Strength reduction factor.

b = residual strength factor
g1 = plastic stain at which cracking begins.
g2 = plastic stain at which residual strength is reached.

g1 and go are tabulated functions of pressure that are defined by load curves, see Figure 78.2.

The values on the curves are pressure versus strain and should be entered in order of increasing
pressure. The strain values should always increase monotonically with pressure.

By properly defining the load curves, it is possible to obtain the desired strength and ductility
over a range of pressures, see Figure 78.3.

A
A
€
/1
P’

Figure 78.2. Cracking strain versus pressure.
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*MAT 078

Yield
stress

A

P

P2

P3

>

Plastic strain

Figure 78.3.
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*MAT_HYSTERETIC_SOIL

This is Material Type 79. This model is a nested surface model with up to ten superposed
Pe{gtull" gh” gneuvg-perfectly plastic material, each with its own elastic moduli and yield values.
Nested surface ogfgn’ikxg"j{uvgtke"dgjcxkgt."cu"vjg"fkhhgtgpv'Bnc{gtull" {kgnf"cv" Fhhgtgpy"uvtguugul™
See Remarks below.

Note: This Material Type will be available starting in release 3 of version 971.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO KO PO B A0 Al A2
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable DF RP LCID SFLC DIL_A DIL_B DIL_C DIL_D
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable GAM1 GAM2 GAM3 GAMA4 GAM5 PINIT
Type F F F F F I
Card 4 1 2 3 4 5 6 7 8
Variable TAUL TAU2 TAU3 TAU4 TAUS

Type F F F F F
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VARIABLE DESCRIPTION

MID Material identification. A unique number or label not exceeding 8
characters must be specified.

RO Mass density
KO Bulk modulus at the reference pressure
PO Cut-ghhlfcwo" rtguuwtg”*oww" dg" 2¢" i.e. tensile). Below this pressure,

ukhhpguu' cpf" uvtgpivj" Fkucrrgetu=" vjku' ku' cnug" vjg' Blgtgl" rtguuwtg” hqt
pressure-varying properties.

B 4 . G?G,*p/p,t .
Exponent for pressure-sensitive moduli, b: . b, must lie
K?K,*p/ p,t
kp"vjg'tcpig'2ed>30"Xcnwgu'enque to 1 are not recommended because the
pressure becomes indeterminate.

A0 Yield function constant ag (Default = 1.0), see Material Type 5.
Al Yield function constant a; (Default = 0.0), see Material Type 5.
A2 Yield function constant ap (Default = 0.0), see Material Type 5.
DF Fcorkpi'hcevgt" Owuw'dg kp'vjg'tcpig 2etha3<

EQ.0: no damping,
EQ.1: maximum damping.

RP Reference pressure for following input data.

LCID Load curve ID defining shear strain verses shear stress. Up to ten points
may be defined in the load curve. See *DEFINE_CURVE.

SFLD Scale factor to apply to shear stress in LCID.
DIL_A Dilation parameter A
DIL_ B Dilation parameter B
DIL_C Dilation parameter C
DIL D Dilation parameter D
GAML1 11, shear strain (ignored if LCID is non zero).
GAM2 i2, shear strain (ignored if LCID is non zero).
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VARIABLE DESCRIPTION

GAM3 i3, shear strain (ignored if LCID is non zero).

GAM4 14, shear strain (ignored if LCID is non zero).

GAM5 i5, shear strain (ignored if LCID is non zero).

TAU1 V1, shear stress at 11 (ignored if LCID is non zero).

TAU2 Vo, shear stress at 1 (ignored if LCID is non zero).

TAU3 v3, shear stress at i3 (ignored if LCID is non zero).

TAU4 V4, shear stress at i4 (ignored if LCID is non zero).

TAU5 vs, shear stress at 15 (ignored if LCID is non zero).

PINIT Flag for pressure sensitivity (B and A0, Al, A2 equations):

EQ.O: Use current pressure (will vary during the analysis)
EQ.1: Use pressure from initial stress state

GS04<'Wug'kpkken'Brncpg'uvtguul' rtguuwtg" * ¢, - u, +/2
EQ.3: Use (compressive) initial vertical stress

Remarks:

The elastic moduli G and K are pressure sensitive:

G,*p/ p,t
P / Dot
K,*p/ p,t°
P 7 Pyt

G*pt?
K*pt?

where Gg and Kg are the input values, p is the current pressure, pg the cut-off or datum pressure
(must be zero or negative). If p attempts to fall below pg (i.e., more tensile) the shear stresses are
set to zero and the pressure is set to pg. Thus, the material has no stiffness or strength in tension.
The pressure in compression is calculated as follows:

p 2 /K, IntV 4y

where V is the relative volume, i.e., the ratio between the original and current volume.
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The constants ag, az, a2 govern the pressure sensitivity of the yield stress. Only the ratios

between these values are important - the absolute stress values are taken from the stress-strain
curve.

The stress strain pairs define a shear stress versus shear strain curve. The first point on the curve
is assumed by default to be (0,0) and does not need to be entered. The slope of the curve must
decrease with increasing i. This curves applies at the reference pressure; at other pressures the
curve is scaled by

2
vip, it 5 an_al*p/po+_az*p/po+6

% i 2
TP It Ly -8, £ Dot -2, P £ Dot

The shear stress-strain curve (with pomts (vg,11%."(Vo, 124000( VN, Intt'IS converted into a series of N
elastic perfectly-plastic curves such that A*v ¥j+t 2 v*i+, as shown in the figure below.

MAT_HYSTERETIC_SOIL
1 1

shear stress

shear strain

elasto-plastic 1
elasto-plastic 2 Oasys T/HIS
elasto-plastic 3
elasto-plastic 4 wersion 9.0
original stress-strain curve 02-SEP-04
Figure 79.1

Each elastic perfectly-rncuvke" ewtxg" tgrtgugpw" gpg" Drc{gt\" kp" vjg" ocvgtken' ogfgn)" Fgxkcvgtke"
stresses are stored and calculated separately for each layer. The yield surface for each layer is
defined in terms of stress invariant Jp; this is converted internally from the input values of
maximum shear stress, assuming a uniaxial stress state:

10
i28

:l>§>=3>1
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where subscript i denotes layer i and vimaxi IS the plastic shear stress of the layer.

In cases where the deviatoric stress state is closer to pure shear, the maximum shear stress
reached by the material will be up to \E times higher than the input curve. Users may wish to

allow for this by reducing the input curve by this factor. When performing checks on the output,
the following relationships may be useful:

Input shear stress is treated by the material model as 0.5*Von Mises Stress ? §3ui| : %‘lg

Input shear strain is treated by the material model as 1.5*Von Mises Strain ? §3gi| : %1(8)
The total deviatoric stress is the sum of the deviatoric stresses in each layer. By this method,
hysteretic (energy-absorbing) stress-strain curves are generated in response to any strain cycle of

amplitude greater than the lowest yield strain of any layer. The example below shows response to
small and large strain cycles (blue and pink lines) superposed on the input curve (thick red line).

15

10

Shear stress (kPa)

-10 4

-15 4

-0.2

Shear strain (%)

Figure 79.2

Pressure Sensitivity

The yield stresses of the layers, and hence the stress at each point on the shear stress-strain input
curve, vary with pressure according to constants A0, Al and A2. The elastic moduli, and hence
also the slope of each section of shear stress-strain curve, vary with pressure according to
constant B. These effects combine to modify the shear stress-strain curve according to pressure:
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*MAT _079
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I

|

y

: Shear stress—s’lcrain
; response at pressure P1

0z 0.3
Shear strain (%)

Figure 79.3

4 0.5

Pressure sensitivity can make the solution sensitive to numerical noise. In cases where the
expected pressure changes are small compared to the initial stress state, it may be preferable to
use pressure from the initial stress state instead of current pressure as the basis for the pressure
sensitivity (option PINIT). This causes the bulk modulus and shear stress-strain curve to be
calculated once for each element at the start of the analysis and to remain fixed thereafter. PINIT
affects both stiffness (calculated using B) and strength (calculated using A0, Al and A2). If
RKPKV" qrkgpu' 4" *Dracpg" utguull" rtguuwtg+" gt" 5" *xgtvkecn” uvtguu+' ctg" wugF." vjgug" swepvkikgu"
substitute for pressure p in the equations above. Input values of prs and po should then also be
Dricpg uvtguul'rtguuwtg'qt"xgtvkecn'uvtguu."tgurgevkxgn{0

If PINIT is used, B is allowed to be as high as 1.0 (stiffness proportional to initial pressure);
otherwise, values of B higher than about 0.5 are not recommended.

Dilatancy

Parameters DIL_A, DIL_B, DIL_C and DIL_D control the compaction and dilatancy that occur
in sandy soils as a result of shearing motion. The dilatancy is expressed as a volume strain 1y:

9.?79 -9,
g ? DIL_A(1)""-®
? G*
DIL_ C-DIL_D*G*
12(i%-i%)"

yz

Y

G*2](di? -di%)”
ixz7iyz ? 2gxz12gyz
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i, describes the dilation of the soil due to the magnitude of the shear strains; this is caused by the
soil particles having to climb over each other to develop shear strain.

ig describes compaction of the soil due to collapse of weak areas and voids, caused by
continuous shear straining.

Recommended inputs for sandy soil:

DIL_A 10
DIL B 16
DIL_C -100
DIL D -2.5

DIL_A and DIL_B may cause instabilities in some models. If this facility is used with pore
water pressure, liquefaction can be modeled.
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*MAT_RAMBERG-OSGOOD

This is Material Type 80. This model is intended as a simple model of shear behavior and can be
used in seismic analysis.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO GAMY TAUY | ALPHA R BULK
Type A8 F F F F F F
Default 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.
GAMY Reference shear strain (iy)
TAUY Reference shear stress (vy)
ALPHA Stress coefficient (c)
R Stress exponent (r)
BULK Elastic bulk modulus
Remarks:

The Ramberg-Osgood equation is an empirical constitutive relation to represent the one-
dimensional elastic-plastic behavior of many materials, including soils. This model allows a
simple rate independent representation of the hysteretic energy dissipation observed in soils
subjected to cyclic shear deformation. For monotonic loading, the stress-strain relationship is
given by:

r
I v % .
—?2—-c|—| if 110
Iy Vy Vy

LS-DYNA Version 971 1-345 (MAT)



*MAT 080 *MAT_RAMBERG-OSGOOD

r

1 /4 /4 . -
_—9—/0— if 7>0
Iy Vy Vy

where 7 is the shear and v is the stress. The model approaches perfect plasticity as the stress

exponent r > ¢. These equations must be augmented to correctly model unloading and
reloading material behavior. The first load reversal is detected by 77 >0. After the first

reversal, the stress-strain relationship is modified to

W VARBTAA: *l//|/+I
0 9 ° _¢ 0 if 710
21y 2|/y 2|/y

I VARBITIA: *|//|/+I
0 2 ° /c 0 if 7>0
21y 2|/y 2|/y

where 7, and v, represent the values of strain and stress at the point of load reversal.
Subsequent load reversals are detected by *7 / i ti >0.

The Ramberg-Osgood equations are inherently one-dimensional and are assumed to apply to
shear components. To generalize this theory to the multidimensional case, it is assumed that
each component of the deviatoric stress and deviatoric tensorial strain is independently related by
the one-dimensional stress-strain equations. A projection is used to map the result back into
deviatoric stress space if required. The volumetric behavior is elastic, and, therefore, the
pressure p is found by

p2 /Ky,

where g, is the volumetric strain.
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*MAT_PLASTICITY_WITH_DAMAGE_{OPTION}

This is Material Types 81 and 82. An elasto-visco-plastic material with an arbitrary stress versus
strain curve and arbitrary strain rate dependency can be defined. Damage is considered before
rupture occurs. Also, failure based on a plastic strain or a minimum time step size can be
defined.

Available options include:
<BLANK>
ORTHO
ORTHO_RCDC

Including ORTHO invokes an orthotropic damage model, an extension first added as a means of
treating failure in aluminum panels. Directional damage begins after a defined failure strain is
reached in tension and continues to evolve until a tensile rupture strain is reached in either one of
the two orthogonal directions. After rupture is detected at all integration points, the element is
deleted. The option ORTHO_RCDC invokes the damage model developed by Wilkins [Wilkins,
etal. 1977]. A nonlocal formulation, which requires additional storage, is used if a characteristic
length is defined. The RCDC option, which was added at the request of Toyota, works well in
predicting failure in cast aluminum, see Yamasaki, et al., [2006].

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN EPPF TDEL
Type A8 F F F F F F F
Default none none none none none 0.0 10.E+20 | 10.E+20
Card 2 1 2 3 4 5 6 7 8
Variable C P LCSS LCSR EPPFR VP LCDM NUMINT
Type F F F F F F F |
Default 0 0 0 0 0 0 0 0
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Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
Card 4 1 2 3 4 5 6 7 8
Variable ES1 ES2 ES3 ES4 ES5 ES6 ES7 ES8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0

Read the following card if the option ORTHO_RCDC is active.

Card 5 1 2 3 4 5 6 7 8
Variable ALPHA BETA | GAMMA DO B LAMBDA DS L
Type F F F F F F F F
Default 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 [qwpiOu"oqfwmwul

PR RakuugpOu"tevkap

SIGY Yield stress.
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VARIABLE

ETAN

EPPF

TDEL

C

P

LCSS

LCSR

EPPFR

VP

LCDM

NUMINT

EPS1-EPS8

ES1-ES8

ALPHA

DESCRIPTION

Tangent modulus, ignored if (LCSS.GT.0) is defined.

Plastic strain, fs, at which material softening begins (logarithmic).
Minimum time step size for automatic element deletion.

Strain rate parameter, C, see formula below.

Strain rate parameter, P, see formula below.

Load curve ID or Table ID. Load curve ID defining effective stress
versus effective plastic strain. If defined EPS1-EPS8 and ES1-ES8 are
ignored. The table ID defines for each strain rate value a load curve ID
giving the stress versus effectiveplastic strain for that rate, See Figure
24.1. The stress versus effective plastic strain curve for the lowest value
of strain rate is used if the strain rate falls below the minimum value.
Likewise, the stress versus effective plastic strain curve for the highest
value of strain rate is used if the strain rate exceeds the maximum value.
The strain rate parameters: C and P;

Load curve ID defining strain rate scaling effect on yield stress.
Plastic strain at which material ruptures (logarithmic).

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

Load curve ID defining nonlinear damage curve.

Number of through thickness integration points which must fail before
the element is deleted. (If zero, all points must fail.) The default of all
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.

Effective plastic strain values (optional if SIGY is defined). At least 2
points should be defined.

Corresponding yield stress values to EPS1 - EPS8.

Parameter ¢ . for the Rc-Dc model

LS-DYNA Version 971
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*MAT_PLASTICITY_WITH_DAMAGE

VARIABLE

DESCRIPTION

BETA
GAMMA

DO

B
LAMBDA

DS

Remarks:

Parameter d . for the Rc-Dc model
Parameter 7 . for the Rc-Dc model
Parameter D, . for the Rc-Dc model

Parameter b . for the Rc-Dc model
Parameter 7. for the Rc-Dc model

Parameter D; . for the Rc-Dc model

Optional characteristic element length for this material. We recommend
that the default of 0 always be used, especially in parallel runs. If zero,
nodal values of the damage function are used to compute the damage

gradient. See discussion below.

The stress strain behavior may be treated by a bilinear stress strain curve by defining the tangent
modulus, ETAN. Alternately, a curve similar to that shown in Figure 10.1 is expected to be
defined by (EPS1,ES1) - (EPS8,ES8); however, an effective stress versus effective plastic strain
curve (LCSS) may be input instead if eight points are insufficient. The cost is roughly the same
for either approach. The most general approach is to use the table definition (LCSS) discussed

below.

Three options to account for strain rate effects are possible:

l. Strain rate may be accounted for using the Cowper and Symonds model which scales the
yield stress with the factor

N ,A%
i
Lohch

where ¢ is the strain rate, ¢ ?/g,d; -

If the viscoplastic option is active, VP=1.0, and if SIGY is > 0 then the dynamic yield
stress is computed from the sum of the static stress, u; *ge‘;f 1, which is typically given by

a load curve ID, and the initial yield stress, SIGY, multiplied by the Cowper-Symonds
rate term as follows:
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L o
u, geﬁ,ge’;ﬁ’?us*ge‘;ﬁ SIGY 64 EffQ

ACo

where the plastic strain rate is used. With this latter approach similar results can be
obtained between this model and material model:
*MAT_ANISOTROPIC_VISCOPLASTIC. If SIGY=0, the following equation is used

instead where the static stress, v} *gP +, must be defined by a load curve:

utgh ght? Utk g¢f+E1 Age“ O%U
y € € € E ACO U

This latter equation is always used if the viscoplastic option is off.

Il. For complete generality a load curve (LCSR) to scale the yield stress may be input instead.
In this curve the scale factor versus strain rate is defined.

I1. If different stress versus strain curves can be provided for various strain rates, the option
using the reference to a table (LCSS) can be used. Then the table input in
*DEFINE_TABLE is expected, see Figure 24.1.

The constitutive properties for the damaged material are obtained from the undamaged material
properties. The amount of damage evolved is represented by the constant, /, which varies from
zero if no damage has occurred to unity for complete rupture. For uniaxial loading, the nominal
stress in the damaged material is given by

P

nominal ? -
A

u

where P is the applied load and A is the surface area. The true stress is given by:

utrue ’) P
A/ A1055

where A is the void area. The damage variable can then be defined:
A
? s 0~y-~1
y A Yy

In this model damage is defined in terms of plastic strain after the failure strain is exceeded:

p p
) geff /gfailure H

p ~ P < P
: gp /gp f gfailure geff grupture
rupture failure
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After exceeding the failure strain softening begins and continues until the rupture strain is
reached.

The Rc-Dc model is defined as the following:

The damage D is given by

D ?)yy,dg”
where ¢” is the equivalent plastic strain,
A1 ¢
? ~
Y ﬁl/ i, 8
is a triaxial stress weighting term and
v, ?2%2/ A+’

IS @ asymmetric strain weighting term. In the above w,, is the mean stress and
5,0

A
AD’?minAi —
5

AlS

Fracture is initiated when the accumulation of damage is

3 2

D
Hc@

where D, is the a critical damage given by

D, ? D, *1-b|1D|"t

A fracture fraction,

D/ D,
D

S

F?

defines the degradations of the material by the Rc-Dc model.

For the Rc-Dc model the gradient of damage needs to be estimated. The damage is connected to
the integration points, and, thus, the computation of the gradient requires some manipulation of
the LS-DYNA source code. Provided that the damage is connected to nodes, it can be seen as a
standard bilinear field and the gradient is easily obtained. To enable this, the damage at the
integration points are transferred to the nodes as follows. Let E, be the set of elements sharing

node n,

En\ the number of elements in that set, P, the set of integration points in element e

and \Pe\ the number of points in that set. The average damage D, in element e is computed as
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AD,
D, ? X
e ‘P

|

where D, is the damage in integration point p. Finally, the damage value in node n is
estimated as

AD,
oEE,
E,|

D, ?

This computation is performed in each time step and requires additional storage. Currently we
use three times the total number of nodes in the model for this calculation, but this could be
reduced by a considerable factor if necessary. There is an Rc-Dc option for the Gurson
dilatational-plastic model. In the implementation of this model, the norm of the gradient is

computed differently. Let E| be the set of elements from within a distance | of element, f not
including the element itself, and let |E{| be the number of elements in that set. The norm of the
gradient of damage is estimated roughly as

1 ~ |D./D
[vD], ‘EL‘Q . f‘

where d,, is the distance between element f and e.

The reason for taking the first approach is that it should be a better approximation of the
gradient, it can for one integration point in each element be seen as a weak gradient of an
elementwise constant field. The memory consumption as well as computational work should not
be much higher than for the other approach.

LS-DYNA Version 971 1-353 (MAT)



*MAT _081-082 *MAT_PLASTICITY_WITH_DAMAGE

damage

A yield stress versus
effective plastic strain
for undamaged material

Gyield

nominal stress

/ after failure

damage increases linearly with
plastic strain after failure

0 I I P
tailure begins /(D =1 Eeff
0=0

rupture

Figure 81-82.1. Stress strain behavior when damage is included.

Figure 81-82.2.

Se;.— fs failure e

A nonlinear damage curve is optional. Note that the origin of the curve is at
(0,0). It is permissible to input the failure strain, fs, as zero for this option.
The nonlinear damage curve is useful for controlling the softening behavior
after the failure strain is reached.
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*MAT_FU_CHANG_FOAM_{OPTION}

This is Material Type 83.

An available option includes:
DAMAGE_DECAY

Rate effects can be modeled in low and medium density foams, see Figure 83.1. Hysteretic
unloading behavior in this model is a function of the rate sensitivity with the most rate sensitive
foams providing the largest hysteresis and vice versa. The unified constitutive equations for
foam materials by Chang [1995] provide the basis for this model. The mathematical description
given below is excerpted from the reference. Further improvements have been incorporated
based on work by Hirth, Du Bois, and Weimar [1998]. Their improvements permit: load curves
generated by drop tower test to be directly input, a choice of principal or volumetric strain rates,
load curves to be defined in tension, and the volumetric behavior to be specified by a load curve.

The unloading response was generalized by Kolling, Hirth, Erhart and Du Bois [2006] to allow
vjg" OwmkpOu" ghhgev'vg" dg" o FgngF." kigo." chvgt" vjig" hktuv' ngc Fkpi" cpf wpngc Fkpi " hwtvj gt tgngc Fkp i
occurs on the unloading curve. |If it is desired to reload on the loading curves with the new
generalized unloading, the DAMAGE decay option is available which allows the reloading to
quickly return to the loading curve as the damage parameter decays back to zero in tension and
compression.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E KCON TC FAIL DAMP TBID
Type A8 F F F F F F F
Default none none none none 1.E+20 none none none
Remarks 5
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Card 2 1 2 3 4 5 6 7 8
Variable BVFLAG | SFLAG RFLAG TFLAG PVID SRAF REF HU
Type F F F F F F F F
Default 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0
Remarks 1 2 3 4 5

Define two additional cards, cards 3 and 4, if and only if the DAMAGE_DECAY option is

inactive.

Card 3 1 2 3 4 5 6 7 8
Variable DO NO N1 N2 N3 Co C1 C2
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 4 1 2 3 4 5 6 7 8
Variable C3 C4 C5 AlJ S MINR MAXR SHAPE
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
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Define one additional card, card 3, if and only if the DAMAGE_DECAY option is active.

Card 3 1 2 3 4 5
Variable MINR MAXR | SHAPE | BETAT | BETAC
Type F F F F F
Default 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 [Caqwpilu'ogfwmwu

KCON Optional Young's modulus used in the computation of sound speed.
This will influence the time step, contact forces, hourglass stabilization
forces, and the numerical damping (DAMP).

EQ.0.0: KCON is set equal to the max(E, current tangent to stresss-
strain curve) if TBID.ne.0. If TBID.eq.0, KCON is set equal to the
maximum slope of the stress-strain curve.

TC Tension cut-off stress

FAIL Failure option after cutoff stress is reached:
EQ.0.0: tensile stress remains at cut-off value,
EQ.1.0: tensile stress is reset to zero.

DAMP Viscous coefficient (.05< recommended value <.50) to model damping
effects.

TBID Table ID, see *DEFINE_TABLE, for nominal stress vs. strain data as a
function of strain rate. If the table ID is provided, cards 3 and 4 may be
left blank and the fit will be done internally. The Table ID can be
positive or negative (see remark 5 below).

BVFLAG Bulk viscosity activation flag, see remark below:

EQ.0.0: no bulk viscosity (recommended),
EQ.1.0: bulk viscosity active.

LS-DYNA Version 971
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VARIABLE

SFLAG

RFLAG

TFLAG

PVID

SRAF

REF

HU

DO

NO

N1

N2

N3

Co

C1

C2

C3

DESCRIPTION

Strain rate flag (see remark 2 below):
EQ.0.0: true constant strain rate,
EQ.1.0: engineering strain rate.

Strain rate evaluation flag:
EQ.0.0: first principal direction,
EQ.1.0: principal strain rates for each principal direction,
EQ.2.0: volumetric strain rate.

Tensile stress evaluation:
EQ.0.0: linear in tension.
EQ.1.0: input via load curves with the tensile response corresponds
to negative values of stress and strain.

Optional load curve ID defining pressure versus volumetric strain.

Strain rate averaging flag.
EQ.0.0: use weighted running average.
EQ.1.0: average the last twelve values.

Use reference geometry to initialize the stress tensor. The reference
geometry is defined by the keyword: *INITIAL_FOAM_REFERENCE

_GEOMETRY (see there for more details).

EQ.0.0: off,
EQ.1.0: on.

Hysteretic unloading factor between 0 and 1 (default=1, i.e., no energy
dissipation), see also Figure 22.57.1.

material constant, see equations below.
material constant, see equations below.
material constant, see equations below.
material constant, see equations below.
material constant, see equations below.
material constant, see equations below.
material constant, see equations below.
material constant, see equations below.

material constant, see equations below.
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VARIABLE DESCRIPTION
C4 material constant, see equations below.
C5 material constant, see equations below.
Al, material constant, see equations below.
SN material constant, see equations below.
MINR Ratemin, minimum strain rate of interest.
MAXR Ratemax, maximum strain rate of interest.
SHAPE Shape factor for unloading. Active for nonzero values of the hysteretic

unloading factor HU. Values less than one reduces the energy
dissipation and greater than one increases dissipation, see also Figure
57.1.

BETAT Decay constant for damage in tension. The damage decays after loading
in ceases according to e/®™AT™

BETAC Decay constant for damage in compression. . The damage decays after
loading in ceases according to e’#7¢"™.

Remarks:

The strain is divided into two parts: a linear part and a non-linear part of the strain

E*t+? E-*t+- EN *t+
and the strain rate become
E*t+? E-*t+- EN *t+

E is an expression for the past history of E" . A postulated constitutive equation may be
written as:

¢
u*tt? p BE *vt, S¥thydv
v?0

¢
where S*tt is the state variable and J) is a functional of all values of v in T,:0~v~ ¢ and

v?0

E'*rt 2 EN*t /vt

LS-DYNA Version 971 1-359 (MAT)



*MAT 083 *MAT_FU_CHANG_FOAM

where v is the history parameter:
E *1 ? ¢+ == the virgin material

It is assumed that the material remembers only its immediate past, i.e., a neighborhood about
v ?0. Therefore, an expansion of E *1t in a Taylor series about v ? 0 yields:

oEN
E" *rt? EN*0t - —L-*0tdt

of
Hence, the postulated constitutive equation becomes:

urtt 2w *EN *t+ EN *t+, S*t4t

-E" : . . .
where we have replaced tt by E", and u- is a function of its arguments.

For a special case,

u*tt 2w FEN ¥tt, S ¥t
we may write
EN 2 f ¥S*tt,s*ttt

which states that the nonlinear strain rate is the function of stress and a state variable which
represents the history of loading. Therefore, the proposed kinetic equation for foam materials is:

~ A 2N,
Lo hgrysi0

=N

E - expE/c,A /
I IR & 7

where Do, g, and ng are material constants, and S is the overall state variable. If either D, ? 0 or
c, > ¢ then the nonlinear strain rate vanishes.

11 %R

. n %

E"|

ilev] ¢
R?1-c A
5

be

P2tr*uEN+

W 2 ptr¥u*dE+
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where c1, C2, €3, C4, Cs, N1, N2, N3, and ajj are material constants and:

1
lu| ?*uijuij 2

|24, E, 2

ij —ij

1
[E"] > elESt:
In the implementation by Fu Chang the model was simplified such that the input constants a;
and the state variables S; are scalars.

9s

Compressive

9

9 @, @,

A

v

Optional Tensile Curves
(TFLAG=1)

Default Tensile Behavior
(TFLAG=0)

Figure 83.1. Nominal stress versus engineering strain curves, which are used to model rate
ghhgewu'kp"HW'E jcpi10u"hgco"oqgfgn

Additional Remarks:

1. The bulk viscosity, which generates a rate dependent pressure, may cause an unexpected
volumetric response and consequently, it is optional with this model.

2. Dynamic compression tests at the strain rates of interest in vehicle crash are usually
performed with a drop tower. In this test the loading velocity is nearly constant but the
true strain rate, which depends on the instantaneous specimen thickness, is not.

LS-DYNA Version 971 1-361 (MAT)



*MAT 083 *MAT_FU_CHANG_FOAM

Therefore, the engineering strain rate input is optional so that the stress strain curves
obtained at constant velocity loading can be used directly.

3. To further improve the response under multiaxial loading, the strain rate parameter can
either be based on the principal strain rates or the volumetric strain rate.

4. Correlation under triaxial loading is achieved by directly inputting the results of
hydrostatic testing in addition to the uniaxial data. Without this additional information
which is fully optional, triaxial response tends to be underestimated.

5. Several options are available to control unloading response in MAT_083:
1) HU=0and TBID>0

This is the old way. In this case the unloading response will follow the curve with the
lowest strain rate and is rate-independent. The curve with lowest strain rate value
(typically zero) in TBID should correspond to the unloading path of the material as
measured in a quasistatic test. The quasistatic loading path then corresponds to a realistic
(small) value of the strain rate.

¢

HU=0, TBID>0 ?
E> &> ¢, £,
¢

Current State

r/'/y.

Nominal Stress

Nominal Strain

2) HU=0and TBID<0

In this case the curve with lowest strain rate value (typically zero) in TBID must
correspond to the unloading path of the material as measured in a quasistatic test. The
quasistatic loading path then corresponds to a realistic (small) value of the strain rate. The
quasistatic loading and unloading path (thus the first two curves of the table) should form
a closed loop. The unloading response is given by a damage formulation for the principal
stresses as follows:
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u ?*1/dtu,

The damage parameter d is computed internally in such a way that the unloading path
under uniaxial tension and compression is fitted exactly in the simulation. The unloading
response is rate dependent in this case.

HU=0, TBID<0 3
53>é2>é1>é0 éZ
¢

Current State
-4

Nominal Stress

Nominal Strain

3) HU>0and TBID>0

No unloading curve should be provided in the table and the curve with the lowest strain
rate value in TBID should correspond to the loading path of the material as measured in a
quasistatic test. In this case the unloading response is given by a damage formulation for
the principal stresses as follows:

u, ?*1/d+tu,

A ~ A SHAPE Q

AW, 0
0

A 0
d?*1/HU AL/ j—2g
i max 0
where W corresponds to the current value of the hyperelastic energy per unit undeformed
volume. The unloading response is rate dependent in this case.
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A .
HU>0, TBID>0 &;

83> 82> €, £,

5

Current State

Nominal Stress

\ Unloading curve computed
internally based on HU and SHAPE

Nominal Strain
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*MAT_WINFRITH_CONCRETE

This is Material Type 84 and Material Type 85, only the former of which includes rate effects.
The Winfrith concrete model is a smeared crack (sometimes known as pseudo crack), smeared
rebar model, implemented in the 8-node single integration point continuum element. This model
was developed by Broadhouse and Neilson [1987], and Broadhouse [1995] over many years and
has been validated against experiments. The input documentation given here is taken directly
form the report by Broadhouse. The Fortran subroutines and quality assurance test problems
were also provided to LSTC by the Winfrith Technology Center. The rebar is defined in the
section: *MAT_WINFRITH_CONCRETE_REINFORCEMENT which follows.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO ™ PR ucCs UTS FE ASIZE
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable E YS EH UELONG RATE CONM CONL CONT
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable P1 P2 P3 P4 P5 P6 pP7 P8
Type F F F F F F F F
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VARIABLE

MID

RO

™

PR

UCS

UTS

FE

ASIZE

E

YS

EH

UELONG

RATE

CONM

CONL

CONT

DESCRIPTION

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

Mass density.

Initial tangent modulus of concrete.
Poisson's ratio.

Uniaxial compressive strength.
Uniaxial tensile strength.

Depends on value of RATE below.
RATE.EQ.O: Fracture energy (energy per unit area dissipated in
opening crack).
RATE.EQ.1: Crack width at which crack-normal tensile stress goes
to zero.

Aggregate size (radius).

Young's modulus of rebar.

Yield stress of rebar.

Hardening modulus of rebar

Ultimate elongation before rebar fails.

Rate effects: A
EQ.0.0: strain rate effects are included (mat 84 | may not conserve

energy).
EQ.1.0: strain rate effects are turned off (mat 85).

GT.0: Factor to convert model mass units to kg.

EQ.-1.: Mass, length, time units in model are Ibf*sec2/in, inch, sec.
EQ -2.: Mass, length, time units in model are g, cm, microsec.
EQ.-3.: Mass, length, time units in model are g, mm, msec.

EQ.-4.. Mass, length, time units in model are metric ton, mm, sec.
EQ.-5.: Mass, length, time units in model are kg, mm, msec.

If CONM.GT.0, factor to convert model length units to meters;
otherwise CONL is ignored.

If CONM.GT.0, factor to convert model time units to seconds; otherwise
CONT is ignored.
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VARIABLE DESCRIPTION
GRU3."GRU4."E Volumetric strain values (natural logarithmic values), see Remarks
below. A maximum of 8 values are allowed.
PL'R4.'E Pressures corresponding to volumetric strain values given on Card 3.
Remarks:

Pressure is positive in compression; volumetric strain is given by the natural log of the relative
volume and is negative in compression. The tabulated data are given in order of increasing
compression, with no initial zero point.

If the volume compaction curve is omitted, the following scaled curve is automatically used
where p, is the pressure at uniaxial compressive failure from:

u

2
Py 3

and K is the bulk unloading modulus computed from
o B
3*1/ 2v+

where E, is the input tangent modulus for concrete and v is Poisson's ratio.
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Volumetric Strain  Pressure

-p1/K 1.00xp1
-0.002 1.50xp1
-0.004 3.00xp1
-0.010 4.80xp1
-0.020 6.00xp1
-0.030 7.50xp1
-0.041 9.45xpq
-0.051 11.55xp1
-0.062 14.25xp1
-0.094 25.05xp1

Table 84-85.1 Default pressure versus volumetric strain curve for concrete
if the curve is not defined.

The Winfrith concrete model generates an additional binary output database containing
information on crack locations, directions, and widths. In order to generate the crack database,
the LS-DYNA execution line is modified by adding:

g=crf where crf is the name of the crack database (e.g., g=DYNCRCK).

LS-PrePost can display the cracks on the deformed mesh plots. To do so, read the d3plot
database into LS-PrePost and then select File > Open > Crack from the top menu bar. Or, open
the crack database by adding the following to the LS-PrePost execution line:

g=crf where crf is the name of the crack database (e.g., g=DYNCRCK).

By default, all the cracks in visible elements are shown. You can eliminate narrow cracks from
the display by setting a minimum crack width for displayed cracks. Do this by choosing Setting
> Concrete Crack Width. From the top menu bar of LS-PrePost, choosing Misc > Model Info
will reveal the number of cracked elements and the maximum crack width in a given plot state.
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*MAT_WINFRITH_CONCRETE_REINFORCEMENT

This is Material Type 84 rebar reinforcement. Reinforcement may be defined in specific groups
of elements, but it is usually more convenient to define a two-dimensional mat in a specified
layer of a specified material. Reinforcement quantity is defined as the ratio of the cross-sectional
area of steel relative to the cross-sectional area of concrete in the element (or layer). These cards

may follow either one of two formats below and may also be defined in any order.

Option 1 (Reinforcement quantities in element groups).

Card 1 1 2 3 4 5 6 8
Variable EID1 EID2 INC XR YR ZR
Type | I | F F F
Option 2 (Two dimensional layers by part ID).
Card 1 1 2 3 4 5 6 8
Variable PID AXIS COOR RQA RQB
Type blank I | F F F
VARIABLE DESCRIPTION
EID1 First element ID in group.
EID2 Last element ID in group
INC Element increment for generation.
XR X-reinforcement quantity (for bars running parallel to global x-axis).
YR Y-reinforcement quantity (for bars running parallel to global y-axis).
ZR Z-reinforcement quantity (for bars running parallel to global z-axis).
PID Part ID of reinforced elements.
AXIS Axis normal to layer.
EQ.1: A and B are parallel to global Y and Z, respectively.
EQ.2: A and B are parallel to global X and Z, respectively.
EQ.3: A and B are parallel to global X and Y, respectively.
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VARIABLE DESCRIPTION
COOR Coordinate location of layer (X-coordinate if AXIS.EQ.1; Y-coordinate
if AXIS.EQ.2; Z-coordinate if AXIS.EQ.3.
RQA Reinforcement quantity (A).
RQB Reinforcement quantity (B).
Remarks:
1. Reinforcement quantity is the ratio of area of reinforcement in an element to the element's

total cross-sectional area in a given direction. This definition is true for both Options 1
and 2. Where the options differ is in the manner in which it is decided which elements

are reinforced.

In Option 1, the reinforced element IDs are spelled out. In Option 2,

elements of part ID PID which are cut by a plane (layer) defined by AXIS and COOR are

reinforced.
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*MAT_ORTHOTROPIC_VISCOELASTIC

This is Material Type 86. It allows the definition of an orthotropic material with a viscoelastic
part. This model applies to shell elements.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO EA EB EC VF K

Type A8 F F F F F F

Card 2 1 2 3 4 5 6 7 8
Variable GO GINF BETA PRBA PRCA PRCB

Type F F F F F F

Card 3 1 2 3 4 5 6 7 8
Variable GAB GBC GCA AOPT MANGLE

Type F F F F F

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

Type F F F
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Card 5 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3
Type 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
EA [awpilu'"Ogfwmwu'Gy
EB [qwpilu"Ogfwmu'Gy
EC [aqwpilu'Ogfwmu'Ge
VF Volume fraction of viscoelastic material
K Elastic bulk modulus
GO Go, short-time shear modulus
GINF G, long-time shear modulus
BETA d."decay constant
PRBA Rokuugplu'tcwkg."pha"
PRCA RokuugpOu'tcwkg."pea
PRCB RokuugpOu'tewkq."peb
GAB Shear modulus, Gap
GBC Shear modulus, Gpc
GCA Shear modulus, G¢a
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VARIABLE

DESCRIPTION

AOPT

MANGLE

Al A2 A3
V1V2V3

D1 D2 D3

Remarks:

Material axes option (see MAT_OPTION TROPIC_ELASTIC for a
more complete description):
EQ.0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE _
NODES, and then rotated about the shell element normal by an angle
MANGLE.
EQ.2.0: globally orthotropic with material axes determined by
vectors defined below, as with *DEFINE_COORDINATE_
ECTOR.
EQ.3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle, MANGLE,
from a line in the plane of the element defined by the cross product
of the vector v with the element normal.
LT.0.0: the absolute value of AOPT is a coordinate system ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

Material angle in degrees for AOPT = 0 and 3, may be overridden on the
element card, see *ELEMENT_SHELL BETA.

Define components of vector a for AOPT = 2.
Define components of vector v for AOPT = 3.

Define components of vector d for AOPT = 2.

For the orthotropic definition it is referred to Material Type 2 and 21.
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*MAT_CELLULAR_RUBBER

*MAT_CELLULAR_RUBBER

This is Material Type 87. This material model provides a cellular rubber model with confined
air pressure combined with linear viscoelasticity as outlined by Christensen [1980]. See Figure
87.1.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO PR N
Type A8 F F |

Card 2 if N > 0, a least squares fit is computed from uniaxial data

Card 2 1 2 3 4 5 6 7 8
Variable SGL SwW ST LCID
Type F F F F
Card 2 if N = 0, define the following constants
Card 2 1 2 3 4 5 6 7 8
Variable C10 co1l C11 C20 C02
Type F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable PO PHI IVS G BETA
Type F F F F F

VARIABLE DESCRIPTION

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

characters must be specified.
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VARIABLE

RO

PR

Define, if N > 0:
SGL
SwW
ST

LCID

Define, if N =0:
C10
co1
cl1
C20
C02
PO
PHI

IVS

BETA

DESCRIPTION

Mass density

Rakuugplu" tevka." v{rkecn" xcnwgu" ctg" dgvyggp" 02" va' 040" Fwg" va' vjig" nctig
eqortguukdknk{" gh" ckt." nctig" xcnwgu' gh" Rgkuugplu' tcwkg' igpgtcvgu
physically meaningless results.

Order of fit (currently < 3). If n>0 then a least square fit is computed
with uniaxial data. The parameters given on card 2 should be specified.
Also see *MAT_MOONEY_RIVLIN_RUBBER (material model 27).
C"Rakuugpiutevkg'gh'07"ku"cuuwo g hat'vj g"xgkFhtgg twddgt" Fwtkp i "vj g kvl
The Poiuugpiu"tcvkg FghkpgF'gp" Ectf'3"ku"hqt"vj g"egmwnct" twddgt!"" C"xqkF
fraction formulation is used.

Specimen gauge length Ig
Specimen width
Specimen thickness

Load curve ID giving the force versus actual change FL in the gauge
length.

Coefficient, Cqg

Coefficient, Co1

Coefficient, C11

Coefficient, Cog

Coefficient, Cgo

Initial air pressure, Pg

Ratio of cellular rubber to rubber density, H

Initial volumetric strain, i,

Optional shear relaxation modulus, G, for rate effects (viscosity)

Optional decay constant, d;
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Remarks:

Rubber is generally considered to be fully incompressible since the bulk modulus greatly
exceeds the shear modulus in magnitude. To model the rubber as an unconstrained material a

hydrostatic work term, W,, *J+, is included in the strain energy functional which is function of
the relative volume, J, [Ogden 1984]:

A
W*3,3,,0t2 A C, %3, /73t°%], /73t W, *¥J4
p,q?0
/

‘]1 - |1|3 %
‘]2 - I?_Isl%

In order to prevent volumetric work from contributing to the hydrostatic work the first and
second invariants are modified as shown. This procedure is described in more detail by Sussman
and Bathe [1987].

The effects of confined air pressure in its overall response characteristics is included by
augmenting the stress state within the element by the air pressure.

sk air
u; ? Uy / fiju

air

where uﬁk is the bulk skeletal stress and " is the air pressure computed from the equation:

uair r) / p(-)i
1-7/h

where pog is the initial foam pressure usually taken as the atmospheric pressure and i defines the
volumetric strain

i?V/1- i,

where V is the relative volume of the voids and ig is the initial volumetric strain which is
typically zero. The rubber skeletal material is assumed to be incompressible.

Rate effects are taken into account through linear viscoelasticity by a convolution integral of the
form:

t
Uy 79 9

ijkt

/vt gy
ol 4

or in terms of the second Piola-Kirchhoff stress, S;, and Green's strain tensor, E; ,

ij !

S, 20 G_*t/vt-d gy
0 i L 374
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where g, *t/ vt and G, *t / vtare the relaxation functions for the different stress measures.
This stress is added to the stress tensor determined from the strain energy functional.

Since we wish to include only simple rate effects, the relaxation function is represented by one
term from the Prony series:

N
g*tt? ¢, - Ac,e’™

m?1

given by,
g*t+? E,e’™

This model is effectively a Maxwell fluid which consists of a damper and spring in series. We
characterize this in the input by a shear modulus, G, and decay constant, 4, .

The Mooney-Rivlin rubber model (model 27) is obtained by specifying n=1 without air pressure
and viscosity. In spite of the differences in formulations with Model 27, we find that the results
obtained with this model are nearly identical with those of material type 27 as long as large
xcnwgu'gh’Rakuugplu“tevkq ety wug

Rubber Block with Entrapped Air

- _ OOQ
) o =0

QOOOO
J@ (e

— > i &=

Figure 87.1.  Cellular rubber with entrapped air. By setting the initial air pressure to zero,
an open cell, cellular rubber can be simulated.
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*MAT_MTS

This is Material Type 88. The MTS model is due to Mauldin, Davidson, and Henninger [1990]
and is available for applications involving large strains, high pressures and strain rates. As
described in the foregoing reference, this model is based on dislocation mechanics and provides
a better understanding of the plastic deformation process for ductile materials by using an
internal state variable call the mechanical threshold stress. This kinematic quantity tracks the
gxanwkgp" gh' vjg"' ocvgtkenlu' oketquvtwenwtg' cngpi” uqog" ctdkvtct{" uvtckp." uvtckp" tcvg." cpf
temperature-dependent path using a differential form that balances dislocation generation and
recovery processes. Given a value for the mechanical threshold stress, the flow stress is
determined using either a thermal-activation-controlled or a drag-controlled Kkinetics relationship.
An equation-of-state is required for solid elements and a bulk modulus must be defined below
for shell elements.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO SIGA SIGI SIGS SIGO BULK

Type A8 F F F F F F

Card 2 1 2 3 4 5 6 7 8
Variable HFO HF1 HF2 SIGSO | EDOTSO | BURG | CAPA | BOLTZ
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable SMO SM1 SM2 EDOTO GO PINV QINV | EDOTI
Type F F F F F F F F

1-378 (MAT) LS-DYNA Version 971



*MAT_MTS *MAT _088

Card 4 1 2 3 4 5 6 7 8
Variable GOl PINVI QINVI EDOTS GO0S PINVS QINVS

Type F F F F F F F

Card 5 1 2 3 4 5 6 7 8

Variable RHOCPR | TEMPRF | ALPHA EPSO

Type F F

VARIABLE DESCRIPTION

MID Material identification. A unique number or label not exceeding 8
characters must be specified.

RO Mass density
SIGA 0, , dislocation interactions with long-range barriers (force/area).
SIGI o, , dislocation interactions with interstitial atoms (force/area).
SIGS o, dislocation interactions with solute atoms (force/area).
SIGO 0, , initial value of @ at zero plastic strain (force/area) NOT USED.
HFO a,, dislocation generation material constant (force/area).
HF1 a,, dislocation generation material constant (force/area).
HF2 a,, dislocation generation material constant (force/area).
SIGSO 4, , saturation threshold stress at 0° K (force/area).
BULK Bulk modulus defined for shell elements only. Do not input for solid
elements.
EDOTS0 9,5 reference strain-rate (time™).
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*MAT_MTS

VARIABLE

BURG
CAPA
BOLTZ

SMO

SM1

SM2

EDOTO

GO

PINV

QINV

EDOTI

GOl

PINVI

QINVI

EDOTS

GO0S

PINVS

DESCRIPTION

Magnitude of Burgers vector (interatomic slip distance), (distance)
Material constant, A.

Danv} ocpplu'eqpuvepy."m"*gpgt i {1fgitgg+)

G, , shear modulus at zero degrees Kelvin (force/area).

b,, shear modulus constant (force/area).

b,, shear modulus constant (degree).

g, , reference strain-rate (time™).

do, normalized activation energy for a dislocation/dislocation
interaction.

1 ]
— , material constant.
p

l, material constant.
q

g, reference strain-rate (time™).

do; » hormalized activation energy for a dislocation/interstitial
interaction.

i , material constant.
pi

i , material constant.
0;

9, » reference strain-rate (time™).

g, normalized activation energy for a dislocation/solute interaction.

1 ]
— , material constant.
Ps
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VARIABLE DESCRIPTION
QINVS i, material constant.
as
RHOCPR tc,, product of density and specific heat.
TEMPRF T, , initial element temperature in degrees K.
ALPHA c , material constant (typical value is between 0 and 2).
EPSO g, , factor to normalize strain rate in the calculation of S, . (time™).

Remarks:

The flow stress ¢ is given by:

u?a,- G—Esth“’ = S il = S U
0

The first product in the equation for v contains a micro-structure evolution variable, i.e., @,
called the Mechanical Threshold Stress (MTS), that is multiplied by a constant-structure
deformation variable s, :s,, is a function of absolute temperature T and the plastic strain-rates

g°. The evolution equation for @ is a differential hardening law representing dislocation-
dislocation interactions:

tanhAc—w 0

W W i1
» S El/—gSU
/A °E tanh*ct 8

E U

e () . . . . .
The term, _m;’ represents the hardening due to dislocation generation and the stress ratio, —,

.g gs
represents softening due to dislocation recovery. The threshold stress at zero strain-hardening

4, is called the saturation threshold stress. Relationships for S, @, are:

A

9

11
O

4P
o, |9

S, ?a,-aln
9o

I
OO

which contains the material constants, a,, a,, and a,. The constant, @, is given as:
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N ~KT /Gb3A
R
lggs ? wgso A=—0
Aggso 0
which contains the input constants: @, J,,, b, A, and k. The shear modulus G appearing in

these equations is assumed to be a function of temperature and is given by the correlation.
G?G, /b /"™ /1t

which contains the constants: G,, b, and b,. For thermal-activation controlled deformation s,
is evaluated via an Arrhenius rate equation of the form:

1
¢ b hg, 000
E Alengg‘;%@ H
S ? EL/ A Gb39 0y
E A 90 @ U
The absolute temperature is given as:
T?2T S
ic

where E is the internal energy density per unit initial volume.
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*MAT_PLASTICITY_POLYMER

This is Material Type 89. An elasto-plastic material with an arbitrary stress versus strain curve
and arbitrary strain rate dependency can be defined. It is intended for applications where the
elastic and plastic sections of the response are not as clearly distinguishable as they are for
metals. Rate dependency of failure strain is included. Many polymers show a more brittle
response at high rates of strain.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR

Type A8 F F F

Default none none none none

Card 2 1 2 3 4 5 6 7 8
Variable C P LCSS LCSR

Type F F F F

Default 0 0 0 0

Card 3 1 2 3 4 5 6 7 8
Variable EFTX DAMP | RATEFAC | LCFAIL

Type F F F F

Default 0 0 0 0

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

characters must be specified.
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*MAT_PLASTICITY_POLYMER

VARIABLE

RO
E

PR

LCSS

LCSR

EFTX

DAMP

RATEFAC

LCFAIL

Remarks:

DESCRIPTION

Mass density.

[qwpiOu"oqfwmwul

RakuugpOu"tevkap

Strain rate parameter, C, (Cowper Symonds).
Strain rate parameter, P, (Cowper Symonds).

Load curve ID or Table ID. Load curve ID defining effective stress
versus total effective strain. The table ID defines for each strain rate
value a load curve ID giving the stress versus total effective strain for
that rate.

Load curve ID defining strain rate scaling effect on yield stress. If LCSR
IS negative, the load curve is evaluated using a binary search for the
correct interval for the strain rate. The binary search is slower than the
default incremental search, but in cases where large changes in the strain
rate may occur over a single time step, it is more robust.

Failure flag.
EQ.0.0: failure determined by maximum tensile strain (default),
EQ.1.0: failure determined only by tensile strain in local x direction,
EQ.2.0: failure determined only by tensile strain in local y direction.

Stiffness-proportional damping ratio. Typical values are 1le-3 or 1le-4. If
set too high instabilities can result.

Filtering factor for strain rate effects. Must be between 0 (no filtering)
and 1 (infinite filtering). The filter is a simple low pass filter to remove
high frequency oscillation from the strain rates before they are used in
rate effect calculations. The cut off frequency of the filter is [(1 -
RATEFAC) / timestep] rad/sec.

Load curve ID giving variation of failure strain with strain rate. The
points on the x-axis should be natural log of strain rate, the y-axis should
be the true strain to failure. Typically this is measured by uniaxial
tensile test, and the strain values converted to true strain.

1. Unlike other LS-DYNA material models, both the input stress-strain curve and the strain to
failure are defined as total true strain, not plastic strain. The input can be defined from
uniaxial tensile tests; nominal stress and nominal strain from the tests must be converted to
true stress and true strain. The elastic component of strain must not be subtracted out.

1-384 (MAT)

LS-DYNA Version 971



*MAT_PLASTICITY_POLYMER *MAT_089

2.  The stress-strain curve is permitted to have sections steeper (i.e. stiffer) than the elastic
modulus. When these are encountered the elastic modulus is increased to prevent spurious
energy generation.

3. Sixty-four bit precision is recommended when using this material model, especially if the
strains become high.

4. Invariant shell numbering is recommended when using this material model. See
*CONTROL_ACCURACY.

5.  Fcocig'kp'vjg'ocvgtken'dgikpu"y jgp"vj g Phcknwtg uvtckpN'ku“tgce joF."gl."y jgp"gzvtc" jkuvgt{"
variable 8 reaches a value of 1.0. The element is then progressively softened via a damage
model until history variable 8 reaches a value of 1.1 at which point the element is deleted.
In other words, the element is deleted at 1.1 times the failure strain.
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*MAT_ACOUSTIC

*MAT_ACOUSTIC

This is Material Type 90. This model is appropriate for tracking low pressure stress waves in an
acoustic media such as air or water and can be used only with the acoustic pressure element
formulation. The acoustic pressure element requires only one unknown per node. This element
IS very cost effective. Optionally, cavitation can be allowed.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO C BETA CF ATMOS | GRAV
Type A8 F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable XP YP ZP XN YN ZN
Type 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
C Sound speed
BETA Damping factor. Recommend values are between 0.1 and 1.0.
CF Cavitation flag:
EQ.0.0: off,
EQ.1.0: on.
ATMOS Atmospheric pressure (optional)
GRAV Gravitational acceleration constant (optional)

XP x-coordinate of free surface point

YP y-coordinate of free surface point

ZP z-coordinate of free surface point

1-386 (MAT)

LS-DYNA Version 971



*MAT_ACOUSTIC

*MAT 090

VARIABLE DESCRIPTION
XN x-direction cosine of free surface normal vector
YN y-direction cosine of free surface normal vector
ZN z-direction cosine of free surface normal vector

LS-DYNA Version 971
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*MAT _SOFT_TISSUE_{OPTION}
Available options include:
<BLANK>
VISCO

This is Material Type 91 (OPTION=<BLANK>) or Material Type 92 (OPTION=VISCO). This
material is a transversely isotropic hyperelastic model for representing biological soft tissues
such as ligaments, tendons, and fascia. The representation provides an isotropic Mooney-Rivlin
matrix reinforced by fibers having a strain energy contribution with the qualitative material
behavior of collagen. The model has a viscoelasticity option which activates a six-term Prony
series kernel for the relaxation function. In this case, the hyperelastic strain energy represents
the elastic (long-time) response. See Weiss et al. [1996] and Puso and Weiss [1998] for
additional details. The material is available for use with brick and shell elements. When used
with shell elements, the Belytschko-Tsay formulation (#2) must be selected.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO C1 C2 C3 C4 C5

Type A8 F F F F F F

Card 2 1 2 3 4 5 6 7 8
Variable XK XLAM FANG XLAMO FAILSF FAILSM | FAILSHR

Type F F F F F F F

Card 3 1 2 3 4 5 6 7 8
Variable AOPT AX AY AZ BX BY BZ

Type F F F F F F F
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Card 4 1 2 3 4 5 6 7 8
Variable LAL LA2 LA3 MACF
Type F F F |
Define the following two cards only for the VISCO option:
Card 5 1 2 3 4 5 6 7 8
Variable s1 S2 S3 S4 S5 S6
Type F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable T1 T2 T3 T4 T5 T6
Type 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
C1-C5 Hyperelastic coefficients (see equations below)
XK Bulk Modulus
XLAM Stretch ratio at which fibers are straightened
FANG Fiber angle in local shell coordinate system (shells only)
XLAMO Initial fiber stretch (optional)
FAILSF Stretch ratio for ligament fibers at failure (applies to shell elements

only). If zero, failure is not considered.
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VARIABLE DESCRIPTION

FAILSM Stretch ratio for surrounding matrix material at failure (applies to shell
elements only). If zero, failure is not considered.

FAILSHR Shear strain at failure at a material point (applies to shell elements only).
If zero, failure is not considered. This failure value is independent of
FAILSF and FAILSM.

AOPT Material axes option, see Figure 2.1 (bricks only):
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 identical to the nodes used for the definition of a
coordinate system as by *DEFINE_COORDINATE_NODES.
EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center; this is the a-
direction. This option is for solid elements only.
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 a line in the
plane of the element defined by the cross product of the vector v
with the element normal. The plane of a solid element is the
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: locally 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 ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

AX, AY, AZ Equal to XP,YP,ZP for AOPT=1,
Equal to A1,A2,A3 for AOPT=2,
Equal to V1,V2,Vv3 for AOPT=3 or 4.

BX, BY, BZ Equal to D1,D2,D3 for AOPT=2
Equal to XP,YP,ZP for AOPT=4

LAX, LAY, LAZ Local fiber orientation vector (bricks only)
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VARIABLE DESCRIPTION

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

T1-T6 Characteristic times for Prony series relaxation kernel
(OPTION=VISCO)

Remarks:

The overall strain energy W is "uncoupled" and includes two isotropic deviatoric matrix terms, a
fiber term F, and a bulk term:

W ?clgflm%-cz%l}/s%- F*n+—%K§In*J+Uz

Here, I, and T, are the deviatoric invariants of the right Cauchy deformation tensor, 77 is the

deviatoric part of the stretch along the current fiber direction, and J ? detF is the volume ratio.
The material coefficients C; and C, are the Mooney-Rivlin coefficients, while K is the effective
bulk modulus of the material (input parameter XK).

The derivatives of the fiber term F are defined to capture the behavior of crimped collagen. The
fibers are assumed to be unable to resist compressive loading - thus the model is isotropic when
n>1. An exponential function describes the straightening of the fibers, while a linear function
describes the behavior of the fibers once they are straightened past a critical fiber stretch level
ntn (input parameter XLAM):

E 0 n>1 U
% ? E%Eexp*ql*n/lH/lU n>n LE
° | |
I i*C,n-Cyt ntnm I
1 n 5 6 ‘!’

Coefficients C,, C,, and C, must be defined by the user. C, is determined by LS-DYNA to
ensure stress continuity at 77 ? /7. Sample values for the material coefficients C, /C, and n for

ligament tissue can be found in Quapp and Weiss [1998]. The bulk modulus K should be at
least 3 orders of magnitude larger than C, to ensure near-incompressible material behavior.

Viscoelasticity is included via a convolution integral representation for the time-dependent
second Piola-Kirchoff stress S°C,t+:
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o\
C*st

ds

t
S*C,t+?S°*C+-)2G*t/ st
0

Here, S° is the elastic part of the second PK stress as derived from the strain energy, and G* / st
is the reduced relaxation function, represented by a Prony series:

O

o A At
Gt+?ASiexpﬁ

i?1

OO

t
Ti

Puso and Weiss [1998] describe a graphical method to fit the Prony series coefficients to
relaxation data that approximates the behavior of the continuous relaxation function proposed by
Y-C. Fung, as quasilinear viscoelasticity.

Remarks on Input Parameters:

Cards 1 through 4 must be included for both shell and brick elements, although for shells cards 3
and 4 are ignored and may be blank lines.

For shell elements, the fiber direction lies in the plane of the element. The local axis is defined
by a vector between nodes nl and n2, and the fiber direction may be offset from this axis by an
angle FANG.

For brick elements, the local coordinate system is defined using the convention described
previously for *MAT_ORTHOTROPIC_ELASTIC. The fiber direction is oriented in the local
system using input parameters LAX, LAY, and LAZ. By default, (LAX,LAY,LAZ) = (1,0,0)
and the fiber is aligned with the local x-direction.

An optional initial fiber stretch can be specified using XLAMO. The initial stretch is applied
during the first time step. This creates preload in the model as soft tissue contacts and
equilibrium is established. For example, a ligament tissue "uncrimping strain™ of 3% can be
represented with initial stretch value of 1.03.

If the VISCO option is selected, at least one Prony series term (S1,T1) must be defined.
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*MAT 093

*MAT_ELASTIC_6DOF_SPRING_DISCRETE_BEAM

This is Material Type 93. This material model is defined for simulating the effects of nonlinear
elastic and nonlinear viscous beams by using six springs each acting about one of the six local
degrees-of-freedom.  The input consists of part ID's that reference material type,
*MAT_ELASTIC_SPRING_DISCRETE_BEAM above (type 74 above). Generally, these
referenced parts are used only for the definition of this material model and are not referenced by
any elements. The two nodes defining a beam may be coincident to give a zero length beam, or
offset to give a finite length beam. For finite length discrete beams the absolute value of the
variable SCOOR in the SECTION_BEAM input should be set to a value of 2.0, which causes the
local r-axis to be aligned along the two nodes of the beam to give physically correct behavior.
The distance between the nodes of a beam should not affect the behavior of this material model.
A triad is used to orient the beam for the directional springs.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO TPIDR TPIDS TPIDT RPIDR RPIDS RPIDT
Type A8 F | | | | | |
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.

RO Mass density, see also volume in *SECTION_BEAM definition.

TPIDR Translational motion in the local r-direction is governed by part ID
TPIDR. If zero, no force is computed in this direction.

TPIDS Translational motion in the local s-direction is governed by part ID
TPIDS. If zero, no force is computed in this direction.

TPIDT Translational motion in the local t-direction is governed by part ID
TPIDT. If zero, no force is computed in this direction.

RPIDR Rotational motion about the local r-axis is governed by part ID RPIDR. If
zero, no moment is computed about this axis.

RPIDS Rotational motion about the local s-axis is governed by part ID RPIDS. If
zero, no moment is computed about this axis.

RPIDT Rotational motion about the local t-axis is governed by part ID RPIDT. If

zero, no moment is computed about this axis.
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*MAT_INELASTIC_SPRING_DISCRETE_BEAM

*MAT_INELASTIC_SPRING_DISCRETE_BEAM

This is Material Type 94. This model permits elastoplastic springs with damping to be
represented with a discrete beam element type 6. A yield force versus deflection curve is used
which can vary in tension and compression.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO K FO D CDF TDF
Type A8 F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable FLCID HLCID C1 c2 DLE GLCID
Type 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, see also volume in *SECTION_BEAM definition.

K Elastic loading/unloading stiffness. This is required input.

FO Optional initial force. This option is inactive if this material is
referenced in a part referenced by material type *MAT _INELASTIC _
6DOF_SPRING

D Optional viscous damping coefficient.

CDF Compressive displacement at failure. Input as a positive number. After
failure, no forces are carried. This option does not apply to zero length
springs.

EQ.0.0: inactive.
TDF Tensile displacement at failure. After failure, no forces are carried.

EQ.0.0: inactive.
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VARIABLE

DESCRIPTION

FLCID

HLCID

C1
C2
DLE

GLCID

Remarks:

Load curve ID, see *DEFINE_CURVE, defining the yield force versus
plastic deflection. If the origin of the curve is at (0,0) the force
magnitude is identical in tension and compression, i.e., only the sign
changes. If not, the yield stress in the compression is used when the
spring force is negative. The plastic displacement increases
monotonically in this implementation. The load curve is required input.

Load curve ID, see *DEFINE_CURVE, defining force versus relative
velocity (Optional). If the origin of the curve is at (0,0) the force
magnitude is identical for a given magnitude of the relative velocity, i.e.,
only the sign changes.

Damping coefficient.
Damping coefficient
Factor to scale time units.

Optional load curve ID, see *DEFINE_CURVE, defining a scale factor
versus deflection for load curve ID, HLCID. If zero, a scale factor of
unity is assumed.

The yield force is taken from the load curve:

FY r) Fy * FLpIastiC+

where L”** is the plastic deflection. A trial force is computed as:

F' 2 F" - KFL*Ft+

and is checked against the yield force to determine F:

- E!:Y if ET @:Y
CIFTifFT~F

The final force, which includes rate effects and damping, is given by:

¢
F”l’7F©El CLOFL - CZUsgn*FLHnAmaXEl

A 0
; ‘ ‘EOU DFL - g*FL+h*FL+
T DLEyg
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Unless the origin of the curve starts at (0,0), the negative part of the curve is used when the
spring force is negative where the negative of the plastic displacement is used to interpolate, F,.

The positive part of the curve is used whenever the force is positive. In these equations, FL is
the change in length

FL ? current length / initial length

The cross sectional area is defined on the section card for the discrete beam elements, See
*SECTION_BEAM. The square root of this area is used as the contact thickness offset if these
elements are included in the contact treatment.
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*MAT 095

*MAT_INELASTIC_6DOF_SPRING_DISCRETE_BEAM

This is Material Type 95. This material model is defined for simulating the effects of nonlinear
inelastic and nonlinear viscous beams by using six springs each acting about one of the six local
degrees-of-freedom. The input consists of part ID's that reference material type, *MAT _
INELASTIC_SPRING_DISCRETE_BEAM above (type 94). Generally, these referenced parts
are used only for the definition of this material model and are not referenced by any elements.
The two nodes defining a beam may be coincident to give a zero length beam, or offset to give a
finite length beam. For finite length discrete beams the absolute value of the variable SCOOR in
the SECTION_BEAM input should be set to a value of 2.0, which causes the local r-axis to be
aligned along the two nodes of the beam to give physically correct behavior. The distance
between the nodes of a beam should not affect the behavior of this material model. A triad must
be used to orient the beam for zero length beams.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO TPIDR TPIDS TPIDT RPIDR RPIDS RPIDT
Type A8 F | | | | | |
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.

RO Mass density, see also volume in *SECTION_BEAM definition.

TPIDR Translational motion in the local r-direction is governed by part 1D
TPIDR. If zero, no force is computed in this direction.

TPIDS Translational motion in the local s-direction is governed by part ID
TPIDS. If zero, no force is computed in this direction.

TPIDT Translational motion in the local t-direction is governed by part ID
TPIDT. If zero, no force is computed in this direction.

RPIDR Rotational motion about the local r-axis is governed by part ID RPIDR. If
zero, no moment is computed about this axis.

RPIDS Rotational motion about the local s-axis is governed by part ID RPIDS. If
zero, no moment is computed about this axis.

RPIDT Rotational motion about the local t-axis is governed by part ID RPIDT. If

zero, no moment is computed about this axis.
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*MAT_BRITTLE_DAMAGE

This is Material Type 96.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR TLIMIT | SLIMIT | FTOUGH | SRETEN
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable VISC FRA_RF E_RF YS_RF EH_RF FS_RF SIGY
Type 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.
E Young's modulus.
PR Poisson's ratio.
TLIMIT Tensile limit.
SLIMIT Shear limit.
FTOUGH Fracture toughness.
SRETEN Shear retention.
VISC Viscosity.
FRA_RF Fraction of reinforcement in section.
E RF Young's modulus of reinforcement.
YS_RF Yield stress of reinforcement.
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VARIABLE DESCRIPTION
EH_RF Hardening modulus of reinforcement.
FS_RF Failure strain (true) of reinforcement.
SIGY Compressive yield stress.

EQ.0: no compressive yield

Remarks:

A full description of the tensile and shear damage parts of this material model is given in
Govindjee, Kay and Simo [1994,1995]. It is an anisotropic brittle damage model designed
primarily for concrete though it can be applied to a wide variety of brittle materials. It admits
progressive degradation of tensile and shear strengths across smeared cracks that are initiated
under tensile loadings. Compressive failure is governed by a simplistic J2 flow correction that
can be disabled if not desired. Damage is handled by treating the rank 4 elastic stiffness tensor as
an evolving internal variable for the material. Softening induced mesh dependencies are handled
by a characteristic length method [Oliver 1989].

Description of properties:

1.

2.

E is the Young's modulus of the undamaged material also known as the virgin modulus.

w is the Poisson’s ratio of the undamaged material also known as the virgin Poisson's
ratio.

f, is the initial principal tensile strength (stress) of the material. Once this stress has

n
been reached at a point in the body a smeared crack is initiated there with a normal that is
co-linear with the 1st principal direction. Once initiated, the crack is fixed at that
location, though it will convect with the motion of the body. As the loading progresses
the allowed tensile traction normal to the crack plane is progressively degraded to a small
machine dependent constant.

The degradation is implemented by reducing the material's modulus normal to the
smeared crack plane according to a maximum dissipation law that incorporates
exponential softening. The restriction on the normal tractions is given by

A ?*n: nt:o—f, -*1/gtf *1/exp]/Hc t~0

where n is the smeared crack normal, ¢ is the small constant, H is the softening
modulus, and ¢ is an internal variable. H is set automatically by the program; see g,
below. ¢ measures the crack field intensity and is output in the equivalent plastic strain
field, g”, in a normalized fashion.

The evolution of alpha is governed by a maximum dissipation argument. When the
normalized value reaches unity it means that the material's strength has been reduced to
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2% of its original value in the normal and parallel directions to the smeared crack. Note
that for plotting purposes it is never output greater than 5.

4, f. is the initial shear traction that may be transmitted across a smeared crack plane. The

S

shear traction is limited to be less than or equal to f, *1/ d+*1/ exp]/H c t, through the

use of two orthogonal shear damage surfaces. Note that the shear degradation is coupled
to the tensile degradation through the internal variable alpha which measures the intensity
of the crack field. d is the shear retention factor defined below. The shear degradation is
taken care of by reducing the material's shear stiffness parallel to the smeared crack
plane.

5. g. Is the fracture toughness of the material. It should be entered as fracture energy per

unit area crack advance. Once entered the softening modulus is automatically calculated
based on element and crack geometries.

6. d is the shear retention factor. As the damage progresses the shear tractions allowed
across the smeared crack plane asymptote to the product df. .

7. _J represents the viscosity of the material. Viscous behavior is implemented as a simple
Perzyna regularization method. This allows for the inclusion of first order rate effects.
The use of some viscosity is recommend as it serves as regularizing parameter that
increases the stability of calculations.

8. U, is a uniaxial compressive yield stress. A check on compressive stresses is made using

the J2 yield function s:s#\/guy ~0, where s is the stress deviator. If violated, a J2

return mapping correction is executed. This check is executed when (1) no damage has
taken place at an integration point yet, (2) when damage has taken place at a point but
the crack is currently closed, and (3) during active damage after the damage integration
(i.e. as an operator split). Note that if the crack is open the plasticity correction is done in
the plane-stress subspace of the crack plane.

A variety of experimental data has been replicated using this model from quasi-static to
explosive situations. Reasonable properties for a standard grade concrete would be E=3.15x10"6
psi, f,=450 psi, f =2100 psi, p =0.2, g, = 0.8 Ibs/in, d =0.03, s = 0.0 psi-sec, v, = 4200 psi.
For stability, values of g between 104 to 106 psi/sec are recommended. Our limited experience
thus far has shown that many problems require nonzero values of g to run to avoid error
terminations.

Various other internal variables such as crack orientations and degraded stiffness tensors are
internally calculated but currently not available for output.
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*MAT_GENERAL_JOINT_DISCRETE_BEAM

This is Material Type 97. This model is used to define a general joint constraining any
combination of degrees of freedom between two nodes. The nodes may belong to rigid or
deformable bodies. In most applications the end nodes of the beam are coincident and the local
coordinate system (r,s,t axes) is defined by CID (see *SECTION_BEAM).

Card 1 1 2 3 4 5 6 7 8
Variable MID RO TR TS TT RR RS RT
Type A8 F I I | I I
Remarks 1
Card 2 1 2 3 4 5 6 7 8
Variable RPST RPSR
Type F F
Remarks 2

VARIABLE DESCRIPTION

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

characters must be specified.
RO Mass density, see also volume in *SECTION_BEAM definition.

TR Translational constraint code along the r-axis (0 => free, 1 =>
constrained)

TS Translational constraint code along the s-axis (0 => free, 1 =>
constrained)

TT Translational constraint code along the t-axis (0 => free, 1
=>constrained)

RR Rotational constraint code about the r-axis (0 => free, 1 => constrained)
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*MAT_GENERAL_JOINT DISCRETE_BEAM

VARIABLE

RS
RT
RPST

RPSR

Remarks:

DESCRIPTION

Rotational constraint code about the s-axis (0 => free, 1 => constrained)
Rotational constraint code about the t-axis (0 => free, 1 => constrained)
Penalty stiffness scale factor for translational constraints.

Penalty stiffness scale factor for rotational constraints.

1. For explicit calculations, the additional stiffness due to this joint may require addition mass
and inertia for stability. Mass and rotary inertia for this beam element is based on the
defined mass density, the volume, and the mass moment of inertia defined in the
*SECTION_BEAM input.

2. The penalty stiffness applies to explicit calculations. For implicit calculations, constraint
equations are generated and imposed on the system equations; therefore, these constants,
RPST and RPSR, are not used.
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*MAT_SIMPLIFIED_JOHNSON_COOK

This is Material Type 98. The Johnson/Cook strain sensitive plasticity is used for problems
where the strain rates vary over a large range. In this simplified model, thermal effects and
damage are ignored, and the maximum stress is directly limited since thermal softening which is
very significant in reducing the yield stress under adiabatic loading is not available. An iterative
plane stress update is used for the shell elements, but due to the simplifications related to thermal
softening and damage, this model is 50% faster than the full Johnson/Cook implementation. To
compensate for the lack of thermal softening, limiting stress values are used to keep the stresses
within reasonable limits. A resultant formulation for the Belytschko-Tsay, the CO Triangle, and
the fully integrated type 16 shell elements is activated by specifying either zero or one through
thickness integration point on the *SHELL_SECTION card. This latter option is less accurate
than through thickness integration but is somewhat faster. Since the stresses are not computed in
the resultant formulation, the stress output to the databases for the resultant elements are zero.
This model is also available for the Hughes-Liu beam, the Belytschko-Schwer beam, and the
truss element. For the resultant beam formulation, the rate effects are approximated by the axial
rate since the thickness of the beam about it bending axes is unknown. The linear bulk modulus
is used to determine the pressure in the elements, since the use of this model is primarily for
structural analysis.

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 A B N C PSFAIL | SIGMAX | SIGSAT | EPSO
Type F F F F F F F F
Default none 0.0 0.0 0.0 1.0E+17 | SIGSAT | 1.0E+28 1.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.
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VARIABLE DESCRIPTION
RO Mass density
E [qwpilu"oqfwmwu
PR Rakuugplu“tcvk
VP Formulation for rate effects:

EQ.0.0: Scale yield stress (default),

EQ.1.0: Viscoplastic formulation.
This option applies only to the 4-node shell and 8-node thick shell if and
only if through thickness integration is used.

A See equations below.

B See equations below.

N See equations below.

C See equations below.
PSFAIL Effective plastic strain at failure. If zero failure is not considered.
SIGMAX Maximum stress obtainable from work hardening before rate effects are

added (optional). This option is ignored if VP=1.0

SIGSAT Saturation stress which limits the maximum value of effective stress
which can develop after rate effects are added (optional).

EPSO Quasi-static threshold strain rate. See description under *MAT _015.

Remarks:

Johnson and Cook express the flow stress as

u?*n-B7" +§~'1—c |ng‘*§

where

A, B, C and n are input constants
g" effective plastic strain

g

g,? normalized effective strain rate
EPSO

The maximum stress is limited by sigmax and sigsat by:
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u,? minEmin EA— B7" ,sigmaxag'l— clng*§, sigsatH
| Y

Failure occurs when the effective plastic strain exceeds psfail.

If the viscoplastic option is active, VP=1.0, the parameters SIGMAX and SIGSAT are ignored
since these parameters make convergence of the viscoplastic strain iteration loop difficult to
achieve. The viscoplastic option replaces the plastic strain in the forgoing equations by the
viscoplastic strain and the strain rate by the viscoplastic strain rate. Numerical noise is
substantially reduced by the viscoplastic formulation.
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*MAT_SIMPLIFIED_JOHNSON_COOK_ORTHOTROPIC_DAMAGE

This is Material Type 99. This model, which is implemented with multiple through thickness
integration points, is an extension of model 98 to include orthotropic damage as a means of
treating failure in aluminum panels. Directional damage begins after a defined failure strain is
reached in tension and continues to evolve until a tensile rupture strain is reached in either one of
the two orthogonal directions. After rupture is detected at NUMINT integration points, the
element is deleted.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR VP EPPFR LCDM | NUMINT
Type A8 F F F F F | |
Default none none none none 0.0 1l.e+16 optional | all intg. pt
Card 2 1 2 3 4 5 6 7 8
Variable A B N C PSFAIL | SIGMAX | SIGSAT EPSO
Type F F F F F F F F
Default none 0.0 0.0 0.0 1.0E+17 | SIGSAT | 1.0E+28 1.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.

RO Mass density

E [qwpilu"oqfwmwu

PR Rakuugplu“tcvkg

VP Formulation for rate effects:

EQ.0.0: Scale yield stress (default),

EQ.1.0: Viscoplastic formulation.
This option applies only to the 4-node shell and 8-node thick shell if and
only if through thickness integration is used.
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VARIABLE DESCRIPTION
EPPFR Plastic strain at which material ruptures (logarithmic).
LCDM Load curve ID defining nonlinear damage curve. See Figure 81-82.2.
NUMINT Number of through thickness integration points which must fail before

the element is deleted. (If zero, all points must fail.) The default of all
integration points is not recommended since elements undergoing large
strain are often not deleted due to nodal fiber rotations which limit
Ostrains 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.

A See equations below.

B See equations below.

N See equations below.

C See equations below.
PSFAIL Principal plastic strain at failure. If zero failure is not considered.
SIGMAX Maximum stress obtainable from work hardening before rate effects are

added (optional). This option is ignored if VP=1.0

SIGSAT Saturation stress which limits the maximum value of effective stress
which can develop after rate effects are added (optional).

EPSO Quasi-static threshold strain rate. See description under *MAT_015.

Remarks:

See the description for the SIMPLIFIED_JOHNSON_COOK model above.
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*MAT_SPOTWELD_{OPTION}

This is Material Type 100. The material model applies to beam element type 9 and to solid
element type 1 with type 6 hourglass controls. The failure models apply to both beam and solid
elements.

The beam elements, based on the Hughes-Liu beam formulation, may be placed between any two
deformable shell surfaces and tied with constraint contact, *CONTACT_SPOTWELD, which
eliminates the need to have adjacent nodes at spot weld locations. Beam spot welds may be
placed between rigid bodies and rigid/deformable bodies by making the node on one end of the
spot weld a rigid body node which can be an extra node for the rigid body, see
*CONSTRAINED_EXTRA_NODES_OPTION. In the same way rigid bodies may also be tied
together with this spot weld option. This weld option should not be used with rigid body
switching. The foregoing advice is valid if solid element spot welds are used; however, since
the solid elements have just three  degrees-of-freedom at each  node,
*CONTACT _TIED_SURFACE_TO_SURFACE must be used instead of
*CONTACT_SPOTWELD.

In flat topologies the shell elements have an unconstrained drilling degree-of-freedom which
prevents torsional forces from being transmitted. If the torsional forces are deemed to be
important, brick elements should be used to model the spot welds.

Beam and solid element force resultants for MAT_SPOTWELD are written to the spot weld
force file, SWFORC, and the file for element stresses and resultants for designated elements,
ELOUT.

It is advisable to include all spot welds, which provide the slave nodes, and spot welded
materials, which define the master segments, within a single *CONTACT_SPOTWELD
interface for beam element spot welds or a *CONTACT_TIED _SURFACE_TO_
SURFACE interface for solid element spot welds. As a constraint method these interfaces are
treated independently which can lead to significant problems if such interfaces share common
nodal points. An added benefit is that memory usage can be substantially less with a single
interface.

Available options include:
<BLANK>
DAMAGE-FAILURE

The DAMAGE-FAILURE option causes one additional line to be read with the damage
parameter and a flag that determines how failure is computed from the resultants. On this line
the parameter, RS, if nonzero, invokes damage mechanics combined with the plasticity model to
achieve a smooth drop off of the resultant forces prior to the removal of the spot weld. The
parameter OPT determines the method used in computing resultant based failure, which is
unrelated to damage.
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*MAT_100

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ET DT TFAIL
Type A8 F F F F F F F

Define this card as Card 2 when the DAMAGE-FAILURE option is inactive. Card 3 is

not defined

Card 2 1 2 3 4 5 6 7 8
Variable EFAIL NRR NRS NRT MRR MSS MTT NF
Type F F F F F F F F
OPT=-1.0 and 0.0, Resultant based failure.

Define cards 2 and 3 below if the DAMAGE-FAILURE option is active.

Card 2 1 2 3 4 5 6 7 8
Variable EFAIL NRR NRS NRT MRR MSS MTT NF
Type F F F F F F F F
OPT=1.0,.Stress based failure.

Card 2 1 2 3 4 5 6 7 8
Variable EFAIL SIGAX | SIGTAU NF
Type F F F F
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*MAT_SPOTWELD

OPT=1.0, Stress based failure if strain rate effects are included

Card 2 1 2 3 4 5 6 7 8

Variable EFAIL -LCAX | -LCTAU NF
Type F F F F

OPT=2.0, User subroutine for failure

Card 2 1 2 3 4 5 6 7 8

Variable EFAIL | USERV1 | USERV2 | USERV3 | USERV4 | USERV5 | USERV6 NF
Type F F F F F F F F

OPT=3.0,4.0

Card 2 1 2 3 4 5 6 7 8

Variable EFAIL ZD zZT ZALP1 ZALP2 | ZALP3 | ZRRAD NF
Type F F F F F F F F

OPT=5.0

Card 2 1 2 3 4 5 6 7 8

Variable EFAIL ZD zZT ZT2

Type F F F F
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*MAT_100

OPT=6.0, 7.0, and 9.0

Card 2 1 2 3 4 5 6 7 8
Variable EFAIL NF
Type F F

Card 3 is defined only for the DAMAGE-FAILURE option.

Card 3 1 2 3 4 5 6 7 8
Variable RS OPT FVAL | TRUE_T | ASFF BETA DMGOPT
Type 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
E [qwpiOu'ogfwmwu
PR Rakuugplu‘tcvk

SIGY SIGY.GT.0: Initial yield stress.

SIGY.LT.0: Avyield curve or table is assigned by |SIGY]|. This option is
available for beams and starting with release 971 R5.

ET Hardening modulus, Et

DT Time step size for mass scaling, Ft

TFAIL Failure time if nonzero. If zero this option is ignored.

EFAIL Effective plastic strain in weld material at failure. If the damage option is
inactive, the spot weld element is deleted when the plastic strain at each
integration point exceeds EFAIL. If the damage option is active, the plastic
strain must exceed the rupture strain at each integration point before deletion
occurs.

NRR Axial force resultant N, or maximum axial stress v, at failure depending
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VARIABLE DESCRIPTION

on the value of OPT (see below). If zero, failure due to this component is
not considered. If negative, |[NRR| is the load curve ID defining the
maximum axial stress at failure as a function of the effective strain rate.

NRS Force resultant N, or maximum shear stress v~ at failure depending on the

value of OPT (see below). If zero, failure due to this component is not
considered. If negative, INRS| is the load curve ID defining the maximum
shear stress at failure as a function of the effective strain rate.

NRT Force resultant N at failure. If zero, failure due to this component is not
considered.
MRR Torsional moment resultant M, at failure. If zero, failure due to this

component is not considered.

MSS Moment resultant M at failure. If zero, failure due to this component is
not considered.

MTT Moment resultant M, at failure. If zero, failure due to this component is
not considered.

NF Number of force vectors stored for filtering. The default value is set to zero
which is generally recommended unless oscillatory resultant forces are
observed in the time history databases. Even though these welds should not
oscillate significantly, this option was added for consistency with the other
spot weld options. NF affects the storage since it is necessary to store the
resultant forces as history variables. When NF is nonzero, the resultants in
the output databases are filtered. NF cannot exceed 30.

. . F . . . .
SIGAX Maximum axial stress U,, at failure. If zero, failure due to this component is
not considered.
SIGTAU Maximum shear stress v© at failure. If zero, failure due to this component is
not considered.
LCAX Load curve ID defining the maximum axial stress at failure as a function of
the effective strain rate. Input as a negative number.
LCTAU Load curve ID defining the maximum shear stress at failure as a function of
the effective strain rate. Input as a negative number.
USERVn Failure constants for user failure subroutine, n=1,2,...6.
ZD Notch diameter
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VARIABLE DESCRIPTION
zZT Sheet thickness.
ZALP1 Correction factor alphal
ZALP2 Correction factor alpha2
ZALP3 Correction factor alpha3
ZRRAD Notch root radius (OPT=3.0 only).
ZT2 Second sheet thickness (OPT = 5.0 only)
RS Rupture strain. Define if and only if damage is active.
OPT Failure option:

EQ.-2: same as option 11 but in addition, the peak value of the failure
criteria and the time it occurs is stored and is written into the SWFORC
database. This information may be necessary since the instantaneous
values written at specified time intervals may miss the peaks. Additional
storage is allocated to store this information.

EQ.-1: resultant based failure criteria, FC, is computed based on the
force and moment resultants and is written into the SWFORC file.
Failure is not allowed. This allows easy identification of vulnerable spot
welds in the post-processing. Failure is likely to occur if FC >1.0. Only
the terms where the corresponding failure resultant is nonzero are
included when FC is calculated. This option applies to both solid and
beam elements.

A2 ~ A2 ~ A2 ~ A2 ~ 22

Amax*N,, 00" AN, 0 AN, 00 Awm 00 Awm 00 Awm, 0
FC?J@ T (T B (o TV B TV B TV

0

EQ. 0: resultant based failure

EQ. 1: stress based failure computed from resultants (Toyota)

EQ. 2: user subroutine uweldfail to determine failure

EQ. 3: notch stress based failure (beam weld only)

EQ. 4: stress intensity factor at failure (beam weld only)

EQ. 5: structural stress at failure (beam weld only).

EQ. 6: stress based failure computed from resultants (Toyota). In this
option a shell strain rate dependent failure model is used (beam weld
only). The static failure stresses are defined by part ID using the input
given in the keyword definition *DEFINE_SPOTWELD_
RUPTURE_STRESS input.

EQ. 7: stress based failure for solid elements (Toyota) with peak stresses
computed from resultants, and strength values input for pairs of parts, see
*DEFINE_SPOTWELD_FAILURE_RESULTANTS. Strain rate effects
are optional.
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VARIABLE DESCRIPTION

EQ. 8: Not used.

EQ. 9: Stress based failure from resultants (Toyota). In this option a shell
strain rate dependent failure model is used (beam weld only). The static
failure stresses are defined by part ID using the input given in the
keyword definition *DEFINE_SPOTWELD _
RUPTURE_PARAMETER input.

OPT EQ. 12. user subroutine uweldfaill2 with 22 material constants to
determine damage and failure.
EQ. 22. user subroutine uweldfail22 with 22 material constants to
determine failure.

FVAL Failure parameter. If OPT:
EQ.-2: Not used.
EQ.-1: Not used.
EQ. 0: Not used.
EQ. 1: Not used.
EQ. 2: Not used.
EQ. 3: Notch stress value at failure (Ukg).
EQ. 4: Stress intensity factor value at failure (Kege).
EQ. 5: Structural stress value at failure (usg).
EQ. 6: Number of cycles that failure condition must be met to trigger
beam deletion.
EQ. 7: Not used.
EQ. 9: Number of cycles that failure condition must be met to trigger
beam deletion.

TRUE_T True weld thickness. This optional value is available for solid element
failure by OPT=0,1,7, -1 or 12. TRUE_T is used to reduce the moment
contribution to the failure calculation from artificially thick weld elements so
shear failure can be modeled more accurately. See comments under the
remarks for *MAT_SPOTWELD_DAIMLER CHRYSLER

ASFF Weld assembly simultaneous failure flag
EQ. 0: Damaged elements fail individually.
EQ. 1: Damaged elements fail when first reaches failure criterion.

BETA Damage model decay rate.

DMGOPT Damage option flag. If DMGOPT:
EQ. 0: Plastic strain based damage.
EQ. 1: Plastic strain based damage with post damage stress limit
EQ. 2: Time based damage with post damage stress limit
EQ. 10: Like DMGOPT=0, but failure option will initiate damage
EQ. 11: Like DMGOPT=1, but failure option will initiate damage
EQ. 12: Like DMGOPT=2, but failure option will initiate damage

1-414 (MAT) LS-DYNA Version 971



*MAT_SPOTWELD *MAT 100

Remarks:

The weld material is modeled with isotropic hardening plasticity coupled to failure models.
EFAIL specifies a failure strain which fails each integration point in the spot weld
independently. The resultant-based failure model fails the entire weld if the resultants are
outside of the failure surface defined by:

72 ~ A2 ~ A2 ~ A2
AmaxN,o+ AN, 0 AN O Am 0O AM
1) _ rt _ M r _ /1 f; 0
ﬁ B ow i B e B e T
where the numerators in the equation are the resultants calculated in the local coordinates of the
cross section, and the denominators are the values specified in the input. If NF is nonzero the
resultants are filtered before failure is checked. The stress based failure model (OPT=1), which

was developed by Toyota Motor Corporation and is based on the peak axial and transverse shear
stresses, fails the entire weld if the stresses are outside of the failure surface defined by

Au 0 __” I/O
AUFO ﬁv 8 /1?0

If strain rates are considered then the failure criteria becomes:

A2

A LA
i .

U geff+§

where v *g,. + and v" *g 4 are defined by load curves LCAX and LCTAU. The peak stresses
are calculated from the resultants using simple beam theory.

2z
where the area and section modulus are given by:

2
A’Prd—
4

3
Z’)rd—
32

and d is the equivalent diameter of the beam element or solid element used as a spot weld.
OPT=2 invokes a user-written subroutine uweldfail, documented in Appendix Q.

The failure based on notch stress (OPT=3), see Zhang [1999], occurs when the failure criterion:

u/fugFo
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is satisfied. The notch stress is give by the equation:

UOC4F§1_«/§—«/1_9 ig-c eMA 2 [t0 4F A 5 d [t
© Tlrdty sJr ty Crdt’g

Here,

M 2 (M2 - M2

and ¢ 17?12,3 are input corrections factors with default values of unity. If spot welds are

between sheets of unequal thickness, the minimum thickness of the spot welded sheets may be
introduced as a crude approximation.
The failure based on structural stress intensity (OPT=4) occurs, see Zhang [1999], when
the failure criterion:
Koy / Kege 10

Ky ? K2 - K?

is satisfied where

and

J3F 2J3M . 5J2F,

K, ?c C -
! 2rdt\/'f 33rde

12rd\/f_

’?CZ_F
mn - lrd\/t_

Here, F and M are as defined above for the notch stress formulas and again, ¢, 1?712,3 are
input corrections factors with default values of unity. If spot welds are between sheets of
unequal thickness, the minimum thickness of the spot welded sheets may be used as a crude
approximation.

K

The maximum structural stress at the spot weld was utilized successfully for predicting the
fatigue failure of spot welds, see Rupp, et. al. [1994] and Sheppard [1993]. The corresponding
results according to Rupp, et. al. are listed below where it is assumed that they may be suitable
for crash conditions.

The failure criterion invoked by OPT=5 is given by:

max*u,,,u,,,ut/ugs ?0
where w, is the critical value of structural stress at failure. It is noted that the forces and

moments in the equations below are referred to the beam nodes 1, 2, and to the midpoint,
respectively. The three stress values, v, u,,, U,,, are defined by:
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Ut a9 P cos s - P g g L0%0F, 110, oy L1BMy ooy L

g in/ sinf -———_—u
rat, rdt, tJt dt,\/t, dt,\t,

6,20 if F ~0
d?1if F,@

U t1e Pz o - Fua g o ,LOMGF,, 1.123M , ,1.123M,,

, [ - *2sin,/ / ———="2cos, with
21 rdt, rd, T d,t, 1 du

d,?20 if F,,~0
d,?1 if F,, @

Uy*1+?205u* !+ -05u*tcos*2ct - 0.5v* f +sin*2ct

where
AdF, 32M, 2M
A T rge o g oosd
d,?0if F. ~0
V*,'+916F'; sin? J 16':’; cos® [} with ° oo
3rd 3rd a,?1if F, @
* 7
c?itan’1 2Vt
2 u*lt

The stresses are calculated for all directions, Ofl ~, ~ 90fl, in order to find the maximum.

If the failure strain EFAIL is set to zero, the failure strain model is not used. In a similar manner,
when the value of a resultant at failure is set to zero, the corresponding term in the failure surface

is ignored. For example, if only N, is nonzero, the failure surface is reduced to [N, |? N,

None, either, or both of the failure models may be active depending on the specified input
values.

The inertias of the spot welds are scaled during the first time step so that their stable time step
size is Ft. A strong compressive load on the spot weld at a later time may reduce the length of
the spot weld so that stable time step size drops below Ft. If the value of Ft is zero, mass scaling
is not performed, and the spot welds will probably limit the time step size. Under most
circumstances, the inertias of the spot welds are small enough that scaling them will have a
negligible effect on the structural response and the use of this option is encouraged.

Spot weld force history data is written into the SWFORC ascii file. In this database the resultant
moments are not available, but they are in the binary time history database and in the ASCII
elout file.
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When the DAMAGE-FAILURE option is invoked, the constitutive properties for the damaged
material are obtained from the undamaged material properties. The amount of damage evolved
is represented by the constant, ), which varies from zero if no damage has occurred to unity for
complete rupture. For uniaxial loading, the nominal stress in the damaged material is given by

P

Urominal Z

where P is the applied load and A is the surface area. The true stress is given by:
utrue 9 P
A/ AOSS

where A, is the void area. The damage variable can then be defined:

y?% 0O~y-~1

In this model, damage is initiated when the effective plastic strain in the weld exceeds the failure
strain, EFAIL. If DMGOPT=10, 11, or 12, damage will initiate when the effective plastic strain
exceeds EFAIL, or when the failure criterion is met, which ever occurs first. The failure
criterion is specified by OPT parameter. After damage initiates, the damage variable is evaluated
by one of two ways. For DMGOPT=0, 1, 10, or 11, the damage variable is a function of
effective plastic strain in the weld:

p p
2 geff /gfailure
P p
rupture failure
Gropure 7 9

i p ~ P < P
If gfailure geff grupture

where 9¢;.. = EFAIL and g7 .= RS. For DMGOPT=2 or 12, the damage variable is a function
of time:

t/t . .
yr) t = f tfailure ~t ~trupture
rupture
where t.;,. is the time at which damage initiates, and t,,,.= RS. For this criteria, t;,. is set to

either the time when g} exceeds EFAIL, or the time when the failure criterion is met.

For DMGOPT=1, the damage behavior is the same as for DMGOPT=0, but an additional
damage variable is calculated to prevent stress growth during softening.  Similarly,
DMGOPT=11 behaves like DMGOPT=10 except for the additional damage variable. This
additional function is also used with DMGOPT=2 and 12. The affect of this additional damage
function is noticed only in brick and brick assembly welds in tension loading where it prevents
growth of the tensile force in the weld after damage initiates.

If BETA is specified, the stress is multiplied by an exponential using ) defined in the previous
equations,

u, ? ubexp(-ady).
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For weld elements in an assembly (see RPBHX on *CONTROL_SPOTWELD_BEAM or
*DEFINE_HEX_ SPOTWELD_ASSEMBLY), the failure criterion is evaluated using the
assembly cross section. If damage is not active, all elements will be deleted when the failure
criterion is met. If damage is active, then damage is calculated independently in each element of
the assembly. By default, elements of the assembly are deleted as damage in each element is
complete. If ASFF=1, then failure and deletion of all elements in the assembly will occur
simultaneously when damage is complete in any one of the elements.

n& n7
ns5 I nﬁ./

I
I
I
I
I

._1‘14 ______ o n3

7~
e
nl @ n2

Figure 100.1. A solid element used as spot weld is shown. When resultant based failure is
used orientation is very important. Nodes nl-n4 attach to the lower shell
mid-surface and nodes n5-n8 attach to the upper shell mid-surface. The
resultant forces and moments are computed based on the assumption that the
brick element is properly oriented.
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*MAT_SPOTWELD_DAIMLERCHRYSLER

*MAT_SPOTWELD_DAIMLERCHRYSLER

This is Material Type 100. The material model applies to solid element type 1 with type 6
hourglass control. Spot weld elements may be placed between any two deformable shell
surfaces and tied with constraint contact, *CONTACT _TIED SURFACE_TO_ SURFACE,
which eliminates the need to have adjacent nodes at spot weld locations. Spot weld failure is
modeled using this card and *DEFINE_CONNECTION_PROPERTIES data. Details of the
failure model can be found in Seeger, Feucht, Frank, Haufe, and Keding [2005].

It is advisable to include all spot welds, which provide the slave nodes, and spot welded
materials, which define the master segments, within a single *CONTACT _TIED_
SURFACE_TO_SURFACE interface. This contact type uses constraint equations. If multiple
interfaces are treated independently, significant problems can occur if such interfaces share
common nodes. An added benefit is that memory usage can be substantially less with a single
interface.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO PR DT TFAIL
Type A8 F F F F
Card 2 1 2 4 5 7 8
Variable EFAIL NF
Type F F
Card 3 1 2 4 5 7 8
Variable RS ASFF TRUE_T | CON_ID
Type F I F F

VARIABLE DESCRIPTION

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

characters must be specified.

1-420 (MAT) LS-DYNA Version 971



*MAT_SPOTWELD_DAIMLERCHRYSLER *MAT 100 DA

VARIABLE DESCRIPTION

RO Mass density.
E [qwpiOu"oqfwmwul
PR RakuugpOu"tevkap
DT Time step size for mass scaling, Ft.

TFAIL Failure time if nonzero. If zero this option is ignored.

EFAIL Effective plastic strain in weld material at failure. See remark below.
NF Number of failure function evaluations stored for filtering by time

averaging. The default value is set to zero which is generally
recommended unless oscillatory resultant forces are observed in the time
history databases. Even though these welds should not oscillate
significantly, this option was added for consistency with the other spot
weld options. NF affects the storage since it is necessary to store the
failure terms.  When NF is nonzero, the resultants in the output
databases are filtered. NF cannot exceed 30.

RS Rupture strain. See Remarks below.

ASFF Weld assembly simultaneous failure flag
EQ. 0: Damaged elements fail individually.
EQ. 1: Damaged elements fail when first reaches failure criterion.

TRUE_T True weld thickness for single hexahedron solid weld elements. See
comments below.

CON_ID Connection ID of *DEFINE_CONNECTION card.

Remarks:

This weld material is modeled with isotropic hardening plasticity. The yield stress and constant
hardening modulus are assumed to be those of the welded shell elements as defined in a
*DEFINE_CONNECTION_PROPERTIES table. A failure function and damage type is also
defined by *DEFINE_CONNECTION_PROPERTIES data. The interpretation of EFAIL and
RS is determined by the choice of damage type. This is discussed in remark 4 on
*DEFINE_CONNECTION_PROPERTIES.

Solid weld elements are tied to the mid-plane of shell materials and so typically have a thickness
that is half the sum of the thicknesses of the welded shell sections. As a result, a weld under
shear loading can be subject to an artificially large moment which will be balanced by normal
forces transferred through the tied contact. These normal forces will cause the normal term in
the failure calculation to be artificially high. Inputting a TRUE_T that is smaller than the
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modeled thickness, for example, 10%-30% of true thickness will scale down the normal force
that results from the balancing moment and provide more realistic failure calculations. TRUE_T
effects only the failure calculation, not the weld element behavior. If TRUE_T=0 or data is
omitted, the modeled weld element thickness is used.

For weld elements in an assembly (see RPBHX on *CONTROL_SPOTWELD_BEAM or
*DEFINE_HEX SPOTWELD_ASSEMBLY), the failure criterion is evaluated using the
assembly cross section. If damage is not active, all elements will be deleted when the failure
criterion is met. If damage is active, then damage is calculated independently in each element of
the assembly. By default, elements of the assembly are deleted as damage in each element is
complete. If ASFF=1, then failure and deletion of all elements in the assembly will occur
simultaneously when damage is complete in any one of the elements.

Solid element force resultants for MAT_SPOTWELD are written to the spot weld force file,
SWFORC, and the file for element stresses and resultants for designated elements, ELOUT.
Also, spot weld failure data is written to the file, DCFAIL.
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*MAT_GEPLASTIC_SRATE_2000a

This is Material Type 101. The GEPLASTIC_SRATE_2000a material model characterizes
General Electric's commercially available engineering thermoplastics subjected to high strain
rate events. This material model features the variation of yield stress as a function of strain rate,
cavitation effects of rubber modified materials and automatic element deletion of either ductile

or brittle materials.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR RATESF | EDOTO | ALPHA
Type A8 F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable LCSS LCFEPS | LCFSIG LCE
Type F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
E Young's Modulus.
PR Poisson's ratio.
RATESF Constant in plastic strain rate equation.
EDOTO Reference strain rate
ALPHA Pressure sensitivity factor
LCSS Load curve ID or Table ID that defines the post yield material behavior.

The values of this stress-strain curve are the difference of the yield stress
and strain respectively. This means the first values for both stress and
strain should be zero. All subsequent values will define softening or
hardening.

LS-DYNA Version 971

1-423 (MAT)



*MAT _101 *MAT_GEPLASTIC_SRATE_2000a

VARIABLE DESCRIPTION

LCFEPS Load curve ID that defines the plastic failure strain as a function of
strain rate.

LCFSIG Load curve ID that defines the Maximum principal failure stress as a
function of strain rate.

LCE Load curve ID that defines the Unloading moduli as a function of plastic
strain.
Remarks:

The constitutive model for this approach is:
9, ? g.exp(AMu 7/ 5(g,)}) - exp(/ pcA)

where g, and A are rate dependent yield stress parameters, S*gp+ internal resistance (strain
hardening) and ¢ is a pressure dependence parameter.

In this material the yield stress may vary throughout the finite element model as a function of
strain rate and hydrostatic stress. Post yield stress behavior is captured in material softening
and hardening values. Finally, ductile or brittle failure measured by plastic strain or maximum
principal stress respectively is accounted for by automatic element deletion.

Although this may be applied to a variety of engineering thermoplastics, GE Plastics have
constants available for use in a wide range of commercially available grades of their
engineering thermoplastics.

1-424 (MAT) LS-DYNA Version 971



*MAT_INV_HYPERBOLIC_SIN *MAT _102

*MAT_INV_HYPERBOLIC_SIN

This is Material Type 102. It allows the modeling of temperature and rate dependent plasticity,
Sheppard and Wright [1979].

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR T HC VP
Type A8 F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable ALPHA N A Q G EPSO
Type 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.

E Young's Modulus.

PR Poisson's ratio

T Initial Temperature.

HC Heat generation coefficient.
VP Formulation for rate effects:

EQ.0.0: Scale yield stress (default)
EQ.1.0: Viscoplastic formulation.

ALPHA See Remarks.
N See Remarks.
A See Remarks.
Q See Remarks.
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VARIABLE DESCRIPTION
G See Remarks.
EPSO Minimum strain rate considered in calculating Z.
Remarks:

Resistance to deformation is both temperature and strain rate dependent. The flow stress equation
Is:

u? Zsinh/tAGLXN 0
QEAH 0

where Z, the Zener-Holloman temperature compensated strain rate, is:
. AQJQ
Z ? max(g,EPSQO)expj——
(g ) PAGTH

The units of the material constitutive constants are as follows: A (1/sec), N (dimensionless), ¢
(1/MPa), the activation energy for flow, Q (J/mol), and the universal gas constant, G (J/mol K).
The value of G will only vary with the unit system chosen. Typically it will be either 8.3144
J/mol ¢ K, or 40.8825 Ib in/mol ¢ R.

The final equation necessary to complete our description of high strain rate deformation is one
that allows us to compute the temperature change during the deformation. In the absence of a
couples thermo-mechanical finite element code we assume adiabatic temperature change and
follow the empirical assumption that 90-95% of the plastic work is dissipated as heat. Thus the
heat generation coefficient is

HC .22

tC

\

where t is the density of the material and C, is the specific heat.
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*MAT 103

*MAT_ANISOTROPIC_VISCOPLASTIC

This is Material Type 103. This anisotropic-viscoplastic material model applies to shell and
brick elements. The material constants may be fit directly or, if desired, stress versus strain data
may be input and a least squares fit will be performed by LS-DYNA to determine the constants.
Kinematic or isotopic or a combination of kinematic and isotropic hardening may be used. A
detailed description of this model can be found in the following references: Berstad, Langseth,
and Hopperstad [1994]; Hopperstad and Remseth [1995]; and Berstad [1996]. Failure is based
on effective plastic strain or by a user defined subroutine.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY FLAG LCSS ALPHA
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable QR1 CR1 QR2 CR2 QX1 CX1 QX2 CX2
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable VK VM ROOorF | R450rG | R90or H L M N
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable AOPT FAIL NUMINT MACF

Type F F F I
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Card 5 1 2 3 4 5 6 7 8
Variable XP YP zpP Al A2 A3
Type F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3 BETA
Type 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.
E [qwpilu"oqfwmwu
PR Rakuugplu“tcvkg
SIGY Initial yield stress
FLAG Flag

EQ.O: Give all material parameters

EQ.1: Material parameters are fit in LS-DYNA to Load curve or
Table given below. The parameters Q,,, C,, Q,,, and C_ for
isotropic hardening are determined by the fit and those for kinematic
hardening are found by scaling those for isotropic hardening by .
*¥1/ ¢t where ¢ is defined below in columns 51-60.

EQ.2: Use load curve directly, i.e., no fitting is required for the
parameters Q,,, C,,, Q,,,and C,,. Atable is not allowed.
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*MAT 103

VARIABLE

LCSS

ALPHA

QR1

CR1

QR2

CR2

QX1

CX1

QX2

CX2

VK

VM

ROO

R45

R90

DESCRIPTION

Load curve ID or Table ID. The load curve ID defines effective stress
versus effective plastic strain. Card 2 is ignored with this option. The
table 1D, see Figure 24.1, defines for each strain rate value a load curve
ID giving the stress versus effective plastic strain for that rate. If the
load curve only is used, then the coefficients V, and V,, must be given if

viscoplastic behavior is desired. If a Table ID is given these coefficients

are determined internally during initialization.

c distribution of hardening used in the curve-fitting. ¢?0 pure
kinematic hardening and ¢ ?1 provides pure isotropic hardening

Isotropic hardening parameter Q,,
Isotropic hardening parameter C
Isotropic hardening parameter Q,,
Isotropic hardening parameter C,
Kinematic hardening parameter Q,,
Kinematic hardening parameter C_,
Kinematic hardening parameter Q,,
Kinematic hardening parameter C,
Viscous material parameter V,
Viscous material parameter V.

Ry, for shell (Default=1.0)

R,s for shell (Default=1.0)

Ry, for shell (Default=1.0)

F for brick (Default =1/2)
G for brick (Default =1/2)

H for brick (Default =1/2)
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VARIABLE

L

M

N

AOPT

FAIL

DESCRIPTION

L for brick (Default =3/2)
M for brick (Default =3/2)
N for brick (Default =3/2)

Material axes option (see MAT_OPTION TROPIC_ELASTIC for a

more complete description):
EQ.0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE_
NODES, and then, for shells only, rotated about the shell element
normal by an angle BETA.
EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center; this is the a-
direction. This option is for solid elements only.
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.
EQ.4.0: locally 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 ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

Failure flag.
LT.0.0: User defined failure subroutine is called to determine failure.
This is subroutine named, MATUSR_103, in DYN2L1.F.
EQ.0.0: Failure is not considered. This option is recommended if
failure is not of interest since many calculations will be saved.
GT.0.0: Plastic strain to failure. When the plastic strain reaches this
value, the element is deleted from the calculation.
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VARIABLE

NUMINT

MACF

XP,YP,ZP
Al,A2,A3
V1V2\V3
D1,D2,D3

BETA

Remarks:

DESCRIPTION

Number of integration points which must fail before element deletion. If
zero, all points must fail. This option applies to shell elements only. For
the case of one point shells, NUMINT should be set to a value that is
less than the number of through thickness integration points.
Nonphysical stretching can sometimes appear in the results if all
integration points have failed except for one point away from the
midsurface. This is due to the fact that unconstrained nodal rotations
will prevent strains from developing at the remaining integration point.
In fully integrated shells, similar problems can occur.

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

Xp Yp Zp, define coordinates of point p for AOPT =1 and 4.

ai ap az, define components of vector a for AOPT = 2,

V1 Vo V3, define components of vector v for AOPT = 3 and 4.

d; d» d3, define components of vector d for AOPT = 2.

Material angle in degrees for AOPT=0 (shells only) and AOPT=3.

BETA may be overridden on the element card, see
*ELEMENT_SHELL_BETA and *ELEMENT_SOLID_ORTHO.

The uniaxial stress-strain curve is given on the following form

u(geﬁf ’g‘e‘;f) 9 UO B er(llexp(/crlgeaf )) - Qrz(llexp(/cmge?f ))

_Qel(llexp(/celge’?‘f )) - QeZ (1/exp(/cezgerf)'f ))
_ng'e';fvm

For bricks the following yield criteria is used

F(Uzz /U33)2 - G(Uss /ull)2 -H (['/11/1'/22)2

- 2LU223 - 2MU§1 - 2NU122 ?*U(ge':f ’g'e':f )+2
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where gf is the effective plastic strain and g% is the effective plastic strain rate. For shells the
anisotropic behavior is given by Ry, R, and R,,. The model will work when the three first
parameters in card 3 are given values. When V, ? 0 the material will behave elasto-plastically.
Default values are given by:

F?G?H?l
2

L?M ?N?E
2

Ry ? Ris ? Ry 21

Strain rate of accounted for using the Cowper and Symonds model which, e.g., model 3, scales
the yield stress with the factor:

To convert these constants set the viscoelastic constants, V, and V,,, to the following values:

o |~

N
Vk?”%Eg

This model properly treats rate effects. The viscoplastic rate formulation is an option in other
plasticity models in LS-DYNA, e.g., mat_3 and mat_24, invoked by setting the parameter VP to
1.

1-432 (MAT) LS-DYNA Version 971



*MAT_ANISOTROPIC_PLASTIC *MAT _ 103 P

*MAT_ANISOTROPIC_PLASTIC

This is Material Type 103_P. This anisotropic-plastic material model is a simplified version of
the MAT_ANISOTROPIC_VISCOPLASTIC above. This material model applies only to shell
elements.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY LCSS

Type A8 F F F F F

Card 2 1 2 3 4 5 6 7 8
Variable QR1 CR1 QR2 CR2

Type F F F F

Card 3 1 2 3 4 5 6 7 8
Variable R0OO R45 R90 S11 S22 S33 S12

Type F F F F F F F

Card 4 1 2 3 4 5 6 7 8
Variable AOPT

Type F
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Card 5 1 2 3 4 5 6 7 8
Variable XP YP zZpP Al A2 A3
Type F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3 BETA
Type 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.
E [qwpilu'ogfwmwu
PR Rakuugplu“tcvkg
SIGY Initial yield stress
LCSS Load curve ID. The load curve ID defines effective stress versus

effective plastic strain. Card 2 is ignored with this option.

QR1 Isotropic hardening parameter Q,,
CR1 Isotropic hardening parameter C
QR2 Isotropic hardening parameter Q,,
CR2 Isotropic hardening parameter C,
R0OO Ry, for anisotropic hardening
R45 R,s for anisotropic hardening
R90 Ry, for anisotropic hardening
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VARIABLE

S11

S22

S33

S12

AOPT

XP,YP,ZP

Al,A2,A3

D1,b2,63

V1V2\V3

BETA

DESCRIPTION

Yield stress in local x-direction. This input is ignored if

*ROO’ R45’ I:\)‘BO-I- @)

Yield stress in local y-direction. This input is ignored if

*Roo’ Ris, Ryt @.

Yield stress in local z-direction. This input is ignored if

*Roo’ Ris, Ry * @.

Yield stress in local xy-direction. This input is ignored if

"Roos Rig: Reot @D

Material axes option (see MAT_OPTION TROPIC _ELASTIC for a
more complete description):
EQ.0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE_
NODES, and then rotated about the shell element normal by an angle
BETA.
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.
LT.0.0: the absolute value of AOPT is a coordinate system ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE _
VECTOR). Available in R3 version of 971 and later.

Xp Yp Zp, define coordinates of point p for AOPT =1 and 4.
a1 ap as, define components of vector a for AOPT = 2.

d, d d3, define components of vector d for AOPT = 2.

V1V V3, define components of vector v for AOPT = 3 and 4.

Material angle in degrees for AOPT = 0 and 3, may be overridden on the
element card, see *ELEMENT_SHELL BETA.
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Remarks:

If no load curve is defined for the effective stress versus effective plastic strain, the uniaxial
stress-strain curve is given on the following form

U(gegf ) r) uO - er (l/exp(/crlgegf )) - Qrz(ll exp(/CrZ.ge':f ))

where gf is the effective plastic strain. For shells the anisotropic behavior is given by Ry, R,
and Ry, , or the yield stress in the different direction. Default values are given by:

Ry, ? Rys ? Ryy 21

if the variables R00, R45, R90, S11, S22, S33 and S12 are set to zero.
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*MAT_104

*MAT _DAMAGE_1

This is Material Type 104. This is a continuum damage mechanics (CDM) model which
includes anisotropy and viscoplasticity. The CDM model applies to shell, thick shell, and brick
elements. A more detailed description of this model can be found in the paper by Berstad,
Hopperstad, Lademo, and Malo [1999]. This material model can also model anisotropic damage
behavior by setting the FLAG to -1 in Card 2.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY LCSS LCDS

Type A8 F F F F

Card 2 1 2 3 4 5 6 7 8
Variable Q1 C1 Q2 C2 EPSD S or EPSR DC FLAG
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable VK VM ROOorF | R450rG | R90 or H L M N
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable AOPT MACF

Type F |
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Card 5 1 2 3 4 5 6 7 8
Variable XP YP ZP Al A2 A3
Type F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3 BETA
Type 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.
E [qwpilu'ogfwmwu
PR Rakuugplu“tcvkg
SIGY Initial yield stress, v, .
LCSS Load curve ID. Load curve ID defining effective stress versus effective
plastic strain. For FLAG = -1.
LCDS Load curve ID defining nonlinear damage curve. For FLAG = -1.
Q1 Isotropic hardening parameter Q,
C1 Isotropic hardening parameter C,
Q2 Isotropic hardening parameter Q,
C2 Isotropic hardening parameter C,
EPSD Damage threshold r, Damage effective plastic strain when material

softening begins. (Default=0.0)
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VARIABLE DESCRIPTION

S Damage material constant S . (Default= %). For FLAG 10.

EPSR Plastic strain at which material ruptures (logarithmic).

DC Critical damage value D.. When the damage value D reaches this
value, the element is deleted from the calculation. (Default=0.5) For
FLAG 0.

FLAG Flag

EQ.-1: Anisotropic damage
EQ.O: No calculation of localization due to damage
EQ.1: The model flags element where strain localization occur

VK Viscous material parameter V,
VM Viscous material parameter V,
R0OO Ry, for shell (Default=1.0)
R45 R,s for shell (Default=1.0)
R90 Ry, for shell (Default=1.0)

F F for brick (Default =1/2)

G G for brick (Default =1/2)

H H for brick (Default =1/2)

L L for brick (Default =3/2)

M M for brick (Default =3/2)

N N for brick (Default =3/2)
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VARIABLE DESCRIPTION

AOPT Material axes option (see MAT_OPTION TROPIC _ELASTIC for a
more complete description):

EQ.0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE_
NODES, and then, for shells only, rotated about the shell element
normal by an angle BETA.
EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center; this is the a-
direction. This option is for solid elements only.
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.
EQ.4.0: locally 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 ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

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

XP,YP,ZP Xp Yp Zp, define coordinates of point p for AOPT =1 and 4.
A1,A2,A3 a1 ap as, define components of vector a for AOPT = 2,
D1,D2,D3 d, dy d3, define components of vector d for AOPT = 2.
V1,Vv2,Vv3 V1 V> V3, define components of vector v for AOPT = 3 and 4.
BETA Oaterial angle in degrees for AOPT=0 (shells only) and AOPT=3.

BETA may be overridden on the element card, see
*ELEMENT_SHELL_BETA and *ELEMENT_SOLID_ORTHO.
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Remarks:

Anisotropic Damage model (FLAG = -1). At each thickness integration points, an anisotropic
damage law acts on the plane stress tensor in the directions of the principal total shell strains, g,

and g,, as follows:

tyy ? 1/ Dy (1))t

Uy, ? (17 D,(9,)) Uy
u, ? (1/(D1 - DZ)/Z)U12O

The transverse plate shear stresses in the principal strain directions are assumed to be damaged
as follows:

u,?1/D,/2)u,,

Uy 71/ D2/2)U230

In the anisotropic damage formulation, D,(g,) and D,(g,) are anisotropic damage functions for
the loading directions 1 and 2, respectively. Stresses U, Uy, Uy, Ui, AN U5, are stresses in

the principal shell strain directions as calculated from the undamaged elastic-plastic material
behavior. The strainsg, and g, are the magnitude of the principal strains calculated upon

reaching the damage thresholds. Damage can only develop for tensile stresses, and the damage
functions D,(¢g,) and D,(g,)are identical to zero for negative strainsg, andg,. The principal

strain directions are fixed within an integration point as soon as either principal strain exceeds
the initial threshold strain in tension. A more detailed description of the damage evolution for
this material model is given in the description of Material 81.

The Continuum Damage Mechanics (CDM) model (FLAG$0) is based on a CDM model

proposed by Lemaitre [1992]. The effective stress &, which is the stress calculated over the
section that effectively resist the forces and reads.

go Y

"1/D

where D is the damage variable. The evolution equation for the damage variable is defined as

l% 0 for r~r,

D?g Y
i r for r>ry, and u
1sas/p) P 1 @

where r, is the damage threshold,

IS a positive material constant , S is the so-called strain energy release rate and v, is the
maximal principal stress. The strain energy density release rate is
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2
Y ?lee:C:ee?LRV2
2E(1/ D)

where v, is the equivalent von Mises stress. The triaxiality function R, is defined as

R 220-0)- 30/ )

3 Alum 0
The uniaxial stress-strain curve is given in the following form
u(r,gh)?u,-Q/exp(/Cyr)) - Q,(17/ exp(/C,r))
- kg.e’?'fvm
where r is the damage accumulated plastic strain, which can be calculated by
r?g% (1/D)

For bricks the following yield criteria is used

F(L722 /Uss)z - G(L733 /011)2 -H (011 /022)2
- 2Laz, - 2M @i, - 2Nal, ? u(r, g

where r is the damage effective viscoplastic strain and g% is the effective viscoplastic strain
rate. For shells the anisotropic behavior is given by the R-values: Ry, R,, and Ry,,. When

V, ? 0 the material will behave as an elastoplastic material without rate effects. Default values
for the anisotropic constants are given by:

F’?G’?H?l
2

L?M ?N’?E
2

R00 7 R45 f) R90 71
so that isotropic behavior is obtained.

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

O
SN

I=or=: > >
OO OO
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To convert these constants, set the viscoelastic constants, V, and V,_, to the following values:

o |+

i1
Vk ’)Uggg
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*MAT_DAMAGE_2

This is Material Type 105. This is an elastic viscoplastic material model combined with
continuum damage mechanics (CDM). This material model applies to shell, thick shell, and
brick elements. The elastoplastic behavior is described in the description of material model 24. A
more detailed description of the CDM model is given in the description of material model 104
above.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN FAIL TDEL
Type A8 F F F F F F F
Default none none none none none 0.0 10.E+20 0
Card 2 1 2 3 4 5 6 7 8
Variable C P LCSS LCSR

Type F F F F

Default 0 0 0 0

Card 3 1 2 3 4 5 6 7 8
Variable EPSD S DC

Type F F F

Default none none none
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Card 4 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F \F F F F F F
Default 0 0 0 0 0 0 0 0
Card 5 1 2 3 4 5 6 7 8
Variable ES1 ES2 ES3 ES4 ES5 ES6 ES7 ES8
Type F F F F F F F F
Default 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 [qwpiOu"ogfwmwul

PR RakuugpOu"tcvkap
SIGY Yield stress.
ETAN Tangent modulus, ignored if (LCSS.GT.0) is defined.
FAIL Failure flag.

EQ.0.0: Failure due to plastic strain is not considered.
GT.0.0: Plastic strain to failure. When the plastic strain reaches this
value, the element is deleted from the calculation.

TDEL Minimum time step size for automatic element deletion.
C Strain rate parameter, C, see formula below.
P Strain rate parameter, P, see formula below.
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VARIABLE DESCRIPTION

LCSS Load curve ID or Table ID. Load curve ID defining effective stress
versus effective plastic strain. If defined EPS1-EPS8 and ES1-ES8 are
ignored. The table ID defines for each strain rate value a load curve ID
giving the stress versus effective plastic strain for that rate, See Figure
24.1. The stress versus effective plastic strain curve for the lowest value
of strain rate is used if the strain rate falls below the minimum value.
Likewise, the stress versus effective plastic strain curve for the highest
value of strain rate is used if the strain rate exceeds the maximum value.
The strain rate parameters: C and P; the curve ID, LCSR; EPS1-EPS8
and ES1-ES8 are ignored if a Table ID is defined.

LCSR Load curve ID defining strain rate scaling effect on yield stress.

EPSD Damage threshold r, Damage effective plastic strain when material
softening begin. (Default=0.0)

s _ . \
Damage material constant S . ADefault =t 3
4 200§
DC Critical damage value D.. When the damage value D reaches this
value, the element is deleted from the calculation. (Default=0.5)
EPS1-EPS8 Effective plastic strain values (optional if SIGY is defined). At least 2
points should be defined.
ES1-ES8 Corresponding yield stress values to EPS1 - EPS8.
Remarks:

The stress-strain behavior may be treated by a bilinear curve by defining the tangent modulus,
ETAN. Alternately, a curve similar to that shown in Figure 10.1 is expected to be defined by
(EPS1,ES1) - (EPS8,ES8); however, an effective stress versus effective plastic strain curve ID
(Lcss) may be input instead if eight points are insufficient. The cost is roughly the same for
either approach. The most general approach is to use the table definition with table ID, LCSR,
discussed below.

Three options to account for strain rate effects are possible.

I.  Strain rate may be accounted for using the Cowper and Symonds model which scales the
yield stress with the factor
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where ¢ is the strain rate, ¢ ? /g, 4,

Il. For complete generality a load curve (LCSR) to scale the yield stress may be input instead.
In this curve the scale factor versus strain rate is defined.

Il. If different stress versus strain curves can be provided for various strain rates, the option
using the reference to a table (LCSS) can be used. Then the table input in
*DEFINE_TABLE has to be used, see Figure 24.1.

A fully viscoplastic formulation is used in this model.
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*MAT_ELASTIC_VISCOPLASTIC_THERMAL

*MAT_ELASTIC_VISCOPLASTIC_THERMAL

This is Material Type 106. This is an elastic viscoplastic material with thermal effects.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ALPHA LCSS
Type A8 F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable QR1 CR1 QR2 CR2 QX1 CX1 QX2 CX2
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable C P LCE LCPR | LCSIGY LCR LCX LCALPH
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable LCC LCP TREF
Type 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 DESCRIPTION
E [qwpilu'ogfwmwu
PR Rakuugplu“tcvk
SIGY Initial yield stress
LCSS Load curve ID or Table ID. The load curve ID defines effective stress

versus effective plastic strain. The table 1D defines for each temperature
value a load curve ID giving the stress versus effective plastic strain for
that temperature (DEFINE_TABLE) or it defines for each temperature
value a table ID which defines for each strain rate a load curve ID giving
the stress versus effective plastic strain (DEFINE_TABLE_3D). The
stress versus effective plastic strain curve for the lowest value of
temperature or strain rate is used if the temperature or strain rate falls
below the minimum value. Likewise, maximum values cannot be
exceeded. Card 2 is ignored with this option.

ALPHA Coefficient of thermal expansion.
QR1 Isotropic hardening parameter Q,,
CR1 Isotropic hardening parameter C
QR2 Isotropic hardening parameter Q,,
CR2 Isotropic hardening parameter C,
QX1 Kinematic hardening parameter Q,,
CX1 Kinematic hardening parameter C_,
QX2 Kinematic hardening parameter Q,,
CX2 Kinematic hardening parameter C_,

C Viscous material parameter C
P Viscous material parameter P
LCE Load curve defining Young's modulus as a function of temperature.

E on card 1 is ignored with this option.

LCPR Load curve defining Poisson's ratio as a function of temperature. PR on
card 1 is ignored with this option.
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*MAT_ELASTIC_VISCOPLASTIC_THERMAL

VARIABLE

LCSIGY

LCR

LCX

LCALPH

LCC

LCP

TREF

Remarks:

DESCRIPTION

Load curve defining the initial yield stress as a function of temperature.
SIGY on card 1 is ignored with this option.

Load curve for scaling the isotropic hardening parameters QR1 and QR2
or the stress given by the load curve LCSS as a function of temperature.

Load curve for scaling the kinematic hardening parameters QX1 and
QX2 as a function of temperature.

Load curve ID defining the instantaneous coefficient of thermal
expansion as a function of temperature:

dgitjhermal 9 C(T)dTﬁl
ALPHA on card 1 is ignored with this option. If LCALPH is defined as
the negative of the load curve ID, the curve is assumed to define the

coefficient relative to a reference temperature, TREF below, such that

the total thermal strain is give by
gitjhermal ? C(T)*T /T +fu

ref

Load curve for scaling the viscous material parameter C as a function of
temperature.

Load curve for scaling the viscous material parameter P as a function of
temperature.

Reference temperature required if and only if LCALPH is given with a
negative curve ID.

If LCSS is not given any value the uniaxial stress-strain curve has the form

U(gegf ) ? u, - er(llexp(/crlge';f )) - Qrz(]'/exp(/crzge?f ))

_Qel(llexp(/celgerf’f )) - QeZ (1/exp(/C62ge¢'f ))

Viscous effects are accounted for using the Cowper and Symonds model, which scales the yield

stress with the factor:

i, 07
Agefo

e

1-
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*MAT_MODIFIED_JOHNSON_COOK

This is Material Type 107.

Define the following two cards with general material parameters

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR BETA XS1 CP ALPHA
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable EODOT Tr m TO FLAG1 FLAG2

Type F F F F F F

Card 3 is the modified Johnson-Cook constitutive relation (FLAG1=0)
Define the following two cards if and only if FLAG1=0.

Card 3 1 2 3 4 5 6 7 8
Variable A B N C m
Type F F F F F

Card 4 is the modified Johnson-Cook constitutive relation with Voce hardening (FLAG=0)

Card 4 1 2 3 4 5 6 7 8
Variable Q1 C1 Q2 C2
Type F F F F
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*MAT_MODIFIED_JOHNSON_COOK

Card 3 is the Zerilli-Armstrong constitutive relation (FLAG1=1)
Define the following two cards if and only if FLAG1=1:

Card 3 1 2 3 4 5 6 7 8
Variable SIGA B BETAO0 | BETAl

Type F F F F

Card 4 is the Zerilli-Armstrong constitutive relation (FLAG1=1)

Card 4 1 2 3 4 5 6 7 8
Variable A N ALPHAO | ALPHA1

Type F F F F

Define the following card if and only if FLAG2=0:

Card 5 is the modified Johnson-Cook fracture criterion (FLAG2=0)

Card 5 1 2 3 4 5 6 7 8
Variable DC PD D1 D2 D3 D4 D5

Type F F F F F F F

Define the following card if and only if FLAG2=1

Card 5 is the Cockcroft-Latham fracture criterion (FLAG2=1)

Card 5 1 2 3 4 5 6 7 8
Variable DC wC

Type F F
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Card 6 includes additional element erosion criteria

Card 6 1 2 3 4 5 6 7 8
Variable TC TAUC
Type F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density
E [qwpilu"oqfwmwu."Gl
PR Rokuugplu'tewkg."v .
BETA Damage coupling parameter; see Eq. (107.3).
EQ.0.0: No coupling between ductile damage and the constitutive
relation.
EQ.1.0: Full coupling between ductile damage and the constitutive
relation.
XS1 Taylor-Quinney coefficient e, see Eq. (107.20). Gives the portion of
plastic work converted into heat (normally taken to be 0.9)
cP Specific heat C, see Eq. (107.20)
ALPHA Thermal expansion coefficient, ¢ .
EPSO Quasi-static threshold strain rate *g, ? p, ? i, t,
see Eq. (107.12). Set description under *MAT _015.
Tr Room temperature, see Eq. (107.13)
Tm Melt temperature, see Eq. (107.13)
TO Initial temperature
FLAG1 Constitutive relation flag; see Eq. (107.11) and (107.14)

EQ.0.0: Modified Johnson-Cook constitutive relation, see Eq.
(107.11).
EQ.1.0: Zerilli-Armstrong constitutive relation, see Eq. (107.14).
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VARIABLE

FLAG2

Q1

C1

Q2

Cc2

SIGA

BETAO

BETA1

A
N

ALPHAO

ALPHAL

DC

DESCRIPTION

Fracture criterion flag; see Eq. (107.15) and (107.19).
EQ.0.0: Modified Johnson-Cook fracture criterion; see Eq. (107.15).
EQ.1.0: Cockcroft-Latham fracture criterion; see Eq. (107.19).

Bulk modulus

Shear modulus

Johnson-Cook yield stress A, see Eq. (107.11).

Johnson-Cook hardening parameter B, see Eq. (107.11).

Johnson-Cook hardening parameter n, see Eq. (107.11).

Johnson-Cook strain rate sensitivity parameter C, see Eq. (107.11).

Johnson-Cook thermal softening parameter m, see Eq. (107.11).

Voce hardening parameter Q, (when B =n = 0), see Eqg. (107.11).
Voce hardening parameter C, (when B =n = 0), see Eq. (107.11).
Voce hardening parameter Q, (when B = n = 0), see Eq. (107.11).
Voce hardening parameter C, (when B =n = 0), see Eq. (107.11).
Zerilli-Armstrong parameter c,, see Eq. (107.14).
Zerilli-Armstrong parameter B, see Eq. (107.14).
Zerilli-Armstrong parameter a,, see Eq. (107.14).
Zerilli-Armstrong parameter d,, see Eq. (107.14).
Zerilli-Armstrong parameter A, see Eq. (107.14).
Zerilli-Armstrong parameter n, see Eq. (107.14).
Zerilli-Armstrong parameter c,, see Eq. (107.14).
Zerilli-Armstrong parameter ¢, , see Eq. (107.14).

Critical damage parameter D, see Eq. (107.15) and (107.21). When the

damage value D reaches this value, the element is eroded from the
calculation.
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VARIABLE DESCRIPTION
PD Damage threshold, see Eq. (107.15).
D1-D5 Fracture parameters in the Johnson-Cook fracture criterion, see Eq.
(107.16).
WC Critical Cockcroft-Latham parameter W_, see Eq. (107.19). When the

plastic work per volume reaches this value, the element is eroded from
the simulation.

TC Critical temperature parameter T., see Eq. (107.23). When the
temperature T, reaches this value, the element is eroded from the
simulation.

TAUC Critical shear stress parameter v,. When the maximum shear stress v

reaches this value, the element is eroded from the simulation.

Remarks:

An additive decomposition of the rate-of-deformation tensor d is assumed, i.e.
d?d®-d° -d' (107.1)

Where d° is the elastic part, d” is the plastic part and d' is the thermal part.

The elastic rate-of-deformation d° is defined by a linear hypo-elastic relation

i ?%K/%thr*fe+K—4Gfe (107.2)

Where 1 is the unit tensor, K is the bulk modulus and G is the shear modulus. The effective
stress tensor is defined by

i
2 107.3
eV (107.3)

Where J is the Cauchy-stress and D is the damage variable, while the Jaumann rate of the
effective stress reads

IR VASI VAINE (107.4)

Where W is the spin tensor. The parameter d is equal to unity for coupled damage and equal
to zero for uncoupled damage.
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The thermal rate-of-deformation d' is defined by
d" 2 cTI (107.5)
Where ¢ is the linear thermal expansion coefficient and T is the temperature.
The plastic rate-of-deformation is defined by the associated flow rule as
of 3 1 ji

dP2r— 22> = (107.6)
ey 21/dDa

eq

Where *++ means the deviatoric part of the tensor, r is the damage-equivalent plastic strain,
f is the dynamic yield function, i.e.

f?1/2j|:j|/uy*r,lﬁT+~0' r$0, ff 20 (107.7)

And &, is the damage-equivalent stress.
a,, ? gjl il (107.8)
The following plastic work conjugate pairs are identified
WP2j:FP2a,r?u,p (107.9)

Where W? is the specific plastic work rate, and the equivalent stress u,, and the equivalent
plastic strain p are defined as

{2 ¢
jl:j|?*1/dDta._, p?.=d°:dP ? 107.10
Jl:gl qr P 3 7 gD ( )

The material strength v, is defined by

?

N | W

1. The modified Johnson-Cook constitutive relation
'.5.‘ n A % * Q* o+ C oy m
u, ?ﬁA—Br ? AQ *1/exp /Cir++8 1-r'1 "1/T™4 (107.11)
i71
Where A,B,C,m,n,Q,,C,,Q,,C, are material parameters; the normalized damage-
equivalent plastic strain rate ~ is defined by
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i L (107.12)

9o

In which g, is a user-defined reference strain rate; and the homologous temperature
reads

T/T,
T./T

m r

T2 (107.13)

In which T, is the room temperature (or initial temperature) and T, is the melting
temperature.

2. The Zerilli-Armstrong constitutive relation
u, ?fu, -Bexp*/*a, / g, InviTH- Ar"exp*/¥c, /¢ InviTH  (107.14)
Where u,,B, 4,, a,, A,n, c,, c, are material parameters.
Damage evolution is defined by:

1. The extended Johnson-Cook damage evolution rule:

0 forp~ p,
DC
P: 7 Py

D? (107.15)

p forp @p,

v\ [T s \[ 7>

Where the current equivalent fracture strain p, ? p, *u/", p*, T"# is defined as
p, 2¥D, - D, exp*/D,u H*1- p'+ M- DTt (107.16)

And D,,D,,D,,D,,D,,D., p, are material parameters; the normalized equivalent

plastic strain rate p” is defined by

p 22 (107.17)
do

And the stress triaxiality ¢~ reads

e, ?%tr*j+ (107.18)

Uy,
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2. The Cockcroft-Latham damage evolution rule:

D ?&max*ul,m p
Cc

Where D., W, are material parameters.

Adiabatic heating is calculated as

(107.19)

joFP . dr

T2ed T 7l

tC, tC

p p

(107.20)

Where e is the Taylor-Quinney parameter, £ is the density and C, is the specific heat. The

initial value of the temperature T, may be specified by the user.

Element erosion occurs when one of the following several criteria are fulfilled:

1. The damage is greater than the critical value

D f D, (107.21)
2. The maximum shear stress is greater than a critical value
Vo ’?%max}|ul VATARITV ATAN TV ATA E 372 (107.22)
3. The temperature is greater than a critical value
TFT. (107.23)
History Variable Description
1 Evaluation of damage D
2 Evaluation of stress triaxiality ¢
3 Evaluation of damaged plastic strain r
4 Evaluation of temperature T
5 Evaluation of damaged plastic strain rate r
8 Evaluation of plastic work per volume W
9 Evaluation of maximum shear stress v,
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*MAT_ORTHO_ELASTIC_PLASTIC

This is Material Type 108. This model combines orthotropic elastic plastic behavior with an
anisotropic yield criterion. This model is implemented only for shell elements.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E11 E22 G12 PR12 PR23 PR31
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable SIGMAO LC QR1 CR1 QR2 CR2

Type F | F F F F

Card 3 1 2 3 4 5 6 7 8
Variable R11 R22 R33 R12

Type F F F F

Card 4 1 2 3 4 5 6 7 8
Variable AOPY BETA

Type F F

LS-DYNA Version 971 1-459 (MAT)



*MAT 108 *MAT_ORTHO_ELASTIC_PLASTIC

Card 5 1 2 3 4 5 6 7 8
Variable XP YP ZpP Al A2 A3
Type F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3
Type 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
E11 [awpilu'Ogfuwmwu'kp"33-direction
E22 [qwpilu'Ogfwmwu'kp"44-direction
G12 Shear modulus in 12-direction
PR12 Rakuugplu“tevkg'34
PR23 Rokuugplu'tcvkg
PR31 RokuugpOu'tevkap
LC Load curve ID. The load curve ID defines effective stress versus
effective plastic strain. Values on Card 2 are ignored if this value is
defined.
SIGMAO Initial yield stress, v,
QR1 Isotropic hardening parameter, Qg,
CR1 Isotropic hardening parameter, C,
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VARIABLE

QR2

CR2

R11

R22

R33

R12

AOPT

BETA

XPYP ZP
Al A2 A3
V1V2V3

D1 D2 D3

DESCRIPTION

Isotropic hardening parameter, Q,
Isotropic hardening parameter, C;,
Yield criteria parameter, R,
Yield criteria parameter, R,,
Yield criteria parameter, R,
Yield criteria parameter, R,

Material axes option (see Mat_ OPTION TROPIC_ELASTIC for a more

complete description)
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 identical to the node used for the definition of a
coordinate system as by *DEFINE_COORDINATE_NODES, and
then rotated about the shell element normal by an angle BETA.
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 offsetting
the material axes by an angle, OFFANG, from a line determined by
taking the cross product of the vector v with the normal to the plane
of the element.
LT.0.0: the absolute value of AOPT is a coordinate system ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

Material angle in degrees for AOPT = 0 and 3. BETA may be
overridden on the element card, see *ELEMENT_SHELL_BETA.

Coordinates of point p for AOPT=1.
Components of vector a for AOPT=2.
Components of vector v for AOPT=3.

Components of vector d for AOPT=2,

LS-DYNA Version 971
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Remarks:

The yield function is defined as
f 2 F¥j+/fu, - R "+

where the equivalent stress v,, is defined as an anisotropic yield criterion

Uy ? \/F YU, F UGt —-Grug fu Y - HEu, / uy,t - 20Uz - 2M U - 2NU,

Where F, G, H, L, M and N are constants obtained by test of the material in different
orientations. They are defined as

1A1 1,190
F ? Shos -2/ 570
2iR% Ry R110

A 0
G » Lt _1,1:

ZAR§3 R121 R2220
1A1 1,10

H ? Sis-—7-0
2} R121 Rz?z R323 0
L ? 32
2R,
M ? 32
2R},
N ? 32
2R3
The yield stress ratios are defined as follows
R, ?%u
0
Rzz ? @
0
R, ? %z
UO
R12 ? @
I/0
st ? %
0
R31 K &

0
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where u;; is the measured yield stress values, v, is the reference yield stress and v, ? IN3.

The strain hardening is either defined by the load curve or the strain hardening R is defined by
the extended Voce law,

% 0 A * * P
R*9"t? AQg "1/ exp*/C.g°

i71

where g°” is the effective (or accumulated) plastic strain, and Qg and Cg, are strain hardening
parameters.
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*MAT_JOHNSON_HOLMQUIST_CERAMICS

This is Material Type 110. This Johnson-Holmquist Plasticity Damage Model is useful for
modeling ceramics, glass and other brittle materials. A more detailed description can be found in
a paper by Johnson and Holmquist [1993].

Card 1 1 2 3 4 5 6 7 8
Variable MID RO G A B C M N
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable EPSI T SFMAX HEL PHEL BETA

Type F F F F F F

Card 3 1 2 3 4 5 6 7 8
Variable D1 D2 K1 K2 K3 FS

Type F F F F F F

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

characters must be specified.

RO Density

G Shear modulus

A Intact normalized strength parameter

B Fractured normalized strength parameter

C Strength parameter (for strain rate dependence)
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VARIABLE

DESCRIPTION

M
N

EPSO

SFMAX
HEL
PHEL

BETA

D1
D2
K1
K2
K3

FS

Remarks:

Fractured strength parameter (pressure exponent)

Intact strength parameter (pressure exponent).

Quasi-static threshold strain rate. See *MAT_015.

Maximum tensile pressure strength.

Maximum normalized fractured strength (if Eq.0, defaults to 1e20).
Hugoniot elastic limit.

Pressure component at the Hugoniot elastic limit.

Fraction of elastic energy loss converted to hydrostatic energy (affects
bulking pressure (history variable 1) that accompanies damage).

Parameter for plastic strain to fracture.
Parameter for plastic strain to fracture (exponent).
First pressure coefficient (equivalent to the bulk modulus).
Second pressure coefficient.
Third pressure coefficient.
Failure criteria.
FS<0 0 fail if p* + t* <0 (tensile failure).

FS =0 no failure (default).
FS >0 fail if the effective plastic strain > FS.

The equivalent stress for a ceramic-type material is given by

where

U 2u /DU Ut

u ?atp -t Ml-cng't

represents the intact, undamaged behavior,

D? AFg° /9"
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represents the accumulated damage (history variable 2) based upon the increase in plastic strain
per computational cycle and the plastic strain to fracture

g7 2d,tp -t
and
v, 2b¥p t *1-c In gt~ SFMAX

represents the damaged behavior. In each case, the ™' indicates a normalized quantity, the
stresses being normalized by the equivalent stress at the Hugoniot elastic limit (see below), the
pressures by the pressure at the Hugoniot elastic limit (see below) and the strain rate by the
reference strain rate. The parameter d1 controls the rate at which damage accumulates. If it is
made 0, full damage occurs in one time step i.e. instantaneously. It is also the best parameter to
vary if one attempts to reproduce results generated by another finite element program.

In undamaged material, the hydrostatic pressure is given by

P ?k,0-k,0° -k,0°
in compression and
P?ko

in tension where 0 ? &/ t,/1. When damage starts to occur, there is an increase in pressure. A

fraction, between 0 and 1, of the elastic energy loss, d, is converted into hydrostatic potential
energy (pressure). The details of this pressure increase are given in the reference.

Given hel and g, 0,,, can be found iteratively from
hel ?k g, -k, o, -k, 0, -*4/3tg(0,, /*1- 0,1
and, subsequently, for normalization purposes,
P. ?ko., -k,0, -k,0.°

and

U, ?15%hel / p,,t

These are calculated automatically by LS-DYNA if &, is zero on input.
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*MAT_JOHNSON_HOLMQUIST_CONCRETE

This is Material Type 111. This model can be used for concrete subjected to large strains, high
strain rates and high pressures. The equivalent strength is expressed as a function of the pressure,
strain rate, and damage. The pressure is expressed as a function of the volumetric strain and
includes the effect of permanent crushing. The damage is accumulated as a function of the plastic
volumetric strain, equivalent plastic strain and pressure. A more detailed description of this
model can be found in the paper by Holmquist, Johnson, and Cook [1993].

Card 1 1 2 3 4 5 6 7 8
Variable MID RO G A B C N FC
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable T EPSO EFMIN | SFMAX PC uc PL uL
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable D1 D2 K1 K2 K3 FS

Type 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.

A Normalized cohesive strength.
B Normalized pressure hardening.
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VARIABLE DESCRIPTION

C Strain rate coefficient.

N Pressure hardening exponent.

FC Quasi-static uniaxial compressive strength.

T Maximum tensile hydrostatic pressure.

EPSO Quasi-static threshold strain rate. See *MAT_015.

EFMIN Amount of plastic strain before fracture.
SFMAX Normalized maximum strength.

PC Crushing pressure.

uc Crushing volumetric strain.

PL Locking pressure.

uL Locking volumetric strain.

D1 Damage constant.

D2 Damage constant.

K1 Pressure constant.

K2 Pressure constant.

K3 Pressure constant.

FS Failure type:

FS <0 fail if damage strength < 0

FS=0 fail if P" =T ~0 (tensile failure).

FS >0 fail if the effective plastic strain > FS.
Remarks:

The normalized equivalent stress is defined as

u
fC

u?

where ¢ is the actual equivalent stress, and f| is the quasi-static uniaxial compressive strength.
The expression is defined as:
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u" ?§A*L/ Dt - BP™ KGL-C In*g

where D is the damage parameter, P~ ? P/f| is the normalized pressure and §~ ? g/4, is the

dimensionless strain rate. The model incrementally accumulates damage, D, both from
equivalent plastic strain and plastic volumetric strain, and is expressed as

~ Fg -Fo
D?A—* > *pDz
D,"P -T't

where Fg, and Fo, are the equivalent plastic strain and plastic volumetric strain, D,and D, are
material constants and T~ ?T/ f| is the normalized maximum tensile hydrostatic pressure.
The damage strength, DS, is defined in compression when P™ >0 as

DS ? f, EMIN §SFMAX, A*L/ Dt - BP™ ¥f1-C*In*g’

Or in tension if P <0, as

! C * AP* Qx *.*
DS ? fC©MAX E0, A*L/ D+/Aﬁ?oug1—C*ln g +ﬁ
E U

The pressure for fully dense material is expressed as
P?K0-K,0"-K,0°

where K, , K,and K, are material constants and the modified volumetric strain is defined as

59 O/OIock
l1-o0

lock

where o, is the locking volumetric strain.

LS-DYNA Version 971 1-469 (MAT)



*MAT 112 *MAT_FINITE_ELASTIC_STRAIN_PLASTICITY

*MAT_FINITE_ELASTIC_STRAIN_PLASTICITY

This is Material Type 112. An elasto-plastic material with an arbitrary stress versus strain curve
and arbitrary strain rate dependency can be defined. The elastic response of this model uses a
finite strain formulation so that large elastic strains can develop before yielding occurs. This
model is available for solid elements only. See Remarks below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN

Type A8 F F F F F

Default none none none none none 0.0

Card 2 1 2 3 4 5 6 7 8
Variable C P LCSS LCSR

Type F F F F

Default 0 0 0 0

Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
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*MAT_112

Card 4 1 2 3 4 5 6 7 8
Variable ES1 ES2 ES3 ES4 ES5 ES6 ES7 ES8
Type F F F F F F F F
Default 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 [qwpiOu"oqfwmwul
PR RakuugpOu"tevka)
SIGY Yield stress.
ETAN Tangent modulus, ignored if (LCSS.GT.0) is defined.
C Strain rate parameter, C, see formula below.
P Strain rate parameter, P, see formula below.
LCSS Load curve ID or Table ID. Load curve ID defining effective stress
versus effective plastic strain. If defined EPS1-EPS8 and ES1-ES8 are
ignored. The table ID defines for each strain rate value a load curve ID
giving the stress versus effective plastic strain for that rate, See Figure
24.1. The stress versus effective plastic strain curve for the lowest value
of strain rate is used if the strain rate falls below the minimum value.
Likewise, the stress versus effective plastic strain curve for the highest
value of strain rate is used if the strain rate exceeds the maximum value.
The strain rate parameters: C and P; the curve ID, LCSR; EPS1-EPS8
and ES1-ES8 are ignored if a Table ID is defined.
LCSR Load curve ID defining strain rate scaling effect on yield stress.
EPS1-EPS8 Effective plastic strain values (optional if SIGY is defined). At least 2

points should be defined. The first point must be zero corresponding to
the initial yield stress. WARNING: If the first point is nonzero the yield
stress is extrapolated to determine the initial yield. If this option is used
SIGY and ETAN are ignored and may be input as zero.

LS-DYNA Version 971

1-471 (MAT)



*MAT 112 *MAT_FINITE_ELASTIC_STRAIN_PLASTICITY

VARIABLE DESCRIPTION
ES1-ES8 Corresponding yield stress values to EPS1 - EPS8.
Remarks:

The stress strain behavior may be treated by a bilinear stress strain curve by defining the tangent
modulus, ETAN. Alternately, a curve similar to that shown in Figure 10.1 is expected to be
defined by (EPS1,ES1) - (EPS8,ES8); however, an effective stress versus effective plastic strain
curve (LCSS) may be input instead if eight points are insufficient. The cost is roughly the same
for either approach. The most general approach is to use the table definition (LCSS) discussed
below.

Three options to account for strain rate effects are possible.

l. Strain rate may be accounted for using the Cowper and Symonds model which scales the
yield stress with the factor

. . }/p
ig0
Lhct

where ¢ is the strain rate, g ? /g, J;

Il. For complete generality a load curve (LCSR) to scale the yield stress may be input instead.
In this curve the scale factor versus strain rate is defined.

Il. If different stress versus strain curves can be provided for various strain rates, the option
using the reference to a table (LCcSS) can be used. Then the table input in
*DEFINE_TABLE has to be used, see Figure 24.1.
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*MAT_TRIP

This is Material Type 113. This isotropic elasto-plastic material model applies to shell elements
only. It features a special hardening law aimed at modelling the temperature dependent
hardening behavior of austenitic stainless TRIP-steels. TRIP stands for Transformation Induced
Plasticity. A detailed description of this material model can be found in Hénsel, Hora, and

Reissner [1998] and Schedin, Prentzas, and Hilding [2004].

Card 1 1 2 4 5 6 7 8
Variable MID RO PR CP TO TREF TAO
Type A8 F
Default
Card 2 1 2 4 5 6 7 8
Variable A B D P Q EOMART | VMO
Type F F
Default
Card 3 1 2 4 5 6 7 8
Variable AHS BHS N EPSO HMART K1 K2
Type
Default
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.
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VARIABLE

RO
E
PR

CP

T0

TREF

TAO

Q

EOMART

VMO

AHS

BHS

DESCRIPTION

Mass density.
[qwpiOu"oqfwmwul
RakuugpOu"tevkap

Adiabatic temperature calculation option:
EQ.0.0: Adiabatic temperature calculation is disabled.
GT.0.0: CP is the specific heat Cp,. Adiabatic temperature
calculation is enabled.

Initial temperature T, of the material if adiabatic temperature calculation
is enabled.

Reference temperature for output of the yield stress as history variable 1.

Reference temperature Tag, the absolute zero for the used temperature
scale, e.g. -273.15 if the Celsius scale is used and 0.0 if the Kelvin scale
IS used.

Martensite rate equation parameter A, see equations below.
Martensite rate equation parameter B, see equations below.
Martensite rate equation parameter C, see equations below.
Martensite rate equation parameter D, see equations below.
Martensite rate equation parameter p, see equations below.
Martensite rate equation parameter Q, see equations below.
Martensite rate equation parameter Eqmary) , Se€ equations below.

The initial volume fraction of martensite 0.0<Vn<1.0 may be initialised
using two different methods:
GT.0.0: Vi is set to VMO.
LT.0.0: Can be used only when there are initial plastic strains ¢’
present, e.g. when using *INITIAL_STRESS SHELL. The absolute
value of VMO is then the load curve ID for a function f that sets

V., ? f*gP+. The function f must be a monotonically nondecreasing

function of g".
Hardening law parameter Ays, see equations below.

Hardening law parameter Bys, see equations below.
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VARIABLE DESCRIPTION

M Hardening law parameter m, see equations below.
N Hardening law parameter n, see equations below.

EPSO Hardening law parameter g, see equations below.

HMART Hardening law parameter FH;~; , see equations below.
K1 Hardening law parameter K;, see equations below.
K2 Hardening law parameter K, see equations below.
Remarks:

Here a short description is given of the TRIP-material model. The material model uses the von
Mises yield surface in combination with isotropic hardening. The hardening is temperature
dependent and therefore this material model must be run either in a coupled thermo-mechanical
solution, using prescribed temperatures or using the adiabatic temperature calculation option.
Setting the parameter CP to the specific heat C, of the material activates the adiabatic
temperature calculation that calculates the temperature rate from the equation

Tou@Dp

p

where «0DP" is the plastically dissipated heat. Using the Kelvin scale is recommended, even
though other scales may be used without problems.
The hardening behavior is described by the following equations. The Martensite rate equation is

E 0 ! If g > EO(mart)
|
.Vm 9E
7" B Q A1-v 0" 1 . |
i —ex g ——m 8 V PZ(1/tanh(C - DIT)),ifg? T E
jl A p(T/TAO )ﬁ Vm Q m 2( ( )) g 0(mart)
where

7" = effective plastic strain and
T = temperature.

The martensite fraction is integrated from the above rate equation:
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It always holds that 0.0<V,,<1.0. The initial martensite content is Vo and must be greater than
zero and less than 1.0. Note that Vo is not used during a restart or when initializing the Vp,
history variable using *INITIAL_STRESS_SHELL.

The yield stress ¢ is

nJ
u, ?}BHS -(Bys - A )exp*-mgﬁp =9 (K, - K,T) - FH,_ .V,

The parameters p and B should fulfill the following condition
(1+B)/B<p,

if not fulfilled then the martensite rate will approach infinity as V,, approaches zero. Setting the
parameter g, larger than zero, typical range 0.001-0.02 is recommended. A part from the
effective true strain a few additional history variables are output, see below.

History variables that are output for post-processing;:

Variable Description

1 Yield stress of material at temperature TREF. Useful to evaluate the strength of
the material after e.g., a simulated forming operation.

2 Volume fraction martensite, Vp,

3 CP EQ.0.0: Not used

CP GT.0.0: Temperature from adiabatic temperature calculation
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*MAT_LAYERED_LINEAR_PLASTICITY

This is Material Type 114. A layered elastoplastic material with an arbitrary stress versus strain
curve and an arbitrary strain rate dependency can be defined. This material must be used with
the user defined integration rules, see *INTEGRATION-SHELL, for modeling laminated
composite and sandwich shells where each layer can be represented by elastoplastic behavior
with constitutive constants that vary from layer to layer. Lamination theory is applied to correct
for the assumption of a uniform constant shear strain through the thickness of the shell. Unless
this correction is applied, the stiffness of the shell can be grossly incorrect leading to poor
results. Generally, without the correction the results are too stiff. This model is available for
shell elements only. Also, see Remarks below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN FAIL TDEL
Type A8 F F F F F F F
Default none none none none none 0.0 10.E+20 0
Card 2 1 2 3 4 5 6 7 8
Variable C P LCSS LCSR

Type F F F F

Default 0 0 0 0

Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
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Card 4 1 2 3 4 5 6 7 8
Variable ES1 ES2 ES3 ES4 ES5 ES6 ES7 ES8
Type F F F F F F F F
Default 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 [qwpiOu"oqfwmwu
PR RakuugpOu“tevkap
SIGY Yield stress.
ETAN Tangent modulus, ignored if (LCSS.GT.0) is defined.
FAIL Failure flag.
LT.0.0: User defined failure subroutine, matusr_24 in dyn21.F, is
called to determine failure
EQ.0.0: Failure is not considered. This option is recommended if
failure is not of interest since many calculations will be saved.
GT.0.0: Plastic strain to failure. When the plastic strain reaches this
value, the element is deleted from the calculation.
TDEL Minimum time step size for automatic element deletion.
C Strain rate parameter, C, see formula below.
P Strain rate parameter, P, see formula below.
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VARIABLE

LCSS

LCSR

EPS1-EPS8

ES1-ES8

Remarks:

DESCRIPTION

Load curve ID or Table ID. Load curve ID defining effective stress
versus effective plastic strain. If defined EPS1-EPS8 and ES1-ES8 are
ignored. The table ID defines for each strain rate value a load curve ID
giving the stress versus effective plastic strain for that rate, See Figure
24.1. The stress versus effective plastic strain curve for the lowest value
of strain rate is used if the strain rate falls below the minimum value.
Likewise, the stress versus effective plastic strain curve for the

highest value of strain rate is used if the strain rate exceeds the
maximum value. The strain rate parameters: C and P; the curve ID,
LCSR; EPS1-EPS8 and ES1-ES8 are ignored if a Table ID is defined.

Load curve ID defining strain rate scaling effect on yield stress.

Effective plastic strain values (optional if SIGY is defined). At least 2
points should be defined. The first point must be zero corresponding to
the initial yield stress. WARNING: If the first point is nonzero the yield
stress is extrapolated to determine the initial yield. If this option is used
SIGY and ETAN are ignored and may be input as zero.

Corresponding yield stress values to EPS1 - EPS8.

The stress strain behavior may be treated by a bilinear stress strain curve by defining the tangent
modulus, ETAN. Alternately, a curve similar to that shown in Figure 10.1 is expected to be
defined by (EPS1,ES1) - (EPS8,ES8); however, an effective stress versus effective plastic strain
curve (LCSS) may be input instead if eight points are insufficient. The cost is roughly the same
for either approach. The most general approach is to use the table definition (LCSS) discussed

below.

Three options to account for strain rate effects are possible.

l. Strain rate may be accounted for using the Cowper and Symonds model which scales the
yield stress with the factor

. . }/p
igg
Lhch

where ¢ is the strain rate, g ? /g, ;

Il. For complete generality a load curve (LCSR) to scale the yield stress may be input instead.
In this curve the scale factor versus strain rate is defined.
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[1. If different stress versus strain curves can be provided for various strain rates, the option
using the reference to a table (LCSS) can be used. Then the table input in
*DEFINE_TABLE has to be used, see Figure 24.1.
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*MAT_UNIFIED_CREEP

This is Material Type 115. This is an elastic creep model for modeling creep behavior when
plastic behavior is not considered.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR A N M
Type A8 F F F F F F
Default 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.
E [qwpiOu"ogfwmwul
PR RakuugpOu“tcvkap
A Stress coefficient.
N Stress exponent.
M Time exponent.
Remarks:

The effective creep strain, g°, given as:
gc t) AL_/nt_m

where A, n, and m are constants and t is the effective time. The effective stress, &7, is defined
as:

a? guijuij
The creep strain, therefore, is only a function of the deviatoric stresses. The volumetric behavior
for this material is assumed to be elastic. By varying the time constant m primary creep (m<1),
secondary creep (m=1), and tertiary creep (m>1) can be modeled. This model is described by
Whirley and Henshall [1992].
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*MAT_COMPOSITE_LAYUP

This is Material Type 116. This material is for modeling the elastic responses of composite
layups that have an arbitrary number of layers through the shell thickness. A pre-integration is
used to compute the extensional, bending, and coupling stiffness for use with the Belytschko-
Tsay resultant shell formulation. The angles of the local material axes are specified from layer to
layer in the *SECTION_SHELL input. This material model must be used with the user defined
integration rule for shells, see *INTEGRATION_SHELL, which allows the elastic constants to
change from integration point to integration point. Since the stresses are not computed in the
resultant formulation, the stresses output to the binary databases for the resultant elements are
zero. Note that this shell does not use laminated shell theory and that storage is allocated for just
one integration point (as reported in D3HSP) regardless of the layers defined in the integration
rule.

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

Type F F F F

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

Type F F F F F F

1-482 (MAT) LS-DYNA Version 971



*MAT_COMPOSITE_LAYUP
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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
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
EA Ea." [qwpilu'ogfwmwu'kp'c-direction.
EB Ep." [qwpilu"ogfwnwu'kp"d-direction.
EC E.."[qwpi0u"ogfwmwu'kp"c-direction.
PRBA Ppa-"Rakuugplutcvkg'dch
PRCA Pea."RakuugpOu'tevkg'ect”
PRCB Peb."Rakuugpiu'tevkged)”
GAB Gap, shear modulus ab."
GBC Gpc, Shear modulus bc.
GCA Gca, Shear modulus ca.
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VARIABLE

AOPT

XPYP ZP
Al A2 A3
V1V2V3
D1 D2 D3

BETA

Remarks:

DESCRIPTION

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 identical to the nodes used for the definition of a
coordinate system as by *DEFINE_COORDINATE_NODES, and
then rotated about the shell element normal by an angle BETA.

*DEFINE_COORDINATE_

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

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.

LT.0.0: the absolute value of AOPT is a coordinate system ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_

COORDINATE_SYSTEM or

*DEFINE_COORDINATE_

VECTOR). Available in R3 version of 971 and later.

Define coordinates of point p for AOPT =1 and 4.

Define components of vector a for AOPT = 2.

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

Define components of vector d for AOPT = 2.

Material angle in degrees for AOPT = 0 and 3, may be overridden on the

element card, see *ELEMENT_SHELL BETA.

This material law is based on standard composite lay-up theory. The implementation, [Jones
1975], allows the calculation of the force, N, and moment, M, stress resultants from:

%N L;'J QAnAizAie ;’gg: EBllBHBl(SGEm L;»J

EN, U? EA21A22A26U Egy EleBzszeUEm U

!|ny¢ EAleAzeAGGU |gz o] EBleBzeBeesU 17y %
I%Mx ? (E;Bn By, By G %ggl% EDll Dy, Dy Gl%mx ?
EM, U? Ele B, Bzau EQSQ‘ ED21 D,, D26UE/77y ]
lIMxy¢ EBlﬁ Bys Besll ‘igf\!( ED16 D DGGUllmxy¢
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where A; is the extensional stiffness, D;is the bending stiffness, and B, is the coupling

stiffness which is a null matrix for symmetric lay-ups. The mid-surface stains and curvatures are
denoted by gi‘j) and s, respectively. Since these stiffness matrices are symmetric, 18 terms are

needed per shell element in addition to the shell resultants which are integrated in time. This is
considerably less storage than would typically be required with through thickness integration
which requires a minimum of eight history variables per integration point, e.g., if 100 layers are
used 800 history variables would be stored. Not only is memory much less for this model, but
the CPU time required is also considerably reduced.
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*MAT_COMPOSITE_MATRIX

This is Material Type 117. This material is used for modeling the elastic responses of
composites where a pre-integration is used to compute the extensional, bending, and coupling
stiffness coefficients for use with the Belytschko-Tsay resultant shell formulation. Since the
stresses are not computed in the resultant formulation, the stresses output to the binary databases
for the resultant elements are zero.

Card 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 C11 Ci12 C22 C13 C23 C33 C14 C24
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable C34 C44 Ci15 C25 C35 C45 C55 Ci16
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable C26 C36 C46 C56 C66 AOPT

Type F F F F F F
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Card 5 1 2 3 4 5 6 7 8
Variable XP YP zpP Al A2 A3
Type F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3 BETA
Type 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.
cl C; coefficients of stiffness matrix.
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 identical to the nodes used for the definition of a
coordinate system as by *DEFINE_COORDINATE_NODES, and
then rotated about the shell element normal by an angle BETA.
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.
LT.0.0: the absolute value of AOPT is a coordinate system ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.
XP YP ZP Define coordinates of point p for AOPT =1 and 4.
Al A2 A3 Define components of vector a for AOPT = 2.
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VARIABLE DESCRIPTION
V1V2V3 Define components of vector v for AOPT = 3 and 4.
D1 D2 D3 Define components of vector d for AOPT = 2.
BETA Oaterial angle in degrees for AOPT = 0 and 3, may be overridden on the

element card, see *ELEMENT_SHELL_BETA.

Remarks:

The calculation of the force, N;, and moment, M, stress resultants is given in terms of the

membrane strains, g, and shell curvatures, 7, , as:

IIENX lIJ €Cu Cpp Ci3 Cyy G5 Cy )\(Ilig 3 Ll’J
ENV i EC21 Cp Cps Gy Cys Cy 8193 I
I!ny E? EC31 Cs, Gy Cyy G5 Gy HI!‘QS Lt
lMx ] EC41 Cp Cys Cuy Cps Cye Ui/ﬂx ]
:' My :' EC51 Csz Css C54 Css C56 H:'/ﬂy :'
iM Xy; ECGl Cez Ces Ce4 Ces Cee Di’/ﬂxy;

where C; ?C;. In this model this symmetric matrix is transformed into the element local

system and the coefficients are stored as element history variables. In model type
*MAT_COMPOSITE_DIRECT below, the resultants are already assumed to be given in the
element local system which reduces the storage since the 21 coefficients are not stored as
history variables as part of the element data.

The shell thickness is built into the coefficient matrix and, consequently, within the part ID,
which references this material ID, the thickness must be uniform.
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*MAT_COMPOSITE_DIRECT

This is Material Type 118. This material is used for modeling the elastic responses of
composites where a pre-integration is used to compute the extensional, bending, and coupling
stiffness coefficients for use with the Belytschko-Tsay resultant shell formulation. Since the
stresses are not computed in the resultant formulation, the stresses output to the binary databases
for the resultant elements are zero.

Card 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 Ci11 C12 C22 C13 c23 C33 Cl4 C24
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable C34 C44 C15 C25 C35 C45 C55 C16
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable C26 C36 C46 C56 C66
Type F F F F F

VARIABLE DESCRIPTION

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

characters must be specified.
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VARIABLE DESCRIPTION
RO Mass density.
N C, coefficients of the stiffness matrix.
Remarks:

The calculation of the force, N., and moment, M.

;j» stress resultants is given in terms of the

ij
membrane strains, g, and shell curvatures, 7, , as:

I;;NX LI'J (Cy Cp, C3 Cy Cis Cy )\(I;igf ?
ENY ] EC21 Cp €y Cyy Cps Cyg HIQS I
I!ny 5? EC31 Cyp Cyy Cyy Cys Cyg BI!QS E
iMx ] EC41 Cp Cyis Cpu Cps Cg Ui 1
:’My :' EC51 Cs, Cys Coy Cos Gy B:'/ﬂy :'
iM Xy; ECGI Cez Ces C64 Css Ces Uimxy{

where C; ? C;. In this model the stiffness coefficients are already assumed to be given in the

element local system which reduces the storage. Great care in the element orientation and choice
of the local element system, see *CONTROL_ACCURACY, must be observed if this model is
used.

The shell thickness is built into the coefficient matrix and, consequently, within the part ID,
which references this material 1D, the thickness must be uniform.
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*MAT_GENERAL_NONLINEAR_6DOF_DISCRETE_BEAM

This is Material Type 119. This is a very general spring and damper model. This beam is based
on the MAT_SPRING_GENERAL_NONLINEAR option. Additional unloading options have
been included. The two nodes defining the beam may be coincident to give a zero length beam,
or offset to give a finite length beam. For finite length discrete beams the absolute value of the
variable SCOOR in the SECTION_BEAM input should be set to a value of 2.0 or 3.0 to give
physically correct behavior. A triad is used to orient the beam for the directional springs.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO KT KR UNLDOPT | OFFSET | DAMPF | IFLAG
Type A8 F F F | F F |
Card 2 1 2 3 4 5 6 7 8

Variable LCIDTR | LCIDTS | LCIDTT | LCIDRR LCIDRS LCIDRT

Type | I | | | |

Card 3 1 2 3 4 5 6 7 8

Variable LCIDTUR | LCIDTUS | LCIDTUT | LCIDRUR | LCIDRUS | LCIDRUT

Type | I | | I I

Card 4 1 2 3 4 5 6 7 8

Variable LCIDTDR | LCIDTDS | LCIDTDT | LCIDRDR | LCIDRDS | LCIDRDT

Type | | | | | |
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Card 5 1 2 3 4 5 6 7 8
Variable | LCIDTER | LCIDTES | LCIDTET | LCIDRER | LCIDRES | LCIDRET
Type | | | | | |
Card 6 1 2 3 4 5 6 7 8
Variable | UTFAILR | UTFAILS | UTFAILT | WTFAILR | WTFAILS | WTFAILT
Type F F F = F F
Card 7 1 2 3 4 5 6 7 8
Variable | UCFAILR | UCFAILS | UCFAILT | WCFAILR | WCFAILS | WCFAILT
Type F F F F F F
Card 8 1 2 3 4 5 6 7 8
Variable IUR IUS IuT IWR Iws IWT
Type 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, see also volume in *SECTION_BEAM definition.
KT Translational stiffness for unloading option 2.0.
KR Rotational stiffness for unloading option 2.0.
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VARIABLE

DAMPF

IFLAG

UNLDOPT

OFFSET

LCIDTR

LCIDTS

LCIDTT

LCIDRR

LCIDRS

DESCRIPTION

Damping factor for stability. Values in the neighborhood of unity are
recommended. This damping factor is properly scaled to eliminate time
step size dependency. Also, it is active if and only if the local stiffness
is defined.

Flag for switching between the displacement (default IFLAG=0) and
linear strain (IFLAG=1) formulations. The displacement formulation is
the one used in all other models. For the linear strain formulation, the
displacements and velocities are divided by the initial length of the
beam.

Unloading option (Also see Figure 119.1.):
EQ.0.0: Loading and unloading follow loading curve
EQ.1.0: Loading follows loading curve, unloading follows unloading
curve. The unloading curve ID if undefined is taken as the loading
curve.
EQ.2.0: Loading follows loading curve, unloading follows unloading
stiffness, KT or KR, to the unloading curve. The loading and
unloading curves may only intersect at the origin of the axes.
EQ.3.0: Quadratic unloading from peak displacement value to a
permanent offset.

Offset factor between 0 and 1.0 to determine permanent set upon
unloading if the UNLDOPT=3.0. The permanent sets in compression
and tension are equal to the product of this offset value and the
maximum compressive and tensile displacements, respectively.

Load curve ID defining translational force resultant along local r-axis
versus relative translational displacement. If zero, no stiffness related
forces are generated for this degree of freedom. The loading curves
must be defined from the most negative displacement to the most
positive displacement.  The force does not need to increase
monotonically. The curves in this input are linearly extrapolated when
the displacement range falls outside the curve definition.

Load curve ID defining translational force resultant along local s-axis
versus relative translational displacement.

Load curve ID defining translational force resultant along local t-axis
versus relative translational displacement.

Load curve ID defining rotational moment resultant about local r-axis
versus relative rotational displacement.

Load curve ID defining rotational moment resultant about local s-axis
versus relative rotational displacement.
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VARIABLE

LCIDRT

LCIDTUR

LCIDTUS

LCIDTUT

LCIDRUR

LCIDRUS

LCIDRUT

LCIDTDR

LCIDTDS

LCIDTDT

LCIDRDR

LCIDRDS

LCIDRDT

DESCRIPTION

Load curve ID defining rotational moment resultant about local t-axis
versus relative rotational displacement.

Load curve ID defining translational force resultant along local r-axis
versus relative translational displacement during unloading. The force
values defined by this curve must increase monotonically from the most
negative displacement to the most positive displacement.  For
UNLDOPT=1.0, the slope of this curve must equal or exceed the
loading curve for stability reasons. This is not the case for
UNLDOPT=2.0. For loading and unloading to follow the same path
simply set LCIDTUR=LCIDTR. For options UNLDOPT=0.0 or 3.0 the
unloading curve is not required.

Load curve ID defining translational force resultant along local s-axis
versus relative translational displacement during unloading.

Load curve ID defining translational force resultant along local t-axis
versus relative translational displacement during unloading.

Load curve ID defining rotational moment resultant about local r-axis
versus relative rotational displacement during unloading.

Load curve ID defining rotational moment resultant about local s-axis
versus relative rotational displacement during unloading.

Load curve ID defining rotational moment resultant about local t-axis
versus relative rotational displacement during unloading. If zero, no
viscous forces are generated for this degree of freedom.

Load curve ID defining translational damping force resultant along local
r-axis versus relative translational velocity.

Load curve ID defining translational damping force resultant along local
s-axis versus relative translational velocity.

Load curve ID defining translational damping force resultant along local
t-axis versus relative translational velocity.

Load curve ID defining rotational damping moment resultant about local
r-axis versus relative rotational velocity.

Load curve ID defining rotational damping moment resultant about local
s-axis versus relative rotational velocity.

Load curve ID defining rotational damping moment resultant about local
t-axis versus relative rotational velocity.
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VARIABLE DESCRIPTION

LCIDTER Load curve ID defining translational damping force scale factor versus
relative displacement in local r-direction.

LCIDTES Load curve ID defining translational damping force scale factor versus
relative displacement in local s-direction.

LCIDTET Load curve ID defining translational damping force scale factor versus
relative displacement in local t-direction.

LCIDRER Load curve ID defining rotational damping moment resultant scale
factor versus relative displacement in local r-rotation.

LCIDRES Load curve ID defining rotational damping moment resultant scale
factor versus relative displacement in local s-rotation.

LCIDRET Load curve ID defining rotational damping moment resultant scale
factor versus relative displacement in local t-rotation.

UTFAILR Optional, translational displacement at failure in tension. If zero, the
corresponding displacement, uy, is not considered in the failure
calculation.

UTFAILS Optional, translational displacement at failure in tension. If zero, the
corresponding displacement, us, is not considered in the failure
calculation.

UTFAILT Optional, translational displacement at failure in tension. If zero, the
corresponding displacement, ut, is not considered in the failure
calculation.

WTFAILR Optional, rotational displacement at failure in tension. If zero, the

corresponding rotation, sy, is not considered in the failure calculation.

WTFAILS Optional, rotational displacement at failure in tension. If zero, the
corresponding rotation, s, is not considered in the failure calculation.

WTFAILT Optional rotational displacement at failure in tension. If zero, the
corresponding rotation, st, is not considered in the failure calculation.

UCFAILR Optional, translational displacement at failure in compression. If zero,
the corresponding displacement, uy, is not considered in the failure

calculation. Define as a positive number.

UCFAILS Optional, translational displacement at failure in compression. If zero,
the corresponding displacement, us, is not considered in the failure

calculation. Define as a positive number.
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VARIABLE DESCRIPTION

UCFAILT Optional, translational displacement at failure in compression. If zero,
the corresponding displacement, u, is not considered in the failure
calculation. Define as a positive number.

WCFAILR Optional, rotational displacement at failure in compression. If zero, the
corresponding rotation, Sy, is not considered in the failure calculation.
Define as a positive number.

WCFAILS Optional, rotational displacement at failure in compression. If zero, the
corresponding rotation, Ss, is not considered in the failure calculation.
Define as a positive number.

WCFAILT Optional, rotational displacement at failure in compression. If zero, the
corresponding rotation, st, is not considered in the failure calculation.
Define as a positive number.

IUR Initial translational displacement along local r-axis.

IUS Initial translational displacement along local s-axis.

IuT Initial translational displacement along local t-axis.

IWR Initial rotational displacement about the local r-axis.

IWS Initial rotational displacement about the local s-axis.

IWT Initial rotational displacement about the local t-axis.
Remarks:

Catastrophic failure, which is based on displacement resultants, occurs if either of the
following inequalities are satisfied:

Ay, 02_/§ u 02_A U, Oz_l\ s, OZ_Z\ s, OZ_A s, 02/1 +0
ﬁu:fail 8 ﬁu;fail 8 ﬁuttfail 8 ﬁsrtfail 8 ﬁssrfail 8 ﬁsttfail 8 )

~ 22 ~ 22 ~ A2 ~ 22 ~ 22 ~ 2
Au 0 Au 0 Au 0 As 0 As 0 As 0

A —A—f A0 At —A—f —h—t( /1.10
ﬁuffall 8 ﬁuscfall 8 ﬁutcfall 8 ﬁsrcfall 8 ﬁsscfall 8 ﬁstcfall 8

After failure the discrete element is deleted. If failure is included either the tension failure or the
compression failure or both may be used.
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Figure 119.1. Load and unloading behavior.

There are two formulations for calculating the force. The first is the standard displacement
formulation, where, for example, the force in a linear spring is

F?/KF/(

for a change in length of the beam of F(. The second formulation is based on the linear strain,
giving a force of

F?/KE

0

for a beam with an initial length of ¢,. This option is useful when there are springs of different

lengths but otherwise similar construction since it automatically reduces the stiffness of the
spring as the length increases, allowing an entire family of springs to be modeled with a single
material. Note that all the displacement and velocity components are divided by the initial
length, and therefore the scaling applies to the damping and rotational stiffness.
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*MAT_GURSON

This is Material Type 120. This is the Gurson dilatational-plastic model. This model is available
for shell and solid elements. A detailed description of this model can be found in the following
references: Gurson [1975, 1977], Chu and Needleman [1980] and Tvergaard and Needleman
[1984]. The implementation in LS-DYNA is based on the implementation of Feucht [1998] and
Fallnacht [1999], which was recoded at LSTC. Strain rate dependency can be defined via a
Table definition starting with the second formal release of version 971.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY N Q1 Q2
Type A8 F F = E F F =
Default none none none none none 0.0 none none
Card 2 1 2 3 4 5 6 7 8
Variable FC FO EN SN FN ETAN ATYP FFO
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
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Card 4 1 2 3 4 5 6 7 8
Variable ES1 ES2 ES3 ES4 ES5 ES6 ES7 ES8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
Card 5 1 2 3 4 5 6 7 8
Variable L1 L2 L3 L4 FF1 FF2 FF3 FF4
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
Card 6 1 2 3 4 5 6 7 8
Variable LCSS LCLF | NUMINT | LCFO LCFC LCFN | VGTYP | DEXP
Type F F F F F F F F
Default 0 0 1.0 0 0 0 0 3.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8

characters must be specified.

RO Mass density.
E [qwpiOu"oqfwmwul
PR RakuugpOu“tevka)
SIGY Yield stress.
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*MAT_GURSON

VARIABLE

N

Q1

Q2

FC

FO

EN

SN

FN

ETAN

ATYP

FFO

EPS1-EPS8

ES1-ES8

L1-L4

FF1-FF4

DESCRIPTION

Exponent for Power law. This value is only used if ATYP=1 and
LCSS=0.

Gurson flow function parameter ¢, .
Gurson flow function parameter g, .

Critical void volume fraction f. where voids begin to aggregate. This
value is only used if LCFC=0.

Initial void volume fraction f;. This value is only used if LCF0=0.
Mean nucleation strain g, .
Standard deviation s, of the normal distribution of g, .

Void volume fraction of nucleating particles f, . This value is only used
if LCFN=0.

Hardening modulus. This value is only used if ATYP=2 and LCSS=0.

Type of hardening.
EQ.1.0: Power law.
EQ.2.0: Linear hardening.
EQ.3.0: 8 points curve.

Failure void volume fraction f.. This value is only used if no curve is
given by L1,FF11 L4,FF4 and LCFF=0.

Effective plastic strain values.  The first point must be zero
corresponding to the initial yield stress. At least 2 points should be
defined. These values are used if ATYP=3 and LCSS=0.

Corresponding yield stress values to EPS1 T EPS8. These values are
used if ATYP=3 and LCSS=0.

Element length values. These values are only used if LCFF=0

Corresponding failure void volume fraction. These values are only used
if LCFF=0.
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VARIABLE DESCRIPTION

LCSS Load curve ID or Table ID. ATYP is ignored with this option. Load
curve ID defining effective stress versus effective plastic strain. Table
ID defines for each strain rate value a load curve ID giving the effective
stress versus effective plastic strain for that rate (see MAT_024). The
stress-strain curve for the lowest value of strain rate is used if the strain
rate falls below the minimum value. Likewise, the stress-strain curve for
the highest value of strain rate is used if the strain rate exceeds
themaximum value. NOTE: The strain rate values defined in the table
may be given as the natural logarithm of the strain rate. If the first
stress-strain curve in the table corresponds to a negative strain rate, LS-
DYNA assumes that the natural logarithm of the strain rate value is
used. Since the tables are internally discretized to equally space the
points, natural logarithms are necessary, for example, if the curves
correspond to rates from 10.e-04 to 10.e+04. The table option is
available starting with the second formal release of version 971.

LCFF Load curve ID defining failure void volume fraction f. versus element
length.
NUMINT Number of integration points which must fail before the element is

deleted. This option is available for shells and solids.
LT.0.0: INUMINT] is percentage of integration points/layers which
must fail before shell element fails. For fully integrated shells, a
methodology is used where a layer fails if one integration
point fails and then the given percentage of layers must fail
before the element fails. Only available for shells.

LCFO Load curve ID defining initial void volume fraction f, versus element

length. This option is available starting with the second formal release
of version 971.

LCFC Load curve ID defining critical void volume fraction f, versus element

length. This option is available starting with the second formal release
of version 971.

LCFN Load curve ID defining void volume fraction of nucleating particles f,

versus element length. This option is available starting with the second
formal release of version 971.
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VARIABLE DESCRIPTION

VGTYP Type of void growth behavior.
EQ.0.0: Void growth in case of tension and void contraction in case
of compression, but never below f, (default).

EQ.1.0: Void growth only in case of tension.
EQ.2.0: Void growth in case of tension and void contraction in case
of compression, even below f;.

DEXP Exponent value for damage history variable 16.

Remarks:

The Gurson flow function is defined as:

H’)UM -2q,f” coshﬁ gz H0/1/* 420
u;

Y Y

where u,, is the equivalent von Mises stress, ¢, is the yield stress, v, is the mean hydrostatic
stress. The effective void volume fraction is defined as

: f f~f
o
PR, Yalfeeg /iy ¢ @r
1 fo / f,

The growth of void volume fraction is defined as
fof -1,
where the growth of existing voids is defined as

fo 2%/ f4g5

and nucleation of new voids is defined as
fy ? AJ,
with function A

fy 1Ag /gNO
ex pA/ £
Sww2r R 2} Sy 8

A? —N

Voids are nucleated only in tension.
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History variables

Shell / Solid  Description

1/1 Void volume fraction

412 Triaxiality variable v, / u,,
5/3 Effective strain rate

6/4 Growth of voids

715 Nucleation of voids

o . g f /7 6,415 /7,4 if f~f
11/11 Dimensionless material damage value ?g_ | . )
-t/ 7t /1 0if f@f,

13/13 Deviatoric part of microscopic plastic strain
14/14 Volumetric part of macroscopic plastic strain
- - - A 1y fo Ol/DEXP
16/16 Dimensionless material damage value ? 0
A/ 10
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*MAT_GURSON_JC

This is an enhancement of Material Type 120. This is the Gurson model with additional Johnson-
Cook failure criterion (parameters Card 5). This model is available for shell and solid elements.
Strain rate dependency can be defined via Table. This model is available starting with the
second formal release of version 971. An extension for void growth under shear-dominated
states and for Johnson-Cook damage evolution is available starting with the fourth formal release
of version 971 (optional Card 7).

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY N Q1 Q2
Type A8 F F = E F F =
Default none none none none None 0.0 none none
Card 2 1 2 3 4 5 6 7 8
Variable FC FO EN SN FN ETAN ATYP FFO
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
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Card 4 1 2 3 4 5 6 7 8
Variable SIG1 SIG2 SIG3 SIG4 SIG5 SIG6 SIG7 SIG8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
Card 5 1 2 3 4 5 6 7 8
Variable LCDAM L1 L2 D1 D2 D3 D4 LCJC
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
Card 6 1 2 3 4 5 6 7 8
Variable LCSS LCFF | NUMINT | LCFO LCFC LCFN VGTYP DEXP
Type F F F F F F F F
Default 0 0 1 0 0 0 0 3.0
Optional Card (starting with version 971 release R4)

Card 7 1 2 3 4 5 6 7 8
Variable KW BETA M

Type F F F

Default 0 0 1.0
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VARIABLE DESCRIPTION

MID Material identification. A unique number or label not exceeding 8
characters must be specified.

RO Mass density.
E [qwpiOu"oqfwmwu
PR RakuugpOu"tevkap
SIGY Yield stress.
N Exponent for Power law. This value is only used if ATYP=1 and
LCSS=0.
Q1 Gurson flow function parameter g, .
Q2 Gurson flow function parameter q,.
FC Critical void volume fraction f_. where voids begin to aggregate.
FO Initial void volume fraction f;. This value is only used if LCF0=0.
EN Mean nucleation strain g, .
SN Standard deviation s, of the normal distribution of g, .
FN Void volume fraction of nucleating particles f,, . This value is only used
if LCFN=0.
ETAN Hardening modulus. This value is only used if ATYP=2 and LCSS=0.
ATYP Type of hardening.

EQ.1.0: Power law.
EQ.2.0: Linear hardening.
EQ.3.0: 8 points curve.

FFO Failure void volume fraction f.. This value is only used if LCFF=0.

EPS1-EPS8 Effective plastic strain values. The first point must be zero
corresponding to the initial yield stress. At least 2 points should be
defined. These values are used if ATYP=3 and LCSS=0.

ES1-ES8 Corresponding yield stress values to EPS1 T EPS8. These values are
used if ATYP=3 and LCSS=0.
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VARIABLE

LCDAM

L1

L2

D1-D4

LCJC

LCSS

LCFF

NUMINT

LCFO

LCFC

DESCRIPTION

Load curve defining scaling factor N versus element length. Scales the
Johnson-Cook failure strain (see remarks). If LCDAM=0, no scaling is
performed.

Lower triaxiality factor defining failure evolution (Johnson-Cook).
Upper triaxiality factor defining failure evolution (Johnson-Cook).
Johnson-Cook damage parameters.

Load curve defining scaling factor for Johnson-Cook failure versus
triaxiality (see remarks). If LCJC > 0, parameters D1, D2 and D3 are
ignored.

Load curve ID or Table ID. ATYP is ignored with this option. Load
curve ID defining effective stress versus effective plastic strain. Table
ID defines for each strain rate value a load curve ID giving the effective
stress versus effective plastic strain for that rate (see MAT_024). The
stress-strain curve for the lowest value of strain rate is used if the strain
rate falls below the minimum value. Likewise, the stress-strain curve for
the highest value of strain rate is used if the strain rate exceeds the
maximum value. NOTE: The strain rate values defined in the table may
be given as the natural logarithm of the strain rate. If the first stress-
strain curve in the table corresponds to a negative strain rate, LS-DYNA
assumes that the natural logarithm of the strain rate value is used. Since
the tables are internally discretized to equally space the points, natural
logarithms are necessary, for example, if the curves correspond to rates
from 10.e-04 to 10.e+04.

Load curve 1D defining failure void volume fraction f. versus element
length.

Number of through thickness integration points which must fail before
the element is deleted. This option is available for shells and solids.
LT.0.0: INUMINT] is percentage of integration points/layers which
must fail before shell element fails. For fully integrated shells, a
methodology is used where a layer fails if one integration
point fails and then the given percentage of layers must fail before
the element fails. Only available for shells.

Load curve ID defining initial void volume fraction f, versus element
length.

Load curve ID defining critical void volume fraction f, versus element
length.
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VARIABLE DESCRIPTION

LCFN Load curve ID defining void volume fraction of nucleating particles f,
versus element length.

VGTYP Type of void growth behavior.
EQ.0.0: Void growth in case of tension and void contraction in case
of compression, but never below f, (default).
EQ.1.0: Void growth only in case of tension.
EQ.2.0: Void growth in case of tension and void contraction in case
of compression, even below f,.

DEXP Exponent value for damage history variable 16.
KW Parameter k for void growth in shear-dominated states. See remarks.
BETA Parameter in Lode cosine function. See remarks.
M Parameter for generalization of Johnson-Cook damage evolution. See
remarks.
Remarks:

The Gurson flow function is defined as:

u2

* A 0 *
H? X g f cosh;ﬁgZAg/l/*qlf 20
u. 0

Y Y

where u,, is the equivalent von Mises stress, ¢, is the yield stress, v,, is the mean hydrostatic
stress. The effective void volume fraction is defined as

= i Fof,
Prt7e, Yalfeeg sty ¢ @r
1 f / f,

The growth of void volume fraction is defined as
f2f, -1,
where the growth of existing voids is defined as

fs 2%/ F4g8 -k y¥itf ¥/ f g r
M
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The second term is an optional extension for shear failure proposed by Nahshon and Hutchinson
[2008] with new parameter k, (=0 by default), effective plastic strain rate in the matrix g2, and

Lode cosin function y*j+:

27

y*j+21/2°/ diz*1/ z+, z?cos*3st? ?J—3
u

with parameter ¢, Lode angle s and third deviatoric stress invariant J,.

Nucleation of new voids is defined as

fy 2 Ay
with function A
A2
0
A’> fN ep/1 G /QNQO
N ﬁ 2 Sy 08

Voids are nucleated only in tension.

The Johnson-Cook failure criterion is added in this material model. Based on the triaxiality ratio
u, lu,, failure is calculated as:

a) u,lu,, @4 : Gurson model
b) L fu,/u, tL, : Gurson model and Johnson-Cook failure criteria
c) u,lu, >L, : Gurson model

Johnson-Cook failure strain is defined as

g, ’PED D, expﬁD —Qu*l D,IngtN
F w00

where D;, D,, D, and D, are the Johnson-Cook failure parameters and N is a function for

including mesh-size dependency. An alternative expression can be used, where the first term of
the above equation (including D1, D2 and D3) is replaced by a general function LCJC which
depends on triaxiality

Au. 0
g, 2LCICH L1 5% - D, Ing4N

m 0

The Johnson-Cook damage parameter Dy is calculated with the following evolution

LS-DYNA Version 971 1-509 (MAT)



*MAT_ 120 JC *MAT_GURSON_JC

. P! ~ Fg” E>1 nofailure
Dy ?g_ > D;?A g E .
g; g; 1¥1 failure

where Fg” is the increment in effective plastic strain. A more general (non-linear) damage
evolution is possible if M >1 is chosen:

B, 2 Mp™itge M 10
9
History variables
Shell / Solid  Description
1/1 Void volume fraction
412 Triaxiality variable v, / u,,
5/3 Effective strain rate
6/4 Growth of voids
715 Nucleation of voids
8/6 Johnson-Cook failure strain g,
9/7 Johnson-Cook damage parameter D,
10/8 Domain variable: = 0 elastic stress update

= 1 region a) Gurson

= 2 region b) Gurson + Johnson-Cook

= 3 region ¢) Gurson

R¥f / ft/%f /76,4 0if f~1

11/11 Dimensionless material damage value ? g, . )
P-"f/7 547t 71+ if f@f

13/13 Deviatoric part of microscopic plastic strain
14/14 Volumetric part of macroscopic plastic strain
- - - A . fo Ol/DEXP
16/16 Dimensionless material damage value ? i 0
At/ 0
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*MAT 120 RCDC

*MAT_GURSON_RCDC

This is an enhancement of material Type 120. This is the Gurson model with the Wilkins Rc-Dc
[Wilkins, et al., 1977] fracture model added. This model is available for shell and solid
elements. A detailed description of this model can be found in the following references: Gurson
[1975, 1977]; Chu and Needleman [1980]; and Tvergaard and Needleman [1984].

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY N Q1 Q2
Type A8 F F F F F F F
Default None none none none none 0.0 none none
Card 2 1 2 3 4 5 6 7 8
Variable FC FO EN SN FN ETAN ATYP FFO
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
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*MAT_GURSON_RCDC

Card 4 1 2 3 4 5 6 7 8
Variable ES1 ES2 ES3 ES4 ES5 ES6 ES7 ES8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
Card 5 1 2 3 4 5 6 7 8
Variable L1 L2 L3 L4 FF1 FF2 FF3 FF4
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
Card 6 1 2 3 4 5 6 7 8
Variable LCSS LCLF NUMINT

Type F F F

Default 0 0 1

Card 7 1 2 3 4 5 6 7 8
Variable ALPHA BETA GAMMA DO B LAMBDA DS L
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
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VARIABLE DESCRIPTION

MID Material identification. A unique number or label not exceeding 8
characters must be specified.

RO Mass density.

E [qwpiOu"oqfwmwul

PR RakuugpOu"tevkap
SIGY Yield stress.

N Exponent for Power law. This value is only used if ATYP=1 and

LCSS=0.

Q1 Parameter Q.

Q1 Parameter d, .

FC Critical void volume fraction f,

FO Initial void volume fraction f; .

EN Mean nucleation straing,, .

SN Standard deviation S, of the normal distribution of gy .

FN Void volume fraction of nucleating particles.
ETAN Hardening modulus. This value is only used if ATYP=2 and LCSS=0.
ATYP Type of hardening.

EQ.1.0: Power law.
EQ.2.0: Linear hardening.
EQ.3.0: 8 points curve.

FFO Failure void volume fraction. This value is used if no curve is given by
the points L1,FF1 - L4,FF4 and LCLF=0.

EPS1-EPS8 Effective plastic strain values. The first point must be zero
corresponding to the initial yield stress. This option is only used if
ATYP equal to 3. At least 2 points should be defined. These values are
used if ATYP=3 and LCSS=0.

ES1-ES8 Corresponding yield stress values to EPS1 - EPS8. These values are
used if ATYP=3 and LCSS=0.
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VARIABLE DESCRIPTION
L1-L4 Element length values. These values are only used if LCLF=0.
FF1-FF4 Corresponding failure void volume fraction. These values are only used
if LCLF=0.
LCSS Load curve ID defining effective stress versus effective plastic strain.

ATYP is ignored with this option.

LCLF Load curve ID defining failure void volume fraction versus element
length. The values L1-L4 and FF1-FF4 are ignored with this option.

NUMINT Number of through thickness integration points which must fail before
the element is deleted.

ALPHA Parameter c . for the Rc-Dc model
BETA Parameter d . for the Rc-Dc model
GAMMA Parameter 7 . for the Rc-Dc model
DO Parameter D, . for the Rc-Dc model
B Parameter b . for the Rc-Dc model
LAMBDA Parameter 7. for the Rc-Dc model
DS Parameter D, . for the Rc-Dc model
L Characteristic element length for this material
Remarks:

The Gurson flow function is defined as:

’ . A 0 \
H?u—“g—quf coshAMolll*qlf ¥20
uy A 2uy

where u,, is the equivalent von Mises stress, v, is the Yield stress, v, is the mean hydrostatic
stress. The effective void volume fraction is defined as

= f ft
i
Prey Vel e /s @,
1 f / f,
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*MAT 120 RCDC

The growth of the void volume fraction is defined as
fof -f
where the growth of existing voids is given as:
fo ?*1/ f445,

and nucleation of new voids as:

fy ? Ag,
in which A is defined as
22
O
ﬁ ab s, o
The Rc-Dc model is defined as the following:
The damage D is given by
D ? )y y,dg®
where g° is the equivalent plastic strain,
A1 0
ok :
VIR
is a triaxial stress weighting term and
Vv, ?2*2/ At
IS a asymmetric strain weighting term.
In the above ¢, is the mean stress and
A 0
Ap 7 maxi-—= % 5% =0
AS; Sl 0
Fracture is initiated when the accumulation of damage is
D
D, @

where D, is the a critical damage given by
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D, ? D, *1-b[aD|"t

A fracture fraction

D/D,
D

S

F?

defines the degradations of the material by the Rc-Dc model.

The characteristic element length is used in the calculation of 1D. Calculation of this factor is
only done for element with smaller element length than this value.
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*MAT_121

*MAT_GENERAL_NONLINEAR_1DOF_DISCRETE_BEAM

This is Material Type 121. This is a very general spring and damper model. This beam is based
on the MAT_SPRING_GENERAL_NONLINEAR option and is a one-dimensional version of
the 6DOF_DISCRETE_BEAM above.
between the two connected nodal points. Additional unloading options have been included.

The forces generated by this model act along a line

Card 1 1 2 3 4 5 6 8
Variable MID RO K UNLDOPT | OFFSET | DAMPF
Type A8 F F | F F
Card 2 1 2 3 4 5 6 8
Variable LCIDT | LCIDTU | LCIDTD | LCIDTE
Type | I | |
Card 3 1 2 3 4 5 6 8
Variable UTFAIL | UCFAIL 1V]
Type F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density, see also volume in *SECTION_BEAM definition.
K Translational stiffness for unloading option 2.0.
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VARIABLE

UNLDOPT

OFFSET

DAMPF

LCIDT

LCIDTU

LCIDTD

LCIDTE

UTFAIL

DESCRIPTION

Unloading option (Also see Figure 119.1):
EQ.0.0: Loading and unloading follow loading curve
EQ.1.0: Loading follows loading curve, unloading follows
unloading curve. The unloading curve ID if undefined is taken as the
loading curve.
EQ.2.0: Loading follows loading curve, unloading follows unloading
stiffness, K, to the unloading curve. The loading and unloading
curves may only intersect at the origin of the axes.
EQ.3.0: Quadratic unloading from peak displacement value to a
permanent offset.

Offset to determine permanent set upon unloading if the
UNLDOPT=3.0. The permanent sets in compression and tension are
equal to the product of this offset value and the maximum compressive
and tensile displacements, respectively.

Damping factor for stability. Values in the neighborhood of unity are
recommended. This damping factor is properly scaled to eliminate time
step size dependency. Also, it is active if and only if the local stiffness
is defined.

Load curve ID defining translational force resultant along the axis versus
relative translational displacement. If zero, no stiffness related forces
are generated for this degree of freedom. The loading curves must be
defined from the most negative displacement to the most positive
displacement. The force does not need to increase monotonically for the
loading curve. The curves are extrapolated when the displacement range
falls outside the curve definition.

Load curve ID defining translational force resultant along the axis versus
relative translational displacement during unloading. The force values
defined by this curve must increase monotonically from the most
negative displacement to the most positive displacement.  For
UNLDOPT=1.0, the slope of this curve must equal or exceed the
loading curve for stability reasons. This is not the case for
UNLDOPT=2.0. For loading and unloading to follow the same path
simply set LCIDTU=LCIDT.

Load curve ID defining translational damping force resultant along the
axis versus relative translational velocity.

Load curve ID defining translational damping force scale factor versus
relative displacement along the axis.

Optional, translational displacement at failure in tension. If zero, failure
in tension is not considered.
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VARIABLE DESCRIPTION
UCFAIL Optional, translational displacement at failure in compression. If zero,
failure in compression is not considered.
18]

Initial translational displacement along axis.
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*MAT_HILL_3R

*MAT_HILL_3R

This is Ocvgtken"V{rg"3440"V jku'ku" Jkmlu"3; 6 - "rcpet'cpkugvtqrke" ocvgtken"ogfgn'ykvj "5 T

values.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR HR P1 P2

Type A8 F F F F F F

Card 2 1 2 3 4 5 6 7 8
Variable R00 R45 R90 LCID EO

Type F F F F F

Card 3 1 2 3 4 5 6 7 8
Variable AOPT

Type F

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

Type F F F
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*MAT_122

Card 5 1 2 3 4 5 6 7
Variable V1 V2 V3 D1 D2 D3 BETA
Type 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.
E [Laqwpilu'ogfwmwu.'G
PR Rokuugplu'tckg."p
HR Hardening rule:
EQ.1.0: linear (default),
EQ.2.0: exponential.
EQ.3.0: load curve
P1 Material parameter:
HR.EQ.1.0: Tangent modulus,
HR.EQ.2.0: k, strength coefficient for exponential hardening
P2 Material parameter:
HR.EQ.1.0: Yield stress
HR.EQ.2.0: n, exponent
ROO Roo, Lankford parameter determined from experiments
R45 Ras, Lankford parameter determined from experiments
R90 Rgp, Lankford parameter determined from experiments
LCID load curve ID for the load curve hardening rule
EO g, for determining initial yield stress for exponential hardening.

(Default=0.0)
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VARIABLE DESCRIPTION

AOPT Material axes option (see MAT_OPTION TROPIC_ELASTIC for a
more complete description):

EQ.0.0: locally orthotropic with material axes determined by
element nodes 1, 2, and 4, as with *DEFINE_COORDINATE_
NODES, and then rotated about the shell element normal by an angle
BETA.
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.
LT.0.0: the absolute value of AOPT is a coordinate system ID
number (CID on *DEFINE_COORDINATE_NODES, *DEFINE_
COORDINATE_SYSTEM or *DEFINE_COORDINATE_
VECTOR). Available in R3 version of 971 and later.

XP YP ZP Coordinates of point p for AOPT = 1.
Al A2 A3 Components of vector a for AOPT = 2.
V1V2V3 Components of vector v for AOPT = 3.
D1 D2 D3 Components of vector d for AOPT = 2.
BETA Oaterial angle in degrees for AOPT = 0 and 3, may be overridden on the

element card, see *ELEMENT_SHELL_BETA.
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*MAT_MODIFIED_PIECEWISE_LINEAR_PLASTICITY_{OPTION}

This is Material Type 123. An elasto-plastic material with an arbitrary stress versus strain curve
and arbitrary strain rate dependency can be defined. This model is available for shell and solid
elements. Another model, MAT_PIECEWISE_LINEAR_PLASTICITY, is similar but lacks the
enhanced failure criteria. Failure is based on effective plastic strain, plastic thinning, the major
principal in plane strain component, or a minimum time step size. See the discussion under the
model description for MAT_PIECEWISE_LINEAR_PLASTICITY if more information is
desired.

Available options include:
<BLANK>
RATE
RTCL
Vjg'DTCVGN' qrkgp" ku' wug ' vg" ceeqwpy' hqt" tevg' Fgrgpfgpeg” gh” racuvke” vikppkp " heknwtgl" " Vg

DTVENK""qrvkgp"ku" wugF'vg" cevkxcvg" TVEN" fcocigl' One additional card is needed with either
option.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN FAIL TDEL
Type A8 F F F F F F F
Default none none none none none 0.0 10.E+20 0
Card 2 1 2 3 4 5 6 7 8
Variable C P LCSS LCSR VP EPSTHIN | EPSMAJ | NUMINT
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
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Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0

Card 4 1 2 3 4 5 6 7 8
Variable ES1 ES2 ES3 ES4 ES5 ES6 ES7 ES8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0

Card 5 is required if and only if either the RATE or RTCL option is active.

Card 5 1 2 3 4 5 6 7 8
Variable LCTSRF EPSO TRIAX
Type | F F
Default 0 0 0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8
characters must be specified.
RO Mass density.
E [qwpilu"ogfwmwu
PR RakuugpOu“tevka)
SIGY Yield stress.
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VARIABLE DESCRIPTION
ETAN Tangent modulus, ignored if (LCSS.GT.0) is defined.
FAIL Failure flag.

LT.0.0: User defined failure subroutine, matusr_24 in dyn21.F, is
called to determine failure

EQ.0.0: Failure is not considered. This option is recommended if
failure is not of interest since many calculations will be saved.
GT.0.0: Plastic strain to failure. When the plastic strain reaches this
value, the element is deleted from the calculation.

TDEL Minimum time step size for automatic element deletion.
C Strain rate parameter, C, see formula below.
P Strain rate parameter, P, see formula below.
LCSS Load curve ID or Table ID. Load curve ID defining effective stress

versus effective plastic strain. If defined EPS1-EPS8 and ES1-ES8 are
ignored. The table ID defines for each strain rate value a load curve 1D
giving the stress versus effective plastic strain for that rate, See Figure
24.1. The stress versus effective plastic strain curve for the lowest value
of strain rate is used if the strain rate falls below the minimum value.
Likewise, the stress versus effective plastic strain curve for the highest
value of strain rate is used if the strain rate exceeds the maximum value.
The strain rate parameters: C and P, the curve ID, LCSR, EPS1-EPSS,
and ES1-ES8 are ignored if a Table ID is defined. NOTE: The strain
rate values defined in the table may be given as the natural logarithm of
the strain rate. If the first stress-strain curve in the table corresponds to a
negative strain rate, LS-DYNA assumes that the natural logarithm of the
strain rate value is used. Since the tables are internally discretized to
equally space the points, natural logarithms are necessary, for example,
if the curves correspond to rates from 10.e-04 to 10.e+04. Computing
the natural logarithm of the strain rate does slow the stress update down
significantly on some computers.

LCSR Load curve ID defining strain rate scaling effect on yield stress.

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

EPSTHIN Thinning strain at failure. This number should be given as a positive
number.
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