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*EOS

When defining an equation of state, the type of equation of state is specified by a
corresponding 3-digit number in the command name, e.g., *EOS_004, or equivalently,
by it’s more descriptive designation, e.g., *EOS_GRUNEISEN. The equations of state
can be used with a subset of the materials that are available for solid elements; see the
MATERIAL MODEL REFERENCE TABLES in the beginning of the *MAT section of
this Manual. *EOS_015 is linked to the type 2 thick shell element and can be used to
model engine gaskets.

The meaning associated with particular extra history variables for a subset of material
models and equations of state are tabulated at http://www.dynasupport.com/howtos-
/material /history-variables. The first three extra history variables when using an
equation of state are (1) internal energy, (2) pressure due to bulk viscosity, and (3) the
element volume from the previous time step.

TYPE 1: *EOS_LINEAR_POLYNOMIAL

TYPE 2: *EOS_JWL

TYPE 3: *EOS_SACK_TUESDAY

TYPE 4: *EOS_GRUNEISEN

TYPE 5: *EOS_RATIO_OF_POLYNOMIALS

TYPE 6: *EOS_LINEAR_POLYNOMIAL_WITH_ENERGY_LEAK
TYPE 7: *EOS_IGNITION_AND_GROWTH_OF_REACTION_IN_HE
TYPE 8: *EOS_TABULATED_COMPACTION

TYPE 9: *EOS_TABULATED

TYPE 10: *EOS_PROPELLANT_DEFLAGRATION

TYPE 11: *EOS_TENSOR_PORE_COLLAPSE

TYPE 12: *EOS_IDEAL_GAS

TYPE 13: *EOS_PHASE_CHANGE

TYPE 14: *EOS_JWLB
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TYPE 15: *EOS_GASKET
TYPE 16: *EOS_MIE_GRUNEISEN
TYPE 19: *EOS_MURNAGHAN

TYPE 21-30: *EOS_USER_DEFINED

An additional option TITLE may be appended to all the *EOS keywords. If this option
is used then an additional line is read for each section in 80a format which can be used
to describe the equation of state. At present LS-DYNA does not make use of the title.
Inclusion of title simply gives greater clarity to input decks.

Definitions and Conventions

In order to prescribe the boundary and/or initial thermodynamic condition, manual
computations are often necessary. Conventions or definitions must be established to
simplify this process. Some basic variables are defined in the following. Since many of
these variables have already been denoted by different symbols, the notations used here
are unique in this section only! They are presented to only clarify their usage. A
corresponding SI unit set is also presented as an example.

First consider a few volumetric parameters since they are a measure of compression (or
expansion).
Volume:
V ~ (m?®)
Mass:
M =~ (Kg)

Current specific volume (per mass):

Vo1 m>
"TMT T \Ke

Reference specific volume:

Relative volume:
\% B (V/M) U P

TV T WM vy p

Current normalized volume increment:
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dv _v—vy 1 0

A frequently used volumetric parameter is:

‘uzl—]zvo_vz_d_v=ﬁ_
v, v v Py

Sometimes another volumetric parameter is used:

_o_P
v Po
Thus, the relation between u and 7 is,
Ug— U
= = — 1
H ” U

The following table summarizes these volumetric parameters.

VARIABLES COMPRESSION NO LOAD EXPANSION
v
v, =—= Fo <1 1 >1
bo P
;7 = l = E = ﬁ >1 1 <1

1
pu=—-1=737-1 >0 0 <0

VO - Initial Relative Volume

There are 3 definitions of density that must be distinguished from each other:

00 = Pref

= Density at nominal/reference state, usually non-stress or non-deformed state.
pli—o = Density at time 0
p = Current density

Recalling the current relative volume

at time = 0 the relative volume is

Uyo = Upli=o =
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Generally, the VO input parameter in an *EOS card refers to this v,,. p, is generally the
density defined in the *MAT card. Hence, if a material is mechanically compressed at
t=0, VO, or v,,, the initial relative volume, may be computed and input accordingly

(vg # VO0).

ro’

The “reference” state is a unique state with respect to which the material stress tensor is
computed. Therefore v is very critical in computing the pressure level in a material.
Incorrect choice of vy would lead to incorrect pressure computed. In general, v, is
chosen such that at zero compression or expansion, the material should be in
equilibrium with its ambient surrounding. In many of the equations shown in the EOS
section, yu is frequently used as a measure of compression (or expansion). However, the
users must clearly distinguish between y and v,,.

EO - Internal Energy

Internal energy represents the thermal energy state (temperature dependent
component) of a system. One definition for internal energy is

E = MC,T =~ (Joule)

Note that the capital “E” here is the absolute internal energy. It is not the same as that
used in the subsequent *EOS keyword input, or some equations shown for each *EOS
card. This internal energy is often defined with respect to a mass or volume unit.

Internal energy per unit mass (also called specific internal energy):

Joule
Kg >

ezﬂzchz(

Internal energy per unit current volume:

M CyT Joule N

Internal energy per unit reference volume:

M C,T Joule N
Cvy = VOCUT = oG, T = 50 ~ (— = )

ey, typically refers to the capital “E” shown in some equations under this “EOS”

section. Hence the initial “internal energy per unit reference volume”, EO, a keyword input
parameter in the *EOS section can be computed from

m?3 m?

evyl,_o = PoCv Tli=o
To convert from ey, to ey, simply divide ey, by v,
P _°ov
ey = pCyT = [poCyT] —=—=
Po U

r
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Equations of States (EOS)

A thermodynamic state of a homogeneous material, not undergoing any chemical
reactions or phase changes, may be defined by two state variables. This relation is
generally called an equation of state. For example, a few possible forms relating
pressure to two other state variables are

P=P(p,T) = P(v,e) = P(v,,ey) = P(p,ey,)

The last equation form is frequently used to compute pressure. The EOS for solid phase
materials is sometimes partitioned into 2 terms, a cold pressure and a thermal pressure

P = P,(4) + Pr(pey,)

P.(p) is the cold pressure hypothetically evaluated along a 0-degree-Kelvin isotherm.
This is sometimes called a 0-K pressure-volume relation or cold compression curve.
Pr(p,ey,) is the thermal pressure component that depends on both volumetric
compression and thermal state of the material.

Different forms of the EOS describe different types of materials and how their
volumetric compression (or expansion) behaviors. The coefficients for each EOS model
come from data-fitting, phenomenological descriptions, or derivations based on
classical thermodynamics, etc.

Linear Compression

In low pressure processes, pressure is not significantly affected by temperature. When
volumetric compression is within an elastic linear deformation range, a linear bulk
modulus may be used to relate volume changes to pressure changes. Recalling the
definition of an isotropic bulk modulus is [Fung 1965],

Av P
v K
This may be rewritten as
Av
P:K _— =K .
-7 )= ke

The bulk modulus, K, thus is equivalent to C; in *EOS_LINEAR_POLYNOMIAL when
all other coefficients are zero. This is a simplest form of an EOS. To initialize a pressure
for such a material, only v, , must be defined.

Initial Conditions

In general, a thermodynamic state must be defined by two state variables. The need to

specify v,, and/or eV0|t:0 depends on the form of the EOS chosen. The user should

review the equation term-by-term to establish what parameters to be initialized.
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For many of the EOS available, pressure is specified (given), and the user must make an
assumption on either eV0|t—O or v,,. Consider two possibilities (1) T}, is defined or

assumed from which ey, | , may be computed, or (2) p|;—g is defined or assumed from

t=
which v, , may be obtained.

When to Use EOS

For small strains considerations, a total stress tensor may be partitioned into a
deviatoric stress component and a mechanical pressure.

()

Okk
P=—-——
3

The pressure component may be written from the diagonal stress components.

i

w is positive in tension while P is positive in compression.

Note that % =
Similarly, the total strain tensor may be partitioned into a deviatoric strain component
(volume-preserving deformation) and a volumetric deformation.

&
! +ﬂ5

Eij = Eij T 37 %

where % is called the mean normal strain, and ¢ is called the dilatation or volume

strain (change in volume per unit initial volume)
V-V,
& =
kk Vs
!

Roughly speaking, a typical convention may refer to the relation 0y = f (s;-]-) as a

“constitutive equation”, and P = f(y, ey,) as an EOS. The use of an EOS may be
omitted only when volumetric deformation is very small, and |P| « |01-’]-|.

A Note About Contact When Using an Equation of State

When a part includes an equation of state, it is important that the initial geometry of
that part not be perturbed by the contact algorithm. Such perturbation can arise due to
initial penetrations in the contact surfaces but can usually be avoided by setting the
variable IGNORE to 1 or 2 in the *CONTACT input or by using a segment based contact
(SOFT =2).
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*EOS

*EOS_LINEAR_POLYNOMIAL
This is Equation of State Form 1.

Purpose:  Define coefficients for a linear polynomial EOS,
thermodynamic state of the material by defining E0 and V0 below.

and initialize the

Card 1 1 2 3 4 5 6 7 8
Variable | EOSID Co C1 C2 C3 C4 C5 C6
Type A F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable EO VO
Type F F
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be specified
(see *PART).
Co The 0% polynomial equation coefficient
C1 The 1% polynomial equation coefficient (when used by itself, this

is the elastic bulk modulus, meaning it cannot be used for

deformation that is beyond the elastic regime).

Co The 6™ polynomial equation coefficient

EO Initial internal energy per unit reference volume (see the

beginning of the *EOS section)

Vo Initial relative volume (see the beginning of the *EOS section)

LS-DYNA R12
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Remarks:

1. Pressure. The linear polynomial equation of state is linear in internal energy.
The pressure is given by:

P = CO + CLL{ + Cz]/lz + C3‘u3 + (C4 + C5]’l + C6]/12>E

where terms C,u? and Cu? are set to zero if 4 <0, = p/py — 1, and p/p, is
the ratio of current density to reference density. p is a nominal or reference
density defined in the *MAT_NULL card.

The linear polynomial equation of state may be used to model gas with the
gamma law equation of state. This may be achieved by setting:

C0:C1:C2:C3:C6:0

and
C4 = C5 = ’)/ — 1
where
y=2
Cy

is the ratio of specific heats. Pressure for a perfect gas is then given by:

e
P=(7—1)pﬁoE=(7—l)%

r

E has the units of pressure (Where E = ey, and v, = py/p).

2. Initial Pressure. When Cj = C; = C, = C3 = C4 =0, it does not necessarily
mean that the initial pressure is zero (Py # Cy!). The initial pressure depends
on the values of all the coefficients and on p|;,—y and E|;_y. The pressure in a
material is computed from the whole equation above, P = P(y, E). It is always
preferable to initialize the initial condition based on y;—y and E|;_;. The use of
Cy =C; = C, = C3 = C¢ = 0 must be done with caution as it may change the
form and behavior of the material. The safest way is to use the whole EOS
equation to manually check for the pressure value. For example, for an ideal
gas, only C4 and Cs are nonzero; C4 and Cs are equal to oy — 1 while all other
coefficients (Cy, Cq, C,, C3, and Cg) are zero to satisfy the perfect gas equation
form.

3. VO and EO. VO and EO defined in this card must be the same as the time-zero
ordinates for the 2 load curves defined in the *BOUNDARY_AMBIENT_EOS
card, if it is used. This is so that they would both consistently define the same
initial state for a material.
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*EOS_JWL_{OPTION}
This is Equation of State Form 2.
Available options are:
<BLANK>
AFTERBURN

Card Summary:

Card 1. This card is required.

EOSID A B R1 R2 OMEG EO VO

Card 2a. This card is included if and only if the AFTERBURN keyword option is used
and OPT =1 or 2.

OPT QT T1 T2

Card 2b. This card is included if and only if the AFTERBURN keyword option is used
and OPT = 3.

OPT Qo QA QM QN CONM CONL CONT

Data Card Definitions:

Card 1 1 2 3 4 5 6 7 8
Variable | EOSID A B R1 R2 OMEG EO VO
Type A F F F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be specified
(see *PART).
A A, see Remarks.

B, see Remarks.

R1 R;, see Remarks.
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*EOS_JWL

VARIABLE

R2

OMEG

EO

VO

DESCRIPTION

R,, see Remarks.
w, see Remarks.

Detonation energy per unit volume and initial value for E. See
Remarks.

Initial relative volume, which gives the initial value for V. See
Remarks.

Afterburn Card. Additional card for AFTERBURN option with OPT =1 or 2.

Card 2a 1 2 3 4 5 6 7 8
Variable OPT Qar T T2
Type F F F F
VARIABLE DESCRIPTION
OPT Afterburn option:
EQ.0.0: No afterburn energy (Standard *EOS_JWL)
EQ.1.0: Constant rate of afterburn energy added between times
T1 and T2
EQ.2.0: Linearly increasing rate of afterburn energy added
between times T1 and T2
EQ.3.0: Miller’s extension for afterburn energy
QT Afterburn energy per unit volume for simple afterburn
T1 Start time of energy addition for simple afterburn
T2 End time of energy addition for simple afterburn
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Afterburn Card. Additional card for AFTERBURN option with OPT = 3.

Card 2b 1 2 3 4 5 6 7 8
Variable OPT Qo QA QM QN CONM CONL CONT
Type F F F F F F F F
Default none none none 0.5 1/6 1. 1. 1.
VARIABLE DESCRIPTION
OPT Afterburn option

EQ.0.0: No afterburn energy (Standard *EOS_JWL)

EQ.1.0: Constant rate of afterburn energy added between times
T1 and T2

EQ.2.0: Linearly increasing rate of afterburn energy added
between times T1 and T2

EQ.3.0: Miller’s extension for afterburn energy

Qo0 Afterburn energy per unit volume for Miller’s extension
QA Energy release constant a for Miller’s extension
QM Energy release exponent m for Miller’s extension
QN Pressure exponent n for Miller’s extension
CONM Mass Conversion factors:

GT.0.0: Mass conversion factor from model units to
calibration units for Miller’s extension

LT.0.0: Use predefined factors to convert model units to
published calibration units of g, cm, ps. Choices for
model units are:

EQ.-1.0: g, mm, ms
EQ.-2.0: g, cm, ms
EQ.-3.0: kg, m, s
EQ.-4.0: kg, mm, ms

EQ.-5.0: metric ton, mm, s
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VARIABLE DESCRIPTION

EQ.-6.0: Ibf-s?/in, in, s
EQ.-7.0: slug, ft, s

CONL CONM.GT.0.0: Length conversion factor from model units to
calibration units for Miller’s extension

CONM.LT.0.0: Ignored

CONT CONM.GT.0.0: Time conversion factor from model units to
calibration units for Miller’s extension

CONM.LT.0.0: Ignored

Remarks:

1. Equation of State. The JWL equation of state defines the pressure as

w w wE
—A(1-Y e R B(l——) RV L2
P ( Rlv)e * RRv)S TV

and is usually used for detonation products of high explosives.

A, B, and EO have units of pressure. R1, R2, OMEG, and V0 are dimensionless.
It is recommended that a unit system of gram, centimeter, microsecond be used
when a model includes high explosive(s). In this consistent unit system, pres-
sure is in Mbar.

2.  Afterburn. The AFTERBURN option allows the addition of afterburn energy
Q to the calculation of pressure by replacing E in the above equation with (E +
Q), that is, the last term on the right-hand side becomes

w(E+ Q)
1%

The simple afterburn option adds the energy at a constant rate (OPT =1) or a
linearly-increasing rate (OPT = 2) between times T1 and T2 such that the total
energy added per unit volume at time T2 is the specified energy QT.

For the Miller’s extension model (OPT = 3), the afterburn energy is added us-
ing a time-dependent growth term

dA
Sr=ad—AM, Q=AQ .

Here, m, n, and A are dimensionless, with A a positive fraction less than 1.0. The
parameter 4 has units consistent with this growth equation, and Qg has units of
pressure.
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The values for Qg, a, m, n published by Miller and Guirguis (1993) are calibrat-
ed in the units of g, cm, ps, with the consistent pressure unit of Mbar, though
in principle any consistent set of units may be used for calibration. The factors
CONM, CONL, and CONT convert the unit system of the model being ana-
lyzed to the calibration unit system in which the Miller’s extension parameters
are specified, such that a mass value in model units may be multiplied by
CONM to obtain the corresponding value in calibration units. These conver-
sion factors allow consistent evaluation of the growth equation in the calibrat-
ed units. For user convenience, predefined conversion factors are provided for
converting various choices for the model units system to the calibration unit
system used by Miller and Guirguis.

3. History Variables. When this equation of state is used with *“MAT_HIGH_EX-
PLOSIVE_BURN in which the variable BETA is set to 0 or 2, the absolute value
of the history variable labeled as “effective plastic strain” is the explosive light-

ing time. This lighting time takes into account shadowing if invoked (see
*CONTROL_EXPLOSIVE_SHADOW).

There are four additional history variables for the JWL equation of state. Those
history variables are internal energy, bulk viscosity in units of pressure, vol-
ume, and burn fraction, respectively. To output the history variables, set the
variable NEIPH in *DATABASE_EXTENT_BINARY.

The AFTERBURN option introduces an additional 5™ history variable that rec-
ords the added afterburn energy Q for simple afterburn (OPT =1 or 2) but
contains the growth term A when using the Miller’s extension model (OPT = 3).

LS-DYNA R12 1-25 (EOS)



*EOS

*EOS_SACK TUESDAY

*EOS_SACK_TUESDAY

This is Equation of State Form 3.

Card 1 1 2 3 4 5 6 7 8
Variable | EOSID A1 A2 A3 B1 B2 EO VO
Type A F F F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be specified
(see *PART).
Ai, Bi Constants in the equation of state
EO Initial internal energy
VO Initial relative volume
Remarks:
The Sack equation of state defines pressure as
Az _ay B\ B,
P (1-7) + g
and is used for detonation products of high explosives.
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*EOS_GRUNEISEN

This is Equation of State Form 4.

Card 1 1 2 3 4 5 6 7 8
Variable | EOSID C S1 S2 S3 GAMMAO A EO
Type A F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable V0 (notused) | LCID
Type F
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be
specified (see *PART).
C,Si, Constants in the equation of state
GAMMAO
A First order volume correction coefficient
EO Initial internal energy
VO Initial relative volume
LCID Load curve ID, which can be the ID of a *DEFINE_CURVE,
*DEFINE_CURVE_FUNCTION, or *DEFINE_FUNCTION,
defining the energy deposition rate as a function of time. If an
energy leak rate is intended, do not specify a negative ordinate
in LCID, rather, use the constant(s) in the equation of state, that
is, set GAMMAQ and/or A to a negative value. If *DEFINE_-
FUNCTION is used, the input of the defined function is time.
Remarks:

The Gruneisen equation of state with cubic shock-velocity as a function of particle-
velocity v (vp) defines pressure for compressed materials as

LS-DYNA R12
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2 _ Y\, _a._>2
p = pOc”[”( 2)” 2”] 4 (ro+ ap)E

w2 w
[1‘(51‘””‘52y+1‘53(y+1>2]

and for expanded materials as

2
p=poCu+ (ro+apE .
Here C is the intercept of the v, (vp) curve (in velocity units); S;, S,, and S are the
unitless coefficients of the slope of the v, (vp) curve; 7, is the unitless Gruneisen gamma;
a is the unitless, first order volume correction to 7, and

U= L_ 1.
o
E denotes the internal energy, which is increased according to an energy deposition rate
as a function of time curve (LCID).
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*EOS_RATIO_OF_POLYNOMIALS

This is Equation of State Form 5.

Card Summary:

Card 1. This card is required.

EOSID

Card 2. This card is required.

A10 A11 A12 A13

Card 3. This card is required.

A20 A21 A22 A23

Card 4. This card is required.

A30 A31 A32 A33

Card 5. This card is required.

A40 A41 A42 A43

Card 6. This card is required.

A50 A51 A52 A53

Card 7. This card is required.

A60 A61 A62 A63

Card 8. This card is required.

A70 AT1 A72 A73

Card 9. This card is required.

A14 A24

Card 10. This card is required.

ALPHA BETA EO V0
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*EOS_RATIO_OF_POLYNOMIALS

Data Card Definitions:

Card 1 1 2 4 5 8
Variable | EOSID
Type A
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be specified
(see *PART).
Card 2 1 2 4 5 8
Variable A10 A1 A12 A13
Type F F F F
Card 3 1 2 4 5 8
Variable A20 A21 A22 A23
Type F F F F
Card 4 1 2 4 5 8
Variable A30 A31 A32 A33
Type F F F F
Card 5 1 2 4 S 8
Variable A40 A1 A42 A43
Type F F F F
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Card 6 1 2 3 4 5 8
Variable A50 A51 A52 A53
Type F F F F
Card 7 1 2 3 4 5 8
Variable A60 A61 AG2 A63
Type F F F F
Card 8 1 2 3 4 5 8
Variable A70 A71 A72 A73
Type F F F F
Card 9 1 2 3 4 5 8
Variable A14 A24
Type F F
VARIABLE DESCRIPTION
Aij Polynomial coefficients
Card 10 1 2 3 4 5 8
Variable ALPHA BETA EO VO
Type F F F F
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VARIABLE DESCRIPTION
ALPHA o
BETA B
EO Initial internal energy
VO Initial relative volume
Remarks:

The ratio of polynomials equation of state defines the pressure as

_ F, + F,E + F3E? + F,E?
"~ F5+ F¢E + F,E2

(1+ap) ,

where
n

; 4 i<3

Fi:z(:)Aijy]' ”:{3 i>3
]:

_r_
. Po

In expanded elements F; is replaced by F; = F; + Bu*. By setting coefficient A;, = 1.0,
the delta-phase pressure modeling for this material will be initiated. The code will reset

it to 0.0 after setting flags.
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*EOS

*EOS_LINEAR_POLYNOMIAL_WITH_ENERGY_LEAK

This is Equation of State Form 6.

Purpose: Define coefficients for a linear polynomial EOS and initialize the thermody-
namic state of the material by defining EO and VO below. Energy deposition is
prescribed using a curve.

Card 1 1 2 3 4 5 6 7 8
Variable | EOSID Co C1 C2 C3 C4 C5 C6
Type A F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable EO V0 LCID
Type F F |
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be specified
(see*PART).
Ci Constants in the equation of state
EO Initial internal energy
Vo Initial relative volume
LCID Load curve ID, which can be the ID of *DEFINE_CURVE, *DE-
FINE_CURVE_FUNCTION or *DEFINE_FUNCTION, defining
the energy deposition rate as a function of time. If an energy leak
rate is intended, do not specify a negative ordinate in LCID,
rather, use the constant(s) in the equation of state, such as setting
C4 to a negative value. If *DEFINE_FUNCTION is used, the
input of the defined function is time.
LS-DYNA R12 1-33 (EOS)




*EOS *EOS_LINEAR_POLYNOMIAL_WITH_ENERGY_LEAK

Remarks:

This polynomial equation of state, linear in the internal energy per initial volume, E, is
given by
p=Co+Cip+ Cop® + Cap® + (Cy + Cspt + Copt®)E
in which Cy, C,, C;, Cy4, C5, and Cg are user defined constants and
]/l - vV .

where V is the relative volume. In expanded elements, we set the coefficients of y* to
zero, that is,

C2=C6=0

Internal energy, E, is increased according to an energy deposition rate as a function of
time curve (LCID).
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*EOS_IGNITION_AND_GROWTH_OF_REACTION_IN_HE

This is Equation of State Form 7.

Card 1 1 2 3 4 5 6 7 8
Variable | EOSID A B XP1 XP2 FRER G R1
Type A F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable R2 R3 R5 R6 FMXIG FREQ GROW1 EM
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable AR1 EST CVP CVR EETAL CCRIT ENQ TMPO
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable | GROW2 AR2 ES2 EN FMXGR | FMNGR
Type F F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be specified
(see *PART).
A Product JWL constant (see second equation in Remarks)
Product JWL constant (see second equation in Remarks)
XP1 Product JWL constant (see second equation in Remarks)
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VARIABLE

XP2
FRER
G
R1
R2
R3
R5
R6
FMXIG
FREQ
GROW1
EM
ARI1
ES1
CVP
CVR
EETAL
CCRIT
ENQ
TMPO
GROW?2
AR2
ES2

EN

DESCRIPTION

Product JWL constant (see second equation in Remarks)

Constant in ignition term of reaction equation

wC, of product

Unreacted JWL constant (see first equation in Remarks)
Unreacted JWL constant (see first equation in Remarks)
wC, of unreacted explosive

Unreacted JWL constant (see first equation in Remarks)
Unreacted JWL constant (see first equation in Remarks)
Maximum F for ignition term

Constant in ignition term of reaction equation
Constant in growth term of reaction equation

Constant in growth term of reaction equation

Constant in growth term of reaction equation

Constant in growth term of reaction equation

Heat capacity of reaction products

Heat capacity of unreacted HE

Constant in ignition term of reaction equation
Constant in ignition term of reaction equation

Heat of reaction

Initial temperature (°K)

Constant in completion term of reaction equation
Constant in completion term of reaction equation
Constant in completion term of reaction equation

Constant in completion term of reaction equation
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VARIABLE DESCRIPTION
FMXGR Maximum F for growth term
FMNGR Maximum F for completion term

Remarks:

Equation of State Form 7 is used to calculate the shock initiation (or failure to initiate)
and detonation wave propagation of solid high explosives. It should be used instead of
the ideal HE burn options whenever there is a question whether the HE will react, there
is a finite time required for a shock wave to build up to detonation, and/or there is a
tinite thickness of the chemical reaction zone in a detonation wave. At relatively low
initial pressures (<2-3 GPa), this equation of state should be used with material type 10
for accurate calculations of the unreacted HE behavior. At higher initial pressures,
material type 9 can be used. A JWL equation of state defines the pressure in the
unreacted explosive as

T,
P, =rie5Ve 4 rpe76Ve 41y Ve’ (r3 = w,Cy)
e
where V, and T, are the relative volume and temperature, respectively, of the unreacted

explosive. Another JWL equation of state defines the pressure in the reaction products
as

T
P, =ae™ e 4 e~ P2Vr 4 gv—;, (g = wPCvp)

where V), and T, are the relative volume and temperature, respectively, of the reaction
products. As the chemical reaction converts unreacted explosive to reaction products,
these JWL equations of state are used to calculate the mixture of unreacted explosive
and reaction products defined by the fraction reacted F (F = 0 implies no reaction, F = 1
implies complete reaction). The temperatures and pressures are assumed to be equal
(T,=T,,p, = pp) and the relative volumes are additive, that is,

V=Q0-FV,+FV,

The chemical reaction rate for conversion of unreacted explosive to reaction products
consists of three physically realistic terms: an ignition term in which a small amount of
explosive reacts soon after the shock wave compresses it; a slow growth of reaction as
this initial reaction spreads; and a rapid completion of reaction at high pressure and
temperature. The form of the reaction rate equation is

oF Ignition Growth
— = FREQ x (1 — F)FRER(}/~1 _ 1 — CCRIT)EETAL 4 GROW1 x (1 — F)ESIFARIHEM

ot
+ GROW2 x (1 — F)ES2pARZ,EN

Completion
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The ignition rate is set equal to zero when F > FMXIG, the growth rate is set equal to
zero when F > FMXGR, and the completion rate is set equal to zero when F < FMNGR.

Details of the computational methods and many examples of one and two dimensional
shock initiation and detonation wave calculation can be found in the references
(Cochran and Chan [1979], Lee and Tarver [1980]). Unfortunately, sufficient
experimental data has been obtained for only two solid explosives to develop very
reliable shock initiation models: PBX-9504 (and the related HMX-based explosives LX-
14,LX-10,LX-04, etc.) and LX-17 (the insensitive TATB-based explosive). Reactive flow
models have been developed for other explosives (TNT, PETN, Composition B,
propellants, etc.) but are based on very limited experimental data.

When this EOS is used with *MAT_009, history variables 4, 7, 9, and 10 are temperature,
burn fraction, 1/V,, and 1/ Vy, respectively. When used with *MAT_010, those histories

variables are incremented by 1, that is, history variables 5, 8, 10, and 11 are temperature,
burn fraction, 1/V,, and 1/V,, respectively. See NEIPH in *DATABASE_EXTENT_BI-

NARY if these output variables are desired in the databases for post-processing.
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*EOS_TABULATED_COMPACTION

This is Equation of State Form 8.

Card 1 1 2 3 4 5 6 7 8
Variable | EOSID | GAMMA | EO VO LCC LCT LCK LCID
Type A F F F | | | |

Parameter Card Pairs. Include one pair of the following two cards for each of
VAR=¢,, C;, T;, and K;. These cards consist of four additional pairs for a total of 8
additional cards.

Card 3 1 2 3 4 5 6 7 8 9 10
Variable [VAR]1 [VAR]2 [VAR]3 [VAR]4 [VAR]5
Type F F F F F
Card 4 1 2 3 4 5 6 7 8 9 10
Variable [VAR]6 [VAR]7 [VAR]8 [VAR]9 [VAR]10
Type F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be
specified (see *PART).
GAMMA 7 (unitless); see equation in Remarks.
EO Initial internal energy per unit reference volume (force per unit
area)
A\ Initial relative volume (unitless)
LCC Load curve defining tabulated function C. See equation in

Remarks. The abscissa values of LCC, LCT and LCK must be
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VARIABLE DESCRIPTION

negative of the volumetric strain in monotonically increasing
order, in contrast to the convention in *EOS_009. The definition
can extend into the tensile regime.

LCT Load curve defining tabulated function T. See equation in
Remarks.

LCK Load curve defining tabulated bulk modulus

LCID Load curve ID, which can be the ID of *DEFINE_CURVE, *DE-

FINE_CURVE_FUNCTION or *DEFINE_FUNCTION, defining
the energy deposition rate as a function of time. If an energy
leak rate is intended, do not specify a negative ordinate in LCID,
rather, use the constant(s) in the equation of state, that is, set
GAMMA to a negative value. If “DEFINE_FUNCTION is used,
the input of the defined function is time.

Volumetric strain, In(V). The first abscissa point, EV1, must be
0.0 or positive if the curve extends into the tensile regime with
subsequent points decreasing monotonically.

€u1s Eugs ++or Eny,

Cy,Cy, ..., Cy C(ey) (units = force per unit area); see equation in Remarks.

T, Ty, ..., Ty T (ey) (unitless) ; see equation in Remarks.

Ky, Ky, ..., Ky Bulk unloading modulus (units = force per unit area)
Remarks:

The tabulated compaction model is linear in the internal energy E, which is increased
according to an energy deposition rate as a function of time curve (LCID). Pressure is
defined by

p=Cl(ey)+7yT(ey)E

in the loading phase. The volumetric strain, €y, is given by the natural logarithm of the
relative volume, V. Unloading occurs along the unloading bulk modulus to the
pressure cutoff. The pressure cutoff, a tension limit, is defined in the material model
definition. Reloading always follows the unloading path to the point where unloading
began and continues on the loading path; see Figure EOS8-1. Up to 10 points and as few
as 2 may be used when defining the tabulated functions. LS-DYNA will extrapolate to
find the pressure if necessary.
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Figure EOS8-1. Pressure as a function of volumetric strain curve for Equation
of State Form 8 with compaction. In the compacted states the bulk unloading
modulus depends on the peak volumetric strain. Volumetric strain values
should be input with correct sign (negative in compression) and in descending
order. Pressure is positive in compression.
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*EOS_TABULATED

This is Equation of State Form 9.

Card 1 2 3 4 5 6 7 8
Variable EOSID GAMA EO V0 LCC LCT
Type A F F F I |

Parameter Card Pairs. Include one pair of the following two cards for each of
VAR = ¢y, C;, T;. These cards consist of three additional pairs for a total of 6 additional
cards. These cards are not required if LCC and LCT are specified.

Card 2 2 3 4 5 6 7 8 9 10
Variable [VAR]1 [VAR]2 [VAR]3 [VAR]4 [VAR]5
Type F F F F F
Card 3 2 3 4 5 6 7 8 9 10
Variable [VAR]6 [VAR]7 [VAR]8 [VAR]9 [VAR]10
Type F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be specified
(see *PART).
GAMA 7, (unitless) see equation in Remarks.
EO Initial internal energy per unit reference volume (force per unit
area).
VO Initial relative volume (unitless).
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VARIABLE DESCRIPTION

LCC Load curve defining tabulated function C. See equation in
Remarks. The abscissa values of LCC and LCT must increase
monotonically. The definition can extend into the tensile regime.

LCT Load curve defining tabulated function T. See equation in
Remarks.

€V, s EVyr oo vy, Volumetric strain, In(V), where V is the relative volume. The
first abscissa point, EV1, must be 0.0 or positive if the curve
extends into the tensile regime with subsequent points decreasing

monotonically.
Cy, Gy, ..., Cy Tabulated points for function C (force per unit area).
T, T5, ..., Ty Tabulated points for function T (unitless).

Remarks:

The tabulated equation of state model is linear in internal energy. Pressure is defined
by

P =C(ey) +9T(ey)E
The volumetric strain, ¢y, is given by the natural logarithm of the relative volume V. Up

to 10 points and as few as 2 may be used when defining the tabulated functions. LS-
DYNA will extrapolate to find the pressure if necessary.
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*EOS_PROPELLANT_DEFLAGRATION

This is Equation of State Form 10. It has been added to model airbag propellants.

Card 1 1 2 3 4 5 6 7 8
Variable EOSID A B XP1 XP2 FRER
Type A F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable G R1 R2 R3 R5
Type F F F F F
Card 3 1 2 3 4 5 6 7 8

Variable R6 FMXIG FREQ GROW1 EM

Type F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable AR1 ES1 CVP CVR EETAL CCRIT ENQ TMPO
Type F F F F F
Card 5 1 2 3 4 5 6 7 8
Variable | GROW2 AR2 ES2 EN FMXGR | FMNGR
Type F F F F F F

1-44 (EOS) LS-DYNA R12




*EOS_PROPELLANT DEFLAGRATION *EOS

VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be specified
(see *PART).
A Product JWL coefficient
Product JWL coefficient
XP1 Product JWL coefficient
XP2 Product JWL coefficient
FRER Unreacted Co-volume
G Product wC,
R1 Unreacted JWL coefficient
R2 Unreacted JWL coefficient
R3 Unreacted wC,
R5 Unreacted JWL coefficient
R6 Unreacted JWL coefficient
FMXIG Initial Fraction Reacted F
FREQ Initial Pressure P
GROW1 First burn rate coefficient
EM Pressure Exponent (15t term)
AR1 Exponent on F (15t term)
ES1 Exponent on (1 — F) (15t term)
cvp Heat capacity C,, for products
CVR Heat capacity C, for unreacted material
EETAL Extra, not presently used
CCRIT Product co-volume
ENQ Heat of Reaction
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VARIABLE DESCRIPTION
TMPO Initial Temperature (298°K)

GROW2 Second burn rate coefficient
AR2 Exponent on F (2nd term)
ES2 Exponent on (1 — F) (20d term)
EN Pressure Exponent (2nd term)

FMXGR Maximum F for 15t term

FMNGR Minimum F for 2nd term

Remarks:

A deflagration (burn rate) reactive flow model requires an unreacted solid equation of
state, a reaction product equation of state, a reaction rate law and a mixture rule for the
two (or more) species. The mixture rule for the standard ignition and growth model
[Lee and Tarver 1980] assumes that both pressures and temperatures are completely
equilibrated as the reaction proceeds. However, the mixture rule can be modified to
allow no thermal conduction or partial heating of the solid by the reaction product
gases. For this relatively slow process of airbag propellant burn, the thermal and
pressure equilibrium assumptions are valid. The equations of state currently used in
the burn model are the JWL, Gruneisen, the van der Waals co-volume, and the perfect
gas law, but other equations of state can be easily implemented. In this propellant burn,
the gaseous nitrogen produced by the burning sodium azide obeys the perfect gas law
as it fills the airbag but may have to be modeled as a van der Waal’s gas at the high
pressures and temperatures produced in the propellant chamber. The chemical reaction
rate law is pressure, particle geometry and surface area dependent, as are most high-
pressure burn processes. When the temperature profile of the reacting system is well
known, temperature dependent Arrhenius chemical kinetics can be used.

Since the airbag propellant composition and performance data are company private
information, it is very difficult to obtain the required information for burn rate
modeling. However, Imperial Chemical Industries (ICI) Corporation supplied pressure
exponent, particle geometry, packing density, heat of reaction, and atmospheric
pressure burn rate data which allowed us to develop the numerical model presented
here for their NaN3 + FepOg3 driver airbag propellant. The deflagration model, its
implementation, and the results for the ICI propellant are presented in [Hallquist, et.al.,
1990].
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The unreacted propellant and the reaction product equations of state are both of the
form:

wCyr

V—d’

where p is pressure (in Mbars), V is the relative specific volume (inverse of relative
density), w is the Gruneisen coefficient, C, is heat capacity (in Mbars -cc/cc°K), T is the
temperature in °K, 4 is the co-volume, and A, B, R; and R, are constants. Setting A =
B = 0 yields the van der Waal’s co-volume equation of state. The JWL equation of state
is generally useful at pressures above several kilobars, while the van der Waal'’s is
useful at pressures below that range and above the range for which the perfect gas law
holds. Additionally, setting A = B = d = 0 yields the perfect gas law. If accurate values
of w and C, plus the correct distribution between “cold” compression and internal
energies are used, the calculated temperatures are very reasonable and thus can be used
to check propellant performance.

p=Ae RV 4 BeRev 4

The reaction rate used for the propellant deflagration process is of the form:

oF
= = ZU—F)'Fp* + VA - P)'Fp’

O0<F<Fjimin Flimin<F<1

where F is the fraction reacted (F = 0 implies no reaction, F = 1 is complete reaction), ¢
is time, and p is pressure (in Mbars), 1, s, u, w, x, y, Fijmin and Fy i are constants used
to describe the pressure dependence and surface area dependence of the reaction rates.
Two (or more) pressure dependant reaction rates are included in case the propellant is a
mixture or exhibited a sharp change in reaction rate at some pressure or temperature.
Burning surface area dependencies can be approximated using the (1 — F)YF* terms.
Other forms of the reaction rate law, such as Arrhenius temperature dependent e~£/RT
type rates, can be used, but these require very accurate temperatures calculations.
Although the theoretical justification of pressure dependent burn rates at kilobar type
pressures is not complete, a vast amount of experimental burn rate as a function of
pressure data does demonstrate this effect and hydrodynamic calculations using
pressure dependent burn accurately simulate such experiments.

The deflagration reactive flow model is activated by any pressure or particle velocity
increase on one or more zone boundaries in the reactive material. Such an increase
creates pressure in those zones and the decomposition begins. If the pressure is
relieved, the reaction rate decreases and can go to zero. This feature is important for
short duration, partial decomposition reactions. If the pressure is maintained, the
fraction reacted eventually reaches one and the material is completely converted to
product molecules. The deflagration front rates of advance through the propellant
calculated by this model for several propellants are quite close to the experimentally
observed burn rate versus pressure curves.
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To obtain good agreement with experimental deflagration data, the model requires an
accurate description of the unreacted propellant equation of state, either an analytical fit
to experimental compression data or an estimated fit based on previous experience with
similar materials. This is also true for the reaction products equation of state. The more
experimental burn rate, pressure production and energy delivery data available, the
better the form and constants in the reaction rate equation can be determined.

Therefore, the equation used in the burn subroutine for the pressure in the unreacted
propellant is
R3xT,
V,—FRER ’
where V,, and T, are the relative volume and temperature respectively of the unreacted

propellant. The relative density is obviously the inverse of the relative volume. The
pressure P, in the reaction products is given by:

Pu = R1 x e—R5><Vu + R2 x e—R6\times V., +

GxT
_ ~XP1xV, ~XP2xV, 4
Fp=Axe Fhxe "V, —CCRIT
As the reaction proceeds, the unreacted and product pressures and temperatures are
assumed to be equilibrated (T, =T, =T, P = P, = P,) while the relative volumes are

additive:
V=01-b/HV, +FVP

where V is the total relative volume. Other mixture assumptions can and have been
used in different versions of DYNA2D/3D. The reaction rate law has the form:

oF
— = GROWT1 x (P + FREQ)*™M(F + EMXIG)*®! (1 — F + FMIXG)®!

ot
+ GROW2 x (P + FREQ)™N(F + FMIXG)*®?(1 — F + FMIXG)®? .

If F exceeds FMXGR, the GROW1 term is set equal to zero, and, if F is less than FMN-
GR, the GROW?2 term is zero. Thus, two separate (or overlapping) burn rates can be
used to describe the rate at which the propellant decomposes.

This equation of state subroutine is used together with a material model to describe the
propellant. In the airbag propellant case, a null material model (type #10) can be used.
Material type 10 is usually used for a solid propellant or explosive when the shear
modulus and yield strength are defined. The propellant material is defined by the
material model and the unreacted equation of state until the reaction begins. The
calculated mixture states are used until the reaction is complete and then the reaction
product equation of state is used. The heat of reaction, ENQ, is assumed to be a
constant and the same at all values of F but more complex energy release laws could be
implemented.
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History variables 4 and 7 are temperature and burn fraction, respectively. See NEIPH
in *DATABASE_EXTENT_BINARY if these output variables are desired in the
databases for post-processing.
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*EOS_TENSOR_PORE_COLLAPSE

This is Equation of State Form 11.

Card 1 1 2 3 4 5 6 7 8
Variable | EOSID NLD NCR MU1 MU2 IEO ECO
Type A F F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be specified
(see *PART).
NLD Virgin loading load curve ID
NCR Completely crushed load curve ID
MU1 Excess Compression required before any pores can collapse
MU2 Excess Compression point where the Virgin Loading Curve and

the Completely Crushed Curve intersect

IEO Initial Internal Energy
ECO Initial Excess Compression
Remarks:

The pore collapse model described in the TENSOR manual [23] is no longer valid and
has been replaced by a much simpler method. This is due in part to the lack of
experimental data required for the more complex model. It is desired to have a close
approximation of the TENSOR model in the LS-DYNA code to enable a quality link
between them. The TENSOR model defines two curves, the virgin loading curve and
the completely crushed curve, as shown in Figure EOS11-1, as well as the excess
compression point required for pore collapse to begin, 1, and the excess compression
point required to completely crush the material, y#,. From this data and the maximum
excess compression the material has attained, u,,. the pressure for any excess
compression, u, can be determined.

Unloading occurs along the virgin loading curve until the excess compression surpasses
up. After that, the unloading follows a path between the completely crushed curve and
the virgin loading curve. Reloading will follow this curve back up to the virgin loading
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Figure EOS11-1. Pressure versus compaction curve

curve. Once the excess compression exceeds ji,, then all unloading will follow the
completely crushed curve.

For unloading between y; and y, a partially crushed curve is determined by:
Ha
A+pg)A+p) 1]
1+ pmax ’

ppc(lu) = Pec [
where

U = Pc_c1 (Pmax)

and the subscripts “pc” and “cc” refer to the partially crushed and completely crushed
states, respectively. This is more readily understood in terms of the relative volume, V.

‘ -

V:1

<‘§

+
P (V)=P ( B V>
pC CcC len

This representation suggests that for a fixed
1
‘umax + 1

Vmin =
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the partially crushed curve will separate linearly from the completely crushed curve as
V increases to account for pore recovery in the material.

The bulk modulus K is determined to be the slope of the current curve times one plus
the excess compression

K_BP 1
—@( +u) .

The slope g—P for the partially crushed curve is obtained by differentiation as:
H

apPC_apcc 1+ﬂb
E)y a szw—l <1 + Aumax) '
Simplifying,
oP
K = a = (1 + ‘ug) 7
Aua Ha
where
1 1
" = A+pp)A+p)
(1 + ﬂmax)

The bulk sound speed is determined from the slope of the completely crushed curve at
the current pressure to avoid instabilities in the time step.

The virgin loading and completely crushed curves are modeled with monotonic cubic-
splines. An optimized vector interpolation scheme is then used to evaluate the cubic-
splines. The bulk modulus and sound speed are derived from a linear interpolation on
the derivatives of the cubic-splines.
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*EOS_IDEAL_GAS

Purpose: This is Equation of State Form 12 for modeling ideal gas. It is an alternate
approach to using *EOS_LINEAR_POLYNOMIAL with C4=C5=(y —1) to model
ideal gas. This has a slightly improved energy accounting algorithm.

Card 1 1 2 3 4 5 6 7 8
Variable | EOSID | CVO CPO cL ca T0 Vo VCOo

Type | A F F F F F F F

Card2 | 1 2 3 4 5 6 7 8

Variable ADIAB

Type F
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be specified
(see *PART).
CVo0 Nominal constant-volume specific heat coefficient (at STP)
CPO Nominal constant-pressure specific heat coefficient (at STP)
CL Linear coefficient for the variations of C, and C, as a function of
T.
CQ Quadratic coefficient for the variations of C, and Cp as a function
of T.
TO Initial temperature
Vo Initial relative volume (see the beginning of the *EOS section)
VCO Van der Waals covolume
ADIAB Adiabatic flag:
EQ.0.0: Off

EQ.1.0: On; ideal gas follows adiabatic law
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Remarks:

1.  Pressure. The pressure in the ideal gas law is defined as
p=pC,—C)T
C, = Cpo+ C T + CoT?
C, = Cyo+ C,.T + CoT?
where C, and C, are the specific heat capacities at constant pressure and at

constant volume, respectively. p is the density. The relative volume is defined
as

V_(VIM) _ v _p

TV, T VM) oy p

where p, is a nominal or reference density defined in the *"MAT_NULL card.
The initial pressure can then be manually computed as

Pliog = pPli=o(Cp —Cy)Tli=g
_ | Po
= {0

Ur|t:0

Pl = {0 }(Cp—cmTlt:o
Ur|t=0

The initial relative volume, v,|,_o (V0), initial temperature, T|;_,(T0), and heat
capacity information are defined in the *EOS_IDEAL_GAS input. Note that
the “reference” density is typically a density at a non-stressed or nominal stress
state. The initial pressure should always be checked manually against simula-
tion result.

2. Energy Conservation. With adiabatic flag on, the adiabatic state is conserved,
but exact internal energy conservation is sacrificed.

3. Deviation from Ideal Gas Model. The ideal gas model is good for low density
gas only. Deviation from the ideal gas behavior may be indicated by the com-
pressibility factor defined as

Z_Pv
" RT

When Z deviates from 1, the gas behavior deviates from ideal.

4. Initial Temperature and Initial Relative Volume. V0 and TO defined in this
card must be the same as the time-zero ordinates for the 2 load curves defined

in the *BOUNDARY_AMBIENT_EOS card, if it is used. This is so that they
both would consistently define the same initial state for a material.
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*EOS_PHASE_CHANGE

This is Equation of State Form 13. This EOS was designed for phase change from liquid
to vapor, based on the homogeneous Schmidt model.

Card 1 1 2 3 4 5 6 7 8
Variable | EOSID RHOL RHOV CL Cv GAMAL PV KL
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable EO V0
Type F F
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be
specified (see *PART).
RHOL Density of liquid
RHOV Density of saturated vapor
CL Speed of sound of liquid
Cv Speed of sound of vapor
GAMAL Gamma constant of liquid
PV Pressure of vapor
KL Bulk compressibility of liquid
EO Initial internal energy
VO Initial relative volume or initial pressure.
GT.0.0: Initial relative volume. Default =1
LT.0.0: Initial pressure.
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Remarks:

This model is barotropic, so the pressure is only a function of density change. Details of
the model can be found in Souli et al. [2014]. Examples of applications for this model
are simulations involving water hammer or fuel injection. The ambient pressure should
normally be set to atmospheric pressure.

Example input for water in the MKS system (m, kg, s):

*EOS_PHASE CHANGE
S EOSID RHOL RHOV CL Cv PV
1 9.9742e+2 2.095e-2 1492.00 425.00 1.e+5
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*EOS_JWLB

This is Equation of State Form 14. The JWLB (Jones-Wilkens-Lee-Baker) equation of
state, developed by Baker [1991] and further described by Baker and Orosz [1991],
describes the high pressure regime produced by overdriven detonations while retaining
the low pressure expansion behavior required for standard acceleration modeling. The
derived form of the equation of state is based on the JWL form due to its computational
robustness and asymptotic approach to an ideal gas at high expansions. Additional
exponential terms and a variable Gruneisen parameter have been added to adequately
describe the high-pressure region above the Chapman-Jouguet state.

Card 1 1 2 3 4 5 6 7 8
Variable EOSID Al A2 A3 A4 A5
Type A F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable R1 R2 R3 R4 R5
Type F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable AL1 AL2 AL3 AL4 AL5
Type F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable BL1 BL2 BL3 BL4 BL5
Type F F F F F
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Card 5 1 2 3 4 5 6 7 8
Variable RL1 RL2 RL3 RL4 RL5
Type F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable C OMEGA E VO
Type F F F F
VARIABLE DESCRIPTION
EOSID Equation of state identification. A unique number or label must
be specified (see *PART).
Ai Equation of state coefficient A;. See below.
Ri Equation of state coefficient R;. See below.
ALi Equation of state coefficient A,;. See below.
BLi Equation of state coefficient B,;. See below.
RLi Equation of state coefficient R ;. See below.
C Equation of state coefficient C. See below.
OMEGA Equation of state coefficient w. See below.
E Energy density per unit volume
VO Initial relative volume
Remarks:

The JWLB equation-of-state defines the pressure as

AE+C
1%

_ i) V(@)
w

A R,V
Riv) e RV 4

p=gAi(1— (1
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5
A=) AV +Bye ™Y w
i=1

where V is the relative volume, E is the energy per unit initial volume, and A;, R;, A,;,
B,;, R);, C, and w are input constants defined above.

JWLB input constants for some common explosives as found in Baker and Stiel [1997]
are given in the following table.

TATB LX-14 PETN TNT Octol 70/30

0o (g/cc) 1.800 1.821 1.765 1.631 1.803
E, (Mbar) .07040 .10205 .10910 .06656 .09590
D¢y (ecm/ps) 76794 .86619 .83041 .67174 .82994
P¢; (Mbar) 23740 31717 29076 .18503 29369
A; (Mbar) 550.06 549.60 521.96 490.07 526.83
A, (Mbar) 22.051 64.066 71.104 56.868 60.579
As (Mbar) 42788 2.0972 4.4774 82426 91248
A4 (Mbar) .28094 .88940 97725 .00093 .00159
R, 16.688 34.636 44.169 40.713 52.106
R, 6.8050 8.2176 8.7877 9.6754 8.3998
R, 2.0737 20.401 25.072 2.4350 2.1339
Ry 2.9754 2.0616 2.2251 15564 18592
C (Mbar) .00776 .01251 .01570 .00710 .00968
w 27952 .38375 32357 30270 .39023
Ay 1423.9 18307. 12.257 .00000 .011929
B\, 14387. 1390.1 52.404 1098.0 18466.
Ry, 19.780 19.309 43.932 15.614 20.029
Ao 5.0364 4.4882 8.6351 11.468 5.4192
B, -2.6332 -2.6181 -4.9176 -6.5011 -3.2394
Ry» 1.7062 1.5076 2.1303 2.1593 1.5868
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*EOS_GASKET

This is Equation of State Form 15. This EOS works with solid elements and thick shell
formulations ELFORM =2, 3, 5 and 7 to model the response of gaskets. For the thick
shell formulation #2 only, it is completely decoupled from the shell material, meaning
in the local coordinate system of the shell, this model defines the normal stress, ¢,,, and

does not change any of the other stress components. The model is a reduction of the
*MAT_GENERAL_NONLINEAR_6DOF_DISCRETE_BEAM.

Card 1 1 2 3 4 5 6 7 8
Variable | EOSID LCID1 LCID2 LCID3 LCID4
Type A8 | | I
Card 2 1 2 3 4 5 6 7 8
Variable | UNLOAD K DMPF TFS CFS | LOFFSET IVS
Type F F F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be specified
(see *PART).
LCID1 Load curve for loading
LCID2 Load curve for unloading
LCID3 Load curve for damping as a function of volumetric strain rate
LCID4 Load curve for scaling the damping as a function of the
volumetric strain
UNLOAD Unloading option (see Figure EOS15-1):

EQ.0.0:
EQ.1.0:

EQ.2.0:

Loading and unloading follow loading curve.

Loading follows loading curve, unloading follows
unloading curve. The unloading curve ID if undefined

is taken as the loading curve.

Loading follows loading curve, unloading follows
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Figure EOS15-1. Load and unloading behavior.
VARIABLE DESCRIPTION
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.
K Unloading stiffness, for UNLOAD = 2 only
DMPF Damping factor for stability. Values in the neighborhood of unity
are recommended. The damping factor is properly scaled to
eliminate time step size dependency.
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VARIABLE

TFS
CFS

OFFSET

IVS

DESCRIPTION

Tensile failure strain
Compressive failure strain

Offset factor between 0 and 1.0 to determine permanent set upon
unloading if the UNLOAD =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.

Initial volume strain
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*EOS_MIE_GRUNEISEN

This is Equation of State Form 16, a Mie-Gruneisen form with a p —a compaction

model.
Card 1 1 2 3 4 5 6 7 8
Variable EOSID GAMMA Al A2 A3 PEL PCO N
Type A 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 | ALPHAO EO VO
Type F F F
Default none none none
VARIABLE DESCRIPTION
EOSID Equation of state identification. A unique number or label must
be specified (see*PART).
GAMMA Gruneisen gamma
Ai Hugoniot polynomial coefficient
PEL Crush pressure
PCO Compaction pressure
N Porosity exponent
ALPHAO Initial porosity
EO Initial internal energy
VO Initial relative volume
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Remarks:

The equation of state is a Mie-Gruneisen form with a polynomial Hugoniot curve and a
p — « compaction model. First, we define a history variable representing the porosity
that is initialised to @y > 1. The evolution of this variable is given as
-pe) "
a(t) = max{l,min [ao,minsgt (1 + (ag— 1) lM] )“ ,
{ J

where p(t) indicates the pressure at time t. For later use, we define the cap pressure as

pcomp — Pel

a—1 N
Pc = Pcomp — (pcomp - pel) [m] .

The remainder of the EOS model is given by the equations

1
p(p,e) = Tape + py (1) [1 - §r’7]

pu () = Ay + Agif” + Az

together with
_ A
1P) = oo
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*EOS_MURNAGHAN

This is Equation of State Form 19. This EOS was designed to model incompressible fluid
flow with SPH or ALE elements.

Card 1 1 2 3 4 5 6 7 8
Variable | EOSID | GAMMA KO Vo
Type A F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID. A unique number or label must be
specified (see *PART).
GAMMA, KO Constants in the equation of state
VO Initial relative volume.
Remarks:

The Murnaghan equation of state defines pressure as

pes](2) 1]

To model fluid flows accurately, -y is often set to 7, and k, is chosen such that

’ k
Co = DZ 1Ovmax ’
Lo

where v, is the maximum expected fluid flow velocity. This will ensure low
compressibility while allowing for a relatively large time step size.
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*EOS_USER_DEFINED

These are Equations of State 21-30. The user can supply his own subroutines. See also
Appendix B. The keyword input has to be used for the user interface with data.

Card 1 1 2 3 4 5 6 7 8
Variable | EOSID EOST LMC NHV IVECT EO VO BULK
Type A I I I I F F F

Define LMC material

parameters using 8 parameters per card.

Card 2 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
EOSID Equation of state ID. A unique number or label must be specified
(see *PART).
EOST User equation of state type (21-30 inclusive). A number between
21 and 30 has to be chosen.
LMC Length of material constant array which is equal to the number of
material constants to be input. (LMC < 48)
NHV Number of history variables to be stored, see Appendix B.
IVECT Vectorization flag (on =1). A vectorized user subroutine must be
supplied.
EO Initial internal energy
VO Initial relative volume
BULK Bulk modulus. This value is used in the calculation of the contact
surface stiffness.
Pi Material parametersi =1, ..., LMC.
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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.
Just as an example, 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).

The meaning associated with particular extra history variables for a subset of material
models and equations of state are tabulated at http://www.dynasupport.com/howtos-
/material /history-variables.

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 (and 2D continuum elements, that is, shell formulations 13, 14, 15)
1H Hughes-Liu beam

1B - Belytschko resultant beam

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

1D - Discrete beam

ISW - Spotweld beam

2 - Shells

3a - Thick shell formulations 1, 2, 6

3¢ - Thick shell formulations 3, 5, 7

4 - Special airbag element

5 - SPH element (particle)

6 - Acoustic solid

7 - Cohesive solid

8A - Multi-material ALE solid (validated)
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8B - Multi-material ALE solid (implemented but not validated')
9 - Membrane element
10 - SPR2/SPR3 connectors

*MAT_ADD_AIRBAG_POROSITY_LEAKAGE?
*MAT_ADD_CHEM_SHRINKAGE?2
*MAT_ADD_COHESIVE? [7] {see associated material model}
*MAT_ADD_DAMAGE_DIEM2 [0,2]
*MAT_ADD_DAMAGE_GISSMO? [0,1H,2,3a,3¢,5]
*MAT_ADD_EROSIONZ [0,1H,2,3a,3¢,5,7]
*MAT_ADD_FATIGUE?
*MAT_ADD_GENERALIZED_DAMAGE? [0,2]
*MAT_ADD_INELASTICITY?2[0,2]
*MAT_ADD_PERMEABILTY?
*MAT_ADD_PORE_AIR?
*MAT_ADD_PROPERTY_DEPENDENCE?
*MAT_ADD_PZELECTRICZ[0,3¢]
*MAT_ADD_SOC_EXPANSIONZ [0]
*MAT_ADD_THERMAL_EXPANSION?
*MAT_NONLOCAL?2

*MAT_001: *MAT_ELASTIC [0,1H,1B,1L,1T,2,3a,3¢,5,8A] {0}
*MAT_001_FLUID: *MAT_ELASTIC_FLUID [0,8A] {0}

*MAT._002: *MAT_OPTIONTROPIC_ELASTIC [0,2,3a,3c] {15}

*MAT_003: *MAT_PLASTIC_KINEMATIC [0,1H,11,1T,2,3a,3c,5,8A] {5}
“MAT_004: *MAT_ELASTIC_PLASTIC_THERMAL [0,1H,1T,2,3a,3c,5,8B] {3}
“MAT_005: *MAT_SOIL_AND_FOAM [0,5,3¢,8A] {0}

*MAT._006: *MAT_VISCOELASTIC [0,1H,2,3a,3c,5,8B] {19}

*MAT_007: *MAT_BLATZ-KO_RUBBER [0,2,3ac,8B] {9}

“MAT_008: *MAT_HIGH_EXPLOSIVE_BURN [0,5,3¢,8A] {4}

*MAT._009: *MAT_NULL [0,1,2,3¢,5,8A] {3}

*MAT_010: *MAT_ELASTIC_PLASTIC_HYDRO_{OPTION} [0,3c,5,3B] {4}
*MAT_011: *MAT_STEINBERG [0,3c,5,8B] {5}

*MAT_011_LUND: *MAT_STEINBERG_LUND [0,3c,5,8B] {5}

*MAT_012: *MAT_ISOTROPIC_ELASTIC_PLASTIC [0,2,3a,3c,5,8B] {0}
“MAT_013: *MAT_ISOTROPIC_ELASTIC_FAILURE [0,3c,5,8B] {1}
“MAT_014: *MAT_SOIL_AND_FOAM_FAILURE [0,3¢,5,8B] {1}
*MAT_015: *MAT_JOHNSON_COOK [0,2,3a,3c,5,8A] {6}

“MAT_016: *MAT_PSEUDO_TENSOR [0,3¢,5,8B] {6}

“MAT_017: *MAT_ORIENTED_CRACK [0,3c] {14}

*MAT_018: *MAT_POWER_LAW_PLASTICITY [0,1H,2,3a,3c,5,8B] {0}
*MAT_019: *MAT_STRAIN_RATE_DEPENDENT_PLASTICITY [0,2,3a,3c,5,3B] {6}

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 commands do not, by themselves, define a material model but rather can be used in certain cases
to supplement material models.
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“MAT_020: *MAT_RIGID [0,1H,1B,1T,2,3a] {0}
“MAT_021: *MAT_ORTHOTROPIC_THERMAL [0,2,3ac] {29}
*MAT_022: *MAT_COMPOSITE_DAMAGE [0,2,3a,3¢,5] {12}
“MAT_023: *MAT_TEMPERATURE_DEPENDENT_ORTHOTROPIC [0,2,3ac] {19}
“MAT_024: *MAT_PIECEWISE_LINEAR_PLASTICITY [0,1H,2,3a,3c,5,8A] {5}
*MAT_025: *MAT_GEOLOGIC_CAP_MODEL [0,3¢,5] {12}
“MAT_026: *MAT_HONEYCOMB [0,3c] {20}
“MAT_027: “MAT_MOONEY-RIVLIN_RUBBER [0,1T,2,3¢,8B] {9}
*MAT_028: *MAT_RESULTANT_PLASTICITY [1B,2] {5}
“MAT_029: *MAT_FORCE_LIMITED [1B] {30}
*MAT_030: *MAT_SHAPE_MEMORY [0,1H,2,3ac,5] {23}
*MAT_031: *MAT_FRAZER_NASH_RUBBER_MODEL [0,3c,8B] {9}
“MAT_032: *MAT_LAMINATED_GLASS [2,3a] {0}
“MAT_033: *MAT_BARLAT_ANISOTROPIC_PLASTICITY [0,2,3a,3c] {9}
“MAT_033_96: *MAT_BARLAT_YLD96 [2,3a] {9}
“MAT_034: *MAT_FABRIC [4] {17}
“MAT_034M: *MAT_FABRIC_MAP [4] {17}
*MAT._035: *MAT_PLASTIC_GREEN-NAGHDI_RATE [0,3c,5,8B] {22}
“MAT_036: *MAT_3-PARAMETER_BARLAT [2,3a,3¢] {7}
“MAT_036E: *MAT_EXTENDED_3-PARAMETER_BARLAT [2,3a,3c] {7}
*MAT_037: *MAT_TRANSVERSELY_ANISOTROPIC_ELASTIC_PLASTIC [2,3a] {9}
“MAT_038: *MAT_BLATZ-KO_FOAM [0,2,3¢,8B] {9}
“MAT_039: *MAT_FLD_TRANSVERSELY_ANISOTROPIC [2,3a] {6}
*MAT._040: *MAT_NONLINEAR_ORTHOTROPIC [0,2,3c] {17}
“MAT_041-050: *MAT_USER_DEFINED_MATERIAL_MODELS [0,1H,1T,1D,2,3a,3c,5,8B] {0}
“MAT_051: *MAT_BAMMAN [0,2,3a,3c,5,8B] {8}
*MAT_052: *MAT_BAMMAN_DAMAGE [0,2,3a,3¢,5,8B] {10}
“MAT_053: *MAT_CLOSED_CELL_FOAM [0,3¢,8B] {0}
“MAT_054-055: *MAT_ENHANCED_COMPOSITE_DAMAGE [0,2,3a,3c] {20}
*MAT_057: *MAT_LOW_DENSITY_FOAM [0,3c,5,8B] {26}
“MAT_058: *MAT_LAMINATED_COMPOSITE_FABRIC [0,2,3a] {15}
*MAT._059: *MAT_COMPOSITE_FAILURE_OPTION_MODEL [0,2,3¢,5] {22}
“MAT_060: *MAT_ELASTIC_WITH_VISCOSITY [0,2,3a,3c,5,8B] {8}
*MAT_060C: *MAT_ELASTIC_WITH_VISCOSITY_CURVE [0,2,3a,3c,5,8B] {8}
“MAT_061: *MAT_KELVIN-MAXWELL_VISCOELASTIC [0,3c,5,8B] {14}
“MAT_062: *MAT_VISCOUS_FOAM [0,3¢,8B] {7}
“MAT_063: *MAT_CRUSHABLE_FOAM [0,3¢,5,8B] {8}
“MAT_064: *MAT_RATE_SENSITIVE_POWERLAW_PLASTICITY [0,2,3a,3c,5,8B] {30}
“MAT_065: *MAT_MODIFIED_ZERILLI_ARMSTRONG [0,2,3a,3c,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 [0,3c,5,8B] {6}
“MAT_072R3: *MAT_CONCRETE_DAMAGE_REL3 [0,3¢,5] {6}
“MAT_073: *MAT_LOW_DENSITY_VISCOUS_FOAM [0,3¢,8B] {56}
*MAT_074: *MAT_ELASTIC_SPRING_DISCRETE_BEAM [1D] {8}
“MAT_075: *MAT_BILKHU/DUBOIS_FOAM [0,3c,5,8B] {8}
“MAT_076: *MAT_GENERAL_VISCOELASTIC [0,2,3a,3¢,5,8B] {53}
*MAT_077_H: *MAT_HYPERELASTIC_RUBBER [0,2,3c,5,8B] {54}
“MAT_077_O: *MAT_OGDEN_RUBBER [0,2,3¢,5,8B] {54}
“MAT_078: *MAT_SOIL_CONCRETE [0,3c,5,3B] {3}
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“MAT_079:
“MAT._080:
“MAT_081:
“MAT_082(_RCDC):
“MAT_083:
“MAT_084:
“MAT_086:
“MAT_087:
“MAT_088:
“MAT_089:
“MAT_090:
“MAT_091:
“MAT_092:
“MAT_093:
“MAT_094:
“MAT_095:
“MAT_096:
“MAT_097:
“MAT_098:
*MAT_099:
*MAT_100:
*MAT_100_DA:
*MAT_101:
*MAT_102(_T):
*MAT_103:
*MAT_103_P:
“MAT_104:
“MAT_105:
“MAT_106:
“MAT_107:
“MAT_108:
“MAT_110:
*MAT_111:
“MAT_112:
“MAT_113:
“MAT_114:
*MAT_115:
*MAT_115_0O:
“MAT_116:
“MAT_117:
“MAT_118:
“MAT_119:
*MAT_120:
*MAT._120_JC:
*MAT_120_RCDC:
*MAT_121:
*MAT_122:
*MAT_122_3D:
*MAT_122_TAB:
*MAT_123:
*MAT_124:
*MAT_125:
“MAT_126:
“MAT_127:

*MAT_HYSTERETIC_SOIL [0,3c,5,8B] {96}
*MAT_RAMBERG-OSGOOD [0,3¢,8B] {18}
*MAT_PLASTICITY_WITH_DAMAGE [0,2,3a,3c] {5}
*MAT_PLASTICITY_WITH_DAMAGE_ORTHO(_RCDC) [0,2,3a,3c] {22}
*MAT_FU_CHANG_FOAM [0,3c,5,8B] {54}
*MAT_WINFRITH_CONCRETE [0] {54}
*MAT_ORTHOTROPIC_VISCOELASTIC [2,3a] {17}
*MAT_CELLULAR_RUBBER [0,3¢,5,8B] {19}

*MAT_MTS [0,2,3a,3¢,5,8B] {5}

*MAT_PLASTICITY_POLYMER [0,2,3a,3c] {46}

*MAT_ACOUSTIC [6] {25}

*MAT_SOFT_TISSUE [0,2] {16}

*MAT_SOFT_TISSUE_VISCO [0,2] {58}
*MAT_ELASTIC_6DOF_SPRING_DISCRETE_BEAM [1D] {25}
*MAT_INELASTIC_SPRING_DISCRETE_BEAM [1D] {9}
*MAT_INELASTC_6DOF_SPRING_DISCRETE_BEAM [1D] {25}
*MAT_BRITTLE_DAMAGE [0,8B] {51}
*MAT_GENERAL_JOINT_DISCRETE_BEAM [1D] {23}
*MAT_SIMPLIFIED_JOHNSON_COOK [0,1H,1B,1T,2,3a,3c] {6}
*MAT_SIMPLIFIED_JOHNSON_COOK_ORTHOTROPIC_DAMAGE [0,2,3a,3c] {22}
*MAT_SPOTWELD_{OPTION} [0,1SW] {6}
*MAT_SPOTWELD_DAIMLERCHRYSLER [0] {6}
*MAT_GEPLASTIC_SRATE_2000a [2,3a] {15}
*MAT_INV_HYPERBOLIC_SIN(_THERMAL) [0,3¢,8B] {15}
*MAT_ANISOTROPIC_VISCOPLASTIC [0,2,3a,3c,5] {20}
*MAT_ANISOTROPIC_PLASTIC [2,3a,3c] {20}

*MAT_DAMAGE_1 [0,2,33,3c] {11}

*MAT_DAMAGE_2 [0,2,3a,3c] {7}
*MAT_ELASTIC_VISCOPLASTIC_THERMAL [0,2,3a,3c,5] {20}
*MAT_MODIFIED_JOHNSON_COOK [0,2,3a,3¢,5,8B] {15}
*MAT_ORTHO_ELASTIC_PLASTIC [2,3a] {15}
*MAT_JOHNSON_HOLMQUIST_CERAMICS [0,3¢,5] {15}
*MAT_JOHNSON_HOLMQUIST_CONCRETE [0,3c,5] {25}
*MAT_FINITE_ELASTIC_STRAIN_PLASTICITY [0,3c,5] {22}
*MAT_TRIP [2,3a] {5}

*MAT_LAYERED_LINEAR_PLASTICITY [2,3a] {13}
*MAT_UNIFIED_CREEP [0,2,3a,3¢,5] {1}
*MAT_UNIFIED_CREEP_ORTHO [0,3¢,5] {1}
*MAT_COMPOSITE_LAYUP [2] {30}

*MAT_COMPOSITE_MATRIX [2] {30}

*MAT_COMPOSITE_DIRECT [2] {10}
*MAT_GENERAL_NONLINEAR_6DOF_DISCRETE_BEAM [1D] {62}
*MAT_GURSON [0,2,3a,3c] {12}

*MAT_GURSON_JC [0,2] {12}

*MAT_GURSON_RCDC [0,2] {12}
*MAT_GENERAL_NONLINEAR_1DOF_DISCRETE_BEAM [1D] {20}
*MAT_HILL_3R [2,3a] {8}

*MAT_HILL_3R_3D [0] {28)

*MAT_HILL_3R_TABULATED [2,3a] {8}
*MAT_MODIFIED_PIECEWISE_LINEAR_PLASTICITY [0,2,3a,3¢c,5] {11}
*MAT_PLASTICITY_COMPRESSION_TENSION [0,1H,2,3a,3c,5,8B] {7}
*MAT_KINEMATIC_HARDENING_TRANSVERSELY_ANISOTROPIC [0,2,3a,3c] {11}
*MAT_MODIFIED_HONEYCOMB [0,3c] {20}
*MAT_ARRUDA_BOYCE_RUBBER [0,3c,5] {49}
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*MAT_128:
*MAT_129:
*MAT_130:
*MAT_131:
*MAT_132:
*MAT_133:
*MAT_134:
*MAT_135:

*MAT_135_PLC:

*MAT_136:

*MAT_136_STD:
*MAT_136_2017:

*MAT_HEART_TISSUE [0,3c] {15}
*MAT_LUNG_TISSUE [0,3c] {49}
*MAT_SPECIAL_ORTHOTROPIC [2] {35}
*MAT_ISOTROPIC_SMEARED_CRACK [0,5,8B] {15}
*MAT_ORTHOTROPIC_SMEARED_CRACK [0] {61}
*MAT_BARLAT_YLD2000 [2,3a,3c] {9}
*MAT_VISCOELASTIC_FABRIC [9]
“MAT_WTM_STM [2,3a,3c] {30}
*MAT_WTM_STM_PLC [2,3a] {30}

*MAT_VEGTER [2,3a] {5}
*MAT_VEGTER_STANDARD [2,3a] {5}
*MAT_VEGTER_2017 [2,3a] {5}

“MAT_138: *MAT_COHESIVE_MIXED_MODE [7] {0}

“MAT_139: *MAT_MODIFIED_FORCE_LIMITED [1B] {35

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

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

“MAT_142: *MAT_TRANSVERSELY_ISOTROPIC_CRUSHABLE_FOAM [0,3c] {12}

*MAT_143: *MAT_WOOD_{OPTION/ [0,3¢,5] {37}

*MAT_144: *MAT_PITZER_CRUSHABLE_FOAM [0,3¢,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 [0,3¢,5,8B] {15}

“MAT_147_N: *MAT_FHWA_SOIL_NEBRASKA [0,3c,5,8B] {15}

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

*MAT_151: *MAT_EMMI [0,3¢,5,8B] {23}

“MAT_153: *MAT_DAMAGE_3 [0,1H,2,3a,3c]

“MAT_154: *MAT_DESHPANDE_FLECK_FOAM [0,3¢,8B] {10}

*MAT_155: *MAT_PLASTICITY_COMPRESSION_TENSION_EOS [0,3¢,5,8B] {16}

“MAT_156: *MAT_MUSCLE [1T] {0}

“MAT_157: *MAT_ANISOTROPIC_ELASTIC_PLASTIC [0,2,3a] {5}

*MAT_158: *MAT_RATE_SENSITIVE_COMPOSITE_FABRIC [2,3a] {54}

“MAT_159: *MAT_CSCM_{OPTION} [0,3¢,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 [0,3c,5,8B] {10}

“MAT_164: *MAT_BRAIN_LINEAR_VISCOELASTIC [0] {14}

*MAT_165: *MAT_PLASTIC_NONLINEAR_KINEMATIC [0,2,3a,3c,8B] {8}

“MAT_165B: *MAT_PLASTIC_NONLINEAR_KINEMATIC_B [0,2]

“MAT_166: *MAT_MOMENT_CURVATURE_BEAM [1B] {54}

*MAT_167: *MAT_MCCORMICK [03c,,8B] {8}

“MAT_168: *MAT_POLYMER [0,3¢,8B] {60}

“MAT_169: *MAT_ARUP_ADHESIVE [0] {30}

*MAT_170: *MAT_RESULTANT_ANISOTROPIC [2,3a] {67}

“MAT_171: “MAT_STEEL_CONCENTRIC_BRACE [1B] {35}

“MAT_172: *MAT_CONCRETE_EC2 [1H,2,3a] {64}

*MAT_173: *MAT_MOHR_COULOMB [0,5] {52}

“MAT_174: *MAT_RC_BEAM [1H] {22}

“MAT_175: *MAT_VISCOELASTIC_THERMAL [0,2,3a,3c,5,8B] {86}

*MAT_176: *MAT_QUASILINEAR_VISCOELASTIC [0,2,3a,3¢c,5,3B] {81}

“MAT_177: *MAT_HILL_FOAM [0,3¢] {12}

“MAT_178: *MAT_VISCOELASTIC_HILL_FOAM [0,3c] {92}

*MAT_179: *MAT_LOW_DENSITY_SYNTHETIC_FOAM_{OPTION/ [0,3c] {77}

*MAT_180: *MAT_LOW_DENSITY_SYNTHETIC_FOAM_ORTHO [0,3c]
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*MAT_181:
*MAT_183:
*MAT_184:
*MAT_185:
*MAT_186:
*MAT_187:

*MAT_187L:

*MAT_188:
*MAT_189:
*MAT_190:
*MAT_191:
*MAT_192:
*MAT_193:
*MAT_194:
*MAT_195:
*MAT_196:
*MAT_197:
*MAT_198:
*MAT_199:
*MAT_202:
*MAT_203:
*MAT_208:
*MAT_2009:
*MAT_211:
*MAT_214:
*MAT_215:
*MAT_216:
*MAT_217:
*MAT_218:
*MAT_219:
*MAT_220:
*MAT_221:
*MAT_224:
*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_248:
*MAT_249:

GYS:

*MAT_SIMPLIFIED_RUBBER/FOAM._{OPTION/ [0,2,3¢c] {39}
*MAT_SIMPLIFIED_RUBBER_WITH_DAMAGE [0,2,3c] {44}
*MAT_COHESIVE_ELASTIC [7] {0}

*MAT_COHESIVE_TH [7] {0}
*MAT_COHESIVE_GENERAL [7] {6}

*MAT_SAMP-1 [0,2,3a,3c] {38}

*MAT_SAMP_LIGHT [0,2,3a,3c] {7}
*MAT_THERMO_ELASTO_VISCOPLASTIC_CREEP [0,2,3a,3c] {27}
*MAT_ANISOTROPIC_THERMOELASTIC [0,3¢,8B] {21}
*MAT_FLD_3-PARAMETER_BARLAT [2,3a] {36}
*MAT_SEISMIC_BEAM [1B] {36}

*MAT_SOIL_BRICK [0,3c] {96)

*MAT_DRUCKER_PRAGER [0,3c] {24}
*MAT_RC_SHEAR_WALL [2,3a] {36!
*MAT_CONCRETE_BEAM [1H] {5}
*MAT_GENERAL_SPRING_DISCRETE_BEAM [1D] {25}
*MAT_SEISMIC_ISOLATOR [1D] {20}
*MAT_JOINTED_ROCK [0] {31}

*MAT_BARLAT_YLD2004 [0,3c] {11}

*MAT_STEEL_EC3 [1H] {3}
*MAT_HYSTERETIC_REINFORCEMENT [1H,2] {64}
*MAT_BOLT_BEAM [1D] {16}

*MAT_HYSTERETIC_BEAM [1B] {50}

*MAT_SPR_JLR [1H] {60}

*MAT_DRY_FABRIC [9]

“MAT_4A_MICROMEC [0,2,3a,3c] {18}
*MAT_ELASTIC_PHASE_CHANGE [0] {3}
*MAT_OPTIONTROPIC_ELASTIC_PHASE_CHANGE [0]
*MAT_MOONEY-RIVLIN_PHASE_CHANGE [0]
*MAT_CODAMS2 [0,2,3a,3c]

*MAT_RIGID_DISCRETE [0,2]
*MAT_ORTHOTROPIC_SIMPLIFIED_DAMAGE [0,3c,5] {17}
*MAT_TABULATED_JOHNSON_COOK [0,2,3a,3¢,5] {17}
*MAT_TABULATED_JOHNSON_COOK_GYS [0] {17}
*MAT_VISCOPLASTIC_MIXED_HARDENING [0,2,3a,3c,5]
*MAT_KINEMATIC_HARDENING_BARLATS9 [2,3a] {3}
*MAT_PML_ELASTIC [0] {24}

*MAT_PML_ACOUSTIC [6] {35}

*MAT_BIOT_HYSTERETIC [0,2,3a] {30}
*MAT_CAZACU_BARLAT [2,3a]
*MAT_VISCOELASTIC_LOOSE_FABRIC [2,3a]
*MAT_MICROMECHANICS_DRY_FABRIC [2,3a]
*MAT_SCC_ON_RCC [2,3a]

*MAT_PML_HYSTERETIC [0] {54}
*MAT_PERT_PIECEWISE_LINEAR_PLASTICITY [0,1H,2,3,5,8A]
*MAT_COHESIVE_MIXED_MODE_ELASTOPLASTIC_RATE [7] {0}
*MAT_JOHNSON_HOLMQUIST_JH1 [0,3¢,5]
*MAT_KINEMATIC_HARDENING_BARLAT2000 [2,3a]
*MAT_HILL_90 [2,3a,3c]

*MAT_UHS_STEEL [0,2,3a,3¢,5] {35}
*MAT_PML_OPTIONTROPIC_ELASTIC [0] {30}
“MAT_PML_NULL [0] {27}

“MAT_PHS_BMW [2] {38}
*MAT_REINFORCED_THERMOPLASTIC [2]
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*MAT_249_UDFIBER: *MAT_REINFORCED_THERMOPLASTIC_UDFIBER [2]

“MAT_251: *MAT_TAILORED_PROPERTIES [2] {6}

*MAT_252: *MAT_TOUGHENED_ADHESIVE_POLYMER [0,7] {10}
“MAT_254: *MAT_GENERALIZED_PHASE_CHANGE [0,2]

“MAT_255: *MAT_PIECEWISE_LINEAR_PLASTIC_THERMAL [0,2,3a,3c]
“MAT_256: *MAT_AMORPHOUS_SOLIDS_FINITE_STRAIN [0]

“MAT_258: *MAT_NON_QUADRATIC_FAILURE [2]

“MAT_260A: *MAT_STOUGHTON_NON_ASSOCIATED_FLOW [0,2]
*MAT_260B: *MAT_MOHR_NON_ASSOCIATED_FLOW [2]

“MAT_261: *MAT_LAMINATED_FRACTURE_DAIMLER_PINHO [0,2,3a,3c]
“MAT_262: *MAT_LAMINATED_FRACTURE_DAIMLER_CAMANHO [0,2,3a,3¢]
*MAT_264: *MAT_TABULATED_JOHNSON_COOK_ORTHO_PLASTICITY [0]
“MAT_265: *MAT_CONSTRAINED [10]

“MAT_266: *MAT_TISSUE_DISPERSED [0]

*MAT_267: *MAT_EIGHT_CHAIN_RUBBER [0,5]

“MAT_269: *MAT_BERGSTROM_BOYCE_RUBBER [0,5]

“MAT_270: *MAT_CWM [0,2,5]

*MAT_271: *MAT_POWDER [0,5]

“MAT_272: *MAT_RHT [0,5]

“MAT_273: *MAT_CONCRETE_DAMAGE_PLASTIC_MODEL [0]
*MAT_274: *MAT_PAPER [0,2]

“MAT_275: *MAT_SMOOTH_VISCOELASTIC_VISCOPLASTIC [0]
“MAT_276: *MAT_CHRONOLOGICAL_VISCOELASTIC [2,3a,3¢]
*MAT_277: *MAT_ADHESIVE_CURING_VISCOELASTIC [0,2]

“MAT_278: *MAT_CF_MICROMECHANICS [0,2]

“MAT_279: *MAT_COHESIVE_PAPER [7]

*MAT_280: *MAT_GLASS [2,3a] {32}

“MAT_291: *MAT_SHAPE_MEMORY_ALLOY [0] {20}

“MAT_293: *MAT_COMPREF [2] {7}

*MAT_295: *MAT_ANISOTROPIC_HYPERELASTIC [0] {9}

“MAT_296: *MAT_ANAND_VISCOPLASTICITY

For 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

*MAT_067: *MAT_NONLINEAR_ELASTIC_DISCRETE_BEAM
*MAT_068: *MAT_NONLINEAR_PLASTIC_DISCRETE_BEAM
*MAT_069: *MAT_SID_DAMPER_DISCRETE_BEAM

*MAT_070: *MAT_HYDRAULIC_GAS_DAMPER_DISCRETE_BEAM
*MAT_071: *MAT_CABLE_DISCRETE_BEAM

*MAT_074: *MAT_ELASTIC_SPRING_DISCRETE_BEAM

*MAT_093: *MAT_ELASTIC_6DOF_SPRING_DISCRETE_BEAM
*MAT_094: *MAT_INELASTIC_SPRING_DISCRETE_BEAM

*MAT_095: *MAT_INELASTIC_6DOF_SPRING_DISCRETE_BEAM
*MAT_119: *MAT_GENERAL_NONLINEAR_6DOF_DISCRETE_BEAM
*MAT_121: *MAT_GENERAL_NONLINEAR_1DOF_DISCRETE_BEAM
*MAT_146: *MAT_1DOF_GENERALIZED_SPRING

*MAT_196: *MAT_GENERAL_SPRING_DISCRETE_BEAM

*MAT_197: *MAT_SEISMIC_ISOLATOR

*MAT_208: *MAT_BOLT_BEAM
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For discrete springs and dampers, the following material types are available:

*MAT_S01:
*MAT_S02:
*MAT_S03:
*MAT_S04:
*MAT_S05:
*MAT_S06:
*MAT_S07:
*MAT_S08:
*MAT_S13:
*MAT_S14:
*MAT_S15:

*MAT_SPRING_ELASTIC
*MAT_DAMPER_VISCOUS
*MAT_SPRING_ELASTOPLASTIC
*MAT_SPRING_NONLINEAR_ELASTIC
*MAT_DAMPER_NONLINEAR_VISCOUS
*MAT_SPRING_GENERAL_NONLINEAR
*MAT_SPRING_MAXWELL
*MAT_SPRING_INELASTIC
*MAT_SPRING_TRILINEAR_DEGRADING
*MAT_SPRING_SQUAT_SHEARWALL
*MAT_SPRING_MUSCLE

For ALE solids the following material types are available:

*MAT_ALE_01:
*MAT_ALE_02:
*MAT_ALE_03:
*MAT_ALE_04:
*MAT_ALE_05:
*MAT_ALE_06:

*MAT_ALE_VACUUM (same as *MAT_140)
*MAT_ALE_GAS_MIXTURE (same as *MAT_148)
*MAT_ALE_VISCOUS (same as *MAT_009)
*MAT_ALE_MIXING_LENGTH (same as *MAT_149)
*MAT_ALE_INCOMPRESSIBLE (same as *MAT_160)

*MAT_ALE_HERSCHEL

The following material type is only available for SPH particles:

*MAT_SPH_01:
*MAT_SPH_02:
*MAT_SPH_03:

*MAT_SPH_VISCOUS (same as *MAT_009)
*MAT_SPH_IMPLICIT_FLUID
*MAT_SPH_IMPLICIT_STRUCTURE

In addition, most of the material types which are available for solids are also available
for SPH. Those material models that may be used for SPH have a “5” included in
square brackets in the list of materials given above. In the detailed descriptions of those
materials which come later in the User's Manual, the word "solids" implies "solids and

SPH”.

For the seatbelts one material is available.

*MAT_BO1:

*MAT_SEATBELT

For thermal materials in a coupled structural/thermal or thermal only analysis, the
following materials are available. These materials are related to the structural material

through the *PART card.
*MAT_T01: *MAT_THERMAL_ISOTROPIC
*MAT_TO02: *MAT_THERMAL_ORTHOTROPIC
*MAT_TO03: *MAT_THERMAL_ISOTROPIC_TD
*MAT_T04: *MAT_THERMAL_ORTHOTROPIC_TD
*MAT_TO05: *MAT_THERMAL_DISCRETE_BEAM
*MAT_TO06: *MAT_THERMAL_CHEMICAL_REACTION
*MAT_T07: *MAT_THERMAL_CWM
*MAT_TO08 *MAT_THERMAL_ORTHOTROPIC_TD_LC
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*MAT_T09 *MAT_THERMAL_ISOTROPIC_PHASE _CHANGE
*MAT_T10 *MAT_THERMAL_ISOTROPIC_TD_LC
*MAT_T11-T15: *MAT_THERMAL_USER_DEFINED DEFINED

Remarks:

Curves and tables are sometimes needed for defining material properties. An example
would be a curve of effective stress as a function of effective plastic strain defined using
the command *DEFINE_CURVE. In general, the following can be said about curves
and tables that are referenced by material models:

1. Curves are internally rediscretized using equal increments along the x-axis.

2. Curve data is interpolated between rediscretized data points within the
defined range of the curve and extrapolated as needed beyond the defined
range of the curve.

3.  Extrapolation is not employed for table value. See the manual entries for the
*DEFINE_TABLE_... keywords.

4.  See Remarks under *DEFINE_CURVE and *DEFINE_TABLE.
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MATERIAL MODEL REFERENCE TABLES

MATERIAL MODEL REFERENCE TABLES

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

If a material model, without consideration of *"MAT_ADD_EROSION, *MAT_ADD -
THERMAL_EXPANSION, *MAT_ADD_SOC_EXPANSION, *MAT_ADD_DAMAGE,
*MAT_ADD_ GENERALIZED_DAMAGE or *MAT_ADD_INELASTICITY, includes
any of the following attributes, a “Y” will appear in the respective column of the table:

SRATE - Strain-rate effects

FAIL - Failure criteria

EOS - Equation-of-State required for 3D solids and 2D
continuum elements

THERMAL - 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
HT - Heat Transfer

F - Fabric
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<
= z %<0
<|Zd|olw|l =z

Material Number And Description (Df:) E 8 E <Z,; <QE E APPS
1 Elastic GN, FL
2 irl’;g(;;cropic Elastic (Anisotropic- Y CM, MT
3 Plastic Kinematic/Isotropic Y |Y M(;I}?/II;L
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 Bastoplastic 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 1(3;12::11:11) Crack (Elastoplastic w/ Y |y Y Y I‘II){,, 12:/[13,
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 M
23 Temperature Dependent Orthotropic Y |'Y M
24 Piecewise Linear Plasticity (Isotropic) Y |'Y MT, PL
25 Inviscid Two Invariant Geologic Cap Y Y SL
26 Honeycomb Y | Y Y Y FIS/IIT/[S,L
27 Mooney-Rivlin Rubber Y RB
28 Resultant Plasticity MT
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MATERIAL MODEL REFERENCE TABLES

e
= 19| <o
< | 2| | w|Ll ==
Material Number And Description (Df:) E 8 E <Z,; <QE E APPS

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 F
35 Plastic-Green Naghdi Rate Y MT
36 Three-Parameter Barlat Plasticity Y Y |Y MT
37 Ii)"faa;?;/ersely Anisotropic Elastic Y MT
38 Blatz-Ko Foam FM, PL
39 FLD Transversely Anisotropic Y MT
40 Nonlinear Orthotropic Y Y |Y Y M
41 -50 User Defined Materials Y[ Y| Y| Y |Y|Y|Y GN
51 Efarzt?;ir; )(Temp /Rate Dependent Y Y GN
52 Bamman Damage Y |Y Y Y MT
9| et Gty v
54 %;Efgme Damage with Chang Y Yylyly CM
55 lge(i)irlrlﬁssite Damage with Tsai-Wu Y Yylyly CM
57 Low Density Urethane Foam Y |Y Y EM
58 Laminated Composite Fabric Y Y| Y|Y | CMF
59 Composite Failure (Plasticity Based) Y Y Y | CM,CR
60 Elastic with Viscosity (Viscous Glass) Y Y GL
61 Kelvin-Maxwell Viscoelastic Y FM
62 Viscous Foam (Crash dummy Foam) Y M
63 Isotropic Crushable Foam Y Y FM
64 Rate Sensitive Powerlaw Plasticity Y MT
65 IZ)Ie;sigiC-iz’:‘)mstrong (Rate/Temp Y Y | Y Y MT
66 Linear Elastic Discrete Beam Y Y
67 Nonlinear Elastic Discrete Beam Y Y Y
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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 | Cables
72 Concrete Damage (incl. Release III) 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 Il;Ilzz’;fCr)etic Soil (Elasto-Perfectly 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
84 Winfrith Concrete Y Y | FM, 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 %:Eig iohnson Cook Orthotropic v |y AR MT
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100 Spotweld Y |Y Y | Y MT
101 GE Plastic Strain Rate Y | Y Y PL
102(_T) | Inv. Hyperbolic Sin (Thermal) 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| CR GL
111 Johnson Holmquist Concrete Y |Y Y |Y SL
112 Finite Elastic Strain Plasticity Y PL
113 ?;E?Is)gormatlon Induced Plasticity Y MT
114 Layered Linear Plasticity Y | Y ME’I\EI)L’
115 Unified Creep GN
115_0 Unified Creep Ortho Y GN
116 Composite Layup Y M
117 Composite Matrix Y M
118 Composite Direct Y cM
119 gee;iral Nonlinear 6DOF Discrete AR Y Y
120 Gurson Y |Y Y |Y MT
121 (Bfee:gal Nonlinear 1DOF Discrete Y |y Y
122 Hill 3RC Y MT
122 3D | Hill 3R 3D Y MT, CM
122_TAB | Hill 3R Tabulated Y MT
123 Modified Piecewise Linear Plasticity Y | Y MT, PL
124 Plasticity Compression Tension Y |Y Y | MT,PL
125 iﬁzzatic Hardening Transversely Y MT
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126 Modified Honeycomb Y |'Y Y|Y|Y FIS/IIT/[S,L
127 Arruda Boyce Rubber 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 Vegter Y MT
136_STD | Vegter Standard Input Y Y MT
136_2017 | Vegter Simplified Input Y Y MT
138 Cohesive Mixed Mode Y Y | Y|Y AD
139 Modified Force Limited Y | Y
140 Vacuum
141 Rate Sensitive Polymer Y PL
142 EZE:I:VEISEIY Isotropic Crushable Y EM
143 Wood Y | Y Y| Y| Y| Wood
144 Pitzer Crushable Foam Y Y M
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 }Er:;(i;\;?g Microstructural Model of vy |y yilvyly 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
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157 Anisotropic Elastic Plastic Y MT, CM
158 Rate-Sensitive Composite Fabric Y |Y Y [ Y |Y M
159 CSCM Y | Y Y |Y SL
160 ALE incompressible
161,162 | Composite MSC (Dmg) Y |Y Y | Y|Y M
163 Modified Crushable Foam Y Y FM
164 Brain Linear Viscoelastic Y BIO
165 Plastic Nonlinear Kinematic Y MT
165B Plastic Nonlinear Kinematic_B 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 M
179 Low Density Synthetic Foam Y |Y Y [ Y|Y FM
181 Simplified Rubber/Foam Y |'Y Y | Y | RB,EM
183 Simplified Rubber with Damage 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 ?emi—Analytical Model for Polymers — VAR Y|y PL
187L SAMP light Y Y PL
188 Thermo Elasto Viscoelastic Creep Y Y MT
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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 CIvV
196 General Spring Discrete Beam Y Y
197 Seismic Isolator Y |Y Y Y CIv
198 Jointed Rock Y Y Y SL
199 Barlat YLD2004 Y Y MT
202 Steel EC3 CIv
203 Hysteretic Reinforcement Y Y |Y CIv
208 Bolt Beam Y Y |Y MT
209 Hysteretic Beam Y Y |Y CIv
211 SPRJLR Y |Y MT
214 Dry Fabric Y |Y Y | Y |Y
215 4A Micromec Y |'Y Y |Y CM,PL
216 Elastic Phase Change GN
217 Orthotropic Elastic Phase Change Y GN
218 Mooney Rivlin Rubber Phase Change Y RB
219 CODAM2 Y Y | Y|Y CM
220 Rigid Discrete
221 Orthotropic Simplified Damage Y Y |[Y|Y M
224 Tabulated Johnson Cook Y|Y | Y|Y Y |'Y HYI’)E/I T
224 GYS | Tabulated Johnson Cook GYS Y| Y|Y|Y Y | Y HYI')E/[ T
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
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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 SCC_on_RCC 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 | CR,GL
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
248 PHS BMW Y Y |'Y MT
249 Reinforced Thermoplastic Y |Y Y | CM,F
%;ngiber Reinforced Thermoplastic UDfiber Y | CM,F
251 Tailored Properties Y |Y MT, PL
252 Toughened Adhesive Polymer Y | Y Y | Y |Y|Y AD
254 Generalized Phase Change Y Y MT
255 Piecewise linear plastic thermal Y | Y Y Y MT
256 Amorphous solid (finite strain) Y Y GL
258 Non-quadratic failure Y |Y Y MT
260A Stoughton non-associated flow Y Y MT
260B Mohr non-associated flow Y | Y Y | Y |Y MT
261 Laminated Fracture Daimler Pinho Y |Y Y| Y|Y CM
262 Laminated Fracture Daimler Camanho | Y | Y Y| Y|Y CM
264 l"l;ia;ltlil;tt;d Johnson Cook Orthotorpic vyiv!lvlvylylyly HYl,ji/[T,
265 Constrained SPR2/SPR3 Y Y MT
266 Dispersed tissue Y BIO
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267 Eight chain rubber Y Y RB, PL
269 Bergstrém Boyce rubber Y RB
270 Welding material Y MT,PL
271 Powder compaction Y | CRSL
272 RHT concrete model Y Y | Y | SLCIV
273 Concrete damage plastic Y Y |Y SL
274 Paper Y Y | CM,PL
275 Smooth viscoelastic viscoplastic Y MT,PL
276 Chronological viscoelastic Y Y RB
277 Adhesive curing viscoelastic Y Y PL,RB
278 CF Micromechanics Y |Y Y |Y M
279 Cohesive Paper Y Y AD
280 Glass Y | Y|Y GL
291 Shape Memory Alloy Y |Y Y MT
293 COMPRF Y Y Y M
295 Anisotropic hyperelastic Y Y BIOR'](; M,
296 Eglccll(il;?nggmetal in semiconductor Y Y MT
AO01 ALE Vacuum FL
A02 ALE Gas Mixture Y FL
A03 ALE Viscous Y Y FL
A04 ALE Mixing Length FL
A05 ALE Incompressible FL
A06 ALE Herschel Y Y FL
SPHO1 SPH Viscous Y Y FL
SPHO02 SPH Implicit Fluid Y FL
SPHO03 SPH Implicit Structure 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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S6 Spring General Nonlinear Y
S7 %}Pring Ma'xwell (3-Parameter Y

iscoelastic)
S8 gprmg Ine}as’ac (Tension or %

ompression)
S13 Spring Trilinear Degrading Y Y CIvV
S14 Spring Squat Shearwall Y CIvV
S15 Spring Muscle Y Y BIO
B1 Seatbelt Y
T01 Thermal Isotropic Y HT
T02 Thermal Orthotropic Y |Y HT
T03 Thermal Isotropic (Temp Dependent) Y HT
TO4 Ehermal Orthotropic (Temp v |y HT

ependent)
T05 Thermal Discrete Beam Y HT
T06 Thermal chemical reaction Y HT
TO07 Thermal CWM (Welding) Y HT
T8 Thermal Orthotropic(Temp dep-load v |y HT

curve)
T09 Thermal Isotropic (Phase Change) Y HT
T10 Thermal Isotropic (Temp dep-load Y HT
curve)

T11 Thermal User Defined Y HT
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Material Keyword Number
*EOS_GASKET *EOS_015
*EOS_GRUNEISEN *EOS_004
*EOS_IDEAL_GAS *EOS_012
*EOS_IGNITION_AND_GROWTH_OF_REACTION_IN_HE *EOS_007
*EOS_JWL *EOS_002
*EOS_JWLB *EOS_014
*EOS_LINEAR_POLYNOMIAL *EOS_001
*EOS_LINEAR_POLYNOMIAL_WITH_ENERGY_LEAK *EOS_006
*EOS_MIE_GRUNEISEN *EOS_016
*EOS_MURNAGHAN *EOS_019
*EOS_PHASE_CHANGE *EOS_013
*EOS_PROPELLANT_DEFLAGRATION *EOS_010
*EOS_RATIO_OF_POLYNOMIALS *EOS_005
*EOS_SACK_TUESDAY *EOS_003
*EOS_TABULATED *EOS_009
*EOS_TABULATED_COMPACTION *EOS_008
*EOS_TENSOR_PORE_COLLAPSE *EOS_011
*EOS_USER_DEFINED *EOS_021-"EOS._-

030

*MAT_{OPTION}TROPIC_ELASTIC *MAT_002
*MAT_1DOF_GENERALIZED_SPRING *MAT_146
*MAT_3-PARAMETER_BARLAT *MAT_036
*MAT_4A_MICROMEC *MAT_215
*MAT_ACOUSTIC *MAT_090
*MAT_ADD_AIRBAG_POROSITY_LEAKAGE
*MAT_ADD_CHEM_SHRINKAGE
*MAT_ADD_COHESIVE
*MAT_ADD_DAMAGE_DIEM
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“MAT_ADD_DAMAGE_GISSMO
“MAT_ADD_EROSION
*MAT_ADD_FATIGUE
*MAT_ADD_GENERALIZED_DAMAGE
*MAT_ADD_PERMEABILITY
*“MAT_ADD_PORE_AIR
*MAT_ADD_SOC_EXPANSION
“MAT_ADD_THERMAL_EXPANSION
*MAT_ADHESIVE_CURING_VISCOELASTIC “MAT_277
*MAT_ALE_GAS_MIXTURE “MAT_ALE_02
*MAT_ALE_HERSCHEL “MAT_ALE_06
“MAT_ALE_INCOMPRESSIBLE “MAT_160
*MAT_ALE_MIXING_LENGTH “MAT_ALE_04
*MAT_ALE_VACUUM “MAT_ALE_O1
*MAT_ALE_VISCOIS “MAT_ALE_03
*MAT_AMORPHOUS_SOLIDS_FINITE_STRAIN *MAT_256
*MAT_ANAND_VISCOPLASTICITY *MAT_296
*MAT_ANISOTROPIC_ELASTIC “MAT_002_ANISO
“*MAT_ANISOTROPIC_ELASTIC_PLASTIC “MAT_157
*MAT_ANISOTROPIC_HYPERELASTIC *MAT_295
“MAT_ANISOTROPIC_PLASTIC “MAT_103_P
*MAT_ANISOTROPIC_THERMOELASTIC “MAT_189
*MAT_ANISOTROPIC_VISCOPLASTIC “MAT_103
*MAT_ARRUDA_BOYCE_RUBBER *MAT_127
“MAT_ARUP_ADHESIVE “MAT_169
*MAT_BAMMAN *MAT_051
*MAT_BAMMAN_DAMAGE *MAT_052
“MAT_BARLAT_ANISOTROPIC_PLASTICITY “MAT_033
“MAT_BARLAT_YLD2000 “MAT_133
*MAT_BARLAT_YLD2004 *MAT_199
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“MAT_BARLAT_YLD96 “MAT_033_96
*“MAT_BERGSTROM_BOYCE_RUBBER “MAT_269
*MAT_BILKHU/DUBOIS_FOAM *MAT_075
*MAT_BIOT_HYSTERETIC *MAT_232
“MAT_BLATZ-KO_FOAM “MAT_038
*MAT_BLATZ-KO_RUBBER “MAT_007
*MAT_BOLT_BEAM “MAT_208
“MAT_BRAIN_LINEAR_VISCOELASTIC *MAT_164
“MAT_BRITTLE_DAMAGE “MAT_096
*MAT_CABLE_DISCRETE_BEAM *MAT_071
*MAT_CAZACU_BARLAT “MAT_233
“*MAT_CELLULAR_RUBBER “MAT_087
*MAT_CF_MICROMECHANICS “MAT_278
*MAT_CHRONOLOGICAL_VISCOELASTIC *MAT_276
*MAT_CLOSED_CELL_FOAM “MAT_053
*MAT_CODAM2 *MAT_219
*MAT_COHESIVE_ELASTIC “MAT_184
*MAT_COHESIVE_GENERAL *MAT_186
*MAT_COHESIVE_MIXED_MODE “MAT_138
*MAT_COHESIVE_MIXED_MODE_ELASTOPLASTIC_RATE *MAT_240
*MAT_COHESIVE_PAPER “MAT_279
*MAT_COHESIVE_TH *MAT_185
*MAT_COMPOSITE_DAMAGE *MAT_022
*MAT_COMPOSITE_DIRECT *MAT_118
*MAT_COMPOSITE_DMG_MSC “MAT_162
*MAT_COMPOSITE_FAILURE_{OPTION}_MODEL *MAT_059
*MAT_COMPOSITE_LAYUP *MAT_116
*MAT_COMPOSITE_MATRIX “MAT_117
*MAT_COMPOSITE_MSC “MAT_161
*MAT_COMPRF *MAT_293
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“MAT_CONCRETE_BEAM “MAT_195
*MAT_CONCRETE_DAMAGE *MAT_072
*MAT_CONCRETE_DAMAGE_PLASTIC_MODEL *MAT_273
*MAT_CONCRETE_DAMAGE_RELS3 *MAT_072R3
“MAT_CONCRETE_EC2 “MAT_172
*MAT_CONSTRAINED *MAT_265
*MAT_CRUSHABLE_FOAM “MAT_063
*MAT_CSCM_{OPTION} *MAT_159
*MAT_CWM *MAT_270
*MAT_DAMAGE_1 *MAT_104
“MAT_DAMAGE_2 “MAT_105
*MAT_DAMAGE_3 “MAT_153
*MAT_DAMPER_NONLINEAR_VISCOUS *MAT_S05
*MAT_DAMPER_VISCOUS *MAT_S02
“MAT_DESHPANDE_FLECK_FOAM “MAT_154
*MAT_DRUCKER_PRAGER *MAT_193
*MAT_DRY_FABRIC *MAT_214
*MAT_EIGHT_CHAIN_RUBBER “MAT_267
“*MAT_ELASTIC “MAT_001
*MAT_ELASTIC_6DOF_SPRING_DISCRETE_BEAM *MAT_093
*MAT_ELASTIC_FLUID “MAT_001_FLUID
“MAT_ELASTIC_PHASE_CHANGE *MAT_216
*MAT_ELASTIC_PLASTIC_HYDRO_{OPTION} *MAT_010
*MAT_ELASTIC_PLASTIC_THERMAL *MAT_004
“MAT_ELASTIC_SPRING_DISCRETE_BEAM “MAT_074
*MAT_ELASTIC_VISCOPLASTIC_THERMAL *MAT_106
*MAT_ELASTIC_WITH_VISCOSITY *MAT_060
*MAT_ELASTIC_WITH_VISCOSITY_CURVE *MAT_060C
*MAT_EMMI “MAT_151

*MAT_ENHANCED_COMPOSITE_DAMAGE

*MAT_054-055
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“MAT_EXTENDED_3-PARAMETER_BARLAT “MAT_036E
“*MAT_FABRIC “MAT_034
*MAT_FABRIC_MAP “*MAT_034M
*MAT_FHWA_SOIL *MAT_147
*MAT_FHWA_SOIL_NEBRASKA “MAT_147_N
*MAT_FINITE_ELASTIC_STRAIN_PLASTICITY *MAT_112
*MAT_FLD_3-PARAMETER_BARLAT *MAT_190
*MAT_FLD_TRANSVERSELY_ANISOTROPIC “MAT_039
*MAT_FORCE_LIMITED “MAT_029
*MAT_FRAZER_NASH_RUBBER_MODEL “MAT_031
*MAT_FU_CHANG_FOAM “MAT_083
*MAT_GAS_MIXTURE “MAT_148
*MAT_GENERAL_JOINT_DISCRETE_BEAM *MAT_097
*MAT_GENERAL_NONLINEAR_1DOF_DISCRETE_BEAM *MAT_121
“MAT_GENERAL_NONLINEAR_6DOF_DISCRETE_BEAM *MAT_119
*MAT_GENERAL_SPRING_DISCRETE_BEAM *MAT_196
*MAT_GENERAL_VISCOELASTIC *MAT_076
*MAT_GENERALIZED_PHASE_CHANGE “MAT_254
*MAT_GEOLOGIC_CAP_MODEL “MAT_025
*MAT_GEPLASTIC_SRATE_2000a *MAT_101
*MAT_GLASS “MAT_280
*MAT_GURSON *MAT_120
*MAT_GURSON_JC *MAT_120_JC
*MAT_GURSON_RCDC *MAT_120_RCDC
*MAT_HEART_TISSUE “MAT_128
*MAT_HIGH_EXPLOSIVE_BURN “MAT_008
*MAT_HILL_3R *MAT_122
*MAT_HILL_3R_3D *MAT_122_3D

*MAT_HILL_3R_TABULATED
*MAT_HILL_90

*MAT_122_TAB

*MAT_243

LS-DYNA R12
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*MAT_HILL_FOAM *MAT_177
*MAT_HONEYCOMB *MAT_026
*MAT_HYDRAULIC_GAS_DAMPER_DISCRETE_BEAM *MAT_070
*MAT_HYPERELASTIC_RUBBER *MAT_077_H
*MAT_HYSTERETIC_BEAM *MAT_209
*MAT_HYSTERETIC_REINFORCEMENT *MAT_203
*MAT_HYSTERETIC_SOIL *MAT_079
*MAT_INELASTC_6DOF_SPRING_DISCRETE_BEAM *MAT_095
*MAT_INELASTIC_6DOF_SPRING_DISCRETE_BEAM *MAT_095
*MAT_INELASTIC_SPRING_DISCRETE_BEAM *MAT_094
*MAT_INV_HYPERBOLIC_SIN(_THERMAL) *MAT_102(_T)
*MAT_ISOTROPIC_ELASTIC_FAILURE *MAT_013
*MAT_ISOTROPIC_ELASTIC_PLASTIC *MAT_012
*MAT_ISOTROPIC_SMEARED_CRACK *MAT_131
*MAT_JOHNSON_COOK *MAT_015
*MAT_JOHNSON_HOLMQUIST_CERAMICS *MAT_110
*MAT_JOHNSON_HOLMQUIST_CONCRETE *MAT_111
*MAT_JOHNSON_HOLMQUIST_JH1 *MAT_241
*MAT_JOINTED_ROCK *MAT_198
*MAT_KELVIN-MAXWELL_VISCOELASTIC *MAT_061
*MAT_KINEMATIC_HARDENING_BARLAT2000 *MAT_242
*MAT_KINEMATIC_HARDENING_BARLAT89 *MAT_226
’I;I\I/IéAT_KINEMATIC_HARDENING_TRANSVERSELY_ANISOTRO *MAT_125
*MAT_LAMINATED_COMPOSITE_FABRIC *MAT_058
*MAT_LAMINATED_FRACTURE_DAIMLER_CAMANHO *MAT_262
*MAT_LAMINATED_FRACTURE_DAIMLER_PINHO *MAT_261
*MAT_LAMINATED_GLASS *MAT_032
*MAT_LAYERED_LINEAR_PLASTICITY *MAT_114
*MAT_LINEAR_ELASTIC_DISCRETE_BEAM *MAT_066
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*MAT_LOW_DENSITY_FOAM “MAT_057
*MAT_LOW_DENSITY_SYNTHETIC_FOAM_{OPTION} “MAT_179
*MAT_LOW_DENSITY_VISCOUS_FOAM *MAT_073
*MAT_LUNG_TISSUE *MAT_129
*MAT_MCCORMICK “MAT_167
*MAT_MICROMECHANICS_DRY_FABRIC *MAT_235
*MAT_MODIFIED_CRUSHABLE_FOAM *MAT_163
*MAT_MODIFIED_FORCE_LIMITED “MAT_139
*MAT_MODIFIED_HONEYCOMB *MAT_126
*MAT_MODIFIED_JOHNSON_COOK *MAT_107
*MAT_MODIFIED_PIECEWISE_LINEAR_PLASTICITY “MAT_123
*MAT_MODIFIED_ZERILLI_ARMSTRONG “MAT_065
*MAT_MOHR_COULOMB *MAT_173
*MAT_MOHR_NON_ASSOCIATED_FLOW *MAT_260B
*MAT_MOMENT_CURVATURE_BEAM *MAT_166
*MAT_MOONEY-RIVLIN_RUBBER *MAT_027
*MAT_MOONEY-RIVLIN_PHASE_CHANGE *MAT_218
*MAT_MTS “MAT_088
*MAT_MUSCLE “MAT_156
*MAT_NON_QUADRATIC_FAILURE “MAT_258
“*MAT_NONLINEAR_ELASTIC_DISCRETE_BEAM “MAT_067
*MAT_NONLINEAR_ORTHOTROPIC “MAT_040
*MAT_NONLINEAR_PLASTIC_DISCRETE_BEAM *MAT_068
*MAT_NONLOCAL
*MAT_NULL “MAT_009
*MAT_OGDEN_RUBBER *MAT_077_0O
*MAT_OPTION_TROPIC_ELASTIC *MAT_002
*MAT_OPTION_TROPIC_ELASTIC_PHASE_CHANGE “MAT_217
*MAT_ORIENTED_CRACK “MAT_017
*MAT_ORTHO_ELASTIC_PLASTIC *MAT_108
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*MAT_ORTHOTROPIC_SIMPLIFIED_DAMAGE “MAT_221
*MAT_ORTHOTROPIC_SMEARED_CRACK “MAT_132
*MAT_ORTHOTROPIC_THERMAL *MAT_021
*MAT_ORTHOTROPIC_VISCOELASTIC “MAT_086
“MAT_PAPER “MAT_274
*MAT_PERT_PIECEWISE_LINEAR_PLASTICITY “MAT_238
*MAT_PHS_BMW “MAT_248
“MAT_PIECEWISE_LINEAR_PLASTIC_THERMAL “MAT_255
“MAT_PIECEWISE_LINEAR_PLASTICITY “MAT_024
*MAT_PITZER_CRUSHABL_EFOAM “MAT_144
“*MAT_PLASTIC_GREEN-NAGHDI_RATE “MAT_035
*MAT_PLASTIC_KINEMATIC “MAT_003
*MAT_PLASTIC_NONLINEAR_KINEMATIC *MAT_165
*MAT_PLASTIC_NONLINEAR_KINEMATIC_B *MAT_165B
*MAT_PLASTICITY_COMPRESSION_TENSION *MAT_124
*MAT_PLASTICITY_COMPRESSION_TENSION_EOS *MAT_155
*MAT_PLASTICITY_POLYMER *MAT_089
*MAT_PLASTICITY_WITH_DAMAGE “MAT_081

*MAT_PLASTICITY_WITH_DAMAGE_ORTHO(_RCDC)

*MAT_082(_RCDC)

*MAT_PML_{OPTION}TROPIC_ELASTIC *MAT_245
*MAT_PML_ACOUSTIC *MAT_231
*MAT_PML_ELASTIC *MAT_230
*MAT_PML_ELASTIC_FLUID *MAT_230
*MAT_PML_HYSTERETIC *MAT_237
*MAT_PML_NULL *MAT_246
*MAT_POLYMER *MAT_168
*MAT_POWDER *MAT_271
*MAT_POWER_LAW_PLASTICITY *MAT_018
*MAT_PSEUDO_TENSOR *MAT_016
*MAT_QUASILINEAR_VISCOELASTIC *MAT_176
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Material Keyword Number
*MAT_RAMBERG-OSGOOD *MAT_080
*MAT_RATE_SENSITIVE_COMPOSITE_FABRIC *MAT_158
*MAT_RATE_SENSITIVE_POLYMER *MAT_141
*MAT_RATE_SENSITIVE_POWERLAW_PLASTICITY *MAT_064
*MAT_RC_BEAM *MAT_174
*MAT_RC_SHEAR_WALL *MAT_194
*MAT_REINFORCED_THERMOPLASTIC *MAT_249
*MAT_REINFORCED_THERMOPLASTIC_UDFIBER *MAT_249_

UDFIBER
*MAT_RESULTANT_ANISOTROPIC *MAT_170
*MAT_RESULTANT_PLASTICITY *MAT_028
*MAT_RHT *MAT_272
*MAT_RIGID *MAT_020
*MAT_RIGID_DISCRETE *MAT_220
*MAT_SAMP-1 *MAT_187
*MAT_SAMP_LIGHT *MAT_187L
*MAT_SCC_ON_RCC *MAT_236
*MAT_SCHWER_MURRAY_CAP_MODEL *MAT_145
*MAT_SEATBELT *MAT_BO1
*MAT_SEISMIC_BEAM *MAT_191
*MAT_SEISMIC_ISOLATOR *MAT_197
*MAT_SHAPE_MEMORY *MAT_030
*MAT_SHAPE_MEMORY_ALLOY *MAT_291
*MAT_SID_DAMPER_DISCRETE_BEAM *MAT_069
*MAT_SIMPLIFIED_JOHNSON_COOK *MAT_098
’I*EMAT_SIMPLIFIED_JOHNSON_COOK_ORTHOTROPIC_DAMAG *MAT_099
*MAT_SIMPLIFIED_RUBBER/FOAM_{OPTION} *MAT_181
*MAT_SIMPLIFIED_RUBBER_WITH_DAMAGE *MAT_183
*MAT_SMOOTH_VISCOELASTIC_VISCOPLASTIC *MAT_275
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Material Keyword Number
*MAT_SOFT_TISSUE “MAT_091
*MAT_SOFT_TISSUE_VISCO “MAT_092
*MAT_SOIL_AND_FOAM “MAT_005
*MAT_SOIL_AND_FOAM_FAILURE *MAT_014
*MAT_SOIL_BRICK “MAT_192
*MAT_SOIL_CONCRETE “*MAT_078
*MAT_SPECIAL_ORTHOTROPIC *MAT_130
*MAT_SPH_VISCOUS “MAT_SPH_01
*MAT_SPH_IMPLICIT_FLUID *MAT_SPH_02
*MAT_SPH_IMPLICIT_STRUCTURE *MAT_SPH_03
*MAT_SPOTWELD_{OPTION} “MAT_100
*MAT_SPOTWELD_DAIMLERCHRYSLER “MAT_100_DA
*MAT_SPR_JLR *MAT_211
*MAT_SPRING_ELASTIC *MAT_SO01
*MAT_SPRING_ELASTOPLASTIC “MAT_S03
*MAT_SPRING_GENERAL_NONLINEAR *MAT_S06
*MAT_SPRING_INELASTIC *MAT_S08
*MAT_SPRING_MAXWELL “MAT_S07
*MAT_SPRING_MUSCLE *MAT_S15
*MAT_SPRING_NONLINEAR_ELASTIC *MAT_S04
*MAT_SPRING_SQUAT_SHEARWALL “MAT_S14
*MAT_SPRING_TRILINEAR_DEGRADING “MAT_S13
*MAT_STEEL_CONCENTRIC_BRACE *MAT_171
*MAT_STEEL_EC3 *MAT_202
“MAT_STEINBERG “MAT_011
*MAT_STEINBERG_LUND *MAT_011_LUND
*MAT_STOUGHTON_NON_ASSOCIATED_FLOW *MAT_260A
*MAT_STRAIN_RATE_DEPENDENT_PLASTICITY “MAT_019
*MAT_TABULATED_JOHNSON_COOK *MAT_224

*MAT_TABULATED_JOHNSON_COOK_GYS

*MAT_224_GYS
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Material Keyword Number
*MAT_TABULATED_JOHNSON_COOK_ORTHO_PLASTICITY *MAT_264
“MAT_TAILORED_PROPERTIES “MAT_251
*MAT_TEMPERATURE_DEPENDENT_ORTHOTROPIC *MAT_023
*MAT_THERMAL_CHEMICAL_REACTION “MAT_T06
*MAT_THERMAL_CWM “MAT_TO7
*MAT_THERMAL_DISCRETE_BEAM “MAT_TO05
*MAT_THERMAL_ISOTROPIC *MAT_TOA1
*MAT_THERMAL_ISOTROPIC_PHASE_CHANGE “MAT_TO09
*MAT_THERMAL_ISOTROPIC_TD “MAT_TO3
*MAT_THERMAL_ISOTROPIC_TD_LC *MAT_T10
*MAT_THERMAL_OPTION “MAT_TOO0
*MAT_THERMAL_ORTHOTROPIC “MAT_TO02
*MAT_THERMAL_ORTHOTROPIC_TD *MAT_T04
*MAT_THERMAL_ORTHOTROPIC_TD_LC “MAT_T08
*MAT_THERMAL_USER_DEFINED *MAT_T11
*MAT_THERMO_ELASTO_VISCOPLASTIC_CREEP “MAT_188
*MAT_TISSUE_DISPERSED “MAT_266
*MAT_TOUGHENED_ADHESIVE_POLYMER “MAT_252
*MAT_TRANSVERSELY_ANISOTROPIC_ELASTIC_PLASTIC *MAT_037
*MAT_TRANSVERSELY_ISOTROPIC_CRUSHABLE_FOAM *MAT_142
*MAT_TRIP “MAT_113
*MAT_UHS_STEEL “MAT_244
*MAT_UNIFIED_CREEP *MAT_115
*MAT_UNIFIED_CREEP_ORTHO *MAT_115_0
*MAT_USER_DEFINED_MATERIAL_MODELS “MAT_041-050
*MAT_VACUUM *MAT_140
*MAT_VEGTER “MAT_136

*MAT_VEGTER_STANDARD
*MAT_VEGTER_2017
*MAT_VISCOELASTIC

*MAT_136_STD
*MAT_136_2017

*MAT_006

LS-DYNA R12

2-31 (MAT)



ALPHABETIZED MATERIALS LIST

Material Keyword Number
*MAT_VISCOELASTIC_FABRIC “MAT_134
“*MAT_VISCOELASTIC_HILL_FOAM “MAT_178
*MAT_VISCOELASTIC_LOOSE_FABRIC “MAT_234
*MAT_VISCOELASTIC_THERMAL *MAT_175
*MAT_VISCOPLASTIC_MIXED_HARDENING *MAT_225
*MAT_VISCOUS_FOAM *MAT_062
*MAT_WINFRITH_CONCRETE_REINFORCEMENT *MAT_084_REINF
*MAT_WINFRITH_CONCRETE “MAT_084
*MAT_WOOD_{OPTION} “MAT_143
*MAT_WTM_STM *MAT_135

*MAT_WTM_STM_PLC

*MAT_135_PLC
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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 Summary:

Card 1a. This card is included if and only if 0 < X0 < 1.

MID X2 X3 ELA FVOPT X0 X1

Card 1b. This card is included if X0 =0 and FVOPT < 7.

MID FLC FAC ELA FVOPT X0 X1

Card 1c. This card is included if X0 =0 and FVOPT > 7.

MID FLC FAC ELA FVOPT X0 X1

Card 1d. This card is included if X0 =1 and FVOPT < 7.

MID FLC FAC ELA FVOPT X0 X1

Card 1e. This card is included if X0 =1 and FVOPT > 7.

MID FLC FAC ELA FVOPT X0 X1

Data Card Definitions:

This card is included if and only if 0 < X0 < 1.

Card 1a 1 2 3 4 5 6 7 8
Variable MID X2 X3 ELA FVOPT X0 X1
Type A F F F F F F
Default | none none 1.0 none none none none
VARIABLE DESCRIPTION
MID Material ID for which the porosity leakage property applies
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VARIABLE

X2

X3

ELA

FVOPT

DESCRIPTION

X2 is one of the coefficients of the porosity in the equation of
Anagonye and Wang [1999]. (Defined below in description for
X0/X1)

X3 is one of the coefficients of the porosity in the equation of
Anagonye and Wang [1999]. (Defined below in description for
X0/X1)

Effective leakage area for blocked fabric, ELA

LT.0.0: |[ELA] is the load curve ID of the curve defining ELA as
a function of 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.

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 consid-
ered.

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 con-
sidered.

EQ.7: Leakage is based on gas volume outflow as a function of
pressure load curve [Lian, 2000]. Blockage is not consid-
ered. Absolute pressure is used in the porous-velocity-
versus-pressure load curve, given as FAC.

EQ.8: Leakage is based on gas volume outflow as a function of
pressure load curve [Lian 2000]. Blockage of venting or
porous area due to contact is considered. Absolute pres-
sure is used in the porous-velocity-versus-pressure load
curve, given as FAC.
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VARIABLE

X0, X1

DESCRIPTION

Coefficients of Anagonye and Wang [1999] porosity equation for
the leakage area:

Ajeax = Ag(Xo + X175 + X1, + X577,

This card is included if X0 = 0 and FVOPT < 7.

Card 1b 1 2 3 4 5 6 7 8
Variable MID FLC FAC ELA FVOPT X0 X1
Type A F F F F F F
Default none opt 1.0 none none none none
VARIABLE DESCRIPTION
MID Material ID for which the porosity leakage property applies
FLC Optional fabric porous leakage flow coefficient:
GE.0.0: fabric porous leakage flow coefficient
LT.0.0: |[FLC]| is the load curve ID of the curve defining FLC as
a function of time.
FAC Optional fabric characteristic parameter:
GE.0.0: optional fabric characteristic parameter
LT.0.0: |[FAC] is the load curve ID of the curve defining FAC as
a function of absolute pressure.
ELA Effective leakage area for blocked fabric, ELA
LT.0.0: [ELA| is the load curve ID of the curve defining ELA as
a function of 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
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VARIABLE

X0, X1

DESCRIPTION

used. Blockage of venting area due to contact is consid-
ered.

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 con-
sidered.

Coefficients of Anagonye and Wang [1999] porosity equation for
the leakage area:

Ajear = Ag(Xo + X175 + X1, + X577,

This card is included if X0 = 0 and FVOPT > 7.

Card 1c 1 2 3 4 5 6 7 8
Variable MID FLC FAC ELA FVOPT X0 X1
Type A F F F F F F
Default none opt 1.0 none none none none
VARIABLE DESCRIPTION
MID Material ID for which the porosity leakage property applies
FLC Optional fabric porous leakage flow coefficient:
GE.0.0: fabric porous leakage flow coefficient
LT.0.0: |FLC]|is the load curve ID of the curve defining FLC as
a function of time.
FAC Optional fabric characteristic parameter:

GE.0.0: optional fabric characteristic parameter

2-36 (MAT)

LS-DYNA R12




*MAT_ADD_AIRBAG_POROSITY LEAKAGE *MAT

VARIABLE DESCRIPTION

LT.0.0: FAC defines leakage volume flux rate as a function of
absolute pressure. The volume flux (per area) rate (per
time) has the unit of velocity and it is equivalent to rel-
ative porous gas speed.

pr = = [velocity]

d(Volg,,)] [volume] 1 [length ]
[ ]_ [area] [time]  [time]

ELA Effective leakage area for blocked fabric, ELA

LT.0.0: [ELA| is the load curve ID of the curve defining ELA as
a function of 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.7: Leakage is based on gas volume outflow as a function of
pressure load curve [Lian, 2000]. Blockage is not consid-
ered. Absolute pressure is used in the porous-velocity-
versus-pressure load curve, given as FAC.

EQ.8: Leakage is based on gas volume outflow as a function of
pressure load curve [Lian 2000]. Blockage of venting or
porous area due to contact is considered. Absolute pres-
sure is used in the porous-velocity-versus-pressure load
curve, given as FAC.

X0, X1 Coefficients of Anagonye and Wang [1999] porosity equation for
the leakage area:

Aleak = A()(XO + Xli’s + erp + X37’57’p>

This card is included if X0 =1 and FVOPT < 7.

Card 1d 1 2 3 4 5 6 7 8
Variable MID FLC FAC ELA FVOPT X0 X1
Type A F F F F F F
Default none opt 1.0 none none none none
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VARIABLE

MID

FLC

FAC

ELA

FVOPT

DESCRIPTION

Material ID for which the porosity leakage property applies

Optional fabric porous leakage flow coefficient:
GE.0.0: fabric porous leakage flow coefficient

LT.0.0: |FLC]|is the load curve ID defining FLC as a function of
the stretching ratio defined as r, = A/A,.

Optional fabric characteristic parameter:
GE.0.0: optional fabric characteristic parameter

LT.0.0: |[FAC] is the load curve ID defining FAC as a function
of the pressure ratio defined as r, = P, /Pp,,. See Re-
mark 2 of *MAT_FABRIC.

Effective leakage area for blocked fabric, ELA

LT.0.0: [ELA| is the load curve ID of the curve defining ELA as
a function of 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.

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 consid-
ered.

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 con-
sidered.
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VARIABLE DESCRIPTION

X0, X1 Coefficients of Anagonye and Wang [1999] porosity equation for
the leakage area:

Ajeax = Ag(Xo + X175 + X1, + X577,

This card is included if X0 =1 and FVOPT > 7.

Card 1e 1 2 3 4 5 6 7 8
Variable MID FLC FAC ELA FVOPT X0 X1
Type A F F F F F F
Default none opt 1.0 none none none none
VARIABLE DESCRIPTION
MID Material ID for which the porosity leakage property applies
FLC Optional fabric characteristic parameter:

GE.0.0: optional fabric characteristic parameter

LT.0.0: [FAC| is the the load curve ID defining FLC as a
function of the stretching ratio defined as r, = A/A,.

FAC Optional fabric characteristic parameter:

GE.0.0: optional fabric characteristic parameter

LT.0.0: FAC defines leakage volume flux rate as a function of
absolute pressure. The volume flux (per area) rate (per
time) has the unit of velocity and it is equivalent to rel-
ative porous gas speed.

d(VOIflux) _ [volume] 1 3 [length] ~ .
[ dt ] - [area] [time] - [time] = [VQIOCIty]

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.
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VARIABLE DESCRIPTION

FVOPT Fabric venting option.

EQ.7: Leakage is based on gas volume outflow as a function of
pressure load curve [Lian, 2000]. Blockage is not consid-
ered. Absolute pressure is used in the porous-velocity-
versus-pressure load curve, given as FAC.

EQ.8: Leakage is based on gas volume outflow as a function of
pressure load curve [Lian 2000]. Blockage of venting or
porous area due to contact is considered. Absolute pres-
sure is used in the porous-velocity-versus-pressure load
curve, given as FAC.

X0, X1 Coefficients of Anagonye and Wang [1999] porosity equation for
the leakage area:

Aleak = A()(XO + Xlrs + erp + X37’57’p>
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*MAT_A

DD_CHEM_SHRINKAGE

The ADD_CHEM_SHRINKAGE option allows for adding the chemical shrinkage effect
to a material model.

Card 1 1 2 3 4 5 6 7 8
Variable PID LCID
Type | I
Default none none
VARIABLE DESCRIPTION
PID Part ID for which the chemical shrinkage effect applies
LCID Load curve ID (see *DEFINE_CURVE) defining the chemical
shrinkage coefficient, B, or a proxy in experiments for the
chemical shrinkage coefficient, «, as a function of temperature, T.
If « as a function of T is defined, « is converted to the chemical
shrinkage coefficient by LS-DYNA (see Remark 2).
Remarks:
1. Chemical Shrinkage Effect on Strain. If the chemical shrinkage effect is

included, the strain rate tensor, ¢, is given by
E=¢8"+¢&"+¢& .

Here, €° is the elastic strain rate tensor, ¥ is the plastic strain rate tensor, and &°
is the chemical shrinkage strain rate tensor. &€° is given by

& = BIT .

Here B is the chemical shrinkage coefficient and T is the rate of temperature
change.

2. Chemical Shrinkage Coefficient. The chemical shrinkage coefficient can be
defined in two ways with LCID: either directly or through the proxy variable
from experiments, a. If « is defined as the ordinate, LS-DYNA internally con-
verts the ordinate of the load curve, LCID, to S:

B=(1—-a)P®-1.
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Note that DATTYP on *DEFINE_CURVE must be set to -100 if LCID defines « as
a function of temperature.

3. Thermal Expansion with Shrinkage Effects. If both thermal expansion and
chemical shrinkage effects are modeled in one simulation, the thermal expan-
sion should be defined with *MAT_THERMAL_ISOTROPIC_TITLE. The TI-
TLE keyword option must be defined to distinguish between the thermal
expansion and chemical shrinkage.
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*MAT_ADD_COHESIVE

The ADD_COHESIVE option offers the possibility to use a selection of three
dimensional material models in LS-DYNA in conjunction with cohesive elements.

Usually the cohesive elements (ELFORM = 19 and 20 of *SECTION_SOLID) can only be
used with a small number of material models (41-50, 138, 184, 185, 186, 240). But with
this additional keyword, a larger number of standard three dimensional material
models can be used that would only be available for solid elements in general.
Currently the following material models are supported: 1, 3, 4, 6, 15, 24, 41-50, 81, 82, 89,
96, 98, 103, 104, 105, 106, 107, 115, 120, 123, 124, 141, 168, 173, 187, 188, 193, 224, 225, 252,
255, and 277.

Card 1 1 2 3 4 5 6 7 8

Variable PID ROFLG | INTFAIL | THICK

Type I F F F
Default | none 0.0 0.0 0.0
VARIABLE DESCRIPTION
PID Part ID for which the cohesive property applies.
ROFLG Flag for whether density is specified per unit area or volume.

EQ.0.0: Density specified per unit volume (default).

EQ.1.0: Density specified per unit area for controlling the mass
of cohesive elements with an initial volume of zero.

INTFAIL The number of integration points required for the cohesive
element to be deleted. If it is zero, the element will not be deleted
even if it satisfies the failure criterion. The value of INTFAIL may
range from 1 to 4 with 1 the recommended value.

THICK Thickness of the adhesive layer.
EQ.0.0: The actual thickness of the cohesive element is used.
GT.0.0: User specified thickness.
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Remarks:

Cohesive elements possess 3 kinematic variables, namely, two relative displacements d,
J, in tangential directions and one relative displacement J; in normal direction. In a
corresponding constitutive model, they are used to compute 3 associated traction
stresses t1, t,, and t3. For example, in the elastic case (*MAT_COHESIVE_ELASTIC):

b1 [Er 0 0714
)= 5 o ls)
ts 0 0 Enllo,

Hypoelastic three dimensional material models for standard solid elements, however,
are formulated with respect to 6 independent strain rates and 6 associated stress rates.
For isotropic elasticity (*“MAT_ELASTIC):

Tex 1-v % 1% 0 0 0 Cxx

Tyy v 1-v v 0 0 0 ‘C’_W

‘U,zz _ E v 14 1—v 0 0 0 €2z

ny B 1+v)1-2v) 0 0 0 1-2v 0 0 éxy

Gy 0 0 0 0 1-2v 0 |[|é

5 0o 0 0 0 0 1-2vl|;
Ny - Czx -

To be able to use such three dimensional material models in a cohesive element
environment, an assumption is necessary to transform 3 relative displacements to 6
strain rates. Therefore, it is assumed that neither lateral expansion nor in-plane
shearing is possible for the cohesive element. Therefore,

_‘?xx_ [ 0 T
5 A

&, (53/(t + 53)
03 b | B2/ t+03)

e _51/(t + (53)_

L€, ]
where t is the initial thickness of the adhesive layer; see parameter THICK. These strain
rates are then used in a three dimensional constitutive model to obtain new Cauchy
stresses, where 3 components can finally be used for the cohesive element:

O
Z_yy t 0.
O-ZZ — |:t2:| = |:JyZ:| .
ny t3 02z

yz
Ny

zZX -

If this keyword is used in combination with a three dimensional material model, the
output to d3plot or elout is organized as with other material models for cohesive
elements; see for example *MAT_184. Instead of the usual six stress components, three
traction stresses are written into those databases. The in-plane shear traction along the
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1-2 edge replaces the x component of stress, the orthogonal in-plane shear traction
replaces the y component of stress, and the traction in the normal direction replaces the
z component of stress.
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*MAT_ADD_DAMAGE_DIEM

Many of the constitutive models in LS-DYNA do not allow failure and erosion. The
ADD_DAMAGE_DIEM option provides a way of including damage and failure in these
models. DIEM comprises various “damage initiation and evolution models.” See
remarks for details.

This keyword originates from a split out of *MAT_ADD_EROSION, where only
“sudden” failure criteria without damage remain, and applies to nonlinear element
formulations including 2D continuum elements, beam element formulation 1, 3D shell

elements (including isogeometric shells), and 3D solid elements (including isogeometric
solids).

NOTE: All *MAT_ADD_DAMAGE_DIEM commands in a
model can be disabled by using *CONTROL_MAT.

Card 1 1 2 3 4 5 6 7 8

Variable MID NDIEMC | DINIT DEPS | NUMFIP

Type A F F F F

Default none 0.0 0.0 0.0 1.0

Data Card Pairs. Include NDIEMC pairs of Cards 2 and 3.

Card 2 1 2 3 4 5 6 7 8
Variable DITYP P1 P2 P3 P4
Type F F F F F
Default 0.0 0.0 0.0 0.0 0.0
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Card 3 1 2 3 4 5 6 7 8
Variable | DETYP | DCTYP Q1 Q2
Type F F F F
Default 0.0 0.0 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification for which this erosion definition applies.
A unique number or label must be specified (see *“PART).
NDIEMC Number of damage initiation and evolution model (DIEM)
criteria to be applied
DINIT Damage initialization option:

EQ.0: No action is taken.

EQ.1: Damage history is initiated based on values of the initial
plastic strains and the initial strain tensor. This is to be
used in multistage analyses.

DEPS Plastic strain increment between evaluation of damage instability
and evolution criteria. See Remark 1. The default is zero.
NUMFIP Number or percentage of failed integration points prior to
element deletion (default value is 1):

GT.0.0: Number of integration points which must fail before
element is deleted.

LT.0.0: Applies only to shells. INUMFIP| is the percentage of
layers which must fail before an element fails. For shell
formulations with 4 integration points per layer, the
layer is considered failed if any of the integration
points in the layer fails.

DITYP Damage initiation type:

EQ.0.0: Ductile based on stress triaxiality

EQ.1.0: Shear

EQ.2.0: MSFLD
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VARIABLE DESCRIPTION

EQ.3.0: FLD

EQ.4.0: Ductile based on normalized principal stress

P1 Damage initiation parameter:

DITYP.EQ.0.0: Load curve/table ID representing plastic strain
at the onset of damage as a function of stress
triaxiality () and optionally plastic strain rate,
represented by ¢}, in the theory below. If the
first strain rate value in the table is negative, it is
assumed to be given with respect to logarithmic
strain rate.

DITYP.EQ.1.0: Load curve/table ID representing plastic strain
at onset of damage as a function of shear influ-
ence (0) and optionally plastic strain rate, repre-
sented by e in the theory below. If the first
strain rate value in the table is negative, it is as-
sumed to be given with respect to logarithmic
strain rate.

DITYP.EQ.2.0: Load curve/table ID representing plastic strain
at onset of damage as a function of ratio of prin-
cipal plastic strain rates (¢) and optionally plas-
tic strain rate, represented by ¢/ in the theory
below. If the first strain rate value in the table is
negative, it is assumed to be given with respect
to logarithmic strain rate.

DITYP.EQ.3.0: Load curve/table ID representing plastic strain
at onset of damage as a function of ratio of prin-
cipal plastic strain rates (¢) and optionally plas-
tic strain rate, represented by ¢ in the theory
below. If the first strain rate value in the table is
negative, it is assumed to be given with respect
to logarithmic strain rate.

DITYP.EQ.4.0: Load curve/table ID representing plastic strain
at onset of damage as a function of stress state
parameter (8) and optionally plastic strain rate,
represented by ¢}, in the theory below. If the
first strain rate value in the table is negative, it is
assumed to be given with respect to logarithmic
strain rate.
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VARIABLE

P2

P3

P4

DETYP

DESCRIPTION

Damage initiation parameter:
DITYP.EQ.0.0: Not used
DITYP.EQ.1.0: Pressure influence parameter, k;
DITYP.EQ.2.0: Layer specification:

EQ.0: Mid layer
EQ.1: Outer layer

DITYP.EQ.3.0: Layer specification:

EQ.0: Mid layer
EQ.1: Outer layer

DITYP.EQ.4.0: Triaxiality influence parameter, k,

Damage initiation parameter:
DITYP.EQ.0.0: Not used
DITYP.EQ.1.0: Not used
DITYP.EQ.2.0: Initiation formulation:

EQ.O: Direct
EQ.1: Incremental

DITYP.EQ.3.0: Initiation formulation:

EQ.O: Direct
EQ.1: Incremental

DITYP.EQ.4.0: Not used

Plane stress option for shell elements:

EQ.0.0: Transverse shear stresses, ¢, and 0., are included in
the computation of stress invariants, such as the triaxi-
ality.

EQ.1.0: Transverse shear stresses, 0,, and ¢,, are not included

in the computation of stress invariants, such as the tri-
axiality. Useful in combination with “plane stress” ma-
terial models, where the transverse shear stresses are
also excluded from the yield condition, such as *MAT_-
024_2D or *MAT_036.

Damage evolution type:

EQ.0.0: Linear softening. Evolution of damage is a function of

LS-DYNA R12
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VARIABLE DESCRIPTION

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.-1.0: Damage not coupled to stress
EQ.0.0: Maximum
EQ.1.0: Multiplicative

Damage evolution parameter:

DETYP.EQ.0.0: Plastic displacement at failure, uﬁ. A negative
value corresponds to a table ID for u]’f as a func-

tion of triaxiality and damage.

DETYP.EQ.1.0: Fracture energy at failure, G,

Set to 1.0 to output information to log files (messag and d3hsp)
when an integration point fails.

Remarks:

1.

DEPS. In DIEM, you may invoke up to 5 damage initiation and evolution
criteria. For the sake of efficiency, the parameter DEPS can be used to only
check these criteria in quantified increments of plastic strain. In other words,
the criteria are only checked when the effective plastic strain goes beyond
DEPS, 2 x DEPS, 3 x DEPS, etc. For DEPS = 0 the checks are performed in each
step there is plastic flow. A reasonable value of DEPS could, for instance, be
DEPS = 0.0001.

Damage Initiation and Evolution Variables. @ Assume that 7 initia-
tion/evolution types have been specified in the input deck (n = NDIEMC). At
each integration point a damage initiation variable, w},, and an evolution histo-
ry variable D' exist, such that,

wh € [0, o)
and
D'e[01], i=1,..n .

These are initially set to zero and evolve with the deformation of the elements
according to rules associated with the specific damage initiation and evolution
type chosen, see below for details.
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These quantities can be post-processed 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 influ-
ence the results but serve to indicate the onset of damage. As an alternative,
the keyword *DEFINE_MATERIAL_HISTORIES can be used to output the
instability and damage, following

*DEFINE_MATERIAL_HISTORIES Properties

Label Attributes Description
Instability - - - - Maximum initiation variable, max wh
i=1,...,.n
Damage - - - - Effective damage D, see below

The damage evolution variables govern the damage in the material and are
used to form the global damage D € [0,1]. Each criterion is of either of DCTYP
set to maximum (DCTYP = 0) or multiplicative (DCTYP = 1), or one could
choose to not couple damage to the stress by setting DCTYP = —1. This means
that the damage value is calculated and stored, but it is not affecting the stress
as for the other options, so if all DCTYP are set to —1 there will be no damage
or failure. Letting I ., denote the set of evolution types with DCTYP set to
maximum and I, ,;; denote the set of evolution types with DCTYP set to multi-
plicative the global damage, D, is defined as

D = max(Dyaxs Dmuit)
where
D ax = maxielmaxDi ,
and
Dpar=1- [] (1-D') .
i€lnut
The damage variable relates the macroscopic (damaged) to microscopic (true)
stress by
c=(1-D)o .

Once the damage has reached the level of D, 4. (=0.99 by default) the stress is
set to zero and the integration point is assumed failed and not processed there-
after. For NUMFIP > 0, a shell element is eroded and removed from the finite
element model when NUMFIP integration points have failed. For NUM-
FIP < 0, a shell element is eroded and removed from the finite element model
when -NUMFIP percent of the layers have failed.
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Damage Initiation, wp:

For each evolution type i, w}, governs the onset of damage. For i # j, the evolution of

wh is independent from the evolution of a/b. The following list enumerates the
algorithms for modelling damage initiation.

In this subsection we suppress the superscripted i indexing the evolution type.

1. Ductility Based on Stress Triaxiality (DITYP = 0). For the ductile initiation
option, a function E’Z) = s%(;y, ¢P) represents the plastic strain at onset of dam-

age (P1). This is a function of stress triaxiality defined as

=_F
==

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 effec-
tive plastic strain rate é’, where a negative sign of the first strain rate in the
table means that it is in logarithmic scale. The damage initiation history varia-
ble evolves according to

0 D

2. Shear (DITYP = 1). For the shear initiation option, a function s’g = e’z)(Q, éP)
represents the plastic strain at onset of damage (P1). This is a function of a
shear stress function defined as

+k
g 1F5sP
T
Here p is the pressure, g is the von Mises equivalent stress and 7 is the maxi-
mum shear stress defined as a function of the principal stress values:

(Umajor - Jminor)
2
Introduced here is also the pressure influence parameter k, (P2). Optionally
this can be defined as a table with the second dependency being on the effec-
tive plastic strain rate é&’, where a negative sign of the first strain rate in the
table means that it is in logarithmic scale. The damage initiation history varia-
ble evolves according to

T =

3. MSFLD (DITYP = 2). For the MSFLD initiation option, a function s’g =
s’g (a, €P) represents the plastic strain at onset of damage (P1). This is a function
of the ratio of principal plastic strain rates defined as

2-52 (MAT) LS-DYNA R12



*MAT_ADD_DAMAGE_DIEM *MAT

P
minor
P

Emajor

N =

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

Sminor
S

K =
major

with s being the deviatoric stress. This ensures that the calculation of «, is in a
sense, robust at the expense of being slightly inaccurate for materials with ani-
sotropic 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 rate ¢”, where a negative sign of the first strain rate in the table means
that it is in logarithmic scale. For &’ = 0, the value of ¢/, is set to a large num-
ber to prevent the onset of damage for no plastic evolution. Furthermore, the
plastic strain used in this failure criteria is a modified effective plastic strain
that only evolves when the pressure is negative, meaning the material is not
affected in compression.

This modified plastic strain can be monitored as the second history variable of
the initiation history variables in the binary output database. For P3 =0, the
damage initiation history variable is calculated directly from the ratio of (mod-
ified) plastic strain and the critical plastic strain
&P
Wp = MaXcr = -
D
This should be interpreted as the maximum value up to this point in time. If
P3 =1 the damage initiation history variable is instead incrementally updated
from the ratio of (modified) plastic strain and the critical plastic strain

< deP

0 D
For this initiation option P2 is used to determine the layer in the shell where
the criterion is evaluated. If P2 =0, the criterion is evaluated in the mid-layer
only, whereas if P2 =1, it is evaluated in the outer layers only (bottom and
top). This can be used to distinguish between a membrane instability typically
used for FLD evaluations (P2 = 0) and a bending instability (P2 =1). As soon
as wp reaches 1 in any of the integration points of interest, all integration
points in the shell goes over in damage mode, meaning subsequent damage is

applied to the entire element.
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4.  FLD (DITYP = 3). The FLD initiation criterion is identical to MSFLD with one
subtle difference: the plastic strain used to evaluate the criteria does not ac-
count for the sign of the hydrostatic stress but is instead identical to the effec-
tive plastic strain directly from the underlying material model. In other words,
it is not the modified plastic strain used in the MSFLD criterion, but apart from
that it is an identical criterion.

5. Ductile based on normalized principal stress (DITYP = 4). For the ductile
initiation option the plastic strain at the onset of damage (P1) is taken as a func-
tion of B and &, that is €, = ¢}, (B, ¢"). Here B is the normalized principal stress

q+kap
B= ,

Umajor

where p is the pressure, g is the von Mises equivalent stress, 0y ,jo, is the major
principal stress, and k; is the pressure influence parameter specified in the P2
field. Optionally, this can be defined as a table with the second dependency
being on the effective plastic strain rate ¢”, where a negative sign of the first
strain rate in the table means that it is in logarithmic scale. The damage initia-
tion history variable evolves according to
< deP
wp = |— .

p
o ¢p

Damage Evolution, D:
For the evolution of the associated damage variable, D, we introduce the plastic
displacement, u”, which evolves according to

up_{() CL)D<1
_lgp a)D21

Here [ is a characteristic length of the element. Fracture energy is related to plastic
displacement as follows

up
(%
Gf = fo Uydu” ,

where 0, is the yield stress. The following list enumerates the algorithms available for

modelling damage.

1. Linear (DETYP = 0). With this option the damage variable evolves linearly
with the plastic displacement

D=

\:‘3| :‘m
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2.

Here uJ’Z is the plastic displacement at failure (Q1). If Q1 is negative, then —Q1

refers to a table that defines uj’f’ as a function of triaxiality and damage, that is,
uJ’Z = u]’f(iy, D), and importantly the damage evolution law is generalized to
. aP
D=—=
14
]
oD

Linear (DETYP = 1). With this option the damage variable evolves linearly as
follows

where uJ’Z = 2G¢/0,, and 0, is the yield stress when failure criterion is reached.
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*MAT_ADD_DAMAGE_GISSMO_{OPTION}

Available options include:

<BLANK>

STOCHASTIC

Many of the constitutive models in LS-DYNA do not allow failure and erosion. The
ADD_DAMAGE_GISSMO option provides a way of including damage and failure in
these models. GISSMO is the “generalized incremental stress-state dependent damage
model.” See remarks for details.

This keyword originates from a split out of *MAT_ADD_EROSION, where only
“sudden” failure criteria without damage remain, and applies to nonlinear element
formulations including 2D continuum elements, beam element formulation 1, 3D shell
elements (including isogeometric shells) shell, 3D thick shells, 3D solid elements
(including isogeometric solids), and SPH.

The STOCHASTIC option allows spatially varying failure behavior. See *DEFINE_-
STOCHASTIC_VARIATION for additional information.

NOTE: All *MAT_ADD_DAMAGE_GISSMO commands in

a model can be disabled by using *CONTROL_MAT.

Card 1 1 2 3 4 5 6 7 8
Variable MID DTYP REFSZ | NUMFIP
Type A F F F
Default none 0.0 0.0 1.0
Card 2 1 2 3 4 5 6 7 8
Variable | LCSDG ECRIT | DMGEXP | DCRIT | FADEXP | LCREGD
Type F F F F F F
Default 0.0 0.0 1.0 0.0 1.0 0.0
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Card 3

3 4 5 6 7 8

Variable

Type

Default

LCSRS

0.0

SHRF

0.0

BIAXF | LCDLIM | MIDFAIL | HISVN SOFT LP2BlI

0.0 0.0 0.0 0.0 0.0 0.0

VARIABLE

MID

DTYP

REFSZ

DESCRIPTION

Material identification for which this erosion definition applies.
A unique number or label must be specified (see *PART).

DTYP is interpreted digit-wise as follows:

M.EQ.O:

M.EQ.1:

N.EQ.O:

N.GT.O:

DTYP = [NM]=M+10x N

Damage is accumulated, but there is no coupling to
flow stress and no failure.

Damage is accumulated, and element failure occurs
for D = 1. Coupling of damage to flow stress depend-
ing on parameters, see remarks below.

Equivalent plastic strain is the driving quantity for the
damage. (To be more precise, it’s the history variable
that LS-PrePost blindly labels as “plastic strain.” What
this history variable actually represents depends on
the material model.)

The N™ additional history variable is the driving
quantity for damage. These additional history varia-
bles are the same ones flagged by the *DATABASE_-
EXTENT_BINARY keyword’s NEIPS and NEIPH
tields. For example, for solid elements with *“MAT _-
187, setting N = 6 causes volumetric plastic strain to
be the driving quantity for the GISSMO damage.

Reference element size for which an additional output of damage

(and potentially plastic strain) will be generated.

necessary

This is
to ensure the applicability of resulting damage

quantities when transferred to different mesh sizes.

GT.0: Reference size related damage values are written to
history variables ND +9 and ND + 10. These damage
values are computed in the same fashion as the actual
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VARIABLE

DESCRIPTION

NUMEFIP

LCSDG

ECRIT

damage, just with the given reference element size.

LT.0: The reference element size is |[REFSZ|. In addition to the
reference size related damage values, a corresponding
plastic strain is computed and written to history variable
ND + 17. See remarks for details.

Number or percentage of failed integration points prior to
element deletion (default value is 1). When the material is a
composite with different through-the-thickness material types
defined using *PART_COMPOSITE, then values other than 1 will
not work correctly; use *DEFINE_ELEMENT_EROSION instead.

GT.0.0: Number of integration points which must fail before
element is deleted.

LT.0.0: Applies only to shells. INUMFIP| is the percentage of
layers which must fail before an element is deleted.
For shell formulations with 4 integration points per
layer, the layer is considered failed if any of the inte-
gration points in the layer fails.

Failure strain curve/table or function:

GT.0.0: Load curve ID or table ID. As a load curve, it defines
equivalent plastic strain to failure as a function of triax-
iality. As a table, it defines for each Lode parameter
value (between -1 and 1) a load curve ID giving the
equivalent plastic strain to failure as a function of triax-
iality for that Lode parameter value. With HISVN = 0,
a 3D table can be used, where failure strain is a func-
tion of the history variable (TABLE_3D), Lode parame-
ter (TABLE), and triaxiality (CURVE). With
HISVN =0, a 3D table introduces thermal effects, that
is, failure strain is a function of temperature (TABLE_-
3D), Lode parameter (TABLE), and triaxiality
(CURVE).

LT.0.0: |LCSDG| is the ID of a function (*DEFINE_FUNCTION)
with the arguments triaxiality and Lode parameter:

f(n,L).

Critical plastic strain (material instability); see below.

LT.0.0: [ECRIT| is either a load curve ID defining critical
equivalent plastic strain versus triaxiality or a table ID
defining critical equivalent plastic strain as a function

2-58 (MAT)

LS-DYNA R12



*MAT_ADD DAMAGE_GISSMO *MAT

VARIABLE

DMGEXP

DCRIT

FADEXP

LCREGD

LCSRS

DESCRIPTION

of triaxiality and Lode parameter (as in LCSDG). With
HISVN = 0, a 3D table can be used, where critical strain
is a function of the history variable (TABLE_3D), Lode
parameter (TABLE), and triaxiality (CURVE). With
HISVN = 0, a 3D table introduces thermal effects, that
is, critical strain is a function of temperature (TABLE_-
3D), Lode parameter (TABLE), and triaxiality
(CURVE).

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 a load curve ID defining element-size
dependent fading exponent.

GT.0.0: Constant fading exponent

Load curve ID or table ID defining element size dependent
regularization factors for equivalent plastic strain to failure:

GT.0.0: Load curve ID (regularization factor factor as a
function of element size) or table ID (regularization fac-
tor vs. element size curves vs. effective rate)

LT.0.0: [LCREGD]J is a table ID (regularization factor vs.
element size curves vs. triaxiality). This table provides
an alternative to the use of SHRF and BIAXF for defin-
ing the effect of triaxiality on element size regulariza-
tion of equivalent plastic strain to failure.

Load curve ID or table ID. Load curve ID defining failure strain
scaling factor for LCSDG as a function of strain rate. If the first
strain rate value in the curve is negative, it is assumed that all
strain rate values are given as a natural logarithm of the strain
rate. The curve should not extrapolate to zero or failure may occur at
low strain. Table ID defining failure strain scaling factor as a
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VARIABLE DESCRIPTION

function of strain rate (TABLE) and triaxility (CURVE).
GT.0: Scale ECRIT.
LT.0: Do not scale ECRIT.

SHRF Reduction factor for regularization for shear stress states. This
parameter can be defined between -1.0 and +1.0. See remarks
below.

BIAXF Reduction factor for regularization for biaxial stress states. This
parameter can be defined between -1.0 and +1.0. See remarks
below.

LCDLIM Load curve ID defining damage limit values as a function of

triaxiality. Damage can be restricted to values less than 1.0 to
prevent further stress reduction and failure for certain
triaxialities.

MIDFAIL Mid-plane failure option for shell elements. If active, then critical
strain is only checked at the mid-plane integration point (IP),
meaning an odd number for NIP should be used. The other
integration points compute their damage, but no coupling to the
stresses is done first. As soon as the mid-plane IP reaches
ECRIT/DCRIT, then all the other IPs are also checked.

EQ.0.0: Inactive.

EQ.1.0: Active. Those of the non-mid-plane IPs that are
already above their critical value immediately start to
reduce the stresses. Those still below the critical value
still do not couple, only if they reach their criterion.

EQ.2.0: Active. All of the non-mid-plane IPs immediately start
to reduce the stresses. NUMFIP is active.

EQ.3.0: Active. Same as 2 but when D =1 is reached in the
middle integration point, the element is eroded instan-
taneously. NUMFIP is disregarded.

EQ.4.0: Active. Damage and failure are applied only to the
midpoint. When D =1 at the midpoint, the element is
eroded. NUMFIP is disregarded. Integration points
away from the midplane see no stress reduction and no
failure.

HISVN History variable used to evaluate the 3D table LCSDG (and
optionally 3D table ECRIT < 0):
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VARIABLE

DESCRIPTION

SOFT

LP2BI

Remarks:

GT.0.0: Constant value

LT.0.0: The constant value found at position [HISVN| where
[HISVN] is the location in the history array of *INI-
TIAL_STRESS SHELL/SOLID.

Softening reduction factor for failure strain in crashfront
elements. Crashfront elements are elements that are direct
neighbors of failed (deleted) elements.

EQ.0.0: Inactive

GT.0.0: Plastic failure strain, ¢ (LCSDG), and critical plastic
strain, €, 1. (ECRIT), will be scaled by SOFT.

LT.0.0: Only plastic failure strain, & (LCSDG), will be scaled
by |SOFT].

Option to use a bending indicator instead of the Lode parameter.
Everywhere in this keyword’s manual description, the term
“Lode parameter” can/should be replaced by the expression
“bending indicator,” which is adopted from *MAT_258 (compare
with variable ). Only available for shell elements.

EQ.0.0: Inactive.
EQ.1.0: Active. Constant regularization (LCREGD) applied.

EQ.2.0: Active. Regularization (LCRGED) fully applied under
pure membrane loading () = 0) but not at all under
pure bending (2 = 1). Linear interpolation in between.

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, such as *MAT_024, *MAT_036, and *MAT_103. The input
of parameters is based on tabulated data, allowing the user to directly convert test data
to numerical input. The model was originally developed by Neukamm et al. [2008] and
further investigated and enhanced by Effelsberg et al. [2012] and Andrade et al. [2014,

2016].
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plastic
failure
strain

compressilon | | | tension
| | | |

-2/3 -1/3 triaxiality 1/3 2/3
Gh/ va

F