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*EOS

LS-DYNA has historically referenced equations of state by type identifiers. Below these identi-
fiers are given with the corresponding keyword name in the order that they appear in the manual.
The equations of state can be used with a subset of the materials that are available for solid ele-
ments. Type 15 is linked to the type 2 thick shell element and can be used to model engine gas-
kets.

TYPEl:  *EOS_LINEAR POLYNOMIAL

TYPE2:  *EOS_JWL

TYPE3:  *EOS_SACK TUESDAY

TYPE4:  *EOS_GRUNEISEN

TYPES:  *EOS_RATIO OF POLYNOMIALS

TYPE6:  *EOS_LINEAR POLYNOMIAL WITH ENERGY LEAK
TYPE7:  *EOS_IGNITION_AND GROWTH_OF REACTION IN_HE
TYPES:  *EOS_TABULATED COMPACTION

TYPE9:  *EOS_TABULATED

TYPE 10: *EOS_PROPELLANT_DEFLAGRATION
TYPE 11: *EOS_TENSOR_PORE_COLLAPSE
TYPE 12: *EOS_IDEAL_GAS

TYPE 14: *EOS_JWLB

TYPE 15: *EOS_GASKET

TYPE 16: *EOS_MIE_GRUNEISEN

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.
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DEFINITIONS & NOTES ON SOME COMMONLY USED PARAMETERS:

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 ex-

ample.

First consider a few volumetric parameters since they are a measure of compression (or expan-

sion).
Volume =V = (m3)

Mass=M =~ (Kg)

Il
D |+
8

=
@alsw
N—

. 14
Current specific volume (per mass) =v = "

{

. Vo 1 m3
Reference specific volume =vy === — = (—
M po

Relative volume = v, = VK = ((VL/I;)) = vl = %
0 0 0

. . d - 1
Current normalized volume increment=—=222=1-=-=1-£
v v Uy Po
. . 1 - d
A frequently used volumetric parameterisy = ——1 = T _Z_Pf 4
vy v v Po
Sometimes another volumetric parameter is used: n = 1;—0 = pﬂ
0
Thus the relation between y and n isu = v"v_v =n-1
VARIABLES COMPRESSION NO LOAD EXPANSION
U Po
Up = — = — <1 1 >1
Vo P
1 v
n=—= —0 = ﬁ > 1 1 <1
Ur U Po
u=—-1=n-1 >0 0 <0
UT
Table 1.1 summarizes these volumetric parameters.
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V0 - INITIAL RELATIVE VOLUME
There are 3 definitions of density that must be distinguished from each other:

Po = Pres= Density at nominal/reference state, usually non-stress or non-deformed state.

Ple=o = Density att=0

p = Current density
Recalling the current relative volume, v, = % = vl, and the relative volume at time=0 is then
0
VUpo = Uplp=g = pI& = vat_:o Generally, the VO input parameter in an *EOS_ card, refers to this
t=0 0

Uro. Po 1s 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 according-
ly (vy # V0).

The “reference” state is a unique state with respect to which the material stress tensor is comput-
ed. 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 com-
pression or expansion, the material should be in equilibrium with its ambient surrounding. In
many of the equations shown in the EOS section, u is frequently used as a measure of compres-
sion (or expansion). However, the users must clearly distinguish between u and v,..

EQ - INTERNAL ENERGY

Internal energy represents the thermal energy state (temperature dependent component) of a sys-
tem. 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 inter-
nal energy is often defined with respect to a mass or volume unit.

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

—E—CT (]oule)
¢ Tm = T kg

Internal energy per unit current volume:

M CyT (Joule N
ev =g O =pGT ="~ (5 = 1)
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Internal energy per unit reference volume:

C,T <]oule _ N)

M
eyo = VCVT = poCyT = y )
0 0

m3 m2

eyo typically refers to the capital “E” shown in some equations under this “EOS” section. Hence
the initial “internal energy per unit reference volume”, EQ, a keyword input parameter in the
*EOS section can be computed from

evole=o = PoCyTle=o
To convert from ey to ey, simply divide e by v,

p ey
ey = pCyT = [poCyT] p_ = U—O
0 r

EQUATION OF STATE (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 equa-
tion of state. For example, a few possible forms relating pressure to two other state variables are

P = P(p,T) = P(U' e) = P(Ur' eV) = P(ﬂ' eVO)

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

P =P, (u) + Pr(u, ey)

P.(u) 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(u,eyq) 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 com-
pression (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 volumet-
ric 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 mod-

ulus is [Fung 1965] % = _% This may be rewritten as P = K [— %] = Ku. The bulk modulus,
K, thus is equivalent to C; in *EOS_LINEAR POLYNOMIAL when all other coefficients are
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zero. This is a simplest form of an EOS. To initialize a pressure for such a material, only v,
must be defined.

INITIAL CONDITION SETTING

In general, a thermodynamic state must be defined by two state variables. The need to specify
Uy and/or eyq|:—o depends on the form of the EOS chosen. The user should review the equation
term-by-term to establish what parameters to be initialized.

For many of the EOS available, pressure is specified (given), and the user must make an assump-
tion on either eyg|;—o or v,q. Consider two possibilities (a) T|;~o is defined or assumed from
which ey |;—o may be computed, or (2) pl;= is defined or assumed from which v,., may be ob-
tained.

WHEN TO USE THE EOS

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

kk
0ij a'u+—3 8;j = a'ij — Pdy;
Okk Okk
P=——&—=-pP
3 3

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

[011+022+033]

Note that Z&& =
3 3

is positive in tension while P is positive in compression.

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

Ekk
gl'j = Slij +?6U
where ngk is called the mean normal strain, and &, is called the dilatation or volume strain
(change in volume per unit initial volume)
V - VO
&, =
Kk v,

Roughly speaking, a typical convention may refer to the relation o’;; = f(€';;) as a “constitutive
equation”, and P = f(u, eyo) as an EOS. The use of an EOS may be omitted only when volu-

metric deformation is very small, and |P| < |a'i jl'
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*EOS *EOQS_LINEAR_POLYNOMIAL

*EOS_LINEAR _POLYNOMIAL

Purpose: Define coefficients for linear polynomial EOS and initialize the initial thermodynamic
state of the material. This is done by defining EO and VO below.

Card 1 1 2 3 4 5 6 7 8
Variable EOSID Co Cl C2 C3 C4 Cs C6
Type A8 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 not exceeding 8 charac-

ters must be specified.
Co The 0™ polynomial equation coefficient.
Cl The 1* polynomial equation coefficient (when used by itself, this is the

elastic bulk modulus, i.e. it cannot be used for deformation that is be-
yond the elastic regime).

Co The 6™ polynomial equation coefficient.

EO Initial internal energy per unit reference volume (see the beginning of
the *EOS section).

V0 Initial relative volume (see the beginning of the *EOS section).
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*EOS_LINEAR_POLYNOMIAL *EOS

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

P = CO + Cll'l' + Czllz + C3ﬂ3 + (C4 + Csll. + C6ﬂ2)E.

where terms C, u? and Cq u? are setto zeroifu < 0, u = pﬂ —1, and pﬁ is the
0 0

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:

and

where

is the ratio of specific heats. Pressure for a perfect gas is then given by:
p= (y-DLE
Po

E has the unit of pressure (where p and p)

2. When €, = C; = C, = C3 =Cs =0, it does not necessarily mean that the initial
pressure is zero, P, # Cy! The initial pressure depends the values of all the coefficients
and on ul|;—g and E|;—g. The pressure in a material is computed from the whole equation
above, P = P(i, E). It is always preferable to initialize the initial condition based on
Ul¢=p and E|;—g. Theuseof C;, = C; = C, = C3 = C; = 0 must be done with cau-
tion 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 ideal
gas, it is wrong to define €, = C;= y—1landCy, = C;= C, = C3 =C4 =0at
the same time.

3. V0 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

This is Equation of state Form 2.

Card 1 2 3 4 5 6 7 8
Variable EOSID A B R1 R2 OMEG EO VO
Type A8 F F F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID, a unique number or label not exceeding 8 charac-

ters must be specified.

A See equation in Remarks.
B See equation in Remarks.
R1 See equation in Remarks.
R2 See equation in Remarks.

OMEG See equation in Remarks.
EO Detonation energy per unit volume.
Vo Initial relative volume.

Remarks:

The JWL equation of state defines the pressure as

and is usually used for detonation products of high explosives.

A, B, and EO have units of pressure. R1, R2, OMEG, and VO are unitless. It is recommended
that a unit system of gram, centimenter, microsecond be used when a model includes high explo-
sive(s). In this consistent unit system, pressure is in Mbar.
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*EOS

*EOS_SACK_TUESDAY

This is Equation of state Form 3.

Card 1 2 3 4 5 6 7 8
Variable EOSID Al A2 A3 B1 B2 EO Vo
Type A8 F F F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID, a unique number or label not exceeding 8 charac-
ters must be specified.

Al

A2

A3

B1

B2

EO Initial internal energy

VO Initial relative volume
Remarks:

The Sack equation of state defines pressure as

and is used for detonation products of high explosives.

_ 4

= VA1

e=4 2V (1 —

LS-DYNA R7.0
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*EOS *EQS_GRUNEISEN

*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 GAMAO A EO
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable Vo

Type F

VARIABLE DESCRIPTION
EOSID Equation of state ID, a unique number or label not exceeding 8 charac-

ters must be specified.

S1
S2
S3
GAMAO
EO Initial internal energy

AY0] Initial relative volume
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Remarks:

The Gruneisen equation of state with cubic shock velocity-particle velocity (vs-vp) defines pres-
sure for compressed materials as

po €2 [1+(120) et 42

p= z +(votawk.

u? u3
[-s1m0 -5 5 -5 iy
and for expanded materials as

P=po C*u+ (yo+awk.

where C is the intercept of the vs-vp curve (in velocity units); Sy, Sp, and S3 are the unitless co-
efficients of the slope of the vs-vp curve; Yy is the unitless Gruneisen gamma; a is the unitless,

first order volume correction to Yo. and U = pﬁ - 1.
0
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*EOS_RATIO_OF _POLYNOMIALS

*EOS_RATIO_OF_POLYNOMIALS

This is Equation of state Form 5.

Card 1 1 2 3 4
Variable EOSID

Type A8

Card 2 1 2 3 4
Variable A10 All Al2 Al3
Type F F F F
Card 3 1 2 3 4
Variable A20 A21 A22 A23
Type F F F F
Card 4 1 2 3 4
Variable A30 A3l A32 A33
Type F F F F
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*EOS

Card 5 1 2 3 4
Variable A40 A4l A42 A43
Type F F F F
Card 6 1 2 3 4
Variable A50 AS1 A52 AS3
Type F F F F
Card 7 1 2 3 4
Variable A60 A6l A62 A63
Type F F F F
Card 8 1 2 3 4
Variable A70 ATl AT2 AT3
Type F F F F
Card 9 1 2 3 4
Variable Al4 A24

Type F F
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*EOS_RATIO_OF _POLYNOMIALS

Card 10

Variable

ALPH

BETA

EO

Vo

Type

VARIABLE

EOSID

Al10

All

Al2

Al3

A20

A21

A22

A23

A30

A3l

A32

A33

A40

A41

A42

A43

A50

DESCRIPTION

Equation of state ID, a unique number or label not exceeding 8 charac-
ters must be specified.
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VARIABLE DESCRIPTION

AS51

AS52

AS53

A60

A61

A62

A63

A70

ATl

AT2

A73

Al4

A24
ALPHA a
BETA B

EO Initial internal energy

\Y0] Initial relative volume

Remarks:

The ratio of polynomials equation of state defines the pressure as

_ Fi+FRE+FE2+F,E3
T Fs+FgE+F,E2

1+ ap)
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where

p=£-1 n =3ifi> 3
Po
In expanded elements F is replaced by F'; = F; + Bu?. By setting coefficient Ajg = 1.0, the
delta-phase pressure modeling for this material will be initiated. The code will reset it to 0.0 af-
ter setting flags.
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*EOS

*EOS_LINEAR _POLYNOMIAL_WITH_ENERGY_LEAK

Card 1 1 2 3 4 5 6 7 8
Variable EOSID Co Cl1 C2 C3 C4 C5 C6
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable EO VO LCID
Type F F I
VARIABLE DESCRIPTION
EOSID Equation of state ID, a unique number or label not exceeding 8 charac-
ters must be specified.

Co

C1

C2

C3

C4

C5

Co6

EO Initial internal energy

Vo Initial relative volume

LCID Load curve ID defining the energy deposition rate
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Remarks:
This polynomial equation of state, linear in the internal energy per initial volume, E, is given by
p =Co+ Cipt+ Cou? + C3p® + (Cy + Csp + Cou?)E

in which C,, C;, C,, C5, C4, Cs, and Cq are user defined constants and

Internal energy, E, is increased according to an energy deposition rate versus time curve whose
ID is defined in the input.
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*EOQS_IGNITION_ AND GROWTH_OF REACTION IN _HE

Card 1 1 2 3 4 5 6 7 8
Variable EOSID A B XP1 XP2 FRER G R1
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable R2 R3 RS R6 FMXIG FREQ GROWI1 EM
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable ARI1 ES1 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 not exceeding 8 charac-
ters must be specified.

A Product JWL constant (see second equation in Remarks)

B Product JWL constant (see second equation in Remarks)
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VARIABLE

XP1
XP2
FRER
G
R1
R2
R3
RS
R6
FMXIG
FREQ
GROW1
EM
ARI
ESI
CVP
CVR
EETAL
CCRIT
ENQ
TMPO
GROW2
AR2

ES2

DESCRIPTION

Product JWL constant (see second equation in Remarks)
Product JWL constant (see second equation in Remarks)
Constant in ignition term of reaction equation

wCv of product

Unreacted JWL constant (see first equation in Remarks)
Unreacted JWL constant (see first equation in Remarks)
wCv 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
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VARIABLE DESCRIPTION
EN Constant in completion term of reaction equation
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 deto-
nation 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 finite 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 pres-
sure in the unreacted explosive as

— - Te
P, =re Ve 4 1r,e7 TV 4 1y oo (13 = weovr)

where Ve and Te are the relative volume and temperature, respectively, of the unreacted explo-
sive. Another JWL equation of state defines the pressure in the reaction products as

— —xp1V -xp2V gTp —

P,=ae PP + pe PP + 7S (g—wpcvp)
where Vp and Tp 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=O implies no reaction, F=1 implies complete reaction). The tempera-
tures and pressures are assumed to be equal (T, = T,,p, = p,) and the relative volumes are addi-
tive, i.e.,

V=>0-FV,+V

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

2 = freq(1 — F)""(Ve™ — 1 — ccrit)®et! (Ignition)

+growl(1 — F)estparipem (Growth)
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+grow2(1 — F)eszfarzpen (Completion)

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 ini-
tiation 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.

History variables 5 and 8 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

*EOS_TABULATED_ COMPACTION

Card 1 1 2 3 4 5 6 8
Variable EOSID GAMA EO A4
Type A8 F F F

Repeat Cards 2 and 3 for Cj, Tj, and Kj . A total of 9 cards must be defined.

Card 2 1 2 3 4 5
Variable EV1 EV2 EV3 EV4 EV5
Type F F F F F
Card 3 1 2 3 4 5
Variable EV6 EV7 EV8 EV9 EV10
Type F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID, a unique number or label not exceeding 8 charac-

ters must be specified.

€V1, eV2,.. VN Volumetric strain, In V
K1,K2,.KN Bulk unloading modulus
GAMA %
EO Initial internal energy
Vo0 Initial relative volume
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Figure 1-1. Pressure versus 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.

Remarks:

The tabulated compaction model is linear in internal energy. Pressure is defined by

p=C(&) +yT(ev)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. Reload-
ing always follows the unloading path to the point where unloading began, and continues on the
loading path, see 1-1. 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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*EOS_TABULATED

This is Equation of state Form 9.

Card 1 1 2 3 4 5 6 8
Variable EOSID | GAMA E0 Y0 LCC LCT
Type A8 F F F I I

Define 6 additional cards if and only if LCC and LCT equal zero.

Repeat Cards 2 and 3 to define Cj and Tij,

Card 2 1 2 3 4 5
Variable EV1 EV2 EV3 EV4 EV5
Type F F F F F
Card 3 1 2 3 4 5
Variable EV6 EV7 EVS8 EV9 EVI10
Type F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID, a unique number or label not exceeding 8 charac-
ters must be specified.
GAMA 14
EO Initial internal energy
VO Initial relative volume
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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.

EV1,EV2, .. EVN Volumetric strain, In(V), where V is the relative volume. The first ab-
scissa point, EV1, must be 0.0 or positive if the curve extends into the
tensile regime with subsequent points decreasing monotonically.

C1,C2,.CN Tabulated points for function C.
T1,T2,. TN Tabulated points for function T.
Remarks:

The tabulated equation of state model is linear in internal energy. Pressure is defined by
P =C(ey) +yT(ey)E

The volumetric strain, &, 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 ex-
trapolate to find the pressure if necessary.
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*EOS

*EOS_PROPELLANT_DEFLAGRATION

This Equation of state (10) 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 A8 F F F F F

Card 2 1 2 3 4 5 6 7 8
Variable g R1 R2 R3 RS

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 ARI ES1 CvPp CVR EETAL CCRIT ENQ TMPO
Type F F F F F
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Card 5 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 not exceeding 8 charac-

ters must be specified.

A Product JWL coefficient
B Product JWL coefficient
XP1 Product JWL coefficient
XP2 Product JWL coefficient
FRER Unreacted Co-volume
G Product wCy
R1 Unreacted JWL coefficient
R2 Unreacted JWL coefficient
R3 Unreacted wCy
RS 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)
ARI Exponent on F (15t term)
ESI Exponent on (1-F) (15t term)
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VARIABLE DESCRIPTION
CVP Heat capacity Cv for products
CVR Heat capacity Cv for unreacted material
EETAL Extra, not presently used
CCRIT Product co-volume
ENQ Heat of Reaction
TMPO Initial Temperature (298°K)
GROW2 Second burn rate coefficient
AR2 Exponent on F (20d term)
ES2 Exponent on (1-F) (20d term)
EN Pressure Exponent (20d term)
FMXGR Maximum F for 15t term
FMNGR Minimum F for 20d 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] as-
sumes 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 current-
ly 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 gas-
eous nitrogen produced by the burning sodium azide obeys the perfect gas law as it fills the air-
bag 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 geome-
try and surface area dependant, 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
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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 + FepOs3 driver airbag propellant. The defla-
gration model, its implementation, and the results for the ICI propellant are presented in
[Hallquist, et.al., 1990].

The unreacted propellant and the reaction product equations of state are both of the form:

w CyT

— -RyV —RyV
p = Ae ™" + Be™ "2 +54

where p is pressure (in Mbars), V' is the relative specific volume (inverse of relative density), w1is
the Gruneisen coefficient, C, is heat capacity (in Mbars -cc/cc®°K), T is temperature in °K, d is
the co-volume, and 4, 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 sev-
eral 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. Of course, setting 4=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.

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

Z—i = Z(1 - F)Y F¥p" + V(1 — F)* Frp*

for 0< F < Fiimit1 for Fiimit2 < F< 1

where F is the fraction reacted (/' = 0 implies no reaction, F' = 1 is complete reaction), ¢ is time,
and p is pressure (in Mbars), r,s,u,w,x,y, Fiimis1 and Fjpmipn 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 (/-F)Y FX terms. Other forms of the reaction rate law, such as Arrhe-
nius temperature dependent e-£/RT type rates, can be used, but these require very accurate tem-
peratures calculations. Although the theoretical justification of pressure dependent burn rates at
kilobar type pressures is not complete, a vast amount of experimental burn rate versus 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 com-
pletely converted to product molecules. The deflagration front rates of advance through the pro-
pellant calculated by this model for several propellants are quite close to the experimentally ob-
served 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, pres-
sure production and energy delivery data available, the better the form and constants in the reac-
tion rate equation can be determined.

Therefore, the equations used in the burn subroutine for the pressure in the unreacted propellant

R3 T,

P, = R1- e ®" {R2.e RO 4 ———
Vy — FRER

where Vy and T, are the relative volume and temperature respectively of the unreacted propel-

lant. The relative density is obviously the inverse of the relative volume. The pressure Pp in the
reaction products is given by:

—XP1- —XP2- GT
B, = A-e™XP1Vo  B. g XP2Vp 4 _GTp
Vp—CCRIT

As the reaction proceeds, the unreacted and product pressures and temperatures are assumed to
be equilibrated (T3, = T, = T, p = P, = Pp) and the relative volumes are additive:
V=QA-F)-V,+F-V

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

2= GROW (P + FREQ)M (F + FMXIGIAR! (1 - F + FMXIG)ES!

+ GROW2(P + FREQ)EN (F + FMXIG)AR2 (1 - F 4+ FMXIG)ES2

If F exceeds FMXGR, the GROW1 term is set equal to zero, and, if F is less than FMNGR, the
GROW2 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 propel-
lant. 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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*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 1EO ECO
Type A8 F F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID, a unique number or label not exceeding 8 charac-

ters must be specified.

NLD Virgin loading load curve ID

NCR Completely crushed load curve ID

MUI Excess Compression required before any pores can collapse

MU2 Excess Compression point where the Virgin Loading Curve and the

Completely Crushed Curve intersect

1EO 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 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 1-2 also
defines the excess compression point required for pore collapse to begin (l), and the excess
compression point required to completely crush the material (). From this data and the maxi-
mum excess compression the material has attained (Umax), the pressure for any excess compres-

sion (M) can be determined.

Unloading occurs along the virgin loading curve until the excess compression surpasses ;. Af-
ter that, the unloading follows a path between the completely crushed curve and the virgin load-
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ing curve. Reloading will follow this curve back up to the virgin loading curve. Once the excess
compression exceeds L, then all unloading will follow the completely crushed curve.

For unloading between p; and p, a partially crushed curve is determined by the relationship:

(+pp) A+p) 1)

1+pUmax

Ppc W) = Dec (
where

Ugp = Pcc_l(P max)

and the subscripts pc and cc refer to the partially crushed and completely crushed states, respec-
tively. This is more readily understood in terms of the relative volume (7).

Ppc V) = P (VB V)

Vmin

This representation suggests that for a fixed Vi (= ) the partially crushed curve will

HUmax

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

P
K—a(l‘Fﬂ)

The slope Z_z for the partially crushed curve is obtained by differentiation as:

op _ o (PHEEEE) Gru )
ou ou (1 + Umax)
Simplifying,
_ 0Pcc (1g)
kK = =5 1 + wua)
where
_ Q+pp)@+p
Ha = (1 + umax) L.

The bulk sound speed is determined from the slope of the completely crushed curve at the cur-
rent pressure to avoid instabilities in the time step.
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Figure 1-2. Pressure versus compaction curve

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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*EOQS_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 CVO0 CP0O CL CQ TO Vo
Type A8 F F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID, a unique number or label not exceeding 8 charac-

ters must be specified.

CVo Nominal constant-volume specific heat coefficient (at STP)
CPO Nominal constant-pressure specific heat coefficient (at STP)
CL Linear coefficient for the variations of Cv and Cp versus T
CcQ Quadratic coefficient for the variations of Cv and Cp versus T
TO Initial temperature
VO Initial relative volume (see the beginning of the *EOS section)
Remarks:
1. The pressure in the ideal gas law is defined as
p = p(C,—C,)T
Cp = Cpo + C,T + CoT?

Cp = Cyo + C,T + C,T?

where C, and G, are the specific heat capacities at constant pressure and at constant vol-
ume, respectively. p is the density. The relative volume is defined as

V_W/M) v _pg

VU, = = =
" Vo (W/M) v, p
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where p, is a nominal or reference density defined in the *MAT NULL card. The initial
pressure can then be manually computed as

Plizo = ple=0o(Cp — C)T =
Po
Ple=o = { }

Ur|t=0

p
P|t=0 = {—0} (CP - CV)T|t=0

Ur|t=0

The initial relative volume, v, |~ (V0), initial temperature, T|;—,(T0), and heat capacity
information are defined in the *EOS IDEAL GAS input. Note that the “reference” den-
sity is typically a density at a non-stressed or nominal stress state. The initial pressure
should always be checked manually against simulation result.

2. When dealing with Eulerian/ALE models, the ideal gas model is implemented to preserve
the adiabatic state during advection. The adiabatic state is conserved on the expense of a
perfect internal energy conservation.

3. The ideal gas model is good for low density gas only. Deviation from the ideal gas be-
havior may be indicated by the compressibility factor defined as

Pv

Z=—
RT

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

4. VO 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_JWLB

This is Equation of state Form 14. The JWLB (Jones-Wilkens-Lee-Baker) equation of state, de-
veloped 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 8
Variable EOSID Al A2 A3 A4 A5

Type A8 F F F F F

Card 2 1 2 3 4 5 6 8
Variable R1 R2 R3 R4 R5

Type F F F F F

Card 3 1 2 3 4 5 6 8
Variable ALl AL2 AL3 Al4 AL5

Type F F F F F

Card 4 1 2 3 4 5 6 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 RLS5
Type F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable C OMEGA E Vo
Type I F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID, a unique number or label not exceeding 8 charac-
ters must be specified.

Al Equation of state coefficient, see below.

A2 Equation of state coefficient, see below.

A3 Equation of state coefficient, see below.

A4 Equation of state coefficient, see below.

A5 Equation of state coefficient, see below.

R1 Equation of state coefficient, see below.

R2 Equation of state coefficient, see below.

R3 Equation of state coefficient, see below.

R4 Equation of state coefficient, see below.

RS Equation of state coefficient, see below.

ALl A1, equation of state coefficient, see below.

AL2 A2, equation of state coefficient, see below.

AL3 A3, equation of state coefficient, see below.
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VARIABLE

AL4
ALS
BLI
BL2
BL3
BL4
BLS5
RL1
RL2
RL3
RL4
RLS5

C

OMEGA

Vo

Remarks:

DESCRIPTION

A4, equation of state coefficient, see below.
Ajs, equation of state coefficient, see below.
By 1, equation of state coefficient, see below.
B)\2, equation of state coefficient, see below.
B3, equation of state coefficient, see below.
B4, equation of state coefficient, see below.
B)s, equation of state coefficient, see below.
R)\1, equation of state coefficient, see below.
R)\», equation of state coefficient, see below.
R)3, equation of state coefficient, see below.
R)4, equation of state coefficient, see below.

R)5, equation of state coefficient, see below.

Equation of state coefficient, see below.
Equation of state coefficient, see below.
Energy density per unit initial volume

Initial relative volume.

The JWLB equation-of-state defines the pressure as

p =34 (1-2) e + 2 g ¢ (1-2)y-

A=Y71(4V + Bye ’iV + o

where V is the relative volume, E is the energy per unit initial volume, and A;, R;, A;;, Bi, Rai,
C, and w are input constants defined above.
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JWLB input constants for some common explosives as found in Baker and Stiel [1997] are given
in the following Table 1.2.

TATB LX-14 PETN TNT Octol 70/30

PO (g/cc) 1.800 1.821 1.765 1.631 1.803

EO (Mbar) .07040 .10205 .10910 .06656 09590
DCJ (cm/ps) 716794 .86619 .83041 67174 .82994
PCJ (Mbar) 23740 31717 29076 18503 29369
Al (Mbar) 550.06 549.60 521.96 490.07 526.83
A2 (Mbar) 22.051 64.066 71.104 56.868 60.579
A3 (Mbar) 42788 2.0972 4.4774 .82426 91248
A4 (Mbar) 28094 .88940 97725 .00093 .00159
R1 16.688 34.636 44.169 40.713 52.106
R2 6.8050 8.2176 8.7877 9.6754 8.3998
R3 2.0737 20.401 25.072 2.4350 2.1339
R4 2.9754 2.0616 2.2251 15564 .18592
C (Mbar) .00776 01251 01570 .00710 .00968
W 27952 38375 32357 .30270 39023
A1 1423.9 18307. 12.257 .00000 011929
BA1 14387. 1390.1 52.404 1098.0 18466.
R)1 19.780 19.309 43.932 15.614 20.029
AN\2 5.0364 4.4882 8.6351 11.468 5.4192
B)2 -2.6332 -2.6181 -4.9176 -6.5011 -3.2394
R)\2 1.7062 1.5076 2.1303 2.1593 1.5868

Table 1.2. JWLB input constants for some common explosives
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This model works with solid elements and the thick shell using selective reduced 2 x 2 integra-
tion (ELFORM=2 on SECTION_ TSHELL) to model the response of gaskets. For the thick shell
only, it is completely decoupled from the shell material, i.e., in the local coordinate system of the
shell, this model defines the normal stress, 0,,, and doesn’t change any of the other stress com-
ponents. The model is a reduction of the *MAT GENERAL NONLINEAR 6DOF DIS-

CRETE BEAM.
Card 1 1 2 3 4 5 6 7 8
Variable EOSID LCID1 LCID2 LCID3 LCID4
Type A8 I I I I
Card 2 1 2 3 4 5 6 7 8
Variable UNLOAD K DMPF TFS CFS LOFFSET VS
Type F F F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID, a unique number or label not exceeding 8 charac-
ters must be specified.
LCIDI 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.
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VARIABLE DESCRIPTION

UNLOAD Unloading option (See Volume II, 1-3.):
EQ.0.0: Loading and unloading follow loading curve
EQ.1.0: Loading follows loading curve, unloading follows unloading
curve. The unloading curve ID if undefined is taken as the loading
curve.
EQ.2.0: Loading follows loading curve, unloading follows unloading
stiffness, K, to the unloading curve. The loading and unloading
curves may only intersect at the origin of the axes.
EQ.3.0: Quadratic unloading from peak displacement value to a
permanent offset.

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.

TFS Tensile failure strain.
CFS Compressive failure strain.
OFFSET Offset factor between 0 and 1.0 to determine permanent set upon un-

loading 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.

IVS Initial volume strain.
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Figure 1-3. Load and Unloading behavior.
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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 A8 F F F F F F F
Default NONE NONE NONE NONE NONE NONE NONE NONE
Card 2 1 2 3 4 5 6 7 8
Variable ALPHAO EO A\
Type F F F
Default NONE NONE NONE
VARIABLE DESCRIPTION
EOSID Equation of state identification. A unique number or label not exceeding
8 characters must be specified.
GAMMA Gruneisen gamma.
Al Hugoniot polynomial coefficient
A2 Hugoniot polynomial coefficient
A3 Hugoniot polynomial coefficient
PEL Crush pressure
PCO Compaction pressure
N Porosity exponent
ALPHAO Initial porosity
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VARIABLE DESCRIPTION
EO Initial internal energy
A0} Initial relative volume
Remarks:

The equation of state is a Mie-Gruneisen form with a polynomial Hugoniot curve and a p-a
compaction model. First, we define a history variable representing the porosity a that is initial-
ised to g > 1. The evolution of this variable is given as

Pcomp—Pel

N
a(t) = max| 1, min <a0,min55t <1 +(ap—1) [M] >>

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

a—1 ]1/N
ao—l

Pc = Pcomp — (pcomp = Pet) [
The remainder of the EOS model is given by the equations
1
p(p,e) = Tape + py(n) [1 - EFn]

pu(M) = Ain + A;n* + Azn?

together with
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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 A8 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 PS5 P6 P7 P8
Type F F F F F F F F
VARIABLE DESCRIPTION
EOSID Equation of state ID, a unique number or label not exceeding 8 charac-
ters must be specified.
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 mate-
rial constants to be input. (LMC < 48)
NHV Number of history variables to be stored, see Appendix D.
IVECT Vectorization flag (on=1). A vectorized user subroutine must be sup-
plied.
EO Initial internal energy.
Vo Initial relative volume.
BULK Bulk modulus. This value is used in the calculation of the contact sur-

face stiffness.
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VARIABLE DESCRIPTION
Pl First material parameter.
P2 Second material parameter.
P3 Third material parameter.
P4 Fourth material parameter.
PLMC LMCth material parameter.
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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 corre-
sponding descriptive designation, e.g., *MAT ELASTIC. The two equivalent commands for
each material model, one numerical and the other descriptive, are listed below. The numbers in
square brackets (see key below) identify the element formulations for which the material model
is implemented. The number in the curly brackets, {n}, indicates the default number of history
variables per element integration point that are stored in addition to the 7 history variables which
are stored by default. For the type 16 fully integrated shell elements with 2 integration points
through the thickness, the total number of history variables is 8 x (n+7). For the Belytschko-
Tsay type 2 element the number is 2 x (n+7).

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

Key to numbers in square brackets

0 - Solids

1H - Hughes-Liu beam

1B - Belytschko resultant beam

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

1D - Discrete beam

1SW - Spotweld beam

2 - Shells

3a - Thick shell formulation 1

3b - Thick shell formulation 2

3¢ - Thick shell formulation 3

3d - Thick shell formulation 5

4 - Special airbag element

5 - SPH element

6 - Acoustic solid

7 - Cohesive solid

8A - Multi-material ALE solid (validated)

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

*MAT_ADD_EROSION2
*MAT _ADD PERMEABILTY
*MAT ADD PORE_AIR

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

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

*MAT_NONLOCAL?2

*MAT_001:
*MAT_001_FLUID:
*MAT_002:
*MAT_003:
*MAT_004:
*MAT_005:
*MAT_006:
*MAT_007:
*MAT_008:
*MAT_009:
*MAT_010:
*MAT 011:
*MAT_011_LUND:
*MAT _012:
*MAT _013:
*MAT _014:
*MAT _015:
*MAT _016:
*MAT _017:
*MAT _018:
*MAT_019:
*MAT_020:
*MAT _021:
*MAT_022:
*MAT_023:
*MAT_024:
*MAT_025:
*MAT_026:
*MAT_027:
*MAT_028:
*MAT_029:
*MAT_030:
*MAT _031:
*MAT_032:
*MAT_033:
*MAT_033_96:
*MAT_034:
*MAT_035:
*MAT_036:
*MAT_037:
*MAT_038:
*MAT_039:
*MAT_040:
*MAT_041-050:
*MAT _051:
*MAT_052:
*MAT_053:
*MAT_054-055:
*MAT_057:
*MAT_058:

*MAT_ELASTIC [0,1H,1B,11,1T,2,3abed,5,8A] {0}
*MAT_ELASTIC_FLUID [0,8A] {0}
*MAT_{OPTION}TROPIC_ELASTIC [0,2,3abc] {15}
*MAT_PLASTIC_KINEMATIC [0,1H,11,1T,2,3abcd,5,8A] {5}
*MAT_ELASTIC_PLASTIC_THERMAL [0,1H,1T,2,3abcd,5,8B] {3}
*MAT_SOIL_AND FOAM [0,5,3cd,8A] {0}
*MAT_VISCOELASTIC [0,1H,2,3abcd,5,8B] {19}
*MAT_BLATZ-KO RUBBER [0,2,3abc,8B] {9}
*MAT_HIGH_EXPLOSIVE_BURN [0,5,3cd,8A] {4}

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

*MAT_STEINBERG_LUND [0,3¢d,5,8B] {5}
*MAT_ISOTROPIC_ELASTIC_PLASTIC [0,2,3abcd,5,8B] {0}
*MAT_ISOTROPIC_ELASTIC_FAILURE [0,3¢d,5,8B] {1}
*MAT_SOIL_AND FOAM_FAILURE [0,3cd,5,8B] {1}
*MAT_JOHNSON_COOK [0,2,3abcd,5,8A] {6}
*MAT_PSEUDO_TENSOR [0,3¢d,5,8B] {6}
*MAT_ORIENTED_CRACK [0,3cd] {10}

*MAT_POWER_LAW _PLASTICITY [0,1H,2,3abcd,5,8B] {0}
*MAT_STRAIN RATE_DEPENDENT PLASTICITY [0,2,3abcd,5,8B] {6}
*MAT_RIGID [0,1H,1B,1T,2,3ab] {0}
*MAT_ORTHOTROPIC_THERMAL [0,2,3abc] {29}
*MAT_COMPOSITE_DAMAGE [0,2,3abcd,5] {12}
*MAT_TEMPERATURE_DEPENDENT ORTHOTROPIC [0,2,3abc] {19}
*MAT_PIECEWISE_LINEAR PLASTICITY [0,1H,2,3abcd,5,8A] {5}
*MAT_GEOLOGIC_CAP_MODEL [0,3¢d,5] {12}
*MAT_HONEYCOMB [0,3cd] {20}
*MAT_MOONEY-RIVLIN_RUBBER [0,1T,2,3¢,8B] {9}
*MAT_RESULTANT PLASTICITY [1B,2] {5}
*MAT_FORCE_LIMITED [1B] {30}

*MAT_SHAPE_MEMORY [0,2,3abc,5] {23}
*MAT_FRAZER_NASH_RUBBER_MODEL [0,3¢,8B] {9}
*MAT_LAMINATED GLASS [2,3ab] {0}

*MAT_BARLAT ANISOTROPIC_PLASTICITY [0,2,3abed] {9}
*MAT_BARLAT YLD96 [2,3ab] {9}

*MAT_FABRIC [4] {17}
*MAT_PLASTIC_GREEN-NAGHDI_RATE [0,3cd,5,8B] {22}
*MAT_3-PARAMETER _BARLAT [2,3ab,5] {7}
*MAT_TRANSVERSELY ANISOTROPIC_ELASTIC PLASTIC [2,3ab] {9}
*MAT_BLATZ-KO_FOAM [0,2,3¢,8B] {9}
*MAT_FLD_TRANSVERSELY ANISOTROPIC [2,3ab] {6}
*MAT_NONLINEAR_ORTHOTROPIC [0,2,3¢c] {17}
*MAT_USER_DEFINED MATERIAL_MODELS [0,1H,1T,1D,2,3abcd,5,8B] {0}
*MAT_BAMMAN [0,2,3abcd,5,8B] {8}
*MAT_BAMMAN_DAMAGE [0,2,3abcd,5,8B] {10}
*MAT_CLOSED_CELL_FOAM [0,3¢d,8B] {0}

*MAT_ENHANCED COMPOSITE_DAMAGE [0,2,3cd] {20}
*MAT_LOW_DENSITY_FOAM [0,3cd,5,8B] {26}
*MAT_LAMINATED COMPOSITE_FABRIC [2,3ab] {15}
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*MAT_059: *MAT_COMPOSITE_FAILURE_{OPTION} MODEL [0,2,3¢d,5] {22}
*MAT_060: *MAT_ELASTIC_WITH_VISCOSITY [0,2,3abcd,5,8B] {8}
*MAT_060C: *MAT_ELASTIC_WITH_VISCOSITY CURVE [0,2,3abcd,5,8B] {8}
*MAT _061: *MAT_KELVIN-MAXWELL_VISCOELASTIC [0,3¢d,5,8B] {14}
*MAT_062: *MAT_VISCOUS_FOAM [0,3cd,8B] {7}
*MAT_063: *MAT_CRUSHABLE_FOAM [0,3cd,5,8B] {8}
*MAT_064: *MAT_RATE_SENSITIVE_POWERLAW_PLASTICITY [0,2,3abcd,5,8B] {30}
*MAT_065: *MAT_MODIFIED ZERILLI ARMSTRONG [0,2,3abcd,5,8B] {6}
*MAT_066: *MAT_LINEAR_ELASTIC DISCRETE BEAM [ID] {8}
*MAT_067: *MAT NONLINEAR_ELASTIC_DISCRETE_BEAM [1D] {14}
*MAT_068: *MAT NONLINEAR_PLASTIC_DISCRETE_BEAM [1D] {25}
*MAT_069: *MAT_SID_DAMPER_DISCRETE_BEAM [1D] {13}
*MAT_070: *MAT_HYDRAULIC_GAS_DAMPER_DISCRETE BEAM [1D] {8}
*MAT _071: *MAT_CABLE_DISCRETE_BEAM [1D] {8}
*MAT_072: *MAT_CONCRETE_DAMAGE [0,3cd,5,8B] {6}
*MAT _072R3: *MAT_CONCRETE_DAMAGE_REL3 [0,3cd,5] {6}
*MAT_073: *MAT_LOW_DENSITY VISCOUS_FOAM [0,3cd,8B] {56}
*MAT_074: *MAT_ELASTIC_SPRING DISCRETE_BEAM [1D] {8}
*MAT_075: *MAT_BILKHU/DUBOIS_FOAM [0,3¢d,5,8B] {8}
*MAT_076: *MAT_GENERAL_VISCOELASTIC [0,2,3abcd,5,8B] {53}
*MAT _077_H: *MAT_HYPERELASTIC_RUBBER [0,2,3¢d,5,8B] {54}
*MAT _077_O: *MAT_OGDEN_RUBBER [0,2,3¢d,8B] {54}
*MAT_078: *MAT_SOIL_CONCRETE [0,3¢d,5,8B] {3}
*MAT_079: *MAT_HYSTERETIC_SOIL [0,3¢cd,5,8B] {77}
*MAT_080: *MAT_RAMBERG-OSGOOD [0,3cd,8B] {18}
*MAT _081: *MAT _PLASTICITY WITH_DAMAGE [0,2,3abcd] {5}
*MAT_082( RCDC): *MAT_PLASTICITY WITH DAMAGE_ORTHO(_RCDC) [0,2,3abcd] {22}
*MAT_083: *MAT _FU_CHANG FOAM [0,3¢d,5.8B] {54}
*MAT_084-085: *MAT_WINFRITH_CONCRETE [0] {54}
*MAT_086: *MAT_ORTHOTROPIC_VISCOELASTIC [2,3ab] {17}
*MAT _087: *MAT_CELLULAR_RUBBER [0,3cd,5,8B] {19}
*MAT_088: *MAT_MTS [0,2,3abcd,5,8B] {5}
*MAT_089: *MAT _PLASTICITY POLYMER [0,2,3abcd] {45}
*MAT_090: *MAT_ACOUSTIC [6] {25}
*MAT_091: *MAT_SOFT_TISSUE [0,2] {16}
*MAT_092: *MAT_SOFT_TISSUE_VISCO [0,2] {58}
*MAT_093: *MAT_ELASTIC_6DOF_SPRING DISCRETE_BEAM [1D] {25}
*MAT_094: *MAT_INELASTIC_SPRING DISCRETE_BEAM [1D] {9}
*MAT_095: *MAT_INELASTC_6DOF_SPRING DISCRETE_BEAM [1D] {25}
*MAT_096: *MAT BRITTLE_DAMAGE [0,8B] {51}
*MAT_097: *MAT_GENERAL_JOINT DISCRETE_BEAM [1D] {23}
*MAT_098: *MAT_SIMPLIFIED JOHNSON_COOK [0,1H,1B,1T,2,3abcd] {6}
*MAT_099: *MAT_SIMPLIFIED_JOHNSON COOK_ORTHOTROPIC_DAMAGE [0,2,3abcd] {22}
*MAT_100: *MAT_SPOTWELD_{OPTION} [0,ISW] {6}
*MAT_100_DA: *MAT_SPOTWELD_DAIMLERCHRYSLER [0] {6}
*MAT_101: *MAT_GEPLASTIC_SRATE_2000a [2,3ab] {15}
*MAT_102: *MAT_INV_HYPERBOLIC_SIN [0,3¢d,8B] {15}
*MAT_103: *MAT_ANISOTROPIC_VISCOPLASTIC [0,2,3abcd,5] {20}
*MAT_103_P: *MAT_ANISOTROPIC_PLASTIC [2,3abcd] {20}
*MAT_104: *MAT_DAMAGE _1 [0,2,3abed] {11}
*MAT_105: *MAT_DAMAGE _2 [0,2,3abcd] {7}
*MAT_106: *MAT_ELASTIC_VISCOPLASTIC_THERMAL [0,2,3abcd,5] {20}
*MAT_107: *MAT_MODIFIED_JOHNSON_COOK [0,2,3abcd,5,8B] {15}
*MAT_108: *MAT_ORTHO_ELASTIC_PLASTIC [2,3ab] {15}
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*MAT_110:
*MAT _111:
*MAT_112:
*MAT_113:
*MAT_114:
*MAT_115:
*MAT_116:
*MAT_117:
*MAT _118:
*MAT _119:
*MAT_120:
*MAT_120_JC:
*MAT_120_RCDC:
*MAT_121:
*MAT_122:
*MAT_123:
*MAT_124:
*MAT_125:
*MAT_126:
*MAT_127:
*MAT_128:
*MAT_129:
*MAT_130:
*MAT_131:
*MAT_132:
*MAT_133:
*MAT_134:
*MAT_135:
*MAT_135_PLC:
*MAT_136:
*MAT_138:
*MAT_139:
*MAT_140:
*MAT_141:
*MAT_142:
*MAT_143:
*MAT_144:
*MAT_145:
*MAT_146:
*MAT_147
*MAT_147 N:
*MAT_148:
*MAT_151:
*MAT_153:
*MAT_154:
*MAT_155:
*MAT_156:
*MAT_157:
*MAT_158:
*MAT_159:
*MAT_160:
*MAT_161:
*MAT_162:
*MAT_163

*MAT _JOHNSON HOLMQUIST CERAMICS [0,3¢d,5] {15}

*MAT JOHNSON HOLMQUIST CONCRETE [0,3cd,5] {25}

*MAT FINITE ELASTIC_STRAIN PLASTICITY [0,3¢,5] {22}

*MAT _TRIP [2,3ab] {5}

*MAT LAYERED LINEAR PLASTICITY [2,3ab] {13}

*MAT_ UNIFIED CREEP [0,2,3abcd,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 [0,2,3abcd] {12}

*MAT_GURSON JC [0,2] {12}

*MAT _GURSON_RCDC [0,2] {12}

*MAT GENERAL NONLINEAR 1DOF DISCRETE BEAM [1D] {20}
*MAT HILL 3R [2,3ab] {8}

*MAT MODIFIED PIECEWISE LINEAR PLASTICITY [0,2,3abcd,5] {11}
*MAT PLASTICITY COMPRESSION TENSION [0,1H,2,3abcd,5,8B] {7}
*MAT KINEMATIC HARDENING TRANSVERSELY ANISOTROPIC [0,2,3abed] {11}
*MAT MODIFIED HONEYCOMB [0,3cd] {20}

*MAT ARRUDA BOYCE RUBBER [0,3cd,5] {49}

*MAT HEART TISSUE [0,3c] {15}

*MAT LUNG_TISSUE [0,3cd] {49}

*MAT SPECIAL ORTHOTROPIC [2] {35}

*MAT ISOTROPIC_SMEARED CRACK [0,5,8B] {15}

*MAT ORTHOTROPIC SMEARED CRACK [0] {61}

*MAT BARLAT YLD2000 [2,3ab] {9}
*MAT_VISCOELASTIC FABRIC [9]

*MAT WTM_STM [2,3ab] {30}

*MAT WTM_STM PLC [2,3ab] {30}

*MAT CORUS_VEGTER [2,3ab] {5}
*MAT_COHESIVE_MIXED MODE [7] {0}

*MAT MODIFIED FORCE LIMITED [1B] {35}

*MAT_VACUUM [0,8A] {0}

*MAT RATE _SENSITIVE POLYMER [0,3¢d,8B] {6}

*MAT TRANSVERSELY ANISOTROPIC CRUSHABLE FOAM [0,3cd] {12}
*MAT _WOOD_{OPTION} [0,3cd,5] {37}

*MAT PITZER CRUSHABLEFOAM [0,3¢d,8B] {7}

*MAT SCHWER MURRAY CAP MODEL [0,5] {50}

*MAT_ IDOF_GENERALIZED SPRING [ID] {1}

*MAT FHWA_SOIL [0,3cd,5,8B] {15}

*MAT FHWA_ SOIL NEBRASKA [0,3cd,5,8B] {15}
*MAT GAS MIXTURE [0,8A] {14}

*MAT_EMMI [0,3¢d,5,8B] {23}

*MAT DAMAGE 3 [0,1H,2,3abcd]

*MAT DESHPANDE FLECK_FOAM [0,3cd,8B] {10}

*MAT PLASTICITY COMPRESSION TENSION EOS [0,3¢d,5,8B] {16}
*MAT MUSCLE [1T] {0}

*MAT ANISOTROPIC _ELASTIC PLASTIC [2,3ab] {5}

*MAT RATE SENSITIVE COMPOSITE FABRIC [2,3ab] {54}

*MAT CSCM_{OPTION} [0,3¢d,5] {22}

*MAT ALE_INCOMPRESSIBLE

*MAT_COMPOSITE_MSC [0] {34}

*MAT _COMPOSITE_ DMG_MSC [0] {40}

*MAT MODIFIED CRUSHABLE FOAM [0,3¢d,8B] {10}
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*MAT _164: *MAT BRAIN LINEAR VISCOELASTIC [0] {14}
*MAT _165: *MAT PLASTIC NONLINEAR KINEMATIC [0,2,3abcd,8B] {8}
*MAT_166: *MAT MOMENT CURVATURE BEAM [1B] {54}
*MAT _167: *MAT MCCORMICK [03cd,,8B] {8}
*MAT _168: *MAT POLYMER [0,3¢,8B] {60}
*MAT_169: *MAT ARUP_ADHESIVE [0] {20}
*MAT_170: *MAT RESULTANT ANISOTROPIC [2,3ab] {67}
*MAT 171: *MAT STEEL CONCENTRIC BRACE [IB] {33}
*MAT _172: *MAT CONCRETE_EC2 [1H,2,3ab] {35}
*MAT _173: *MAT MOHR_COULOMB [0,5] {31}
*MAT _174: *MAT RC_BEAM [1H] {26}
*MAT _175: *MAT_ VISCOELASTIC THERMAL [0,2,3abcd,5,8B] {86}
*MAT _176: *MAT QUASILINEAR VISCOELASTIC [0,2,3abcd,5,8B] {81}
*MAT _177: *MAT HILL FOAM [0,3cd] {12}
*MAT _178: *MAT_ VISCOELASTIC HILL FOAM [0,3cd] {92}
*MAT _179: *MAT LOW _DENSITY SYNTHETIC FOAM {OPTION} [0,3cd] {77}
*MAT 181: *MAT SIMPLIFIED RUBBER/FOAM_{OPTION} [0,2,3¢d] {39}
*MAT _183: *MAT SIMPLIFIED RUBBER WITH DAMAGE [0,2,3cd] {44}
*MAT _184: *MAT COHESIVE_ELASTIC [7] {0}
*MAT _185: *MAT COHESIVE_TH [7] {0}
*MAT_186: *MAT COHESIVE_GENERAL [7] {6}
*MAT _187: *MAT_SAMP-1 [0,2,3abed] {38}
*MAT _188: *MAT THERMO ELASTO VISCOPLASTIC CREEP [0,2,3abcd] {27}
*MAT _189: *MAT_ ANISOTROPIC_THERMOELASTIC [0,3¢,8B] {21}
*MAT_190: *MAT FLD 3-PARAMETER BARLAT [2,3ab] {36}
*MAT _191: *MAT_SEISMIC BEAM [1B] {36}
*MAT_192: *MAT_SOIL BRICK [0,3cd] {71}
*MAT _193: *MAT DRUCKER PRAGER [0,3cd] {74}
*MAT _194: *MAT RC_SHEAR WALL [2,3ab] {36}
*MAT _195: *MAT _CONCRETE BEAM [1H] {5}
*MAT_196: *MAT GENERAL SPRING DISCRETE BEAM [1D] {25}
*MAT _197: *MAT SEISMIC ISOLATOR [1D] {10}
*MAT_198: *MAT JOINTED ROCK [0] {31}
*MAT 202: *MAT STEEL EC3 [1H]
*MAT 219: *MAT _CODAM2 [0,2,3abcd]
*MAT 220: *MAT RIGID DISCRETE [0,2]
*MAT 221: *MAT _ORTHOTROPIC SIMPLIFIED DAMAGE [0,3¢cd,5] {17}
*MAT 224: *MAT TABULATED JOHNSON COOK [0,2,3abed,,5] {11}
*MAT 225: *MAT_ VISCOPLASTIC _MIXED HARDENING [0,2,3abcd,5]
*MAT 226: *MAT KINEMATIC HARDENING BARLATS9 [2,3ab]
*MAT 230: *MAT PML_ELASTIC [0] {24}
*MAT 231: *MAT PML_ACOUSTIC [6] {35}
*MAT 232: *MAT BIOT HYSTERETIC [0,2,3ab] {30}
*MAT 233: *MAT CAZACU BARLAT [2,3ab]
*MAT 234: *MAT_ VISCOELASTIC LOOSE FABRIC [2,3a]
*MAT 235: *MAT MICROMECHANICS DRY FABRIC [2,3a]
*MAT 236: *MAT_SCC_ON_RCC [2,3ab]
*MAT 237: *MAT PML HYSTERETIC [0] {54}
*MAT 238: *MAT PERT PIECEWISE LINEAR PLASTICITY [0,1H,2,3,5,8A]
*MAT 240: *MAT COHESIVE MIXED MODE_ELASTOPLASTIC RATE [0]
*MAT 241: *MAT JOHNSON HOLMQUIST JH1 [0,3¢d,5]
*MAT 242: *MAT KINEMATIC_HARDENING BARLAT2000 [2,3ab]
*MAT 243: *MAT HILL 90 [2,3ab]
*MAT 244: *MAT UHS STEEL [0,2,3abcd,5]
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*MAT _245:
*MAT _246:
*MAT 251:
*MAT _255:
*MAT _256:
*MAT _266:
*MAT _267:
*MAT_269:
*MAT _270:
*MAT 271:
*MAT_272:
*MAT 273:
*MAT _276:

*MAT PML_{OPTION}TROPIC ELASTIC [0] {30}
*MAT PML NULL [0] {27}

*MAT TAILORED PROPERTIES [2] {6}

*MAT PIECEWISE LINEAR PLASTIC_THERMAL [0,2,3abcd]
*MAT_AMORPHOUS SOLIDS FINITE STRAIN [0]
*MAT_TISSUE_DISPERSED [0]

*MAT EIGHT CHAIN RUBBER [0,5]

*MAT BERGSTROM BOYCE RUBBER [0,5]

*MAT_CWM [0,5]

*MAT POWDER [0,5]

*MAT RHT [0,5]

*MAT MAT CONCRETE DAMAGE PLASTIC MODEL [0]
*MAT_CHRONOLOGICAL VISCOELASTIC [2,3abcd]

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

*MAT_066:
*MAT_067:
*MAT_068:
*MAT_069:
*MAT_070:
*MAT_071:
*MAT_074:
*MAT_093:
*MAT_094:
*MAT_095:
*MAT _119:
*MAT_121:
*MAT_146:
*MAT_196:
*MAT_197:
*MAT _208:

*MAT_LINEAR_ELASTIC_DISCRETE_BEAM [1D]
*MAT_NONLINEAR_ELASTIC_DISCRETE_BEAM [1D]
*MAT_NONLINEAR_PLASTIC DISCRETE _BEAM [1D]
*MAT_SID DAMPER_DISCRETE_BEAM [1D]
*MAT_HYDRAULIC_GAS_DAMPER_DISCRETE BEAM [1D]
*MAT_CABLE_DISCRETE_BEAM [1D]
*MAT_ELASTIC_SPRING DISCRETE_BEAM [1D]
*MAT_ELASTIC_6DOF_SPRING DISCRETE_BEAM [1D]
*MAT_INELASTIC_SPRING DISCRETE_BEAM [1D]
*MAT_INELASTIC_6DOF_SPRING DISCRETE_BEAM [1D]
*MAT_GENERAL NONLINEAR 6DOF_DISCRETE BEAM [1D]
*MAT_GENERAL NONLINEAR_1DOF_DISCRETE_BEAM [1D]
*MAT_1DOF_GENERALIZED SPRING [1D]
*MAT_GENERAL_SPRING DISCRETE_BEAM [1D]
*MAT_SEISMIC_ISOLATOR [1D]

*MAT_BOLT BEAM [1D]

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

*MAT_SO1:
*MAT_S02:
*MAT_S03:
*MAT_S04:
*MAT_S05:
*MAT_S06:
*MAT_S07:
*MAT_S08:
*MAT _S13:
*MAT_S14:
*MAT_SI5:

*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 0l:
*MAT_ALE_02:
*MAT_ALE_03:

*MAT ALE VACUUM (same as *MAT 140)
*MAT ALE GAS MIXTURE  (same as *MAT 148)
*MAT_ALE VISCOUS (same as *MAT 009)
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*MAT_ALE_04:
*MAT _ALE_05:
*MAT _ALE_06:

*MAT_ALE_MIXING LENGTH (same as *MAT_149)
*MAT_ALE_INCOMPRESSIBLE (same as *MAT_160)
*MAT_ALE_HERSCHEL

For the seatbelts one material is available.

*MAT_BO1:

*MAT SEATBELT

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

*MAT_TO1:
*MAT_TO02:
*MAT_TO03:
*MAT_TO04:
*MAT_TO5:
*MAT_TO7:
*MAT_TO8
*MAT_T09
*MAT_T10
*MAT _T11-T15:

Remarks:

*MAT_THERMAL_ISOTROPIC
*MAT_THERMAL_ORTHOTROPIC
*MAT_THERMAL_ISOTROPIC TD
*MAT_THERMAL_ORTHOTROPIC_TD
*MAT_THERMAL _DISCRETE_BEAM
*MAT_THERMAL_CWM
*MAT_THERMAL_ORTHOTROPIC_TD LC
*MAT_THERMAL_ISOTROPIC PHASE CHANGE
*MAT_THERMAL_ISOTROPIC_TD LC
*MAT_THERMAL_USER_DEFINED DEFINED

1. Curves and tables are sometimes defined for the purpose of defining material properties.
An example would be a curve of effective stress vs. 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:

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

e 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.

» Extrapolation is not employed for table values (*DEFINE TABLE...). See com-
ments under *DEFINE_TABLE for further details.

LS-DYNA R7.0
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MATERIAL MODEL REFERENCE TABLES

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

If a material model, without consideration of *MAT ADD EROSION or
*MAT ADD THERMAL EXPANSION, 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 abbre-
viated in the table as follows:

GN - General
CM - Composite
CR - Ceramic

FL - Fluid

FM - Foam

GL - Glass

HY - Hydrodynamic material

MT - Metal

PL - Plastic

RB - Rubber

SL. - Soil, concrete, or rock

AD - Adhesive or Cohesive material

BIO - Biological material

CIV - Civil Engineering component
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*MAT

2

=

. . S zlz 22028
Material Number and Description Bl = | 2| =| << | a| = | Applications
1 Elastic GN, FL

2 Orthotropic Elastic (Anisotropic-solids) Y CM, MT

3 Plastic Kinematic/Isotropic Y |Y CM, MT, PL
4 Elastic Plastic Thermal Y MT, PL

5 Soil and Foam Y | FM,SL

6 Linear Viscoelastic Y RB

7 Blatz-Ko Rubber RB

8 High Explosive Burn Y HY

9 Null Material Y |Y |Y Y | FL,HY

10 Elastic Plastic Hydro(dynamic) Y |Y Y | HY,MT

11 Steinberg: Temp. Dependent Elastoplastic Y Y |[Y |Y Y | HY,MT

12 Isotropic Elastic Plastic MT

13 Isotropic Elastic with Failure Y Y | MT

14 Soil and Foam with Failure Y Y | FM, SL

15 Johnson/Cook Plasticity Model Y |Y |[Y |Y Y |Y | HY,MT

16 Pseudo Tensor Geological Model Y |[Y |Y Y |Y |[SL

17 Oriented Crack (Elastoplastic w/ Fracture) Y |Y Y Y | HY, MT, PL, CR
18 Power Law Plasticity (Isotropic) Y MT, PL

19 Strain Rate Dependent Plasticity Y | Y MT, PL

20 Rigid

21 Orthotropic Thermal (Elastic) Y |Y GN

22 Composite Damage Y Y Y |[cMm

23 Temperature Dependent Orthotropic Y |Y CM

24 Piecewise Linear Plasticity (Isotropic) Y | Y MT, PL

25 Inviscid Two Invariant Geologic Cap Y Y |SL

26 Honeycomb Y |Y Y Y | CM,FM, SL
27 Mooney-Rivlin Rubber Y | RB

28 Resultant Plasticity MT

29 Force Limited Resultant Formulation Y

30 Shape Memory MT

31 Frazer-Nash Rubber Y | RB

32 Laminated Glass (Composite) Y CM, GL

33 Barlat Anisotropic Plasticity (YLD96) Y Y CR, MT

34 Fabric Y Y | fabric

35 Plastic-Green Naghdi Rate Y MT

36 Three-Parameter Barlat Plasticity Y Y |Y MT

LS-DYNA R7.0
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2

=

| . S zlz 22028
Material Number and Description Bl = | 2| =| << | a| = | Applications
37 Transversely Anisotropic Elastic Plastic Y MT

38 Blatz-Ko Foam FM, PL
39 FLD Transversely Anisotropic Y MT

40 Nonlinear Orthotropic Y Y |Y Y |[cm
41-50 User Defined Materials Y |Y|Y Y | Y|Y |Y |[GN

51 Bamman (Temp/Rate Dependent Plasticity) Y Y GN

52 Bamman Damage Y | Y Y Y MT

53 Closed cell foam (Low density polyurethane) FM

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

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

57 Low Density Urethane Foam Y |Y Y |FM

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

61 Kelvin-Maxwell Viscoelastic Y FM

62 Viscous Foam (Crash dummy Foam) Y FM

63 Isotropic Crushable Foam Y |FM

64 Rate Sensitive Powerlaw Plasticity Y MT

65 Zerilli-Armstrong (Rate/Temp Plasticity) Y Y |Y Y | MT

66 Linear Elastic Discrete Beam Y Y

67 Nonlinear Elastic Discrete Beam Y Y Y

68 Nonlinear Plastic Discrete Beam Y |Y Y

69 SID Damper Discrete Beam Y

70 Hydraulic Gas Damper Discrete Beam Y

71 Cable Discrete Beam (Elastic) Y | cable
72 Concrete Damage (incl. Release I1I) Y |Y |Y Y |Y [sSL

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 [sSL

79 Hysteretic Soil (Elasto-Perfectly Plastic) Y Y |sL

80 Ramberg-Osgood SL

81 Plasticity with Damage Y |Y Y MT, PL
82 Plasticity with Damage Ortho Y | Y Y |Y

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

2

=

| . S zlz 22028
Material Number and Description Bl = | 2| =| << | a| = | Applications
84 Winfrith Concrete (w/ rate effects) Y Y | FM,SL
85 Winfrith Concrete Y |sL

86 Orthotropic Viscoelastic Y Y RB

87 Cellular Rubber Y Y | RB

88 MTS Y Y |Y MT

89 Plasticity Polymer Y Y | PL

90 Acoustic Y |FL

91 Soft Tissue Y |Y Y Y | BIO
92 Soft Tissue (viscous)

93 Elastic 6DOF Spring Discrete Beam Y |Y Y Y

94 Inelastic Spring Discrete Beam Y |Y Y

95 Inelastic 6DOF Spring Discrete Beam Y |Y Y Y

96 Brittle Damage Y | Y Y |[Y |Y |sL

97 General Joint Discrete Beam

98 Simplified Johnson Cook Y |Y MT

99 Simpl. Johnson Cook Orthotropic Damage Y |Y Y |Y MT
100 Spotweld Y |Y Y | Y | MT (spotwelds)
101 GE Plastic Strain Rate Y |Y Y | PL
102 Inv. Hyperbolic Sin Y Y MT, PL
103 Anisotropic Viscoplastic Y | Y Y MT
103P Anisotropic Plastic Y MT
104 Damage 1 Y |Y Y |Y MT
105 Damage 2 Y | Y Y MT
106 Elastic Viscoplastic Thermal Y Y PL
107 Modified Johnson Cook Y |Y Y Y MT
108 Ortho Elastic Plastic Y

110 Johnson Holmquist Ceramics Y |Y Y |Y | CR,GL
111 Johnson Holmquist Concrete Y | Y Y |Y |sL

112 Finite Elastic Strain Plasticity Y PL

113 Transformation Induced Plasticity (TRIP) Y MT
114 Layered Linear Plasticity Y | Y MT, PL, CM
115 Unified Creep

116 Composite Layup Y CM
117 Composite Matrix Y CM
118 Composite Direct Y CM
119 General Nonlinear 6DOF Discrete Beam Y | Y Y Y

120 Gurson Y |Y Y |Y |mMT
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2

: 2 | @ é AAN
Material Number and Description é é 8 E <Z,1 é E Applications
121 General Nonlinear 1DOF Discrete Beam Y |Y Y
122 Hill 3RC Y MT
123 Modified Piecewise Linear Plasticity Y |Y MT, PL
124 Plasticity Compression Tension Y |Y Y | MT,PL
125 Kinematic Hardening Transversely Aniso. Y MT
126 Modified Honeycomb Y |Y Y | Y |Y | CMFM,SL
127 Arruda Boyce Rubber Y RB
128 Heart Tissue Y Y | BIO
129 Lung Tissue Y Y | BIO
130 Special Orthotropic Y
131 Isotropic Smeared Crack Y Y |Y | MT,CM
132 Orthotropic Smeared Crack Y Y |Y MT, CM
133 Barlat YLD2000 Y Y |Y MT
134 Viscoelastic Fabric
135 Weak and Strong Texture Model Y |Y Y MT
136 Corus Vegter Y MT
138 Cohesive Mixed Mode Y Y |Y |Y |AD
139 Modified Force Limited Y |Y
140 Vacuum
141 Rate Sensitve Polymer Y PL
142 Transversely Anisotropic Crushable Foam Y Y |FM
143 Wood Y |Y Y |Y |Y | (wood
144 Pitzer Crushable Foam Y Y |FM
145 Schwer Murray Cap Model Y | Y Y |Y |sL
146 1DOF Generalized Spring Y
147 FWHA Soil Y Y |Y |sL
147N FHWA Soil Nebraska Y Y |Y |sL
148 Gas Mixture Y FL
151 Evolving Microstructural Model of Inelast. | Y | Y Y |Y |Y MT
153 Damage 3 Y |Y Y MT, PL
154 Deshpande Fleck Foam Y FM
155 Plasticity Compression Tension EOS Y |Y |Y Y | (ice)
156 Muscle Y Y | BIO
157 Anisotropic Elastic Plastic Y MT, CM
158 Rate-Sensitive Composite Fabric Y |Y Y |[Y|Y |cm
159 CSCM Y |Y Y |Y |[sL
160 ALE incompressible FL
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=
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Material Number and Description Bl = | 2| =| << | a| = | Applications
161,162 Composite MSC Y |Y Y [Y|Y | cm
163 Modified Crushable Foam Y Y |FM
164 Brain Linear Viscoelastic Y BIO
165 Plastic Nonlinear Kinematic Y MT
166 Moment Curvature Beam Y |Y Y | av
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 |av
172 Concrete EC2 Y Y Y | SL,MT
173 Mohr Coulomb Y Y |SL
174 RC Beam Y |Y |sL

175 Viscoelastic Thermal Y Y Y |RB
176 Quasilinear Viscoelastic Y |Y Y |Y |BIO
177 Hill Foam Y |FM
178 Viscoelastic Hill Foam (Ortho) Y Y |FM
179 Low Density Synthetic Foam Y |Y Y |[Y |Y |FM
181 Simplified Rubber/Foam Y |Y Y |Y |RBFM
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 Semi-Analytical Model for Polymers — 1 Y | Y Y PL
188 Thermo Elasto Viscoelastic Creep Y Y MT
189 Anisotropic Thermoelastic Y |Y

190 Flow limit diagram 3-Parameter Barlat Y Y Y | MT
191 Seismic Beam Y | av
192 Soil Brick Y SL
193 Drucker Prager Y |SL
194 RC Shear Wall Y Y |Y |av
195 Concrete Beam Y |Y Y |Y |cv
196 General Spring Discrete Beam Y Y

197 Seismic Isolator Y |Y Y Y |civ
198 Jointed Rock Y Y Y |SL
202 Steel EC3 CIv
208 Bolt Beam
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Material Number and Description Bl = | 2| =| << | a| = | Applications
219 CODAM2 Y Y |Y |Y |cMm
220 Rigid Discrete

221 Orthotropic Simplified Damage Y Y [Y|Y |cm
224 Tabulated Johnson Cook Y |Y |Y |Y Y |Y | HY,MT, PL
225 Viscoplastic Mixed Hardening Y | Y MT, PL
226 Kinematic hardening Barlat 89 Y MT
230 Elastic Perfectly Matched Layer (PML) Y SL

231 Acoustic PML FL

232 Biot Linear Hysteretic Material Y SL

233 Cazacu Barlat Y Y | MT
234 Viscoelastic Loose Fabric Y |Y Y Y | Fabric
235 Micromechanic Dry Fabric Y Y | Fabric
236 Ceramic Matrix Y Y Y | CM,CR
237 Biot Hysteretic PML Y SL

238 Piecewise linear plasticity (PERT) Y |Y MT, PL
240 Cohesive mixed mode Y |Y Y |[Y |Y [AD

241 Johnson Holmquist JH1 Y | Y Y |Y |CRGL
242 Kinematic hardening Barlat 2000 Y MT
243 Hill 90 Y Y |Y MT
244 UHS Steel Y Y MT
245 Orthotropic/anisotropic PML Y SL

246 Null material PML Y FL

251 Tailored Properties Y |Y MT, PL
255 Piecewise linear plastic thermal Y |Y Y Y | MT
256 Amorphous solid (finite strain) Y Y |GL

266 Dispersed tissue Y BIO
267 Eight chain rubber Y Y RB, PL
269 Bergstrom Boyce rubber Y RB

270 Welding material Y MT,PL
271 Powder compaction Y | CRSL
272 RHT concrete model Y | Y Y | Y |SLcCIv
273Concrete damage plastic model Y Y SL,CIV
276 Chronological viscoelastic Y Y RB
A01 ALE Vacuum FL
A02 ALE Gas Mixture Y FL
A03 ALE Viscous Y Y |FL
A04 ALE Mixing Length FL
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Material Number and Description Bl = | 2| =| << | a| = | Applications

A05 ALE Incompressible FL

A06 ALE Herschel Y Y |FL

S1 Spring Elastic (Linear)

S2 Damper Viscous (Linear) Y

S3 Spring Elastoplastic (Isotropic)

S4 Spring Nonlinear Elastic Y Y

S5 Damper Nonlinear Viscous Y Y

S6 Spring General Nonlinear Y

S7 Spring Maxwell (3-Parameter Viscoelastic) Y

S8 Spring Inelastic (Tension or Compression) Y

S13 Spring Trilinear Degrading Y Y CIv

S14 Spring Squat Shearwall Y Clv

S15 Spring Muscle Y Y | BIO

B1 Seatbelt Y

TO01 Thermal Isotropic Y Heat transfer

T02 Thermal Orthotropic Y |Y Heat transfer

T03 Thermal Isotropic (Temp Dependent) Y Heat transfer

T04 Thermal Orthotropic (Temp Dependent) Y |Y Heat transfer

TO0S5 Thermal Discrete Beam Y Heat transfer

T07 Thermal CWM (Welding) Y Heat transfer

T08 Thermal Orthotropic(Temp dep-load curve) Y |Y Heat transfer

T09 Thermal Isotropic (Phase Change)) Y Heat transfer

T10 Thermal Isotropic (Temp dep-load curve) Y Heat transfer

T11 Thermal User Defined Y Heat transfer
Table 2.1
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*MAT_ADD_AIRBAG_POROSITY_LEAKAGE

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

*AIRBAG_WANG NEFSKE.

Card 1 1 2 3 4 5 6 7 8
Variable MID FLC/X2 FAC/X3 ELA FVOPT X0 X1
Type I 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
FLC/X2 If X0 # 0, X0 # 1: This is X2 coefficient of the porosity equation of
Anagonye and Wang [1999]. Else, this is an optional constant, FLC, a
fabric porous leakage flow coefficient.
LT.0.0: There are two possible definitions.
If X0 = 0, |[FLC| is the load curve ID of the curve defining FLC ver-
sus time.
If X0 =1, |[FLC| is the load curve ID defining FLC versus the
stretching ratio defined as 1; = A/A,. See notes below.
FAC/X3 If X0 # 0, X0 # 1: This is X3 coefficient of the porosity equation of

Anagonye and Wang [1999]. Else, this is an optional constant, FAC, a
fabric characteristic parameter.
LT.0.0: There are three possible definitions.
IfFVOPT < 7:
If X0 = 0, |[FAC]| is the load curve ID of the curve defining FAC ver-
sus absolute pressure.
If X0 = 1, [FAC] is the load curve ID defining FAC versus the pres-
sure ratio defined as 1, = Py /Py See remark 3 of
*MAT FABRIC.
If FVOPT =7 or &:
FAC defines leakage volume flux rate versus absolute pressure. The
volume flux (per area) rate (per time) has the unit of
volg,, ® m3/[m?s] ~ m/s, equivalent to relative porous gas speed.
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VARIABLE DESCRIPTION

ELA Effective leakage area for blocked fabric, ELA

LT.0.0: [ELA] is the load curve ID of the curve defining ELA versus
time. The default value of zero assumes that no leakage occurs. A
value of .10 would assume that 10% of the blocked fabric is leaking
gas.

FVOPT Fabric venting option.
EQ.1: Wang-Nefske formulas for venting through an orifice are
used. Blockage is not considered.
EQ.2: Wang-Nefske formulas for venting through an orifice are
used. Blockage of venting area due to contact is considered.
EQ.3: Leakage formulas of Graefe, Krummheuer, and Siejak [1990]
are used. Blockage is not considered.
EQ.4: Leakage formulas of Graefe, Krummheuer, and Siejak [1990]
are used. Blockage of venting area due to contact is considered.
EQ.5: Leakage formulas based on flow through a porous media are
used. Blockage is not considered.
EQ.6: Leakage formulas based on flow through a porous media are
used. Blockage of venting area due to contact is considered.
EQ.7: Leakage is based on gas volume outflow versus pressure load
curve [Lian, 2000]. Blockage is not considered. Absolute pressure
is used in the porous-velocity-versus-pressure load curve, given as
FAC.
EQ.8: Leakage is based on gas volume outflow versus pressure load
curve [Lian 2000]. Blockage of venting or porous area due to con-
tact is considered. Absolute pressure 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: Ao = AO(XO + Xirs + Xon, + X3rsrp)
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*MAT_ADD_EROSION

Many of the constitutive models in LS-DYNA do not allow failure and erosion. The
ADD_EROSION option provides a way of including failure in these models although the option
can also be applied to constitutive models with other failure/erosion criterion. Each of the crite-
ria defined here are applied independently, and once a sufficient number of those criteria are sat-
isfied according to NCS, the element is deleted from the calculation. Element integration points
do not fail prior to element deletion, even those integration points that satify the failure criteria.
This option applies to nonlinear element formulations including the 2D continuum, 3D solid el-
ements, 3D shell elements, and the thick shell elements types 1 and 2. Beam types 1 and 11 cur-
rently support the erosion but not the damage and evolution models. In addition to erosion, dam-
age initiation and evolution models are available as described in the remarks.

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

The following card is optional:

Card 3 1 2 3 4 5 6 7 8
Variable IDAM |DMGTYP | LCSDG | ECRIT |DMGEXP| DCRIT | FADEXP | LCREGD
Type A8 F F F F F F F
Default 0.0 0.0 0.0 0.0 1.0 0.0 1.0 0.0
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*MAT

If IDAM.GT.O0 define the following card:

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

Type F F F F F F

Default 0.0 0.0 0.0 0.0 0.0 0.0

If IDAML.LT.0 then define -IDAM set of cards on the following format:

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

Type F F F

Default 0.0 0.0 0.0

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

Type F F F

Default 0.0 0.0 0.0
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Optional card 4 (IDAM=0) or 5 (IDAM>0) or 4+2*IDAM| (IDAM<0):

Card 4/5/... 1 2 3 4 5 6 8
Variable LCFLD EPSTHIN | ENGCRT | RADCRT
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

EXCL

MXPRES

MNEPS

EFFEPS

VOLEPS

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

The exclusion number, which applies to the values defined on Card 2.
When any of the failure constants are set to the exclusion number, the
associated failure criteria calculations are bypassed (which reduces the
cost of the failure model). For example, to prevent a material from go-
ing into tension, the user should specify an unusual value for the exclu-
sion number, e.g., 1234., set Pp,i, to 0.0 and all the remaining constants
to 1234. The default value is 0.0, which eliminates all criteria from con-
sideration that have their constants set to 0.0 or left blank in the input
file.

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

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

Maximum effective strain at failure,e,¢p = / 2/3 glfVelv. If the value

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

Volumetric strain at failure, €,,; = €11 + &, + €33. VOLEPS can be a
positive or negative number depending on whether the failure is in ten-
sion or compression, respectively. If the value is exactly zero, it is au-
tomatically excluded to maintain compatibility with old input files.
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VARIABLE DESCRIPTION
NUMFIP Number of failed integration points prior to element deletion. The de-
fault is unity.

LT.0.0 (IDAM=0): INUMFIP| is percentage of integration points
which must exceed the failure criterion before el-
ement fails:  Only for shells.

LT.0.0 IDAM=1): INUMFIP]| is percentage of layers which must fail
before element fails: Only for shells. For shell
formulations with 4 integration points per layer,
the layer is considered failed if any of the integra-
tion points in the layer fails.

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

MNPRES Minimum pressure at failure, Pp,j,.
SIGP1 Principal stress at failure, 0y, 44-
SIGVM Equivalent stress at failure, 0y, 4.
MXEPS Maximum principal strain at failure, &,x. The maximum principal
strain at failure is made a function of the effective strain rate by setting
MXEPS to the negative of the appropriate load curve ID.
EPSSH Shear strain at failure, Y-
SIGTH Threshold stress, gy.
IMPULSE Stress impulse for failure, K.
FAILTM Failure time. When the problem time exceeds the failure time, the mate-
rial is removed.
IDAM Flag for damage model.

EQ.0: no damage model is used.

EQ.1: GISSMO damage model.

LT.0: -IDAM represents the number of damage initiation and evolu-

tion criteria to be applied
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VARIABLE

DMGTYP

LCSDG

ECRIT

DMGEXP

DCRIT

FADEXP

LCREGD

DESCRIPTION

For GISSMO damage type the following applies.

EQ.0: Damage is accumulated, no coupling to flow stress, no failure.

EQ.1: Damage is accumulated, element failure occurs for
D=1:Coupling of damage to flow stress depending on parame-
ters, see remarks below.

For IDAM.LT.O the following applies.

EQ.0: No action is taken

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

Load curve ID or Table ID. Load curve defines equivalent plastic strain
to failure vs. triaxiality. Table defines for each Lode angle value (be-
tween -1 and 1) a load curve ID giving the equivalent plastic strain to
failure vs. triaxiality for that Lode angle value.

Critical plastic strain (material instability), see below.

LT.0.0: |[ECRIT] is load curve ID defining critical equivalent plastic
strain vs: triaxiality.

EQ.0.0: Fixed value DCRIT defining critical damage is read (see be-
low)

GT.0.0: Fixed value for stress-state independent critical equivalent
plastic strain.

Exponent for nonlinear damage accumulation, see remarks.

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

Exponent for damage-related stress fadeout.

LT.0.0: |[FADEXP] is load curve ID defining element-size dependent
fading exponent.
GT.0.0: Constant fading exponent.

Load curve ID defining element size dependent regularization factors for
equivalent plastic strain to failure.
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VARIABLE DESCRIPTION

SIZFLG Flag for method of element size determination.

EQ.O0: (default) Element size is determined in undeformed configura-
tion as square root of element area (shells), or cubic root of el-
ement volume (solids), respectively.

EQ.1: Element size is updated every time step, and determined as
mean edge length (this option was added to ensure comparabil-
ity with *MAT 120, and is not recommended for general pur-
pose).

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

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

LCSRS Load curve ID defining failure strain scaling factor vs. strain rate.

GT.0: scale ECRIT, too
LT.0: do not scale ECRIT.

SHRF Reduction factor for regularization at triaxiality=0 (shear)
BIAXF Reduction factor for regularization at triaxiality=2/3 (biaxial)
DITYP Damage initiation type

EQ.0.0: Ductile

EQ.1.0: Shear

EQ.2.0: MSFLD

EQ.3.0: FLD

Pl Damage initiation parameter

DITYP.EQ.0.0: Load curve/table ID representing plastic strain at on-
set of damage as function of stress triaxiality and op-
tionally plastic strain rate.

DITYP.EQ.1.0: Load curve/table ID representing plastic strain at on-
set of damage as function of shear influence and op-
tionally plastic strain rate.

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

DITYP.EQ.3.0: Load curve/table ID representing plastic strain at on-
set of damage as function of ratio of principal plastic
strain rates and optionally plastic strain rate.
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VARIABLE

P2

DETYP

DCTYP

Ql

LCFLD

EPSTHIN

ENGCRT

RADCRT

DESCRIPTION

Damage initiation parameter

DITYP.EQ.0.0: Not used
DITYP.EQ.1.0: Pressure influence coefficient kg
DITYP.EQ.2.0: Not used
DITYP.EQ.3.0: Not used

Damage evolution type

EQ.0.0: Linear softening, evolution of damage is a function of the
plastic displacement after the initiation of damage:

EQ.1.0: Linear softening, evolution of damage is a function of the
fracture energy after the initiation of damage.

Damage composition option for multiple criteria

EQ.0.0: Maximum
EQ.1.0: Multiplicative

Damage evolution parameter

DETYP.EQ.0.0: Plastic displacement at failure, u]’f.
DETYP.EQ.1.0: Fracture energy at failure, G,

Load curve ID defining the Forming Limit Diagram. Minor strains in
percent are defined as abscissa values and Major strains in percent are
defined as ordinate values. The forming limit diagram is shown in Fig-
ure 2-27. In defining the curve, list pairs of minor and major strains
starting with the left most point and ending with the right most point.
This criterion is only for shell elements and it is available starting with
Release 971 R6.

Thinning strain at failure for thin and thick shells.
Critical energy for nonlocal failure criterion, see item 9 below.

Critical radius for nonlocal failure criterion, see item 9 below.

The criteria for failure besides failure time are:

1.

P > P, .x, Where P is the pressure (positive in compression), and Py, is the max-
imum pressure at failure.

&3 < €min, Where &3 is the minimum principal strain, and &y, 1s the minimum
principal strain at failure.
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3. P < Pnin, Where P is the pressure (positive in compression), and Pp;, is the min-
imum pressure at failure.

4. 01 = Opax, Where g; is the maximum principal stress, and 0y,,«1s the maximum
principal stress at failure.

’3 b = , o _ .
S. > 0i0ij = Omax; where og;; are the deviatoric stress components, and 0y, ay 1s the

equivalent stress at failure.

6. €1 = Emax> Where g; is the maximum principal strain, and &, is the maximum
principal strain at failure.

7. Y1 = Ymax> Where y; is the maximum shear strain = (&; — €3)/2, and Y.y 1S the
shear strain at failure.

8. The Tuler-Butcher criterion,

J,[max(0, a1 — 0p)]*dt > K,
where o; is the maximum principal stress, g, is a specified threshold stress,
01 = 0y = 0, and Ky is the stress impulse for failure. Stress values below the
threshold value are too low to cause fracture even for very long duration loadings.

9. A nonlocal failure criterion which is mainly intended for windshield impact can
be defined via ENGCRT, RADCRT, and one additional “main” failure criterion
(e.g. SIGP1). All three parameters should be defined for one part, namely the
windshield glass. The course of events of this nonlocal failure model is as fol-
lows: If the main failure criterion is fulfilled, the corresponding element is flagged
as center of impact, but no element erosion takes place yet. Then, the internal en-
ergy inside a circle, defined by RADCRT, around the center of impact is tested
against the given critical energy ENGCRT. If this energy criterion is exceeded,
all elements of the part are now allowed to be eroded by the main failure criterion.

Remarks on Damage Models:
GISSMO

The GISSMO damage model is a phenomenological formulation that allows for an incremental
description of damage accumulation, including softening and failure. It is intended to provide a
maximum in variability for the description of damage for a variety of metallic materials (e.g.
*MAT 024, *MAT 036, ...). The input of parameters is based on tabulated data, allowing the
user to directly convert test data to numerical input.

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

DMGEXP (1)
D = ———— D\""DMGEXP)Ag,,

&
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Figure 2-1. Typical failure curve for metal sheet, modeled with shell elements.
with

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

ef: Equivalent plastic strain to failure, determined from LCSDG as a function of the
current triaxiality value #. A typical failure curve LCSDG for metal sheet, mod-
eled with shell elements is shown in Figure 2-1 Triaxiality should be monoton-
ically increasing in this curve. A reasonable range for triaxiality is -2/3 to 2/3 if
shell elements are used (plane stress). For 3-dimensional stress states (solid ele-
ments), the possible range of triaxiality goes from -co to +oo, but to get a good res-
olution in the internal load curve discretization (depending on parameter LCINT
of *CONTROL SOLUTION) one should define lower limits, e.g. -1 to 1 if
LCINT=100 (default).

Ag,: Equivalent plastic strain increment

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

< DMGEXP
D= (—p) for & = const. only!
&f

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

n= Z—I’; with hydrostatic stress oy and equivalent von Mises stress gy,.

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

For DMGTYP.EQ.1, elements will be deleted if D > 1.

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

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

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

D — DCRIT FADEXP
020(1_<1—DCR1T> )

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

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

DMGEXP (1_ 1 )
F = ———— F\""DMGEXP) g,
gpioc
with F: Instability measure (0<F<I).

€loc: Equivalent plastic strain to instability, determined from ECRIT

Ag,: Equivalent plastic strain increment

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

3.) Ifno input for ECRIT is made, parameter DCRIT will be considered.

Coupling of Damage to the stress tensor starts if this value (damage threshold) is exceeded
(0O<DCRIT<1). Coupling of damage to stress is done using the relation described above.
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This input allows for the use of extreme values also — for example, DCRIT.EQ.0.0 would lead to
no coupling at all, and element deletion under full load (brittle fracture).

History Variables:

History variables of the GISSMO damage model are written to the postprocessing database only
if NAHSV>0. The damage history variables start at position ND, which is displayed in d3hsp
file, e.g. “first damage history variable = 6” means that ND=6.
Variable Description

ND Damage parameter D (1.E-20<D <1)

ND+1 Damage threshold DCRIT

ND+2 Domain flag for damage coupling (0:no coupling, 1: coupling)
ND+3 Triaxiality variable oy /oy,

ND+4 Equivalent plastic strain

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

ND+7 Calculated element size

ND+8 Instability measure F

ND+9 Resultant damage parameter D for element size REFSZ

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

ND+12 Lode angle value

ND+13  Alternative damage value: D1/PMGEXP

Damage initiation and evolution criteria

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

Assuming that » initiation/evolution types have been defined according to the information above,
n being the same as —IDAM above, damage initiation and evolution history variables
w} € [0,00[ and D' € [0,1], i=1, ...n, are introduced for each integration point. These are initial-
ly set to zero and then evolve with the deformation of the elements according to rules associated
with the specific damage initiation and evolution type chosen, see below for details. The varia-
bles can be post-processed just as ordinary material history variables and their positions in the
history variables array is given in d3hsp, search for the string Damage history listing. The dam-
age initiation variables do not influence the results but just serve as an indicator for the onset of
damage. The damage evolution variables govern the damage in the material and are used to form
the global damage D € [0,1]. When multiple criteria are active, n>1, each individual criterion

2-28 (MAT) LS-DYNA R7.0



*MAT_ADD_EROSION *MAT

can be of maximum, i € I;,,x, or multiplicative, i € Iy, type, this is defined by the DCTYP
parameter. The global damage variable is defined as

D = max(Dmax, Dmult)
where

Dpax = maxielmaXDi
Diyuit = 1 = [Tier,, (1 — DY)

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

oc=(1-D)é.

Once the damage has reached the level of Dgynqe (=0.99 by default) the stress is set to zero and
the integration point is assumed failed, thus not processed after that. When NUMFIP integration
points have failed the element is eroded and removed from the finite element model.

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

The variables wp governs the onset of damage and evolves independently of each other and ac-
cording to the following.

Ductile (DITYP.EQ.0):

For the ductile initiation option a function £ = &} (1, £P) represents the plastic strain at onset of

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

n=-pn/q

with p being the pressure and ¢ the von Mises equivalent stress. Optionally this can be defined as
a table with the second dependency being on the effective plastic strain rate €P. The damage ini-
tiation history variable evolves according to

eP deP
(UD = fO g
Shear (DITYP.EQ.1):

For the shear initiation option a function eg = eg (6, €P) represents the plastic strain at onset of

damage (P1). This is a function of a shear stress function defined as

0 =(q+ksp)/t

with p being the pressure, g the von Mises equivalent stress and T the maximum shear stress de-
fined as a function of the principal stress values

T= (Umajor - Uminor)/z-
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Introduced here is also the pressure influence parameter ks (P2). Optionally this can be defined
as a table with the second dependency being on the effective plastic strain rate £€P. The damage
initiation history variable evolves according to

__ eP deP
Wp = fO g

MSFLD (DITYP.EQ.2):
For the MSFLD initiation option a function eg = eg (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
— P P

a = Eminor/gma]'or'
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 as-
sumed to stem from an associated von Mises flow rule and whence

a = Sminor/smajor
with s being the deviatoric stress. This assures that the calculation of « is in a sense robust at the
expense of being slightly off for materials with anisotropic yield functions and/or non-associated
flow rules. Optionally this can be defined as a table with the second dependency being on the
effective plastic strain rate€?, for €P = 0 the value of eg is set to a large number to prevent 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, i.e., the material
is not affected in compression. This modified plastic strain can be monitored as the second histo-
ry variable of the initiation history variables in the binary output database. The damage initiation
history variable evolves according to

&P
Wp = MaXi<r g
D

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

FLD (DITYP.EQ.3):

This initiation option is very similar to DITYP=2, the only difference being the damage initiation
history variable that here evolves as

gp
deP
Wp =1 —p

0 D

and where plastic strain here refers to the non-modified ditto, i.e, it is not affected by the pressure
as for the MSFLD option.
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For the evolution of the associated damage variable D we introduce the plastic displacement u”
which evolves according to

_p_{O wp <1
W=l wp =1

with / being a characteristic length of the element. Fracture energy is related to plastic displace-
ment as follows

o
Gr= 1, "o, di?

with o, being the yield stress. The following defines the evolution of the damage variable.

Linear (DETYP.EQ.0):

With this option the damage variable evolves linearly with the plastic displacement
D=u? /u]’c7

with u]’f being the plastic displacement at failure (Q1).

Linear (DETYP.EQ.1):

With this option the damage variable evolves linearly as follows
s .
D =P /u;

with u}’ = 2Gy/oy0 and oy being the yield stress when failure criterion is reached.
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*MAT_ADD_PERMEABILITY

For consolidation calculations.

Card 1 1 2 3 4 5 6 7 8
Variable MID PERM (blank) (blank) THEXP LCKZ
Type I F F I
Default none none 0.0 none
VARIABLE DESCRIPTION
MID Material identification — must be same as the structural material.
PERM Permeability
THEXP Undrained volumetric thermal expansion coefficient
(Units: 1/temperature)
LCKZ Loadcurve giving factor on PERM versus z-coordinate.
(X-axis — z-coordinate, yaxis — non dimensional factor)
Remarks:

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

See notes under *CONTROL PORE FLUID
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*MAT_ADD PORE_AIR

For pore air pressure calculations.

Card 1 1 2 3 4 5 6 7 8
Variable MID PA RHO | PA PRE PORE
Type I I F F
Default None AIR RO | AIR RO l.
Remarks 1 1,2
Card 2 1 2 3 4 5 6 7 8
Variable PERMI1 PERMI1 PERM3 | CDARCY CDF LCPGD1 | LCPGD2 | LCPGD3
Type F F F F F 1 1 I
Default 0. PERMI1 PERMI1 1. 0. None LCPGD1 | LCPGDI1
Remarks 2,345 2,345 2,34,5 1 1,5 6 6 6

VARIABLE DESCRIPTION

MID Material identification — must be same as the structural material.
PA_RHO Initial density of pore air, default to atmospheric air density, AIR RO,
defined in *CONTROL PORE_AIR
PA PRE Initial pressure of pore air, default to atmospheric air pressure, AIR P,
defined in *CONTROL PORE_AIR
PORE Porosity, ratio of pores to total volume, default to 1.

PERMI1~3 Permeability of pore air along x, y and z-direction, <O when its absolute
magnitude is the curve defining permeability coefficient as a function of
volume ratio, current-volume/volume-at-stress-free-state.
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VARIABLE DESCRIPTION
CDARCY Coefficient of Darcy’s law
CDF Coefficient of Dupuit-Forchheimer law
LCPGDI1~3 Curves defining non-linear Darcy’s laws along x, y and z-directions, see
Remarks 6.

Remarks:

1. This card must be defined for all materials requiring consideration of pore air pressure.
The pressure contribution of pore air is (P-Pam)*RTPORE, where p andp,, are the cur-
rent and atmospheric air density, R is air’s gas constant, T is atmospheric air temperature
and PORE is the porosity. All R, T and VAR are assumed to be constant during simula-
tion.

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

(CDARCY+CDF||v,i|[)*PORE*v,= PERM; *0P,/0x;, 1=1,2,3
where v,; is the pore air flow velocity along the i’th direction, OP,/0x; is the pore air pres-
sure gradient along the i’th direction, and x,=x, X>=y, X3=Z.

3. PERM2 and PERM3 are assumed to be equal to PERM1 when they are not defined. A
definition of “0” means no permeability.

4. (x,y,2), or (1,2,3), refers to the local material coordinate system (a,b,c) when MID is an
orthotropic material, like *MAT 002 or *MAT 142; otherwise it refers to the global co-
ordinate system.

5. CDF can be used to consider the viscosity effect for high speed air flow

6. LCGDC; can be used to define a non-linear Darcy’s law as follows:

(CDARCY+CDF||vy||)*PORE*v,= PERM*f; (6Py/0x;), i=1~3,

where fj is the function value of LCPGD;. The linear Darcy’s law, Remarks 2, can be re-
covered when LCPGD; are defined as straight lines with a slope of 1.
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*MAT_ADD_THERMAL_EXPANSION

The ADD THERMAL EXPANSION option is used to occupy an arbitrary material model in
LS-DYNA with a thermal expansion property. This option applies to all nonlinear solid, shell,
thick shell and beam elements and all material models except those models which use resultant
formulations such as *MAT RESULTANT PLASTICITY and *MAT SPECIAL ORTHO-
TROPIC. Orthotropic expansion effects are supported for anisotropic materials.

Card 1 1 2 3 4 5 6 7 8
Variable PID LCID MULT LCIDY MULTY LCIDZ MULTZ
Type I I F I F I F
Default none none 1.0 LCID MULT LCID MULT
VARIABLE DESCRIPTION
PID Part ID for which the thermal expansion property applies
LCID For isotropic material models, LCIDY, MULTY, LCIDZ, and MULTZ

are ignored, and LCID is the load curve ID defining the thermal expan-
sion coefficient as a function of temperature. If zero, the thermal expan-
sion coefficient is constant and equal to MULT. For anisotropic material
models, LCID and MULT define the thermal expansion coefficient in
the local material a-direction.

MULT Scale factor scaling load curve given by LCID.

LCIDY Load curve ID defining the thermal expansion coefficient in local
material b-direction as a function of temperature. If zero, the thermal
expansion coefficient in the local material b-direction is constant and
equal to MULTY. If MULTY=0 as well, LCID and MULT define the
thermal expansion coefficient in the local material b-direction.

MULTY Scale factor scaling load curve given by LCIDY.

LCIDZ Load curve ID defining the thermal expansion coefficient in local
material c-direction as a function of temperature. If zero, the thermal
expansion coefficient in the local material c-direction is constant and
equal to MULTZ. If MULTZ=0 as well, LCID and MULT define the
thermal expansion coefficient in the local material c-direction.

MULTZ Scale factor scaling load curve given by LCIDZ.
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Remarks:

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

rather than on the total strain rates &;;. For a material with the stress based on the deformation
gradient F;;, the elastic part of the deformation gradient is used for the stress computations

-1/3
F=J7 Ry
where J; is the thermal Jacobian. The thermal Jacobian is updated using the rate given by

jT = 3“(T)T]T-

For orthotropic properties, which apply only to materials with anisotropy, these equations are
generalized to
& = & — ax(MTqiqj
and
Ff = FuBr ' QuQji
where the f3; are updated as

Bi = ai(T)TP:.

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

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

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

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

Type I I F F F I I

Default none none none none none none none

Define as many as needed to input NHV variables. One card 2 will be read even if NHV=0.

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

Cards 3,... 1 2 3 4 5 6 7 8
Variable XC1 YCl1 ZC1 XC2 YC2 7C2
Type F F F F F F
Default none none none none none none
VARIABLE DESCRIPTION
IDNL Nonlocal material input ID.
PID Part ID for nonlocal material.
P Exponent of weighting function. A typical value might be 8 depending

somewhat on the choice of L. See equations below.

Q Exponent of weighting function. A typical value might be 2. See equa-
tions below.

L Characteristic length. This length should span a few elements. See
equations below.

NFREQ Number of time steps between update of neighbors. The nearest neigh-
bor search can add significant computational time so it is suggested that
NFREQ be set to value of 10 to 100 depending on the problem. This
parameter may be somewhat problem dependent.

NHV Define the number of history variables to be smoothed.
NLI,..,NL8 Define up to eight history variable ID's per line for nonlocal treatment.
XC1, YCL,ZC1 Coordinate of point on symmetry plane.
XC2,YC2,ZC2 Coordinate of a point along the normal vector.
Remarks:

For elastoplastic material models in LS-DYNA which use the plastic strain as a failure criterion,
the first history variable, which does not count the six stress components, is the plastic strain. In
this case, the variable NL1=1 and NL2 to NL8=0. See the table below, which lists the history
variable ID's for a subset of materials.
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*MAT

Material Model Name

Effective Plastic Strain Location

Damage Parameter Location

PLASTIC_KINEMATIC

N/A

JOHNSON_COOK

5 (shells); 7 (solids)

PIECEWISE _LINEAR PLASTICITY 1 N/A
PLASTICITY_WITH DAMAGE 1 2
MODIFIED ZERILLI-ARMSTRONG 1 N/A
DAMAGE 1 1 4
DAMAGE 2 1 2
MODIFIED PIECEWISE LINEAR PLAST 1 N/A
PLASTICITY_COMPRESSION_TENSION 1 N/A
JOHNSON_HOLMQUIST_CONCRETE 1 2
GURSON 1 2

Table 2.2.

In applying the nonlocal equations to shell and thick shell elements, integration points lying in
the same plane within the radius determined by the characteristic length are considered. There-
fore, it is important to define the connectivity of the shell elements consistently within the part

ID, e.g., so that the outer integration points lie on the same surface.

The equations and our implementation are based on the implementation by Worswick and Lalbin

[1999] of the nonlocal theory to Pijaudier-Cabot and Bazant [1987].

Let Q, be the neighbor-

hood of radius, L, of element e, and {e;};—1,_n, the list of elements included in Q,, then

Ny
. . 1 . 1 i
Fo= 7D = 7 | PG =989 ~ 35D Froca?ii Vi
0, i=1

where

LS-DYNA R7.0
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o | |

Figure 2-2. Neighborhood radius L.

N,
W, = W) = [ win -y dy =) wab,
i=1

o (2|

Here f, and x, are respectively the nonlocal rate of increase of damage and the center of the el-
ement e, and f;\ ., Vi and y; are respectively the local rate of increase of damage, the volume
and the center of element e;.

Wy = W(xr - yl) =

2-40 (MAT) LS-DYNA R7.0



*MAT_ELASTIC

*MAT_001

*MAT_ELASTIC_{OPTION}

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

fluids.

Available options include:

<BLANK>

FLUID

such that the keyword cards appear:

*MAT_ELASTIC or MAT_001

*MAT_ELASTIC_FLUID or MAT_001_FLUID

The fluid option is valid for solid elements only.

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

Type A8 F F F F F F

Default none none none none 0.0 0.0 0.0

Define the following extra card for the FLUID option:

Card 2 1 2 3 4 5 6 7 8
Variable vC CP
Type F F
Default none 1.0E+20
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
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VARIABLE DESCRIPTION
RO Mass density.
E Young’s modulus.
PR Poisson’s ratio.
DA Axial damping factor (used for Belytschko-Schwer beam, type 2, only).
DB Bending damping factor (used for Belytschko-Schwer beam, type 2, on-
ly).
K Bulk Modulus (define for fluid option only).
vC Tensor viscosity coefficient, values between .1 and .5 should be okay.
CP Cavitation pressure (default = 1.0e+20).
Remarks:

This hypoelastic material model may not be stable for finite (large) strains. If large strains are
expected, a hyperelastic material model, e.g., *MAT 002, would be more appropriate.

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

DA n+i
+1 _
Fi™ =F+ <1 +E>AF1' 2

DB\ ,  ntg
+1 _ 2
M =M} + <1 +E>AML.
The history variable labeled as “plastic strain” by LS-PrePost is actually volumetric strain in the
case of *MAT ELASTIC.

For the fluid option the bulk modulus (K) has to be defined as Young’s modulus and Poisson’s
ratio is ignored. With the fluid option fluid-like behavior is obtained where the bulk modulus, K,
and pressure rate, p, are given by:
_E
T 3(1-2v)
p=-K &

and the shear modulus is set to zero. A tensor viscosity is used which acts only the deviatoric
stresses, Si”j“, given in terms of the damping coefficient as:

SPY=VC-AL-a- péj
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where AL is a characteristic element length, a is the fluid bulk sound speed, p is the fluid den-
sity, and £;; is the deviatoric strain rate.
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*MAT_{OPTION}TROPIC_ELASTIC

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

Available options include:
ORTHO
ANISO

such that the keyword cards appear:
*MAT_ORTHOTROPIC _ELASTIC or MAT 002 (4 cards follow)

*MAT_ANISOTROPIC_ELASTIC or MAT 002_ANIS (5 cards follow)

Cards 1 and 2 for the ORTHO option.

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

Type F F F F F F

Cards 1, 2, and 3 for the ANISO option.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO Cl1 C12 22 c13 €23 C33
Type A8 F F F F F F F
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*MAT_002

Card 2 1 2 3 4 5 6 7 8
Variable Cl4 C24 C34 C44 C15 C25 C35 C45
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable C55 Cl6 C26 C36 C46 C56 C66 AOPT
Type F F F F F F F F
Cards 3/4 and 4/5 for the ORTHO/ANISO options.
Card 3/4 1 2 3 4 5 6 7 8
Variable XP YP ZPp Al A2 A3 MACF
Type F F F F F F I
Card 4/5 1 2 3 4 5 6 7 8
Variable V1 V2 V3 Dl D2 D3 BETA REF
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.

Define for the ORTHO option only:

EA

Ea, Young’s modulus in a-direction.

LS-DYNA R7.0
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VARIABLE

EB

EC

PRBA

PRCA

PRCB

GAB

GBC

GCA

DESCRIPTION

Ep, Young’s modulus in b-direction.

E., Young’s modulus in c-direction (nonzero value required but not used
for shells).

Vpa, Poisson’s ratio ba.
V¢a, Poisson’s ratio ca.
Vb, Poisson’s ratio cb.
Gap, shear modulus ab.
Gpe, shear modulus bc.

Geg, Shear modulus ca.

Due to symmetry define the upper triangular Cij’s for the ANISO option only:

Cl1

Cl12

C66

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

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

The 6,6 term in the 6 X 6 anisotropic constitutive matrix.

Define AOPT for both options:

AOPT

Material axes option, see Figure 2-3.

EQ.0.0: locally orthotropic with material axes determined by ele-
ment nodes as shown in part (a) of Figure 2-3. The a-direction is
from node 1 to node 2 of the element. The b-direction is orthogonal
to the a-direction and is in the plane formed by nodes 1, 2, and 4.
When this option is used in two-dimensional planar and axisymmet-
ric analysis, it is critical that the nodes in the element definition be
numbered counterclockwise for this option to work correctly.
EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center; this is the a-
direction. This option is for solid elements only.
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VARIABLE

SIGF

XP YP ZP

Al A2 A3

MACF

V1Vv2V3

D1 D2 D3

BETA

DESCRIPTION

EQ.2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with *DEFINE_ COORDINATE VECTOR.
EQ.3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle, BETA, from a
line in the plane of the element defined by the cross product of the
vector v with the element normal. The plane of a solid element is the
midsurface between the inner surface and outer surface defined by
the first four nodes and the last four nodes of the connectivity of the
element, respectively.

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

LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-
ORDINATE SYSTEM or *DEFINE COORDINATE VECTOR).
Available in R3 version of 971 and later.

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

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

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

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

Material angle in degrees for AOPT = 3, may be overridden on the ele-
ment card, see *ELEMENT SHELL BETA or *ELEMENT SOL-
ID ORTHO.

Use reference geometry to initialize the stress tensor. The reference ge-
ometry is defined by the keyword: *INITIAL FOAM REFER-

LS-DYNA R7.0
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VARIABLE

DESCRIPTION

ENCE_GEOMETRY (see there for more details).

Remarks:

EQ.0.0: off,
EQ.1.0: on.

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

C=T'GT

where T is a transformation matrix, and C;, is the constitutive matrix defined in terms of the ma-
terial constants of the orthogonal material axes, a, b, and c. The inverse of C; for the orthotropic

case is defined as:

ct

Ugp __ Uba V VUgc VUch __ Up
Note that 22 = —ba —ca _ Zac Zcb _ “be
Ea EC

Eq Ep ’ E¢

1
Eq
Ugp

0

Eb.

o

0 0
0 0
0 0
! 0
Gab
0 1
Gbc
0 0

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

in the following sketch:

G

AN—e

Stric

This option applies only to orthotropic solid elements and affects only the deviatoric stresses.
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vectors a and d
c c=axd
b=cxa

(a) T (©) For solids, define

b
d  For shells, define
n vector a
n; 3 e
a b=cxa
”’Z\A a a=bxe
AOPT=0.0 AOPT=2.0
(b) d parallel to z-axis

define point p

*MAT_002

a is vector from pto
to element center

define vector v

¢c=n
X c=axd n is normal to shell element a=vxn
P b=cxa or mid-plane of brick b=nxa
AOPT=1.0 AOPT=3.0
(®) v axis of radial
A symmetry b
a define point p and vector v
¢ is the radial axis through
¢ the element center
a=vxe
b=cxa
L
P
AOPT =4.0

Figure 2-3. Options for determining principal material axes: (a) AOPT = 0.0, (b)
AOPT = 1.0 for brick elements, (c) AOPT = 2.0, (d) AOPT = 3.0, and (¢) AOPT=4.0

for brick elements.
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The procedure for describing the principle material directions is explained for solid and shell el-
ements for this material model and other anisotropic materials. We will call the material direc-
tion the a-b-¢ coordinate system. The AOPT options illustrated in Figure 2-3 can define the a-b-
¢ system for all elements of the parts that use the material, but this is not the final material direc-
tion. There a-b-¢ system defined by the AOPT options may be offset by a final rotation about
the c-axis. The offset angle we call BETA.

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

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

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

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

Because shell elements have their c-axes defined by the element normal, AOPT=1 and AOPT=4
are not available for shells. Also, AOPT=2 requires only the vector a be defined since d is not
used. The shell procedure projects the inputted a-direction onto each element surface.
Similar to solid elements, the a-b-¢ direction determined by AOPT is then modified by a rotation
about the c-axis which we will call ¢p. For those materials that allow a unique rotation angle for
each integration point through the element thickness, the rotation angle is calculated by

¢ =B+ B
where [is a rotation for the element, and f; is the rotation for the i’th layer of the element. The
[ angle can be input using the BETA parameter on the *MAT data, or will be overridden for in-
dividual elements if the BETA keyword option for *ELEMENT SHELL is used. The f3; angles
are input using the ICOMP=1 option of *SECTION SHELL or with *PART COMPOSITE. If
Lor B; is omitted, they are assumed to be zero.
All anisotropic shell materials have the BETA option on the *MAT card available for both
AOPT=0 and AOPT=3, except for materials 91 and 92 which have it available for all values of
AOPT, 0, 2, and 3.
All anisotropic shell materials allow an angle for each integration point through the thickness, S;,
except for materials 2, 86, 91, 92, 117, 130, 170, 172, and 194.
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This discussion of material direction angles in shell elements also applies to thick shell elements
which allow modeling of layered composites using *INTEGRATION SHELL or

*PART COMPOSITE TSHELL.
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*MAT_PLASTIC_KINEMATIC

This is Material Type 3. This model is suited to model isotropic and kinematic hardening plas-
ticity with the option of including rate effects. It is a very cost effective model and is available
for beam (Hughes-Liu and Truss), shell, and solid elements.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN BETA
Type A8 F F F F F F
Default none none none none none 0.0 0.0
Card 2 1 2 3 4 5 6 7 8
Variable SRC SRP FS VP
Type F F F F
Default notused | notused 1.LE+20 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
E Young’s modulus.
PR Poisson’s ratio.
SIGY Yield stress.
ETAN Tangent modulus, see Figure 2-4
BETA Hardening parameter, 0 < 8’ < 1. See comments below.
SRC Strain rate parameter, C, for Cowper Symonds strain rate model, see be-

low. If zero, rate effects are not considered..

2-52 (MAT)

LS-DYNA R7.0



*MAT_PLASTIC_KINEMATIC *MAT 003

VARIABLE DESCRIPTION

SRP Strain rate parameter, P, for Cowper Symonds strain rate model, see be-
low. If zero, rate effects are not considered.

FS Effective plastic strain for eroding elements.

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

Remarks:

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

e (@)

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

Kinematic, isotropic, or a combination of kinematic and isotropic hardening may be specified by
varying B’ between 0 and 1. For B’ equal to 0 and 1, respectively, kinematic and isotropic hard-
ening are obtained as shown in Figure 2-4. For isotropic hardening, f'= 1, Material Model 12,
*MAT ISOTROPIC ELASTIC PLASTIC, requires less storage and is more efficient. When-
ever possible, Material 12 is recommended for solid elements, but for shell elements it is less ac-
curate and thus Material 12 is not recommended in this case.
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yield |
stress

=1 isotropic hardening

Figure 2-4. Elastic-plastic behavior with kinematic and isotropic hardening where [,
and [ are undeformed and deformed lengths of uniaxial tension specimen. E; is the
slope of the bilinear stress strain curve
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*MAT_ELASTIC_PLASTIC_THERMAL

This is Material Type 4. Temperature dependent material coefficients can be defined. A maxi-
mum of eight temperatures with the corresponding data can be defined. A minimum of two
points is needed. When this material type is used it is necessary to define nodal temperatures by
activating a coupled analysis or by using another option to define the temperatures such as
*LOAD THERMAL LOAD CURVE, or *LOAD _THERMAL VARIABLE.

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

Type A8 F

Card 2 1 2 3 4 5 6 7 8
Variable T1 T2 T3 T4 T5 T6 T7 T8
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable El E2 E3 E4 ES5 E6 E7 E8
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable PR1 PR2 PR3 PR4 PR5 PR6 PR7 PRS
Type F F F F F F F F
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No defaults are assumed.

Card 5 1

2 3 4 5 6 7 8

Variable ALPHAI1

ALPHA2 | ALPHA3 | ALPHA4 | ALPHAS | ALPHA6 | ALPHA7 | ALPHAS

Type F F F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable SIGY1 SIGY2 SIGY3 SIGY4 SIGYS SIGY6 SIGY7 SIGYS8
Type F F F F F F F F
Card 7 1 2 3 4 5 6 7 8
Variable ETANI1 ETAN2 ETAN3 ETAN4 ETANS ETANG6 ETAN7 ETANS
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
TI Temperatures. The minimum is 2, the maximum is 8.
El Corresponding Young’s moduli at temperature TI.
PRI Corresponding Poisson’s ratios.
ALPHAI Corresponding coefficients of thermal expansion.
SIGYI Corresponding yield stresses.
ETANI Corresponding plastic hardening moduli.
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Remarks:

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

T A
Eij = aT&-J-
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*MAT_SOIL_AND FOAM

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

Card 1 1 2 3 4 5 6 7 8
Variable MID RO G K A0 Al A2 PC
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable VCR REF LCID

Type F F F

Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable EPS9 EPS10

Type F F
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Card 5 1 2 3 4 5 6 7 8
Variable P1 P2 P3 P4 P5 P6 P7 P8
Type F F F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable P9 P10

Type F F

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

acters must be specified.

RO Mass density.
G Shear modulus.
K Bulk modulus for unloading used for VCR=0.0.
A0 Yield function constant for plastic yield function below.
Al Yield function constant for plastic yield function below.
A2 Yield function constant for plastic yield function below.
PC Pressure cutoff for tensile fracture (< 0).
VCR Volumetric crushing option:
EQ.0.0: on,

EQ.1.0: loading and unloading paths are the same.

REF Use reference geometry to initialize the pressure. The reference geome-
try is defined by the keyword:*INITIAL FOAM REFERENCE GE-
OMETRY. This option does not initialize the deviatoric stress state.
EQ.0.0: off,
EQ.1.0: on.
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VARIABLE DESCRIPTION

LCID Load curve ID for pressure as a function of volumetric strain. If it is de-
fined, then the curve is used instead of the input for EPSI..., and P1....
The response is extended to being temperature dependent if LCID refers
to a table.

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

P1, P2,.PN Pressures corresponding to volumetric strain values given on Cards 3

and 4.

Remarks:

Pressure is positive in compression. Volumetric strain is given by the natural log of the relative
volume and is negative in compression. Relative volume is a ratio of the current volume to the
initial volume at the start of the calculation. The tabulated data should be given in order of in-
creasing compression. If the pressure drops below the cutoff value specified, it is reset to that
value. For a detailed description we refer to Kreig [1972].

The deviatoric perfectly plastic yield function, ¢, is described in terms of the second invariant Jp,
1
2 = 3 sijsijs
pressure, p, and constants ag, a1, and ap as:
¢ =7, — lao + a1p + azp?l.

On the yield surface J, =

[SSH T

03? where gy, is the uniaxial yield stress, i.e.,

1
ay = [3(ap + arp + azp?)] /2
there is no strain hardening on this surface.

To eliminate the pressure dependence of the yield strength, set:
12
a1=a2=0 a0=50-y.

This approach is useful when a von Mises type elastic-plastic model is desired for use with the
tabulated volumetric data.
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A
pressure
Loading and unloading follows the input
curve if the volumetric crushing option is
off (VCR=1.0) /
-
The bulk unleading modulus is used if the
In % volumetric crushing option is on (VCR=0)
0
. 4 ¢ - . .
tension Volumetric strain
- \ > - > (compression)
tension cutoft value

Figure 2-5. Pressure versus volumetric strain curve for soil and crushable foam model.
The volumetric strain is given by the natural logarithm of the relative volume, V.

The history variable labeled as “plastic strain” by LS-PrePost is actually In(V/V)) in the case of
*MAT SOIL AND FOAM.
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*MAT_VISCOELASTIC

This is Material Type 6. This model allows the modeling of viscoelastic behavior for beams
(Hughes-Liu), shells, and solids. Also see *MAT GENERAL VISCOELASTIC for a more
general formulation.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO BULK GO0 GI BETA
Type A8 F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density
BULK Elastic bulk modulus.
LT.0.0: IBULK] is load curve of bulk modulus as a function of tem-
perature.
GO Short-time shear modulus, see equations below.
LT.0.0: |GO| is load curve of short-time shear modulus as a function
of temperature.
GI Long-time (infinite) shear modulus, Goo.
LT.0.0: |G]] is load curve of long-time shear modulus as a function
of temperature.
BETA Decay constant.
LTO0.0: [BETA] is load curve of decay constant as a function of tem-
perature.
Remarks:

The shear relaxation behavior is described by [Hermann and Peterson, 1968]:

A Jaumann rate formulation is used

v
o'y =2 fOtG(t—T) D';j(v)dr

2-62 (MAT) LS-DYNA R7.0



*MAT_VISCOELASTIC *MAT _006

. . . v .
where the prime denotes the deviatoric part of the stress rate, 0;;, and the strain rate, D;;.
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*MAT_BLATZ-KO_RUBBER

This is Material Type 7. This one parameter material allows the modeling of nearly incompress-
ible continuum rubber. The Poisson’s ratio is fixed to 0.463.

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

acters must be specified.

RO Mass density.
G Shear modulus.
REF Use reference geometry to initialize the stress tensor. The reference ge-

ometry is defined by the keyword:*INITIAL FOAM REFERENCE
GEOMETRY (see there for more details).

EQ.0.0: off,

EQ.1.0: on.

Remarks:

The second Piola-Kirchhoff stress is computed as

y=6 L o) 5,
ij = v CuT ij
where V is the relative volume defined as being the ratio of the current volume to the initial vol-
ume, C;; is the right Cauchy-Green strain tensor, and v is Poisson’s ratio, which is set to .463
internally. This stress measure is transformed to the Cauchy stress, 0;;, according to the relation-
ship
oij = V7 FFyu Sy

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

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

Card 1 1 2 3 4 5 6 7 8
Variable MID RO D PCJ BETA K G SIGY
Type A8 F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density.
D Detonation velocity.
PCJ Chapman-Jouget pressure.
BETA Beta burn flag, BETA (see comments below):

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

K Bulk modulus (BETA=2.0 only).

G Shear modulus (BETA=2.0 only).

SIGY ay, yield stress (BETA=2.0 only).
Remarks:

Burn fractions, F, which multiply the equations of states for high explosives, control the release
of chemical energy for simulating detonations. At any time, the pressure in a high explosive el-
ement is given by:

P = Fpeos(V, E)

where p,,s, 18 the pressure from the equation of state (either types 2, 3, or 14), V' is the relative
volume, and £ is the internal energy density per unit initial volume.

In the initialization phase, a lighting time t; is computed for each element by dividing the dis-
tance from the detonation point to the center of the element by the detonation velocity D. If mul-
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tiple detonation points are defined, the closest detonation point determines t;, The burn fraction
F is taken as the maximum

F = max(F, F,)

where
2 EtbAemay  jp o t,
3V,
Fl =
0 ift < ¢
F—ge 1-V

where V¢, is the Chapman-Jouguet relative volume and t is current time. If F exceeds 1, it is re-

set to 1. This calculation of the burn fraction usually requires several time steps for F to reach
unity, thereby spreading the burn front over several elements. After reaching unity, F is held
constant. This burn fraction calculation is based on work by Wilkins [1964] and is also dis-
cussed by Giroux [1973].

If the beta burn option is used, BETA=1.0, any volumetric compression will cause detonation
and
F == F2

and F; is not computed.

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

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

detonation. In this case we update the stress tensor, to an elastic trial stress, * si"j“,

* Sinj+1 = Slnj + Sip..(zpj + Sjp'Qpi + ZGSIU dt

where G is the shear modulus, and e"i ; 1s the deviatoric strain rate. The von Mises yield condi-
tion is given by:

2
¢=J— =
3
where the second stress invariant, /,, is defined in terms of the deviatoric stress components as
_1
J2 =5 8ijSij

and the yield stress is 0,,. If yielding has occurred, i.e., ¢ > 0, the deviatoric trial stress is scaled
to obtain the final deviatoric stress at time n+1:
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o
n+l _ Yy n+1
Sij - =T —="*9j
/3]2
If ¢ <0, then
N+l — , (n+l

ij ij

Before detonation pressure is given by the expression

pn+1 =K (an+1 - 1)

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

n+l _ 0

s =

and the material behaves like a gas.

LS-DYNA R7.0
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*MAT_NULL

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

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

Beams and shells that use this material type are completely bypassed in the element processing;
however, the mass of the null shell elements is computed and added to the nodal points which
define the connectivity. However, the mass of null beams is ignored if the value of the density is
less than 1.e-11. The Young’s modulus and Poisson’s ratio are used only for setting the contact
interface stiffness’s, and it is recommended that reasonable values be input.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO PC MU TEROD CEROD ™M PR
Type A8 F F F F F F F
Defaults none none 0.0 0.0 0.0 0.0 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density
PC Pressure cutoff (< 0.0). See Remark 4.
MU Dynamic viscosity coefficient pu (optional). See Remark 1.
TEROD Relative volume. VKO, for erosion in tension. Typically, use values greater

than unity. If zero, erosion in tension is inactive.

. 14 . . . .
CEROD Relative volume, o~ for erosion in compression. Typically, use values
0

less than unity. If zero, erosion in compression is inactive.
YM Young’s modulus (used for null beams and shells only)

PR Poisson’s ratio (used for null beams and shells only)
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Remarks:

1.

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

’ 1

0'ij = 2UE

]~ el

— A | — S —

m2] Im? lls

is computed for nonzero u where e"i ; 1s the deviatoric strain rate.  is the dynamic vis-
cosity. For example, in SI unit system, ¢ may have a unit of [Pa*s].

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

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

The cut-off pressure, PC, must be defined to allow for a material to “numerically” cavi-
tate. In other words, when a material undergoes dilatation above certain magnitude, it
should no longer be able to resist this dilatation. Since dilatation stress or pressure is neg-
ative, setting PC limit to a very small negative number would allow for the material to
cavitate once the pressure in the material goes below this negative value.
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*MAT_ELASTIC_PLASTIC_HYDRO_{OPTION}

This is Material Type 10. This material allows the modeling of an elastic-plastic hydrodynamic
material and requires an equation-of-state (*EOS).

Available options include:
<BLANK>
SPALL
STOCHASTIC

The STOCHASTIC option allows spatially varying yield and failure behavior. See *DEFINE
_STOCHASTIC_VARIATION for additional information.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO G SIGY EH PC FS CHARL
Type A8 F F F F F F F
Default none none none 0.0 0.0 -00 0.0 0.0

Define this card if and only if the SPALL option is specified.

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

Type F F F

Card 2 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
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Card 3 1 2 3 4 5 6 7 8
Variable EPS9 EPS10 EPS11 EPSI12 EPSI13 EPS14 EPSI5 EPS16
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable ES1 ES2 ES3 ES4 ES5 ES6 ES7 ES8
Type F F F F F F F F
Card 5 1 2 3 4 5 6 7 8
Variable ES9 ES10 ESI11 ES12 ESI13 ES14 ESI5 ES16
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
G Shear modulus.
SIGY Yield stress, see comment below.
EH Plastic hardening modulus, see definition below.
PC Pressure cutoff (< 0.0). If zero, a cutoff of -0 is assumed.
FS Effective plastic strain at which erosion occurs.
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VARIABLE DESCRIPTION

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

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

EQ.0.0: default set to “1.0”,
EQ.1.0: tensile pressure is limited by PC, i.e., p is always > PC,

EQ.2.0: if 0,4 = -PC element spalls and tension, p <0, is never al-
lowed,
EQ.3.0: p <PC element spalls and tension, p <0, is never allowed.

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

ES Effective stress. Define up to 16 values.

Remarks:

If ES and EPS are undefined, the yield stress and plastic hardening modulus are taken from SI-
GY and EH. In this case, the bilinear stress-strain curve shown in 2-6. is obtained with harden-
ing parameter, B=1. The yield strength is calculated as

o, =09+ E, &P + (a; + pa,)max|p, 0]

y
The quantity Ej, is the plastic hardening modulus defined in terms of Young’s modulus, E, and
the tangent modulus, E¢, as follows

E: E

E, = :
T E—E,

and p is the pressure taken as positive in compression.

If ES and EPS are specified, a curve like that shown in 2-6. may be defined. Effective stress is
defined in terms of the deviatoric stress tensor, sjj, as:

1
g /2
g = E Sij Sij
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¥

Piecewise linear curve defining

the yield stress versus effective
plastic strain. A nonzero yield
stress is defined when the plastic
strain is zero.

-
0 (Y

Figure 2-6. Effective stress versus effective plastic strain curve..

and effective plastic strain by:

1
t (2 2
D — 2 pppp
&P = fo (3 D;; Dij) dt,
where t denotes time and Dg. is the plastic component of the rate of deformation tensor. In this

case the plastic hardening modulus on Card 1 is ignored and the yield stress is given as
where the value for f(&P) is found by interpolation from the data curve.

A choice of three spall models is offered to represent material splitting, cracking, and failure un-
der tensile loads. The pressure limit model, SPALL=1, limits the hydrostatic tension to the spec-
ified value, peyt. If pressures more tensile than this limit are calculated, the pressure is reset to
pcut- This option is not strictly a spall model, since the deviatoric stresses are unaffected by the
pressure reaching the tensile cutoff, and the pressure cutoff value, pcyt, remains unchanged
throughout the analysis. The maximum principal stress spall model, SPALL=2, detects spall if
the maximum principal stress, omax, €xceeds the limiting value -pcyt. Note that the negative sign
is required because pcyt 1s measured positive in compression, while oax 1S positive in tension.
Once spall is detected with this model, the deviatoric stresses are reset to zero, and no hydrostatic
tension (p<0) is permitted. If tensile pressures are calculated, they are reset to 0 in the spalled
material. Thus, the spalled material behaves as a rubble or incohesive material. The hydrostatic
tension spall model, SPALL=3, detects spall if the pressure becomes more tensile than the speci-
fied limit, p¢yt. Once spall is detected the deviatoric stresses are reset to zero, and nonzero val-
ues of pressure are required to be compressive (positive). If hydrostatic tension (p<0) is subse-
quently calculated, the pressure is reset to 0 for that element.

This model is applicable to a wide range of materials, including those with pressure-dependent
yield behavior. The use of 16 points in the yield stress versus effective plastic strain curve al-
lows complex post-yield hardening behavior to be accurately represented. In addition, the incor-
poration of an equation of state permits accurate modeling of a variety of different materials.
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The spall model options permit incorporation of material failure, fracture, and disintegration ef-
fects under tensile loads.
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*MAT_STEINBERG

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

Card 1 1 2 3 4 5 6 7 8
Variable MID RO GO SIGO BETA N GAMA SIGM
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable B BP H F A T™MO GAMO SA
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable PC SPALL RP FLAG MMN MMX ECO EClI
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable EC2 EC3 EC4 EC5 ECé6 EC7 EC8 EC9
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.

RO Mass density.
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VARIABLE

GO

SIGO

BETA

GAMA

SIGM

BP

T™O

GAMO

SA

PC

SPALL

FLAG

MMN

MMX

DESCRIPTION

Basic shear modulus.

O,, see defining equations.

B, see defining equations.

n, see defining equations.

Y;, initial plastic strain, see defining equations.
Om, see defining equations.

b, see defining equations.

b’, see defining equations.

h, see defining equations.

f, see defining equations.

Atomic weight (if = 0.0, R" must be defined).
Tmo, see defining equations.

Yo, see defining equations.

a, see defining equations.

Pressure cutoff (default=-1.e+30)

Spall type:

EQ. 0.0: default set to “2.0”,
EQ. 1.0: p = PC,

EQ. 2.0: if Opax > -PC element spalls and tension, p < 0, is never al-

lowed,

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

R'. If R'#0.0, A is not defined.

Set to 1.0 for W coefficients for the cold compression energy fit. Default

isn.

Mmin O Nmin. Optional Y or N minimum value.

Mmax OF Nmax. Optional [ or N maximum value.
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VARIABLE DESCRIPTION
ECO,...EC9 Cold compression energy coefficients (optional).
Remarks:

Users who have an interest in this model are encouraged to study the paper by Steinberg and
Guinan which provides the theoretical basis. Another useful reference is the KOVEC user’s
manual.

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

G=Go [1 +bpv's —h (E2Ee— 300)| o= e -k

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

900 R’ exp (ax)
(1ox) 2 Go-a 1) ’

E.(x) = [, pdx —

x=1-7V,

and Ey, is the melting energy:

Em(x) = Ec(x) + 3R'Ty(x)
which is in terms of the melting temperature T,,, (x):

TmoeXp (2ax)
T () = Joen e

and the melting temperature at p = p,, Tpo-

In the above equation R’ is defined by

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

The yield strength Oy is given by:

if E,,, exceeds E;. Here, oy’ 1s given by:

o= o0y [1 + Blyi+ V)"
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where oy is the initial yield stress and y is the initial plastic strain. If the work-hardened yield
stress 0y’ exceeds oy, 0y “is set equal to oy, After the materials melt, ), and G are set to one
half their initial value.

If the coefficients ECO,...,EC9 are not defined above, LS-DYNA will fit the cold compression

energy to a ten term polynomial expansion either as a function of [ or 1 depending on the input
variable, FLAG, as:

Ec(n")
)

2?: 0 ECmi
E.(u X

=0 ECiu!

where EC; is the ith coefficient and:

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

A choice of three spall models is offered to represent material splitting, cracking, and failure un-
der tensile loads. The pressure limit model, SPALL=1, limits the hydrostatic tension to the spec-
ified value, pcyt. If pressures more tensile than this limit are calculated, the pressure is reset to
pcut- This option is not strictly a spall model, since the deviatoric stresses are unaffected by the
pressure reaching the tensile cutoff, and the pressure cutoff value, pcyt, remains unchanged
throughout the analysis. The maximum principal stress spall model, SPALL=2, detects spall if
the maximum principal stress, omax, €xceeds the limiting value -pcy. Note that the negative sign
is required because pcyt 1S measured positive in compression, while Gyax 1S positive in tension.
Once spall is detected with this model, the deviatoric stresses are reset to zero, and no hydrostatic
tension (p<0) is permitted. If tensile pressures are calculated, they are reset to 0 in the spalled
material. Thus, the spalled material behaves as a rubble or incohesive material. The hydrostatic
tension spall model, SPALL=3, detects spall if the pressure becomes more tensile than the speci-
fied limit, p¢yt. Once spall is detected the deviatoric stresses are reset to zero, and nonzero val-
ues of pressure are required to be compressive (positive). If hydrostatic tension (p<0) is subse-
quently calculated, the pressure is reset to O for that element.

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

This is Material Type 11. This material is a modification of the Steinberg model above to in-
clude the rate model of Steinberg and Lund [1989]. An equation of state determines the pres-
sure.

The keyword cards can appear in two ways:

*MAT_STEINBERG_LUND or MAT_011_LUND

Card 1 1 2 3 4 5 6 7 8
Variable MID RO GO SIGO BETA N GAMA | SIGM
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable B BP H F A TMO GAMO SA
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable PC SPALL RP FLAG MMN MMX ECO ECI
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable EC2 EC3 EC4 ECS5 EC6 EC7 EC8 EC9
Type F F F F F F F F
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*MAT_STEINBERG_LUND

Card 5 1 2 3 4 5 6 8
Variable UK Cl C2 YP YA YM
Type F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
GO Basic shear modulus.
SIGO 0o, see defining equations.
BETA B, see defining equations.
N n, see defining equations.
GAMA Vi, initial plastic strain, see defining equations.
SIGM om, see defining equations.
B b, see defining equations.
BP b’, see defining equations.
H h, see defining equations.
F f, see defining equations.
A Atomic weight (if = 0.0, R must be defined).
TMO Tmo, see defining equations.
GAMO Yo, see defining equations.
SA a, see defining equations.
PC Pcut or -Of (default=-1.e+30)

2-80 (MAT)

LS-DYNA R7.0



*MAT_STEINBERG_LUND *MAT 011 _LUND

VARIABLE DESCRIPTION

SPALL Spall type:
EQ. 0.0: default set to “2.0”,
EQ. 1.0: p = Pmin,
EQ. 2.0: if 0pax = —Pmin €lement spalls and tension, p < 0, is
never allowed,
EQ. 3.0: p < —ppin €lement spalls and tension, p < 0, is never al-

lowed.

RP R'. If R'#0.0, A is not defined.

FLAG Set to 1.0 for W coefficients for the cold compression energy fit. Default
isn.
MMN Mmin OF Nmin. Optional Y or N minimum value.
MMX Mmax OF Nmax. Optional [ or N maximum value.
ECO,...EC9 Cold compression energy coefficients (optional).

UK Activation energy for rate dependent model.

Cl1 Exponent prefactor in rate dependent model.

C2 Coefficient of drag term in rate dependent model.

YP Peierls stress for rate dependent model.

YA A thermal yield stress for rate dependent model.
YMAX Work hardening maximum for rate model.

Remarks:

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

. G(p,T)
o = (8 T) +1uf (&)} ¢

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

YAf(gp) = Y;l[]- + .B(Vi + eP)* < Yax

and the second is on the thermal part:

Yy < Yp
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*MAT_ISOTROPIC_ELASTIC_PLASTIC

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

Card 1 2 3 4 5 6 7 8
Variable MID RO G SIGY ETAN BULK
Type A8 F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density.
G Shear modulus.
SIGY Yield stress.
ETAN Plastic hardening modulus.
BULK Bulk modulus, K.
Remarks:

Here the pressure is integrated in time
p=-K &

where ¢;; 1s the volumetric strain rate.

2-82 (MAT) LS-DYNA R7.0



*MAT_ISOTROPIC_ELASTIC_FAILURE *MAT 013

*MAT_ISOTROPIC_ELASTIC_FAILURE

This is Material Type 13. This is a non-iterative plasticity with simple plastic strain failure mod-

el.
Card 1 1 2 3 4 5 6 7 8
Variable MID RO G SIGY ETAN BULK
Type A8 F F F F F
Default None None None None 0.0 None
Card 2 1 2 3 4 5 6 7 8
Variable EPF PRF REM TREM
Type F F F F
Default None 0.0 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
G Shear modulus.
SIGY Yield stress.
ETAN Plastic hardening modulus.
BULK Bulk modulus.
EPF Plastic failure strain.
PRF Failure pressure (<0.0).
LS-DYNA R7.0 2-83 (MAT)



*MAT 013 *MAT_ISOTROPIC_ELASTIC_FAILURE

VARIABLE DESCRIPTION

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

TREM At for element removal:
EQ.0.0: At is not considered (default),
GT.0.0: element eroded if element time step size falls below At.

Remarks:

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

The element erosion option based on At must be used cautiously with the contact options. Nodes
to surface contact is recommended with all nodes of the eroded brick elements included in the
node list. As the elements are eroded the mass remains and continues to interact with the master
surface.
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*MAT_SOIL_AND FOAM FAILURE

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

LS-DYNA R7.0 2-85 (MAT)



*MAT _015 *MAT_JOHNSON_COOK

*MAT_JOHNSON_COOK

Available options include:
<BLANK>
STOCHASTIC

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

The STOCHASTIC option allows spatially varying yield and failure behavior. See
*DEFINE_STOCHASTIC VARIATION for additional information.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO G E PR DTF VP RATEOP
Type A8 F F F F F F F
Default none none none none none 0.0 0.0 0.0
Card 2 1 2 3 4 5 6 7 8
Variable A B N C M ™ TR EPSO
Type F F F F F F F F
Default none 0.0 0.0 0.0 none none none none
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Card 3 1 2 3 4 5 6 7 8
Variable CP PC SPALL IT D1 D2 D3 D4
Type F F F F F F F F
Default none 0.0 2.0 0.0 0.0 0.0 0.0 0.0
Card 4 1 2 3 4 5 6 7 8
Variable D5 C2/p EROD EFMIN | NUMINT
Type F F F F F
Default 0.0 0.0 0.0 0.000001 0.
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
G Shear modulus
E Young’s Modulus (shell elements only)
PR Poisson’s ratio (shell elements only)
DTF Minimum time step size for automatic element deletion (shell elements).
The element will be deleted when the solution time step size drops be-
low DTF*TSSFAC where TSSFAC is the time step scale factor defined
by *CONTROL TIMESTEP.
VP Formulation for rate effects:
EQ.0.0: Scale yield stress (default),
EQ.1.0: Viscoplastic formulation.
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VARIABLE DESCRIPTION

RATEOP Optional forms of strain-rate term:

EQ.0.0: Log-Linear Johnson-Cook (default),

EQ.1.0: Log-Quadratic Huh-Kang (2 parameters),
EQ.2.0: Exponential Allen-Rule-Jones,

EQ.3.0: Exponential Cowper-Symonds (2 parameters).
EQ.4.0: Nonlinear rate coefficient (2 parameters).

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

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

CP Specific heat (superseded by heat capacity in *MAT THERMAL
_OPTION if a coupled thermal/structural analysis)
PC Tensile failure stress or tensile pressure cutoff (PC < 0.0)
SPALL Spall type:

EQ.0.0: default set to “2.0”,

EQ.1.0: Tensile pressure is limited by PC, i.e., p is always > PC,

EQ.2.0: omax > -PC triggers shell element deletion and tensile
stresses to be reset to zero in solid elements:Only compres-
sive stresses are subsequently allowed in solids,

EQ.3.0: p < PC triggers shell element deletion and pressure to be re-
set to zero in solid elements: Tensile pressure is subsequently
disallowed in solids.
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VARIABLE DESCRIPTION
IT Plastic strain iteration option. This input applies to solid elements only
since it is always necessary to iterate for the shell element plane stress
condition.

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

D1-D5 Failure parameters, see equations below.

C2/P/w’ Optional strain-rate parameter for Huh-Kang (C2), Cowper-Symonds
(P), and nonlinear rate coefficient (n ) forms; see equations below.
EROD Erosion Flag:

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

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

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

Remarks:
Johnson and Cook express the flow stress as
oy = (A +Be‘pn)(1 + clné *) (1-T+m)
where
A, B, C, n, and m = input constants

&P effective plastic strain

For VP=0, € = ﬁeffective total strain rate normalized by quasi-static threshold rate
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eP . . . . . .
For VP=1, & = ﬁ effective plastic strain rate normalized by quasi-static threshold rate

T—T,
T* = homologous temperature = Lo

Tmett—Troom

The quantity T — Tyoom 1S stored as extra history variable 5.

Constants for a variety of materials are provided in Johnson and Cook [1983]. A fully visco-
plastic formulation is optional (VP) which incorporates the rate equations within the yield sur-
face. An additional cost is incurred but the improvement is that results can be dramatic.

Due to nonlinearity in the dependence of flow stress on plastic strain, an accurate value of the
flow stress requires iteration for the increment in plastic strain. However, by using a Taylor se-
ries expansion with linearization about the current time, we can solve for Oy with sufficient accu-
racy to avoid iteration.

The strain at fracture is given by
ef = max([D; + D,expD;0*][1 + D,Iné*] [1+ DsT*], EFMIN)

where 0* is the ratio of pressure divided by effective stress

. 14
(0} =
Oeff
Fracture occurs when the damage parameter
b Ag?
= Z _gf

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

A choice of three spall models is offered to represent material splitting, cracking, and failure un-
der tensile loads. The pressure limit model limits the minimum hydrostatic pressure to the speci-
fied value, p = pjin. If pressures more tensile than this limit are calculated, the pressure is reset
to pmin. This option is not strictly a spall model since the deviatoric stresses are unaffected by
the pressure reaching the tensile cutoff and the pressure cutoff value p,,;, remains unchanged
throughout the analysis. The maximum principal stress spall model detects spall if the maximum
principal Stress, Opqy, €xceeds the limiting value o;,. Once spall in solids is detected with this
model, the deviatoric stresses are reset to zero and no hydrostatic tension is permitted. If tensile
pressures are calculated, they are reset to 0 in the spalled material. Thus, the spalled material
behaves as rubble. The hydrostatic tension spall model detects spall if the pressure becomes
more tensile than the specified limit, p,,;,. Once spall in solids is detected with this model, the
deviatoric stresses are set to zero and the pressure is required to be compressive. If hydrostatic
tension is calculated then the pressure is reset to 0 for that element.
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In addition to the above failure criterion, this material model also supports a shell element dele-
tion criterion based on the maximum stable time step size for the element, At,,,,. Generally,
At,, 4 goes down as the element becomes more distorted. To assure stability of time integration,
the global LS-DYNA time step is the minimum of the At,,,, values calculated for all elements in
the model. Using this option allows the selective deletion of elements whose time step At 4
has fallen below the specified minimum time step, At.,.;s. Elements which are severely distorted
often indicate that material has failed and supports little load, but these same elements may have
very small time steps and therefore control the cost of the analysis. This option allows these
highly distorted elements to be deleted from the calculation, and, therefore, the analysis can pro-
ceed at a larger time step, and, thus, at a reduced cost. Deleted elements do not carry any load,
and are deleted from all applicable slide surface definitions. Clearly, this option must be judi-
ciously used to obtain accurate results at a minimum cost.

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

Optional Strain Rate Forms

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

1 + Clné *

Some additional data fiting capability can be obtained by using the quadratic form proposed by
Huh & Kang [2002]:
1+ Clné * +C,(Iné *)?

Three additional exponential forms are available, one due to Allen, Rule & Jones [1997],
(€ )
the Cowper-Symonds-like [1958] form

and the nonlinear rate coefficient,
1+ C(el)" In(e»).

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

LS-DYNA R7.0 2-91 (MAT)



*MAT 016

*MAT_PSEUDO_TENSOR

*MAT_PSEUDO_TENSOR

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

structures subjected to impulsive loadings.

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

Type A8 F F F

Default none none none none

Card 2 1 2 3 4 5 6 7 8
Variable SIGF A0 Al A2 AOF Al1F Bl PER
Type F F F F F F F F
Default 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Card 3 1 2 3 4 5 6 7 8
Variable ER PRR SIGY ETAN LCP LCR

Type F F F F F F

Default 0.0 0.0 none 0.0 none none
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*MAT_016

Card 4 1 2 3 4 5 6 7 8
Variable X1 X2 X3 X4 X5 X6 X7 X8
Type F F F F F F F F
Default none none none none none none none none
Card 5 1 2 3 4 5 6 7 8
Variable X9 X10 X11 X12 X13 X14 X15 X16
Type F F F F F F F F
Default none none none none none none none none
Card 6 1 2 3 4 5 6 7 8
Variable YS1 YS2 YS3 YS4 YS5 YS6 YS7 YSS8
Type F F F F F F F F
Default none none none none none none none none
Card 7 1 2 3 4 5 6 7 8
Variable YS9 YS10 YSI11 YS12 YS13 YS14 YSI15 YS16
Type F F F F F F F F
Default none none none none none none none none
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VARIABLE

MID

RO

PR

SIGF

A0

Al

A2

AOF

AIlF

B1

PER

ER

PRR

SIGY

ETAN

LCP

LCR

YSn

DESCRIPTION

Material identification. A unique number or label not exceeding 8 char-
acters must be specified.

Mass density.

Shear modulus.

Poisson’s ratio.

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

Pressure hardening coefficient.

Pressure hardening coefficient.

Cohesion for failed material.

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

Elastic modulus for reinforcement.

Poisson’s ratio for reinforcement.

Initial yield stress.

Tangent modulus/plastic hardening modulus.

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

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

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

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

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

Response Mode I. Tabulated Yield Stress Versus Pressure

This model is well suited for implementing standard geologic models like the Mohr-Coulomb
yield surface with a Tresca limit, as shown in Figure 2-7. Examples of converting conventional
triaxial compression data to this type of model are found in (Desai and Siriwardane, 1984). Note
that under conventional triaxial compression conditions, the LS-DYNA input corresponds to an

ordinate of g; — o3 rather than the more widely used 01;03, where o7 is the maximum principal

stress and o3is the minimum principal stress.

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

To invoke Mode I of this model, set ag, a1, az, b1, aof, and aif to zero. The tabulated values of
pressure should then be specified on cards 4 and 5, and the corresponding values of yield stress

A
Mohr-Coulomb
Tresca
51793 “a
2
Friction Angle
/ Cohesion
-
Pressure

Figure 2-7. Mohr-Coulomb surface with a Tresca limit
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should be specified on cards 6 and 7. The parameters relating to reinforcement properties, initial
yield stress, and tangent modulus are not used in this response mode, and should be set to zero.

Simple tensile failure

Note that aqris reset internally to 1/3 even though it is input as zero; this defines a failed material
curve of slope 3p, where p denotes pressure (positive in compression). In this case the yield
strength is taken from the tabulated yield vs. pressure curve until the maximum principal stress
(071) in the element exceeds the tensile cut-off (g.,.). For every time step that g, > g, the
yield strength is scaled back by a fraction of the distance between the two curves until after 20
time steps the yield strength is defined by the failed curve. The only way to inhibit this feature is
to set g, arbitrarily large.

Response Mode II. Two Curve Model with Damage and Failure

This approach uses two yield versus pressure curves of the form

p

o, =ay +—
Y " a, +ayp

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

MODE II. A: Simple tensile failure
Define ag, a1, a2, aprand ayf, set by to zero, and leave cards 4 through 7 blank. In this case the

yield strength is taken from the maximum yield curve until the maximum principal stress (g;) in
the element exceeds the tensile cut-off (o.,;). For every time step that g, > o, the yield
strength is scaled back by a fraction of the distance between the two curves until after 20 time
steps the yield strength is defined by the failure curve.

Omax— 4T P

+
i 417 a2y

Yield

3

Stailed = 90+ P
ayf tagy,

A

Pressure

Figure 2-8. Two-curve concrete model with damage and failure
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Mode I1.B: Tensile failure plus plastic strain scaling
Define ag, a1, az, aprand ayy, set by to zero, and user cards 4 through 7 to define a scale factor,

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

Oyield = Ofailed T N(Omax — Gfailed)

where 0y ax and 0y 10 are found as shown in Figure 2-8. This yield strength is then subject to
scaling for tensile failure as described above. This type of model allows the description of a
strain hardening or softening material such as concrete.

Mode II1.C: Tensile failure plus damage scaling

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

&b

-b
A=f<1+ p) "de?
Ocut

0

Define aq, a1, az, aprand a1, and by. Cards 4 though 7 now give 1 as a function of A and scale
the yield stress as

Oyield = Ofailed T 77(0-max - O-failed)
and then apply any tensile failure criteria.

Mode IT Concrete Model Options

Material Type 16 Mode II provides for the automatic internal generation of a simple "generic"
model from concrete if A0 is negative then SIGF is assumed to be the unconfined concrete com-
pressive strength, f; and —A0 is assumed to be a conversion factor from LS-DYNA pressure
units to psi. (For example, if the model stress units are MPa, A0 should be set to —145.) In this
case the parameter values generated internally are

f! = SIGF

1

12 \3
Ucut - 17 (_61‘40>
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_ 1

a, = 3fC’

aof =0
a,; = 0.385

Note that these agr and a1t defaults will be overridden by non zero entries on Card 3. If plastic
strain or damage scaling is desired, Cards 5 through 8 and 51 should be specified in the input.
When qq is input as a negative quantity, the equation-of-state can be given as 0 and a trilinear
EOS Type 8 model will be automatically generated from the unconfined compressive strength
and Poisson's ratio. The EOS 8 model is a simple pressure versus volumetric strain model with
no internal energy terms, and should give reasonable results for pressures up to Skbar (approxi-
mately 75,000 psi).

Mixture model

A reinforcement fraction, f,., can be defined along with properties of the reinforcement material.
The bulk modulus, shear modulus, and yield strength are then calculated from a simple mixture
rule, i.e., for the bulk modulus the rule gives:

K=(Q1 _ﬁ‘)Km + fr K-

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

A Suggestion
The LLNL DYNA3D manual from 1991 [Whirley and Hallquist] suggests using the damage
function (Mode I1.C.) in Material Type 16 with the following set of parameters:

K
ao—z
1
a1—§
1
az—BfC,
aof—ﬁ
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alf = 15
b1 = 1.25
and a damage table of:
Card 4: 0.0 8.62E-06 2.15E-05 3.14E-05 3.95E-04
5.17E-04 6.38E-04 7.98E-04
Card 5: 9.67E-04 1.41E-03 1.97E-03 2.59E-03 3.27E-03
4.00E-03 4.79E-03 0.909
Card 6: 0.309 0.543 0.840 0.975 1.000
0.790 0.630 0.469
Card 7: 0.383 0.247 0.173 0.136 0.114
0.086 0.056 0.0

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

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

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

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

Card 2 1 2 3 4 5 6 7 8
Variable SOFT CVELO
Type F F
Default 1.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density.
E Young’s modulus.
PR Poisson’s ratio.
SIGY Yield stress.
ETAN Plastic hardening modulus.
FS Fracture stress.
PRF Failure or cutoff pressure (< 0.0).
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VARIABLE DESCRIPTION

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

CVELO Crack propagation velocity. See remarks.

Remarks:

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

2
b=J - z
3
where the second stress invariant, J,, is defined in terms of the deviatoric stress components as
_ 1
J2 = 5 SijSij

and the yield stress,o,, is a function of the effective plastic strain, sff s> and the plastic hardening
modulus, E:
— P
0y = 0o + Epe s

The effective plastic strain is defined as:

p _ (ty.p
Eorr = |y decyy

where degff = E deipjdeipj

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

_ EE,
p E_Et

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

The oriented crack fracture model is based on a maximum principal stress criterion. When the
maximum principal stress exceeds the fracture stress, of, the element fails on a plane perpendicu-
lar to the direction of the maximum principal stress. The normal stress and the two shear stresses
on that plane are then reduced to zero. This stress reduction is done according to a delay func-
tion that reduces the stresses gradually to zero over a small number of time steps. This delay
function procedure is used to reduce the ringing that may otherwise be introduced into the sys-
tem by the sudden fracture. The number of steps for stress reduction is 20 by default (CVE-
LO=0.0) or it is internally computed if CVELO > 0.0 is given:
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solid
element
midplane

Figure 2-9. Thin structure (2 elements over thickness) with cracks and necessary ele-
ment numbering.

. t( Le )
n =int| ———7+
steps CVELO - At
where L. is characteristic element length and At is time step size.

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

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

Crack propagation behavior to adjacent elements can be controlled via parameter SOFT for thin,
shell-like structures (e.g. only 2 or 3 solids over thickness). Additionally, LS-DYNA has to know
where the plane or solid element midplane is at each integration point for projection of crack
plane on this element midplane. Therefore, element numbering has to be as shown in Figure Fig-
ure 2-9. Only solid element type 1 is supported with that option at the moment.
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*MAT 018

*MAT_POWER_LAW_PLASTICITY

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

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR K N SRC SRP
Type A8 F F F F F F F
Default none none none none none none 0.0 0.0
Card 2 1 2 3 4 5 6 7 8
Variable SIGY VP EPSF
Type F F F
Default 0.0 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
E Young’s modulus.
PR Poisson’s ratio.
K Strength coefficient.
N Hardening exponent.
SRC Strain rate parameter, C, if zero, rate effects are ignored.
SRP Strain rate parameter, P, if zero, rate effects are ignored.
SIGY Optional input parameter for defining the initial yield stress, g,,. Gener-
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VARIABLE DESCRIPTION

ally, this parameter is not necessary and the strain to yield is calculated
as described below.

LT.0.02: &y, = SIGY

GE.0.02: See below.

EPSF Plastic failure strain for element deletion.

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

Remarks:

Elastoplastic behavior with isotropic hardening is provided by this model. The yield stress, 0y, is
a function of plastic strain and obeys the equation:

oy, = ke™ = k(eyp + ép)n

where &,,, is the elastic strain to yield and £Pis the effective plastic strain (logarithmic). If SIGY
is set to zero, the strain to yield if found by solving for the intersection of the linearly elastic
loading equation with the strain hardening equation:

o =EFEe
o=k "
which gives the elastic strain at yield as:
1
Byl
5= (%)

If SIGY yield is nonzero and greater than 0.02 then:

o [
%)

5yp=(k

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

.\ 1/
&\ /P
1+ (5)
where € is the strain rate. A fully viscoplastic formulation is optional which incorporates the

Cowper and Symonds formulation within the yield surface. An additional cost is incurred but
the improvement is results can be dramatic.
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*MAT_STRAIN_RATE_DEPENDENT_PLASTICITY

This is Material Type 19. A strain rate dependent material can be defined. For an alternative,
see Material Type 24. Required is a curve for the yield stress versus the effective strain rate.
Optionally, Young’s modulus and the tangent modulus can also be defined versus the effective
strain rate. Also, optional failure of the material can be defined either by defining a von Mises
stress at failure as a function of the effective strain rate (valid for solids/shells/thick shells) or by
defining a minimum time step size (only for shells).

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR VP
Type A8 F F F F
Default none none none none 0.0
Card 2 1 2 3 4 5 6 7 8
Variable LC1 ETAN LC2 LC3 LC4 TDEL RDEF
Type F F F F F F F
Default none 0.0 0.0 0.0 0.0 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
E Young’s modulus.
PR Poisson’s ratio.
VP Formulation for rate effects:
EQ.0.0: Scale yield stress (default),
EQ.1.0: Viscoplastic formulation
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VARIABLE DESCRIPTION

LCl1 Load curve ID defining the yield stress 0¢ as a function of the effective
strain rate.

ETAN Tangent modulus, E;

LC2 Load curve ID defining Young’s modulus as a function of the effective
strain rate (available only when VP=0; not recommended).

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

LC4 Load curve ID defining von Mises stress at failure as a function of the
effective strain rate (optional).

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

EQ.1.0: Effective plastic strain,

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

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

Remarks:

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

1
= (2 /2
E = 3€l'j€l'j

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

The yield stress is defined as
oy = 0o(&) + E,&P

where &7 is the effective plastic strain and E), is given in terms of Young’s modulus and the tan-
gent modulus by
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Both Young's modulus and the tangent modulus may optionally be made functions of strain rate
by specifying a load curve ID giving their values as a function of strain rate. If these load curve
ID's are input as 0, then the constant values specified in the input are used.

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

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

In addition to the above failure criterion, this material model also supports a shell element dele-
tion criterion based on the maximum stable time step size for the element, At 4. Generally,
At,.x goes down as the element becomes more distorted. To assure stability of time integration,
the global LS-DYNA time step is the minimum of the At ,, values calculated for all elements in
the model. Using this option allows the selective deletion of elements whose time step Aty,.x
has fallen below the specified minimum time step, At.,.;s. Elements which are severely distorted
often indicate that material has failed and supports little load, but these same elements may have
very small time steps and therefore control the cost of the analysis. This option allows these
highly distorted elements to be deleted from the calculation, and, therefore, the analysis can pro-
ceed at a larger time step, and, thus, at a reduced cost. Deleted elements do not carry any load,
and are deleted from all applicable slide surface definitions. Clearly, this option must be judi-
ciously used to obtain accurate results at a minimum cost.

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

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

Card 1 1 2 3 4 5 6 7 8

Variable MID RO E PR COUPLE ALIAS
RE

Type A8 F F F F C/F

Default none none none none 0 Blank
none

Card 2 1 2 3 4 5 6 7 8

Variable CMO CONI1 CON2

Type F F F

Default 0 0 0
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*MAT_020

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

Card 3 1 2 3 4 5 6 7 8
Variable LCO or A2 A3 Vi V2 V3
Al
Type F F F F F F
Default 0 0 0 0 0 0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
E Young’s modulus. Reasonable values have to be chosen for contact
analysis (choice of penalty), see Remarks below.
PR Poisson’s ratio. Reasonable values have to be chosen for contact analy-
sis (choice of penalty), see Remarks below.
N MADYMO3D 5.4 coupling flag, n:
EQ.O: use normal LS-DYNA rigid body updates,
GT.0: the rigid body is coupled to MADYMO 5.4 ellipsoid number n
LT.0: the rigid body is coupled to MADYMO 5.4 plane number |n|.
COUPLE Coupling option if applicable:
EQ.-1: attach VDA surface in ALIAS (defined in the eighth field)
and automatically generate a mesh for viewing the surface in LS-
PREPOST.
MADYMO 5.4 / CAL3D coupling option:
EQ.O: the undeformed geometry input to LS-DYNA corresponds to
the local system for MADYMO 5.4 / CAL3D. The finite element
mesh is input,
EQ.1: the undeformed geometry input to LS-DYNA corresponds to
the global system for MADYMO 5.4 / CAL3D,
EQ.2: generate a mesh for the ellipsoids and planes internally in
LS-DYNA.
M MADYMO3D 5.4 coupling flag, m:
EQ.O: use normal LS-DYNA rigid body updates,
EQ.m: this rigid body corresponds to MADYMO rigid body number
m. Rigid body updates are performed by MADYMO.
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*MAT_RIGID

VARIABLE

ALIAS

RE

CMO

CONI1

CON2

LCO

DESCRIPTION

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

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

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

First constraint parameter:

If CMO=+1.0, then specify global translational constraint:

EQ.0: no constraints,

EQ.1: constrained x displacement,

EQ.2: constrained y displacement,

EQ.3: constrained z displacement,

EQ.4: constrained x and y displacements,
EQ.5: constrained y and z displacements,
EQ.6: constrained z and x displacements,
EQ.7: constrained X, y, and z displacements.

If CM0=-1.0, then specify local coordinate system ID.

See *DEFINE_COORDINATE OPTION: This coordinate sys-

tem is fixed in time.

Second constraint parameter:

If CMO=+1.0, then specify global rotational constraint:

EQ.0: no constraints,

EQ.1: constrained x rotation,

EQ.2: constrained y rotation,

EQ.3: constrained z rotation,

EQ.4: constrained x and y rotations,

EQ.5: constrained y and z rotations,

EQ.6: constrained z and x rotations,

EQ.7: constrained x, y, and z rotations.
If CM0=-1.0, then specify local (SPC) constraint:

EQ.000000 no constraint,

EQ.100000 constrained x translation,

EQ.010000 constrained y translation,

EQ.001000 constrained z translation,

EQ.000100 constrained x rotation,

EQ.000010 constrained y rotation,

EQ.000001 constrained z rotation.

Any combination of local constraints can be achieved by adding the

number 1 into the corresponding column.

Local coordinate system number for output.
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VARIABLE DESCRIPTION

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

Remarks:

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

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

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

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

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

Constraint directions for rigid materials (CMO equal to +1 or -1) are fixed, that is, not updated,
with time. To impose a constraint on a rigid body such that the constraint direction is updated as
the rigid body rotates, use *“BOUNDARY PRESCRIBED MOTION RIGID LOCAL.
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It is strongly advised that nodal constraints, e.g., by * BOUNDARY_ SPC_OPTION, not be ap-
plied to nodes of a rigid body as doing so may compromise the intended constraints in the case of
an explicit simulation. Such SPCs will be skipped in an implicit simulation and a warning is-
sued.

If the intended constraints are not with respect to the calculated center-of-mass of the rigid body,
*CONSTRAINED JOINT OPTION may often be used to obtain the desired effect. This ap-
proach typically entails defining a second rigid body which is fully constrained and then defining
a joint between the two rigid bodies. Another alternative for defining rigid body constraints that
are not with respect to the calculated center-of-mass of the rigid body is to manually specify the
initial center-of-mass location using *PART INERTIA. When using *PART INERTIA, a full
set of mass properties must be specified and the user must understand that the dynamic behavior
of the rigid body is affected by its mass properties.

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

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

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

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

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

This is Material Type 21. A linearly elastic, orthotropic material with orthotropic thermal expan-
sion.

Available options include:

<BLANK>

FAILURE
Card 1 1 2 3 4 5 6 7 8
Variable MID RO EA EB EC PRBA PRCA PRCB
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable GAB GBC GCA AA AB AC AOPT MACF
Type F F F F F F F I
Card 3 1 2 3 4 5 6 7 8
Variable XP YP zp Al A2 A3
Type F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3 BETA REF
Type F F F F F F F
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Required 1 2 3 4 5 6 7 8
for FAIL-
URE
Variable Al All A2 AS ASS A4 NIP
Type F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
EA Ea, Young’s modulus in a-direction.
EB Ep, Young’s modulus in b-direction.
EC E., Young’s modulus in c-direction.
PRBA Vpa, Poisson’s ratio, ba.
PRCA V¢a, Poisson’s ratio, ca.
PRCB Vb, Poisson’s ratio, cb
GAB Gap, Shear modulus, ab.
GBC Gy, Shear modulus, be.
GCA Gea, Shear modulus, ca.
AA ,, coefficients of thermal expansion in the a-direction.
AB Oy, coefficients of thermal expansion in the b-direction.
AC 0., coefficients of thermal expansion in the c-direction.
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VARIABLE DESCRIPTION
AOPT Material axes option (see MAT_OPTION TROPIC ELASTIC for a
more complete description):
EQ. 0.0: locally orthotropic with material axes determined by ele-
ment nodes 1, 2, and 4, as with *DEFINE COORDINATE
NODES.
EQ. 1.0: locally orthotropic with material axes determined by a
point in space and the global location of the element center; this is
the a-direction. This option is for solid elements only.
EQ. 2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with * DEFINE_ COORDINATE VECTOR.
EQ. 3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle, BETA, from a
line in the plane of the element defined by the cross product of the
vector v with the element normal.
EQ. 4.0: locally orthotropic in cylindrical coordinate system with
the material axes determined by a vector v, and an originating point,
p, which define the centerline axis. This option is for solid elements
only.
LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-
ORDINATE SYSTEM or *DEFINE COORDINATE VECTOR).
Available in R3 version of 971 and later.
MACF Material axes change flag for brick elements:
EQ.1: No change, default,
EQ.2: switch material axes a and b,
EQ.3: switch material axes a and c,
EQ.4: switch material axes b and c.
XP,YP,ZP Coordinates of point p for AOPT = 1 and 4.
Al1,A2,A3 Components of vector a for AOPT = 2.
V1,V2,V3 Components of vector v for AOPT = 3 and 4.
D1,D2,D3 Components of vector d for AOPT = 2.
BETA Material angle in degrees for AOPT = 3, may be overridden on the ele-
ment card, see *ELEMENT SHELL BETA or *ELEMENT SOL-
ID_ORTHO.
REF Use reference geometry to initialize the stress tensor. The reference ge-
ometry is defined by the keyword:*INITIAL FOAM_REFERENCE
GEOMETRY (see there for more details).
EQ.0.0: off,
EQ.1.0: on.
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VARIABLE DESCRIPTION
Al,Al11,A2 Coefficients for the matrix dominated failure criterion.
AS5,A55,A4 Coefficients for the fiber dominated failure criterion.
Remarks:

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

S=C-E=T'CT-E

where T is the transformation matrix [Cook 1974].

l% m% n% lymy min, nqly
l% m% n% l,m, mypn, n,l,
12 m3 m3 l3mg mans nsls

241, 2mym, 2n,n, ((Iym,+1,m;) (mm,+myn;) ml, +n,l)
2L,1; 2m,mg5 2n,n;  (I,mg +Ilym,) (myng + mgn,)  (nyls + ngly)
| 2151, 2mymy;  2ngny  (Iymg +1im3)  (msng + myns)  (nsgly +nyls)l

l;, m;, n; are the direction cosines
x';=lix; + mix, +nyixs fori=123

and x'; denotes the material axes. The constitutive matrix C; is defined in terms of the material
axes as

1 U21 Uszq
= 0 0
Eyy Ey, E3s
V12 1 U3z
- = — —-—== 0 0 0
Ei1  Ey E3s
U13 Uz3 1
- - — 0 0 0
c1= Eiq Ey,  Ess
. 1
0 0 0 — 0 0
G1z
0 0 0 0 1 0
Ga3
0 0 0 0 0 1
Gsy

where the subscripts denote the material axes, i.e.,
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Uij = Ux,ix,]. and Eii = Ex’i

Since C; is symmetric

The vector of Green-St. Venant strain components is
E'= |E11, E22, E33, E12, Ea3, E3l
which include the local thermal strains which are integrated in time:

n+l _ on n+1 n
€aa _gaa+aa(T -T )
n+l _ .n n+1 n
Epp - = Epp + (T —T™)
n+l _ on n+1 n
Ece _gcc+ac(T —-T )

After computing S;; we then obtain the Cauchy stress:

_p Ox; Ox;
 po 0X, 0X, “

O-ij
This model will predict realistic behavior for finite displacement and rotations as long as the

strains are small.

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

The failure models were derived by William Feng. The first one defines the matrix dominated
failure mode,

Ep,=A:(I; =3) + A (I; — 3)2 +A4,(I;-3)—-1
and the second defines the fiber dominated failure mode,
Ff = A5(15 - 1) +A55(15 - 1)2 + A4(I4_ - 1) - 1

When either is greater than zero, the integration point fails, and the element is deleted after NIP
integration points fail.

The coefficients A; are defined in the input and the invariants I; are the strain invariants
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L = Coa
a=1,3
1 2 2
L=zlE- ) ckl
a,f=1,3
13 = det(C)
14 = Z Va Cayc]/,BVﬁ
a,By=13
15 = Va C‘X.BVB
a,f=1,3

and C is the Cauchy strain tensor and V is the fiber direction in the undeformed state. By conven-
tion in this material model, the fiber direction is aligned with the a direction of the local ortho-

tropic coordinate system.
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*MAT_COMPOSITE_DAMAGE

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

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

Type F F F F F I

Default none None none 0.0 0.0 0

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

Type F F F F F F

Default 0.0 0.0 0.0 0.0 0.0 0.0
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Card 4 1 2 3 4 5 6 7 8
Variable V1 V2 V3 Dl D2 D3 BETA
Type F F F F F F F
Default 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Card 5 1 2 3 4 5 6 7 8
Variable SC XT YT YC ALPH SN SYZ SzX
Type F F F F F F F F
Default none none none none none none none none
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
EA Ea, Young’s modulus in a-direction.
EB Ep, Young’s modulus in b-direction.
EC E¢, Young’s modulus in c-direction.
PRBA Vp,, Poisson ratio, ba.
PRCA V¢a, Poisson ratio, ca.
PRCB Vb, Poisson ratio, cb.
GAB Gapb, Shear modulus, ab.
GBC Gy, Shear modulus, bc.
GCA Geca, Shear modulus, ca.
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VARIABLE

KFAIL

AOPT

MACF

XP,YP,ZP
A1,A2,A3
V1,V2,V3
D1,D2,D3

BETA

SC

XT

DESCRIPTION

Bulk modulus of failed material. Necessary for compressive failure.

Material axes option (see MAT_OPTION TROPIC ELASTIC for a

more complete description):
EQ. 0.0: locally orthotropic with material axes determined by ele-
ment nodes 1, 2, and 4, as with *DEFINE COORDINATE
NODES.
EQ. 1.0: locally orthotropic with material axes determined by a
point in space and the global location of the element center; this is
the a-direction. This option is for solid elements only.
EQ. 2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with *DEFINE_ COORDINATE VECTOR.
EQ. 3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle, BETA, from a
line in the plane of the element defined by the cross product of the
vector v with the element normal.
EQ. 4.0: locally orthotropic in cylindrical coordinate system with
the material axes determined by a vector v, and an originating point,
p, which define the centerline axis. This option is for solid elements
only.
LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-
ORDINATE SYSTEM or *DEFINE COORDINATE VECTOR).
Available in R3 version of 971 and later.

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

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

Material angle in degrees for AOPT = 3, may be overridden on the ele-
ment card, see *ELEMENT SHELL BETA or *ELEMENT SOL-
ID ORTHO.

Shear strength, ab plane, see the LS-DYNA Theory Manual.

Longitudinal tensile strength, a-axis, see the LS-DYNA Theory Manual.

LS-DYNA R7.0
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VARIABLE

YT
YC

ALPH

SN
SYZ

SZX

Remarks:

The number of additional integration point variables for shells written to the d3plot database is
input by the optional *DATABASE _EXTENT BINARY as variable NEIPS. These additional

DESCRIPTION

Transverse tensile strength, b-axis.

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

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

Normal tensile strength (solid elements only)
Transverse shear strength (solid elements only)

Transverse shear strength (solid elements only)

history variables are tabulated below (i = shell integration point):

) o LS-PrePost
History Description Value history variable
Variable
ef(l). tens.lle ﬁbel.” mode 1 - elastic See table 2.2
cm(i) tensile matrix mode 0 - failed 1
ed(i) compressive matrix mode 2

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

Table 2.3.

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

2-122 (MAT)

LS-DYNA R7.0




*MAT_COMPOSITE_ DAMAGE *MAT 022

Description Integration point
1 wni .
- Lizy ef () !
nip
1 , 2
ip 4 cm(i)
=1
nip
LN 3
nip £ ed(®)
=1
ef(i) for i>3 i
Table 2.4.
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*MAT_TEMPERATURE_DEPENDENT_ORTHOTROPIC

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

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

Type A8 F F F 1

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

Type F F F F F F

Card 3 1 2 3 4 5 6 7 8
Variable Vi V2 V3 D1 D2 D3 BETA

Type F F F F F F F

Define one set of constants on two cards for each temperature point. Up to 48 points (96
cards) can be defined. The next “+” card terminates the input.

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

Ti

Variable EAi EBi ECi PRBAI PRCAI PRCBi

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

Variable

AAi

ABI ACi GABI GBCi GCAi Ti

Type

VARIABLE

MID

RO

AOPT

DESCRIPTION

Material identification. A unique number or label not exceeding 8 char-
acters must be specified.

Mass density.

Material axes option (see MAT_OPTION TROPIC ELASTIC for a

more complete description):
EQ. 0.0: locally orthotropic with material axes determined by ele-
ment nodes 1, 2, and 4, as with *DEFINE COORDINATE
NODES.
EQ. 1.0: locally orthotropic with material axes determined by a
point in space and the global location of the element center; this is
the a-direction. This option is for solid elements only.
EQ. 2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with *DEFINE_ COORDINATE VECTOR.
EQ. 3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle, BETA, from a
line in the plane of the element defined by the cross product of the
vector v with the element normal.
EQ. 4.0: locally orthotropic in cylindrical coordinate system with
the material axes determined by a vector v, and an originating point,
p, which define the centerline axis. This option is for solid elements
only.
LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-
ORDINATE _SYSTEM or *DEFINE_COORDINATE VECTOR).
Available in R3 version of 971 and later.

Use reference geometry to initialize the stress tensor. The reference ge-
ometry is defined by the keyword:*INITIAL FOAM_ REFERENCE
GEOMETRY (see for more details).

EQ.0.0: off,

EQ.1.0: on.

LS-DYNA R7.0
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VARIABLE DESCRIPTION

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

XP,YP,ZP Coordinates of point p for AOPT =1 and 4.
Al1,A2,A3 Components of vector a for AOPT = 2.
V1,V2,V3 Components of vector v for AOPT = 3 and 4.
D1,D2,D3 Components of vector d for AOPT = 2.
BETA Material angle in degrees for AOPT = 3, may be overridden on the ele-
ment card, see *ELEMENT SHELL BETA or *ELEMENT SOL-
ID ORTHO.
EAi Ea, Young’s modulus in a-direction at temperature Ti.
EBi Ep, Young’s modulus in b-direction at temperature Ti.
ECi Ec, Young’s modulus in c-direction at temperature Ti.
PRBAI Vpa, Poisson’s ratio ba at temperature Ti.
PRCAI Vca, Poisson’s ratio ca at temperature Ti.
PRCBi Vcb, Poisson’s ratio cb at temperature Ti.
AAi 0y, coefficient of thermal expansion in a-direction at temperature Ti.
ABi Op, coefficient of thermal expansion in b-direction at temperature Ti.
ACi O, coefficient of thermal expansion in c-direction at temperature Ti.
GABi Gap, Shear modulus ab at temperature Ti.
GBCi Gpc, Shear modulus be at temperature Ti.
GCAi Gca, Shear modulus ca at temperature Ti.
Ti ith temperature
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Remarks:

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

S=C-E=T'CT-E

where T is the transformation matrix [Cook 1974].

l% m% n% lymy min, nqily
l% m% n% l,m, mpn, n,l,
12 m3 m3 l;mg Mmans nsls

241, 2mym, 2n,n, (Iym,+1,m;) (mm,+myn;) Ml +n,l)
2L,1; 2m,mg5 2n,n; (I,mg +lym,) (myng + mgn,) (nyls + ngly)
| 2151, 2mymy;  2ngny (Iymg +1im3)  (msng + myns)  (nsgly +nyl3)d

l;, m;, n; are the direction cosines
X'y = lix; + mix, + nixg fori=1,2,3

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

1 v21(T)  v31(T)

Ei(T)  Ex(T)  Es(T) 0 0 0
_viz(D) 1 _u3(T) 0 0 0
E11(T)  Eyn(T) E33(T)
_uz(M) v3(T) 1 . .
cil= E11(T)  Enp(T)  Es3(T)
0 " Y mm 0
1
: " Y e
1
0 ’ ’ ° 0 G31(T) |

where the subscripts denote the material axes, i.e.,
Uij = Ux,l.x,]. and Eii = Ex’i

Since C; is symmetric

Uiz _ U221
E11 Ezz

The vector of Green-St. Venant strain components is

Et = |E11,E22, E33, E12, E23, E3q|
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which include the local thermal strains which are integrated in time:
1
endt = ey + aq (T™2) [T = 7]
1
Epp = Ehp + Ap (Tn+5) [T+t —T7]
1
eltt = el + a (T™) [T+ - T7]
After computing S;; we then obtain the Cauchy stress:

_p Ox; 0x;
 po0X X, “

O'ij

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

For shell elements, the stresses are integrated in time and are updated in the corotational coordi-
nate system. In this procedure the local material axes are assumed to remain orthogonal in the
deformed configuration. This assumption is valid if the strains remain small.
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*MAT_PIECEWISE LINEAR PLASTICITY_{OPTION}
Available options include:

<BLANK>

HAZ

STOCHASTIC

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

The HAZ option allows the modeling of the heat affected zones in shell elements with solid ele-
ment spot welds. The stress-strain, strain rate, and failure strain may be optionally expanded
from curves and tables to tables and three-dimensional tables, respectively, to account for the
distance of the material from the closest spotweld. If a part ID uses this constitutive model, then
during initialization, the distance of each shell integration point from the centroid of the weld is
computed and stored as a history variable. Consequently, it is possible that each integration
point within the shell element will possess a unique distance. No other input is require for spot
welds to active the heat affected zones. Additional input is required if tailor line welds are used
in metal forming simulations or to simulate the behavior along trim lines.

The STOCHASTIC option allows spatially varying yield and failure behavior. See *DEFINE
_STOCHASTIC_VARIATION for additional information.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN FAIL TDEL
Type A8 F F F F F F F
Default none none none none none 0.0 10.E+20 0
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Card 2 1 2 3 4 5 6 7 8
Variable C P LCSS LCSR VP LCF
Type F F F F F F
Default 0 0 0 0 0 0
Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
Card 4 1 2 3 4 5 6 7 8
Variable ESI ES2 ES3 ES4 ES5 ES6 ES7 ES8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
E Young’s modulus.
PR Poisson’s ratio.
SIGY Yield stress.
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VARIABLE

ETAN

FAIL

TDEL

LCSS

DESCRIPTION

Tangent modulus, ignored if (LCSS.GT.0) is defined.

Failure flag.

LT.0.0: User defined failure subroutine, matusr 24 in dyn21.F, is
called to determine failure

EQ.0.0: Failure is not considered. This option is recommended if
failure is not of interest since many calculations will be
saved.

GT.0.0: Effective plastic strain to failure. When the plastic strain
reaches this value, the element is deleted from the calcula-
tion.

Minimum time step size for automatic element deletion.
Strain rate parameter, C, see formula below.
Strain rate parameter, P, see formula below.

Load curve ID or Table ID (optional; supersedes SIGY, ETAN, EPS1-8,
ES1-8). Load curve ID defining effective stress versus effective plastic
strain. If defined EPS1-EPS8 and ES1-ESS8 are ignored. The table ID
defines for each strain rate value a load curve ID giving the stress versus
effective plastic strain for that rate, See Figure 2-10. The stress versus
effective plastic strain curve for the lowest value of strain rate is used if
the strain rate falls below the minimum value. Likewise, the stress ver-
sus effective plastic strain curve for the highest value of strain

rate is used if the strain rate exceeds the maximum value. The strain rate
parameters: C and P; the curve ID, LCSR; EPS1-EPS8 and ES1-ESS are
ignored if a Table ID is defined. NOTE: The strain rate values defined
in the table may be given as the natural logarithm of the strain rate. If
the first stress-strain curve in the table corresponds to a negative strain
rate, LS-DYNA assumes that the natural logarithm of the strain rate val-
ue is used. Since the tables are internally discretized to equally space
the points, natural logarithms are necessary, for example, if the curves
correspond to rates from 10.e-04 to 10.e+04. Computing the natural
logarithm of the strain rate does slow the stress update down significant-
ly on some computers. For the HAZ option, the curve may optionally be
specified by a three-dimensional table, making the yield stress a function
of the distance from the closest spotweld.

LS-DYNA R7.0
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VARIABLE DESCRIPTION

LCSR Load curve ID defining strain rate scaling effect on yield stress. If LCSR
is negative, the load curve is evaluated using a binary search for the cor-
rect interval for the strain rate. The binary search is slower than the de-
fault incremental search, but in cases where large changes in the strain
rate may occur over a single time step, it is more robust. This option is
not necessary for the viscoplastic formulation. For the HAZ option, the
curve may optionally be specified by a table, making the strain rate scal-
ing a function of the distance from the closest spotweld.

VP Formulation for rate effects:

EQ.-1.0: Cowper-Symonds with deviatoric strain rate rather than to-
tal,

EQ.0.0: Scale yield stress (default),

EQ.1.0: Viscoplastic formulation.

LCF For the HAZ option only, the equivalent plastic strain for failure may be
specified with either a load curve or a table. If LCF is a curve, then the
failure strain is given as a function of the strain rate, and if a table is
specified, the failure strain is given as a function of the distance from the
closest weld and strain rate. If LCF is not specified, FAIL will be used.

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

ES1-ES8 Corresponding yield stress values to EPS1 - EPSS.

Remarks:

The stress strain behavior may be treated by a bilinear stress strain curve by defining the tangent
modulus, ETAN. Alternately, a curve of effective stress vs. effective plastic strain similar to that
shown in Figure 2-6 may be defined by (EPS1,ES1) - (EPS8,ES8); however, a curve ID (LCSS) may
be referenced instead if eight points are insufficient. The cost is roughly the same for either ap-
proach. Note that in the special case of uniaxial stress, true stress vs. true plastic strain is equiva-
lent to effective stress vs. effective plastic strain. The most general approach is to use the table
definition (LCSS) discussed below.

Three options to account for strain rate effects are possible.

L. Strain rate may be accounted for using the Cowper and Symonds model which scales the
yield stress with the factor
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1+ ()7

c
where € is the strain rate. € = ,/&;;€;;. If VP=-1. The deviatoric strain rates are used instead.

If the viscoplastic option is active, VP=1.0, and if SIGY is > 0 then the dynamic yield stress is
computed from the sum of the static stress, oy (efff), which is typically given by a load curve
ID, and the initial yield stress, SIGY, multiplied by the Cowper-Symonds rate term as follows:

épff 1/p
. e
0, (71,67 ) = a3(e2,,) + SIGY - <T>

where the plastic strain rate is used. With this latter approach similar results can be obtained be-
tween this model and material model: *MAT ANISOTROPIC VISCOPLASTIC. If SIGY=0,

the following equation is used instead where the static stress, o (sfff), must be defined by a
load curve:

£ors o
N e
Gy(ggff' gsz;ff) = 0§(€§ff) 1 +< C >

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

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

III.  If different stress versus strain curves can be provided for various strain rates, the option
using the reference to a table (LCSS) can be used. Then the table input in *DEFINE
_TABLE has to be used, see Figure 2-10.

A fully viscoplastic formulation is optional (variable VP) which incorporates the different op-
tions above within the yield surface. An additional cost is incurred over the simple scaling but
the improvement is results can be dramatic.

The HAZ (heat affected zone) option allows the material properties in an element to depend on
their distance from the spotweld closest to the element. The shortest distance along the shell sur-
face is calculated to the centroid of each spotweld and the minimum is chosen. LCSS, LCSR,
and LCF may be optionally expanded by one dimension to account for the distance from the
spotweld. At this time, only solid element spot welds are supported for this feature.
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P
Eeff

Figure 2-10. Rate effects may be accounted for by defining a table of curves. If a table
ID is specified a curve ID is given for each strain rate, see *DEFINE_TABLE. Inter-
mediate values are found by interpolating between curves. Effective plastic strain ver-
sus yield stress is expected. If the strain rate values fall out of range, extrapolation is
not used; rather, either the first or last curve determines the yield stress depending on
whether the rate is low or high, respectively.
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*MAT_025

*MAT_GEOLOGIC_CAP_MODEL

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

below.
Card 1 1 2 3 4 5 6 7 8
Variable MID RO BULK G ALPHA THETA | GAMMA BETA
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable R D W X0 C N
Type F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable PLOT FTYPE VEC TOFF
Type F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
BULK Initial bulk modulus, K.
G Initial Shear modulus.
ALPHA Failure envelope parameter, 0.
THETA Failure envelope linear coefficient, 6.
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VARIABLE

GAMMA

BETA

R

D

4

X0

PLOT

FTYPE

VEC

TOFF

DESCRIPTION

Failure envelope exponential coefficient, y.
Failure envelope exponent, [3.

Cap, surface axis ratio.

Hardening law exponent.

Hardening law coefficient.

Hardening law exponent, Xy.

Kinematic hardening coefficient, c.
Kinematic hardening parameter.

Save the following variable for plotting in LS-PrePost, to be labeled
there as “effective plastic strain:”

EQ.1: hardening parameter, K

EQ.2: cap -J1 axis intercept, X (K)

p

EQ.3: volumetric plastic strain &,

EQ.4: first stress invariant, J;

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

EQ.7: not used

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

Formulation flag:
EQ.1: soils (Cap surface may contract)
EQ.2: concrete and rock (Cap doesn’t contract)

Vectorization flag:

EQ.0: vectorized (fixed number of iterations)

EQ.1: fully iterative
If the vectorized solution is chosen, the stresses might be slightly off the
yield surface; however, on vector computers a much more efficient solu-
tion is achieved.

Tension Cut Off, TOFF < 0 (positive in compression).
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N
4 Vhon = Fe

/ ‘/\/*E):Fc

fi

/3

>/
T 0 * X(x)

Figure 2-11. The yield surface of the two-invariant cap model in pressure,//,p — J4
space. Surface f] is the failure envelope, f is the cap surface, and f3 is the tension cut-
off.

Remarks:

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

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

as
_ 1
VI = /Esijsij

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

The cap model consists of three surfaces in /J,p — J; space, as shown in Figure 2-11 First, there
is a failure envelope surface, denoted fj in the Figure 2-11. The functional form of f] is

fl = \/]ZD - min(Fe(Il)r Tmises) >
where Fe is given by

F.(J1) = a —yexp(—=pJ1) + 0],
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and Tises = |X (k) — L(ky,)|. This failure envelop surface is fixed in +/J,p —J; space, and
therefore does not harden unless kinematic hardening is present. Next, there is a cap surface,
denoted f> in the figure, with f; given by

f2 = \/]2_D_FC(]1’K)

where F is defined by

F(y 1) = /X0 — L0 =[x — LGP,
X (k) is the intersection of the cap surface with the J; axis
X(k) = k + RF,(x),

and L(k) is defined by

_(k if k>0
L("):{o if K<0

The hardening parameter K is related to the plastic volume change % through the hardening law
gy = W{l —exp[-D(X(x) — Xo)]}

Geometrically, K is seen in the figure as the J; coordinate of the intersection of the cap surface
and the failure surface. Finally, there is the tension cutoff surface, denoted f3 in the Figure 2-11.
The function f3 is given by

where T is the input material parameter which specifies the maximum hydrostatic tension sus-
tainable by the material. The elastic domain in //,, — J; space is then bounded by the failure
envelope surface above, the tension cutoff surface on the left, and the cap surface on the right.

An additive decomposition of the strain into elastic and plastic parts is assumed:
E=EC°+ €D,

where €° is the elastic strain and €P is the plastic strain. Stress is found from the elastic strain
using Hooke’s law,

0 =C(e - &P),

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

The yield condition may be written

fi(s) <0
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fZ(S'K) <0

f3(s) <0

and the plastic consistency condition requires that

ikfk =0
k=123
A =0

where A, is the plastic consistency parameter for surface k. If f;, < 0 then, 4, = 0 and the re-
sponse is elastic. If f, > 0 then surface k is active and A, is found from the requirement that

fk:()-

Associated plastic flow is assumed, so using Koiter’s flow rule the plastic strain rate is given as
the sum of contribution from all of the active surfaces,

p=y3_j Uk

EP =Yg Ak %
One of the major advantages of the cap model over other classical pressure-dependent plasticity
models is the ability to control the amount of dilatancy produced under shear loading. Dilatancy
is produced under shear loading as a result of the yield surface having a positive slope in

\/jz_D — J space, so the assumption of plastic flow in the direction normal to the yield surface
produces a plastic strain rate vector that has a component in the volumetric (hydrostatic) direc-
tion (see Figure 2-11). In models such as the Drucker-Prager and Mohr-Coulomb, this dilatancy
continues as long as shear loads are applied, and in many cases produces far more dilatancy than
is experimentally observed in material tests. In the cap model, when the failure surface is active,
dilatancy is produced just as with the Drucker-Prager and Mohr-Coulumb models. However, the
hardening law permits the cap surface to contract until the cap intersects the failure envelope at
the stress point, and the cap remains at that point. The local normal to the yield surface is now
vertical, and therefore the normality rule assures that no further plastic volumetric strain (dilatan-
cy) is created. Adjustment of the parameters that control the rate of cap contractions permits ex-
perimentally observed amounts of dilatancy to be incorporated into the cap model, thus produc-
ing a constitutive law which better represents the physics to be modeled.

Another advantage of the cap model over other models such as the Drucker-Prager and Mohr-
Coulomb is the ability to model plastic compaction. In these models all purely volumetric re-
sponse is elastic. In the cap model, volumetric response is elastic until the stress point hits the
cap surface. Therefore, plastic volumetric strain (compaction) is generated at a rate controlled by
the hardening law. Thus, in addition to controlling the amount of dilatancy, the introduction of
the cap surface adds another experimentally observed response characteristic of geological mate-
rial into the model.

The inclusion of kinematic hardening results in hysteretic energy dissipation under cyclic loading
conditions. Following the approach of Isenberg, et al. [1978] a nonlinear kinematic hardening
law is used for the failure envelope surface when nonzero values of and N are specified. In this
case, the failure envelope surface is replaced by a family of yield surfaces bounded by an initial
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yield surface and a limiting failure envelope surface. Thus, the shape of the yield surfaces de-
scribed above remains unchanged, but they may translate in a plane orthogonal to the J axis,

Translation of the yield surfaces is permitted through the introduction of a “back stress” tensor, O
The formulation including kinematic hardening is obtained by replacing the stress 0 with the
translated stress tensor 7 = o — « in all of the above equation. The history tensor a is assumed
deviatoric, and therefore has only 5 unique components. The evolution of the back stress tensor
is governed by the nonlinear hardening law

a = cF(o,a)éP

where ¢ is a constant, F is a scalar function of 0 and a and éP is the rate of deviatoric plastic
strain. The constant may be estimated from the slope of the shear stress - plastic shear strain
curve at low levels of shear stress.

The function F is defined as

= _ (o—a)eax

F = max (0,1 - m)
where N is a constant defining the size of the yield surface. The value of N may be interpreted
as the radial distant between the outside of the initial yield surface and the inside of the limit sur-
face. In order for the limit surface of the kinematic hardening cap model to correspond with the
failure envelope surface of the standard cap model, the scalar parameter o must be replaced o -
N in the definition Fe.

The cap model contains a number of parameters which must be chosen to represent a particular
material, and are generally based on experimental data. The parameters d, 3, 8, and y are usually
evaluated by fitting a curve through failure data taken from a set of triaxial compression tests.
The parameters W, D, and X define the cap hardening law. The value W represents the void
fraction of the uncompressed sample and D governs the slope of the initial loading curve in hy-
drostatic compression. The value of R is the ration of major to minor axes of the quarter ellipse
defining the cap surface. Additional details and guidelines for fitting the cap model to experi-
mental data are found in Chen and Baladi [1985].
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*MAT_HONEYCOMB

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

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

Type F F F F F F
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Card 5 1 2 3 4 5 6 7 8
Variable D1 D2 D3 TSEF SSEF Vi V2 V3
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
E Young’s modulus for compacted honeycomb material.
PR Poisson’s ratio for compacted honeycomb material.
SIGY Yield stress for fully compacted honeycomb.
VF Relative volume at which the honeycomb is fully compacted.
MU M, material viscosity coefficient. (default=.05) Recommended.
BULK Bulk viscosity flag:
EQ.0.0: bulk viscosity is not used. This is recommended.
EQ.1.0: bulk viscosity is active and p=0. This will give results iden-
tical to previous versions of LS-DYNA.
LCA Load curve ID, see *DEFINE CURVE, for sigma-aa versus either rela-
tive volume or volumetric strain. See notes below.
LCB Load curve ID, see *DEFINE CURVE, for sigma-bb versus either rela-
tive volume or volumetric strain. Default LCB=LCA. See notes below.
LCC Load curve ID, see *DEFINE CURVE, for sigma-cc versus either rela-
tive volume or volumetric strain. Default LCC=LCA. See notes below.
LCS Load curve ID, see *DEFINE CURVE, for shear stress versus either
relative volume or volumetric strain. Default LCS=LCA. Each compo-
nent of shear stress may have its own load curve. See notes below.
LCAB Load curve ID, see *DEFINE _CURVE, for sigma-ab versus either rela-
tive volume or volumetric strain. Default LCAB=LCS. See notes be-
low.
LCBC Load curve ID, see *DEFINE_CURVE, for sigma-bc versus either rela-
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VARIABLE

LCCA

LCSR

EAAU

EBBU

ECCU

GABU

GBCU

GCAU

AOPT

DESCRIPTION

tive volume or volumetric strain. Default LCBC=LCS. See notes be-
low.

Load curve ID, see *DEFINE_CURVE, or sigma-ca versus either rela-
tive volume or volumetric strain. Default LCCA=LCS. See notes be-
low.

Load curve ID, see *DEFINE CURVE, for strain-rate effects defining
the scale factor versus strain rate. This is optional. The curves defined
above are scaled using this curve.

Elastic modulus Egg, in uncompressed configuration.
Elastic modulus Epp, in uncompressed configuration.
Elastic modulus E, in uncompressed configuration.
Shear modulus Ggpy in uncompressed configuration.
Shear modulus Gp¢y in uncompressed configuration.
Shear modulus Gcgy in uncompressed configuration.

Material axes option (see MAT_OPTION TROPIC ELASTIC for a

more complete description):
EQ.0.0: locally orthotropic with material axes determined by ele-
ment nodes 1, 2, and 4, as with *DEFINE COORDINATE
NODES.
EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center; this is the a-
direction.
EQ.2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with *DEFINE_ COORDINATE VECTOR
EQ.3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle, BETA, from a
line in the plane of the element defined by the cross product of the
vector v with the element normal. The plane of a solid element is the
midsurface between the inner surface and outer surface defined by
the first four nodes and the last four nodes of the connectivity of the
element, respectively.
EQ.4.0: locally orthotropic in cylindrical coordinate system with the
material axes determined by a vector v, and an originating point, p,
which define the centerline axis. This option is for solid elements
only.
LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-

LS-DYNA R7.0
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VARIABLE

MACF

XP YP ZP
Al A2 A3
D1 D2 D3
V1Vv2V3
TSEF

SSEF

Remarks:

DESCRIPTION

ORDINATE SYSTEM or *DEFINE COORDINATE VECTOR).
Available in R3 version of 971 and later..

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

Coordinates of point p for AOPT =1 and 4.
Components of vector a for AOPT = 2.

Components of vector d for AOPT = 2.

Define components of vector v for AOPT = 3 and 4.
Tensile strain at element failure (element will erode).

Shear strain at element failure (element will erode).

For efficiency it is strongly recommended that the load curve ID’s: LCA, LCB, LCC, LCS,
LCAB, LCBC, and LCCA, contain exactly the same number of points with corresponding
strain values on the abscissa. If this recommendation is followed the cost of the table
lookup is insignificant. Conversely, the cost increases significantly if the abscissa strain
values are not consistent between load curves.

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

Eoa = Eqqu + B(E — Eqqu)
Epb = Eppu + B(E — Eppu)
Ece = Eccu + B(E — Eccu)
Gap = Eapu + (G — Gapl)
Goe = Epcu + B(G — Gpew)

Geg = Ecqu + .B(G - Gcau)
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where
f = max [min (i, 1> , O]
1-Vy¢
and G is the elastic shear modulus for the fully compacted honeycomb material

R
T 2(1+v)

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

The load curves define the magnitude of the average stress as the material changes density (rela-
tive volume), see Figure 2-12. Each curve related to this model must have the same number of
points and the same abscissa values. There are two ways to define these curves, a) as a function
of relative volume (V) or b) as a function of volumetric strain defined as:

EV=1_V

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

At the beginning of the stress update each element’s stresses and strain rates are transformed into
the local element coordinate system. For the uncompacted material, the trial stress components
are updated using the elastic interpolated moduli according to:

n+ 1trial

—_ n
O-aa - O’aa + EaaAeaa
n+1trial _ n
Opb = 0pp + EppApp

n+1trial . n
O-CC - O-CC + ECCASCC

n+1trial o n
Oab = 0Ogp + 2GgpAcgy

n+1trial n

Opc Opc + ZGbcAgbc
n+1trial . n

Oca = O¢q + ZGcaAgca

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

n+ 1trial
i

> )lo-ij (V)
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then
o t+1trial
n+1 _ ij
Oij = = 0jj (V) nyitrial
|27} |

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

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

For fully compacted material it is assumed that the material behavior is elastic-perfectly plastic
and the stress components updated according to:
1 /2

n+
trial _ .n dev
Sij = Sij + ZGAEU

where the deviatoric strain increment is defined as

1
Agidjev = Agij — gAgkké‘ij
Now a check is made to see if the yield stress for the fully compacted material is exceeded by
comparing

1
gtrial — Esprialsﬁrial /2
eff 2 °tj ij

the effective trial stress to the defined yield stress, SIGY. If the effective trial stress exceeds the
yield stress the stress components are simply scaled back to the yield surface
n+l _ _% _trial

S = ——G:
5] trial ©ij
Seff

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

1/2

n+
pn+1 — pn _ KAgkk
_E
T 3(1-2v)

to obtain the final value for the Cauchy stress

n+l _ n+1 n+1
ojj " =s; —p" 6y

After completing the stress update transform the stresses back to the global configuration.
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Unloading and
reloading path

I I I I
0 Strain —€;;

Curve extends into negative strain quad-

rant since LS-DYNA will extrapolate

using the two end points. It is important

that the extrapolation does not extend into

the negative stress region.

>

Unloading is based on the interpolated
Young’s moduli which must provide an
unloading tangent that exceeds the
loading tangent.

Figure 2-12. Stress quantity versus volumetric strain. Note that the “yield stress” at a
volumetric strain of zero 1S non-zero. In the load curve definition, see

*DEFINE_CURVE, the “time” value is the volumetric strain and the “function” value
is the yield stress.
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*MAT_MOONEY-RIVLIN_RUBBER

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

Card 1 1 2 3 4 5 6 7 8
Variable MID RO PR A B REF
Type A8 F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable SGL SwW ST LCID
Type F F F F

VARIABLE DESCRIPTION

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

acters must be specified.
RO Mass density.

PR Poisson’s ratio (value between 0.49 and 0.5 is recommended, smaller
values may not work).

A Constant, see literature and equations defined below.
B Constant, see literature and equations defined below.
REF Use reference geometry to initialize the stress tensor. The reference ge-

ometry is defined by the keyword:*INITIAL FOAM_REFERENCE
GEOMETRY (see there for more details).

EQ.0.0: off,

EQ.1.0: on.

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

SGL Specimen gauge length 1y, see Figure 2-13.

SW Specimen width, see Figure 2-13.
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VARIABLE DESCRIPTION
ST Specimen thickness, see Figure 2-13.

LCID Load curve ID, see *DEFINE CURVE, giving the force versus actual
change AL in the gauge length. See also Figure 2-14 for an alternative
definition.

Remarks:

The strain energy density function is defined as:

W =A(I—-3)+ Bl —3)+ CUII"2—-1) + DIl — 1)?

where
C=05A+B
D = AGv=2)+B(1v-5)
2(1-2v)
v = Poisson’s ratio

2(A+B) = shear modulus of linear elasticity
I, II, IT = invariants of right Cauchy-Green Tensor C.

The load curve definition that provides the uniaxial data should give the change in gauge length,
AL, versus the corresponding force. In compression both the force and the change in gauge
length must be specified as negative values. In tension the force and change in gauge length
should be input as positive values. The principal stretch ratio in the uniaxial direction, A1, is then
given by

_ Lo+AL
A= o
with L being the initial length and L being the actual length.

Alternatively, the stress versus strain curve can also be input by setting the gauge length, thick-
ness, and width to unity (1.0) and defining the engineering strain in place of the change in gauge
length and the nominal (engineering) stress in place of the force, see Figure 2-13.

The least square fit to the experimental data is performed during the initialization phase and is a
comparison between the fit and the actual input is provided in the d3hsp file. It is a good idea to
visually check to make sure it is acceptable. The coefficients A and B are also printed in the
output file. It is also advised to use the material driver (see Appendix K) for checking out the
material model.
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—| 8auee Force
length
A
A gauge length
AA
y Section AA ¢
XK thickness
X X bt
<o !
width

Figure 2-13. Uniaxial specimen for experimental data

A

applied force _ F

initial area A 0

change in gauge length AL

gauge length T L
Figure 2-14 The stress versus strain curve can used instead of the force versus the
change in the gauge length by setting the gauge length, thickness, and width to unity
(1.0) and defining the engineering strain in place of the change in gauge length and the
nominal (engineering) stress in place of the force. *MAT 077 O is a better alternative
for fitting data resembling the curve above. *MAT 027 will provide a poor fit to a
curve that exhibits an strong upturn in slope as strains become large
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*MAT_RESULTANT_PLASTICITY

This is Material Type 28. A resultant formulation for beam and shell elements including elasto-
plastic behavior can be defined. This model is available for the Belytschko-Schwer beam, the C°
triangular shell, the Belytschko-Tsay shell, and the fully integrated type 16 shell. For beams, the
treatment is elastic-perfectly plastic, but for shell elements isotropic hardening is approximately
modeled. For a detailed description we refer to the LS-DYNA Theory Manual. Since the stress-
es are not computed in the resultant formulation, the stresses output to the binary databases for
the resultant elements are zero.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN
Type A8 F F F F F
Default none none none none none 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density
E Young’s modulus
PR Poisson’s ratio
SIGY Yield stress
ETAN Plastic hardening modulus (for shells only)
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*MAT_FORCE_LIMITED

This is Material Type 29. With this material model, for the Belytschko-Schwer beam only, plas-
tic hinge forming at the ends of a beam can be modeled using curve definitions. Optionally, col-
lapse can also be modeled. See also *MAT 139.

Description: FORCE LIMITED Resultant Formulation

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR DF AOPT YTFLAG | ASOFT
Type A8 F F F F F F F
Default none none none none 0.0 0.0 0.0 0.0
Card 2 1 2 3 4 5 6 7 8
Variable M1 M2 M3 M4 M5 M6 M7 M8
Type F F F F F F F F
Default none 0 0 0 0 0 0 0
Card 3 1 2 3 4 5 6 7 8
Variable LC1 LC2 LC3 LC4 LCS LC6 LC7 LC8
Type F F F F F F F F
Default none 0 0 0 0 0 0 0
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Card 4 1 2 3 4 5 6 7 8
Variable LPSI SFS1 LPS2 SFS2 YMSI1 YMS2
Type F F F F F F
Default 0 1.0 LPS1 1.0 1.0E+20 YMSI1
Card 5 1 2 3 4 5 6 7 8
Variable LPTI SFTI LPT2 SFT2 YMT1 YMT2
Type F F F F F F
Default 0 1.0 LPTI 1.0 1.0E+20 YMTI1
Card 6 1 2 3 4 5 6 7 8
Variable LPR SFR YMR
Type F F F
Default 0 1.0 1.0E+20
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
E Young’s modulus
PR Poisson’s ratio
DF Damping factor, see definition in notes below. A proper control for the
timestep has to be maintained by the user!
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VARIABLE

AOPT

YTFLAG

ASOFT

MI, M2,...,M8

LC1, LC2,...,.LC8

LPSI

SFS1

LPS2

SFS2

YMS1

YMS2

Iptl

DESCRIPTION

Axial load curve option:
EQ.0.0: axial load curves are force versus strain,
EQ.1.0: axial load curves are force versus change in length.
LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-
ORDINATE _SYSTEM or *DEFINE_COORDINATE VECTOR).
Available in R3 version of 971 and later.

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

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

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

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

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

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

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

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

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

Yield moment about s-axis at node 2 for interaction calculations (default
set to YMS1).

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

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

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

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

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

YMT2 Yield moment about t-axis at node 2 for interaction calculations (default
set to YMTT1)
LPR Load curve ID for plastic torsional moment versus rotation. If zero, this

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

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

Remarks:

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

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

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

Stiffness-proportional damping may be added using the damping factor A. This is defined as fol-
lows:
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a=28

w

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

2001 _ .001592
2TT*2

A=

If damping is used, a small timestep may be required. LS-DYNA does not check this so to avoid
instability it may be necessary to control the timestep via a load curve. As a guide, the timestep
required for any given element is multiplied by 0.3L/cA when damping is present (L = element
length, ¢ = sound speed).

Moment Interaction:

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

2 2 2
Myyiela Msyield Meyieta)

M;, Mg, M; = current moment

where,

Miyield, Msyield, Mtyield = yield moment

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

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

Aqryield
M = A4[1X'(A4r,——7;——)

Tupper

and similar for Mg and Mq.

Thereafter the plastic moments will be given by
M;p, = min (Mrypper> Mrcurve) and similar for s and t

where

Mip = current plastic moment

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

The effect of this is to provide an upper limit to the moment that can be generated; it represents
the softening effect of local buckling at a hinge site. Thus if a member is bent about is local s-
axis it will then be weaker in torsion and about its local t-axis. For moments-softening curves,
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axial
force

P
v \
£ & F

strains or change in length (see AOPT)

Figure 2-15. The force magnitude is limited by the applied end moment. For an in-
termediate value of the end moment LS-DYNA interpolates between the curves to de-
termine the allowable force value the effect is to trim off the initial peak (although if
the curves subsequently harden, the final hardening will also be trimmed ofY)

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

This is material type 30.

This material model describes the superelastic response present in

shape-memory alloys (SMA), that is the peculiar material ability to undergo large deformations
with a full recovery in loading-unloading cycles (See Figure 2-16). The material response is al-
ways characterized by a hysteresis loop. See the references by Auricchio, Taylor and Lubliner
[1997] and Auricchio and Taylor [1997]. This model is available for shell and solid elements.
For Hughes-Liu beam elements it is available starting in Release 3 of version 971.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR
Type A8 F F F
Default none none none none
Card 2 1 2 3 4 5 6 7 8
Variable SIG_ASS | SIG ASF | SIG SAS | SIG SAF | EPSL | ALPHA | YMRT
Type F F F F F F F
Default none none none none none 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Density
E Young’s modulus
PR Poisson’s ratio
SIG_ASS Starting value for the forward phase transformation (conversion of aus-

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

SIG_ASF

SIG_SAS

SIG_SAF

EPSL

ALPHA

YMRT

Remarks:

DESCRIPTION

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

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

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

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

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

Young’s modulus for the martensite if it is different from the modulus
for the austenite. Defaults to the austenite modulus if it is set to zero.

The material parameter alpha, o, measures the difference between material responses in tension
and compression. In particular, it is possible to relate the parameter o to the initial stress value of

.. . . .. . AS + AS. — .
the austenite into martensite conversion, indicated respectively as ;" and g; " , according to
the following expression:

AS,— AS,+
O — O
a =
AS,— AS,+
g, + o,

N N
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€L

Figure 2-16. Superelastic Behavior for a Shape Memory Material

In the following, the results obtained from a simple test problem is reported. The material prop-
erties are set as:

E 60000 MPa
Nu 0.3

sig AS s 520 MPa
sig AS f 600 MPa
sig SA s 300 MPa

sig SA f 200 MPa

epsL 0.07
alpha 0.12
ymrt 50000 MPa
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Figure 2-17 Complete loading-unloading test in tension and compression.

The investigated problem is the complete loading-unloading test in tension and compression.
The uniaxial Cauchy stress versus the logarithmic strain is plotted in Figure 2-17.
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*MAT_FRAZER NASH RUBBER_MODEL

*MAT_FRAZER NASH RUBBER_MODEL

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

notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO PR C100 C200 C300 C400
Type A8 F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable C110 C210 C010 C020 EXIT EMAX EMIN REF
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable SGL SW ST LCID
Type F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
PR Poisson’s ratio. Values between .49 and .50 are suggested.

C100 C100 (EQ.1.0 if term is in the least squares fit.)

C200 C200 (EQ.1.0 if term is in the least squares fit.)

C300 C300 (EQ.1.0 if term is in the least squares fit.)
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VARIABLE

DESCRIPTION

C400
C110
C210
C010
C020

EXIT

EMAX

EMIN

SGL
SW
ST

LCID

Remarks:

C400 (EQ.1.0 if term is in the least squares fit.)
C110 (EQ.1.0 if term is in the least squares fit.)
C210 (EQ.1.0 if term is in the least squares fit.)
Co10 (EQ.1.0 if term is in the least squares fit.)
Co20 (EQ.1.0 if term is in the least squares fit.)

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

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

Use reference geometry to initialize the stress tensor. The reference ge-
ometry is defined by the keyword: *INITIAL FOAM REFER-
ENCE GEOMETRY (see there for more details).

EQ.0.0: off,

EQ.1.0: on.

Specimen gauge length, see Figure 2-13
Specimen width, see Figure 2-13.
Specimen thickness, see Figure 2-13

Load curve ID, see DEFINE CURVE, giving the force versus actual
change in gauge length. See also 2-14 2-14for an alternative definition.

The constants can be defined directly or a least squares fit can be performed if the uniaxial data
(SGL, SW, ST and LCID) is available. If a least squares fit is chosen, then the terms to be in-
cluded in the energy functional are flagged by setting their corresponding coefficients to unity.
If all coefficients are zero the default is to use only the terms involving I} and I,. Cjgo defaults

to unity if the least square fit is used.

The strain energy functional, U, is defined in terms of the input constants as:

LS-DYNA R7.0

2-163 (MAT)



*MAT 031 *MAT_FRAZER NASH RUBBER_MODEL

U = Ciooly + Cagolf + Cs00l7 + Cagoltt + Cra0l1l; +
Car0lfly + Corolz + Cozols + f())

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

J = |Fyl
L =E;
I, = 15”E E
2_5 pqLtpitqj

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

ou

S. . =
Y aEij

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

The load curve definition that provides the uniaxial data should give the change in gauge length,
AL, and the corresponding force. In compression both the force and the change in gauge length
must be specified as negative values. In tension the force and change in gauge length should be
input as positive values. The principal stretch ratio in the uniaxial direction, A1, is then given by

_ Lo+AL
Lo

A

Alternatively, the stress versus strain curve can also be input by setting the gauge length, thick-
ness, and width to unity and defining the engineering strain in place of the change in gauge
length and the nominal (engineering) stress in place of the force, see Figure 2-14 The least
square fit to the experimental data is performed during the initialization phase and is a compari-
son between the fit and the actual input is provided in the printed file. It is a good idea to visual-
ly check the fit to make sure it is acceptable. The coefficients C1og - Coo0 are also printed in the

output file.
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*MAT_LAMINATED_ GLASS

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

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

Type F F F

Define 1-4 cards with a maximum of 32 number. If less than 4 cards are input, reading is
stopped by a “*” control card.

Card 3... 1 2 3 4 5 6 7 8
Variable F1 F2 F3 F4 F5 Fé6 F7 F8
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density

EG Young’s modulus for glass

PRG Poisson’s ratio for glass

SYG Yield stress for glass

ETG Plastic hardening modulus for glass
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VARIABLE DESCRIPTION
EFG Plastic strain at failure for glass
EP Young’s modulus for polymer
PRP Poisson’s ratio for polymer
SYP Yield stress for polymer
ETP Plastic hardening modulus for polymer
F1,.FN Integration point material:
f,=0.0: glass,

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

Remarks:

Isotropic hardening for both materials is assumed. The material to which the glass is bonded is
assumed to stretch plastically without failure. A user defined integration rule specifies the thick-
ness of the layers making up the glass. F; defines whether the integration point is glass (0.0) or

polymer (1.0). The material definition, F;, has to be given for the same number of integration
points (NIPTS) as specified in the rule. A maximum of 32 layers is allowed.

If the recommended user defined rule is not defined, the default integration rules are used. The
location of the integration points in the default rules are defined in the *SECTION SHELL key-
word description.
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*MAT_BARLAT_ANISOTROPIC_PLASTICITY

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

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

Type F F F F F F F

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

Type F F

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

Type F F F F F F
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Card 5 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3
Type F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density.

E Young’s modulus, E.

PR Poisson’s ratio, V.

K k, strength coefficient, see notes below.
EO €0, strain corresponding to the initial yield, see notes below.
N n, hardening exponent for yield strength.

M m, flow potential exponent in Barlat’s Model.

A a, anisotropy coefficient in Barlat’s Model.

B b, anisotropy coefficient in Barlat’s Model.

C c anisotropy coefficient in Barlat’s Model.

F f, anisotropy coefficient in Barlat’s Model.

G g, anisotropy coefficient in Barlat’s Model.

H h, anisotropy coefficient in Barlat’s Model.

LCID Option load curve ID defining effective stress versus effective plastic

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

AOPT

BETA

MACF

XPYP ZP
Al A2 A3
V1Vv2V3

D1 D2 D3

Remarks:

DESCRIPTION

Material axes option:
EQ.0.0: locally orthotropic with material axes determined by ele-
ment nodes as shown in Figure 2-3. Nodes 1, 2, and 4 of an element
are identical to the Nodes used for the definition of a coordinate sys-
tem as by *DEFINE_ COORDINATE NODES.
EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center, this is the a-
direction.
EQ.2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with *DEFINE_ COORDINATE VECTOR.
EQ.3.0: locally orthotropic material axes determined by offsetting
the material axes by an angle, OFFANG, from a line determined by
LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-
ORDINATE SYSTEM or *DEFINE COORDINATE VECTOR).
Available in R3 version of 971 and later.

Offset angle for AOPT = 3.

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

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

Components of vector d for AOPT = 2.

The yield function @ is defined as:

D =[5 = So|™ + S — S5 + [S5 — S| = 26™

where g is the effective stress and S;_; , 5 are the principal values of the symmetric matrix Sgp,

Sxx = [C(O-xx - ny) - b(o-zz - Uxx)]/3

Syy = [a(gyy ~ 042) = €(Ox = ayy)]/3

LS-DYNA R7.0
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Szz = [b(azz — Oxx) — a(o-yy - Jzz)]/3

Syz = fayz
Szx = 90z«
Sxy = hoy,

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

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

gy, = k(eP +g)"

where ¢ is the strain corresponding to the initial yield stress and € is the plastic strain.
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*MAT_033_96

*MAT_BARLAT_YLD96

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

available for shell elements only.

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

Type AR F F F F

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

Type F F F F F F

Card 3 1 2 3 4 5 6 7 8
Variable Cl C2 C3 C4 AX AY AZ0 AZ1
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable AOPT OFFANG

Type F F
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Card 5 1 2 3 4 5 6 7 8
Variable Al A2 A3
Type F F F
Card 6 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3
Type F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
E Young’s modulus, E.
PR Poisson’s ratio,V.
K k, strength coefficient or a in Voce, see notes below.
EO €p» strain corresponding to the initial yield or 5 in Voce, see notes below.
N n, hardening exponent for yield strength or ¢ in Voce.
ESRO €gR(» In powerlaw rate sensitivity.
M m, exponent for strain rate effects
HARD Hardening option:
LT. 0.0: absolute value defines the load curve ID.
EQ. 1.0: powerlaw
EQ. 2.0: Voce
A Flow potential exponent.
Cl cl, see equations below.
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VARIABLE

C2
C3
c4
AX
AY
AZ0
AZ1

AOPT

OFFANG
Al A2 A3
V1Vv2V3

D1 D2 D3

Remarks:

DESCRIPTION

c2, see equations below.
c3, see equations below.
c4, see equations below.
ax, see equations below.
ay, see equations below.
az0, see equations below.
azl, see equations below.

Material axes option:
EQ.0.0: locally orthotropic with material axes determined by ele-
ment nodes as shown in Figure 2-3. Nodes 1, 2, and 4 of an element
are identical to the Nodes used for the definition of a coordinate sys-
tem as by *DEFINE_COORDINATE NODES.
EQ.2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with *DEFINE_ COORDINATE VECTOR.
EQ.3.0: locally orthotropic material axes determined by offsetting
the material axes by an angle, OFFANG, from a line determined by
taking the cross product of the vector v with the normal to the plane
of the element.
LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-
ORDINATE SYSTEM or *DEFINE COORDINATE VECTOR).
Available in R3 version of 971 and later.

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

Components of vector d for AOPT = 2.

The yield stress o, is defined three ways. The first, the Swift equation, is given in terms of the

input constants as:

m

S
gy, = k(g +€P)" <—)
€SR0

LS-DYNA R7.0
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The second, the Voce equation, is defined as:
— —ceP
g, =a—be

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

® = ayls; — 52| + azls; — s3|% + azlsz — 511" = 20y

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

s=Lo
and L is given as
[ CZ + C3 _C3 _Cz 0 T
3 3 3
—C3 c3 +cq —C1 0
L= 3 3 3
_Cz _C1 Cl + Cz 0
3 3 3
0 0 0 Cy

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

— 2 2 2
A = AxPig + AyP2k + AzD3k
@, = AypC0s?2p + a,Sin?2p

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

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

Card 1 1 2 3 4 5 6 7 8
Variable MID RO EA EB EC PRBA PRCA PRCB
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable GAB GBC GCA CSE EL PRL LRATIO DAMP
Type F F F F F F F F
Remarks 1 2 2 2

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

VARIABLE DESCRIPTION

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

must be specified.
RO Mass density.
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VARIABLE DESCRIPTION
EA Young’s modulus - longitudinal direction. For an isotopic elastic fabric mate-
rial only EA and PRBA are defined and are used as the isotropic Young’s
modulus and Poisson’s ratio, respectively. The input for the fiber directions
and liner should be input as zero for the isotropic elastic fabric
EB Young’s modulus - transverse direction, set to zero for isotropic elastic mate-
rial.
(EC) Young’s modulus - normal direction, set to zero for isotropic elastic material.
(Not used)
PRBA Vpa, Poisson’s ratio ba direction.
(PRCA) Vca, Poisson’s ratio ca direction, set to zero for isotropic elastic material. (Not
used)
(PRCB) Vb, Poisson’s ratio cb direction, set to zero for isotropic elastic material. (Not
used)
GAB Gap, shear modulus ab direction, set to zero for isotropic elastic material.
(GBC) Gy, shear modulus be direction, set to zero for isotropic elastic material. (Not
used)
(GCA) G.a, shear modulus ca direction, set to zero for isotropic elastic material. (Not
used)
CSE Compressive stress elimination option (default 0.0):
EQ.0.0: don’t eliminate compressive stresses,
EQ.1.0: eliminate compressive stresses (This option does not apply to the
liner).
EL Young’s modulus for elastic liner (optional).
PRL Poisson’s ratio for elastic liner (optional).
LRATIO Ratio of liner thickness to total fabric thickness.
DAMP Rayleigh damping coefficient. A 0.05 coefficient is recommended corre-
sponding to 5% of critical damping. Sometimes larger values are necessary.
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VARIABLE DESCRIPTION

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

EQ.0.0: locally orthotropic with material axes determined by element
nodes 1, 2, and 4, as with *DEFINE_COORDINATE NODES, and then
rotated about the element normal by an angle BETA.
EQ.2.0: globally orthotropic with material axes determined by vectors de-
fined below, as with *DEFINE_ COORDINATE VECTOR.
EQ.3.0: locally orthotropic material axes determined by rotating the mate-
rial axes about the element normal by an angle, BETA, from a line in the
plane of the element defined by the cross product of the vector v with the
element normal.
LT.0.0: the absolute value of AOPT is a coordinate system ID number
(CID on *DEFINE COORDINATE NODES, *DEFINE COORDI-
NATE_SYSTEM or *DEFINE_COORDINATE_VECTOR). Available in
R3 version of 971 and later.

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

LT.0.0: There are two possible definitions.

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

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

FAC/X3 If X0 # 0, X0 # 1: This is X3 coefficient of the porosity equation of Anago-
nye and Wang [1999]. Else, this is an optional constant, FAC, a fabric charac-
teristic parameter.

LT.0.0: There are three possible definitions.

IfFVOPT < 7:

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

If X0 = 1, [FAC] is the load curve ID defining FAC versus the pressure ra-
tio defined as 1, = P,y /Ppqg. See remark 3 below.

If FVOPT =7 or &:

FAC defines leakage volume flux rate versus absolute pressure. The vol-
ume flux (per area) rate (per time) has the unit of VOl =

m3/[m?2s] = m/s, equivalent to relative porous gas speed.

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
LNRC Flag to turn off compression in liner until the reference geometry is reached,
i.e., the fabric element becomes tensile.
EQ.0.0: off.
EQ.1.0: on.
FORM Flag to modify membrane formulation for fabric material:

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

EQ.1.0: invariant local membrane coordinate system

EQ.2.0: Green-Lagrange strain formulation

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

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

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

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

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

TSRFAC Tensile stress cutoff reduction factor
LT.0: |TSRFAC] is the curve ID of the curve defining TSRFAC versus
time.’

GT.0 and LT.1: TSRFAC applied from time 0.
GE.1: TSRFAC is a curve ID for the new option.

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

LS-DYNA R7.0 2-179 (MAT)



*MAT_034

*MAT_FABRIC

VARIABLE

DESCRIPTION

X0,X1

V1V2V3

D1 D2 D3

BETA

ISREFG

LCA

LCB

LCAB

LCUA

LCUB

LCUAB

RL

Coefficients of Anagonye and Wang [1999] porosity equation for the leakage
arca: Aleak = AO(XO + X11‘S + erp + X3T5Tp)

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

Material angle in degrees for AOPT = 0 and 3, may be overridden on the ele-
ment card, see *ELEMENT SHELL BETA.

Initial stress by reference geometry for FORM=12
EQ.0.0: default. Not active.
EQ.1.0: active

Load curve or table ID. Load curve ID defines the stress versus uniaxial strain
along the a-axis fiber. Table ID defines for each strain rate a load curve repre-
senting stress versus uniaxial strain along the a-axis fiber. Available for
FORM=4, 14 and —14 only, table allowed only for form=-14. If zero, EA is
used. For FORM=14 and -14 this curve can be defined in both tension and
compression, see remark 6 below.

Load curve or table ID. Load curve ID defines the stress versus uniaxial strain
along the b-axis fiber. Table ID defines for each strain rate a load curve repre-
senting stress versus uniaxial strain along the b-axis fiber. Available for
FORM=4, 14 and —14 only, table allowed only for form=-14. If zero, EB is
used. For FORM=14 and -14 this curve can be defined in both tension and
compression, see remark 6 below.

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

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

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

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

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

LCAA Load curve or table ID. Load curve ID defines the stress along the a-axis fiber

versus biaxial strain. Table ID defines for each directional strain rate a load
curve representing stress along the a-axis fiber versus biaxial strain. Available
for FORM=-14 only, if zero, LCA 1is used.

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

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

Normalized hysteresis parameter between 0 and 1.

DT Strain rate averaging option.

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

ECOAT Young’s modulus of coat material, see remark 14.
SCOAT Yield stress of coat material, see remark 14.
TCOAT Thickness of coat material, see remark 14.
Remarks:
1. The no compression option allows the simulation of airbag inflation with far less elements

than would be needed for the discretization of the wrinkles which would occur for the case
when compressive stresses are not eliminated.

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

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

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

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

6.  For FORM=4 or 14 or -14, 2™ Piola-Kirchhoff stress vs. Green’s strain curves may be de-
fined for a-axis, b-axis, and shear stresses for loading and also for unloading and reloading.
The shear loading curves should start at the origin and be defined for positive strains only.
For FORM=14 and -14, the uniaxial loading curves LCA and LCB may optionally be de-
fined for negative values of strain, and negative values of strain should then correspond to
negative values of stress, i.e., straightforward extending the curves into the compressive re-
gion. This is available in order to model the compressive stresses resulting from tight fold-
ing of airbags. The a-axis and b-axis stress follow the curves for the entire defined strain
region and if compressive behavior is desired the user should preferably make sure the
curve covers all strains of interest. For strains below the first point on the curve, the curve
is extrapolated using the stiffness from the constant values, EA or EB. Shear stress/strain
behavior is assumed symmetric. If a load curve is omitted, the stress is calculated from the
appropriate constant modulus, EA, EB, or GAB.

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

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

9. The TSRFAC factor is used to assure that airbags that have a reference geometry will open
to the correct geometry. Airbags that use a reference geometry might have an initial geom-
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10.

11.

12.

13.

14.

etry that results in initial strains. To prevent such strains from prematurely opening an air-
bag, these strains are eliminated by default. A side effect of this behavior is that airbags
that use a reference geometry and that are initially stretched will never achieve the correct
shape. The TSRFAC factor is used to restore the tensile strains over time such that the cor-
rect geometry is achieved. It is recommended that a load curve be used to define TSRFAC
as function of time. Initially the load curve ordinate value should be 0.0 which will allow
the bag to remain unstressed. At a time when the bag is partially open, the value of TSR-
FAC should ramp up to a small number of about 0.0001. Each cycle, the stored initial
strains are scaled by (1.0-TSRFAC) such that they reduce to a very small number. A new
option is invoked by setting TSRFAC>1 in which case TSRFAC is a curve ID. The curve
should ramp from 0.0 to 1.0. When the curve ordinate value is 0.0, the stored initial strain
is subtracted from the total strain. For values between 0.0 and 1.0, a fraction of the stored
initial strain is subtracted from the total strain where the fraction is 1.0-TSRFAC. When
the curve value reaches or exceeds 1.0, the total strain is used. This option gives the user
better control of the rate of restoring the strains as it is independent of the solution time
step.

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

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

If tables are used the strain rate measure is the Green-Lagrange strain rate of the Green-
Lagrange strain in the direction of interest. To suppress noise the strain rate is averaged ac-
cording to the value of DT. If DT>0, it is recommended to use a large enough value to sup-
press the noise but small enough to not lose important frequency content. This option
seems to be the most robust averaging choice.

The hysteresis parameter H defines the fraction of dissipated energy during a load cycle in
terms of the maximum possible dissipated energy. Referring to the Figure 2-18 below,
H~ A /(A1 +4y)

It is possible to model coating of the fabric using a sheet of elastic-idealplastic material
where the Young’s modulus, yield stress and thickness is specified for the coat material.
This will add rotational resistance to the fabric for a more realistic behavior of coated fab-
rics. To read in these three parameters you need to put FORM=-14 which reads the extra
line including the last three parameters ECOAT, SCOAT and TCOAT, corresponding to
the three coat material properties mentioned above. The thickness applies to both sides of
the fabric. The coat material for a certain fabric element deforms in accordance to the de-
formation of this and all elements connected to this element, which is how the rotations are
"captured". Note that coating also adds to the membrane stiffness. For this feature to work,
the fabric parts must not have T-intersections and the normals of connected fabric elements
must point in the same direction. A penalty in speed is incurred with this option.
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Figure 2-18.
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*MAT_PLASTIC_GREEN-NAGHDI_RATE

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

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR
Type A8 F F F
Card 2 1 2 3 4 5 6 7 8
Variable SIGY ETAN SRC SRP BETA
Type F F F F F

VARIABLE DESCRIPTION

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

acters must be specified.

RO Density
E Young’s modulus
PR Poisson’s ratio
SIGY Yield stress
ETAN Plastic hardening modulus
SRC Strain rate parameter, C
SRP Strain rate parameter, P
BETA Hardening parameter, 0 < f3' <1

LS-DYNA R7.0 2-185 (MAT)



*MAT_3-PARAMETER_BARLAT

*MAT_036

*MAT _3-PARAMETER BARLAT_{OPTION}

This is Material Type 36. This model was developed by Barlat and Lian [1989] for modeling
sheets with anisotropic materials under plane stress conditions. This material allows the use of
the Lankford parameters for the definition of the anisotropy. This particular development is due
to Barlat and Lian [1989]. A version of this material model which has a flow limit diagram fail-
ure option is *MAT FLD 3-PARAMETER BARLAT.

Available options include:
<BLANK>
NLP

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

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR HR Pl P2 ITER
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable M ROO/AB | R45/CB | R90/HB | LCID E0 SPI P3
Type F F F F I F F F

Define the following card if and only if M<0

Card opt. 1 2 3 4 5 6 7 8
Variable CRCl1 CRA1 CRC2 CRA2 CRC3 CRA3 CRC4 CRA4
Type F F F F F F F F
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Card 3 1 2 3 4 5 6 7 8
Variable AOPT C P VLCID PB NLP/HTA HTB
Type F F F I F I/F F
Card 4 1 2 3 4 5 6 7 8
Variable Al A2 A3 HTC HTD
Type F F F F F
Card 5 1 2 3 4 5 6 7 8
Variable Vi V2 V3 Dl D2 D3 BETA HTFLAG
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
E Young’s modulus, E
GT.0.0: Constant value,
LT.0.0: Load curve ID = (-E) which defines Young’s Modulus as a
function of plastic strain. See Remark 1.
PR Poisson’s ratio, v
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VARIABLE

HR

P1

P2

ITER

CRCN

CRCA

R0OO

DESCRIPTION

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

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

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

Iteration flag for speed:

ITER.EQ.0.0: fully iterative

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

m, exponent in Barlat’s yield surface, absolute value is used if negative.
Chaboche-Roussiler hardening parameter, see remarks.
Chaboche-Roussiler hardening parameter, see remarks.

R0, Lankford parameter in 0 degree direction
GT.0.0: Constant value,
LT.0.0: Load curve or Table ID = (-R00) which defines R value as a
function of plastic strain (Curve) or as a function of temperature and
plastic strain (Table). See Remark 3.
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VARIABLE

R45

R90

AB

CB

HB

LCID

EO

SPI

P3

DESCRIPTION

Ry4s, Lankford parameter in 45 degree direction
GT.0.0: Constant value,
LT.0.0: Load curve or Table ID = (-R45) which defines R value as a
function of plastic strain (Curve) or as a function of temperature and
plastic strain (Table). See Remarks 2 and 3.

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

a, Barlat89 parameter, which is read instead of R00 if PB>0.
¢, Barlat89 parameter, which is read instead of R45 if PB>0.
h, Barlat89 parameter, which is read instead of R90 if PB>0.

Load curve/table ID for hardening in the 0 degree direction. See Re-
mark 1.

Material parameter
HR.EQ.2.0: &, for determining initial yield stress for Swift exponential
hardening. (Default=0.0)
HR.EQ.4.0: b, coefficient for Voce exponential hardening
HR.EQ.5.0: &, for determining initial yield stress for Gosh exponential
hardening. (Default=0.0)
HR.EQ.6.0: b, coefficient for Hocket-Sherby exponential hardening

spi, if g, 1s zero above and HR.EQ.2.0. (Default=0.0)
EQ.0.0: gy = (E/k) **x [1/(n — 1)]
LE.0.02: ¢y = spi
GT.0.02: gy = (spi/k) ** [1/n]
If HR.EQ.5.0 the strain at plastic yield is determined by an iterative
procedure based on the same principles as for HR.EQ.2.0.

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

AOPT

VLCID

PB

NLP

HTA

HTB

XPYP ZP

Al A2 A3

HTC

HTD

V1V2V3

D1 D2 D3

DESCRIPTION

Material axes option (see MAT OPTION TROPIC ELASTIC for a
more complete description):
EQ.0.0: locally orthotropic with material axes determined by ele-
ment nodes 1, 2, and 4, as with *DEFINE COORDINATE
NODES, and then rotated about the shell element normal by an angle
BETA.
EQ.2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with *DEFINE_ COORDINATE VECTOR.
EQ.3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle, BETA, from a
line in the plane of the element defined by the cross product of the
vector v with the element normal.
LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-
ORDINATE SYSTEM or *DEFINE COORDINATE VECTOR).
Available with the R3 release of Version 971 and later.

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

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

Barlat89 parameter, p. If PB>0, parameters AB, CB, and HB are read
instead of RO0, R45, and R90. See Remark 4.

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

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

Components of vector a for AOPT = 2.

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

Components of vector d for AOPT = 2.
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VARIABLE DESCRIPTION

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

element card, see *ELEMENT SHELL BETA.

HTFLAG Heat treatment flag (see remarks):

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

Remarks:

1.

The effective plastic strain used in this model is defined to be plastic work equivalent. A
consequence of this is that for parameters defined as functions of effective plastic strain,
the rolling (00) direction should be used as reference direction. For instance, the harden-
ing curve for HR=3 is the stress as function of strain for uniaxial tension in the rolling di-
rection, VLCID curve should give the relative volume change as function of strain for
uniaxial tension in the rolling direction and load curve given by -E should give the
Young’s modulus as function of strain for uniaxial tension in the rolling direction. Op-
tionally the curve can be substituted for a table defining hardening as function of plastic
strain rate (HR=3) or temperature (HR=8).

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

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

aw
/W

R =
dT
/T
The anisotropic yield criterion @ for plane stress is defined as:

b = a|K1 + Kzlm + a|K1 - Kzlm + C|2K2|m = 20'}71

where oy is the yield stress and K= > are given by:
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ox + ho,
)

o, — ho z
(%) +P2T§y

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

K>

Roo  Rogo

|14+ Roo Roo

a=2-2 c=2-—a

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

2mayt

(22, 39)
do, ' do, 9

where g is the uniaxial tension in the ¢ direction. This expression can be used to itera-
tively calculate the value of p. Let ¢p=45 and define a function g as

m
2moy’

g(”)=<a_d>+a_¢)
do, ' do,)"?

_1_R45

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

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

oy = ke™ = k(eyp + e'p)n

where €, is the elastic strain to yield and &Pis the effective plastic strain (logarithmic).

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

o=Ee¢
o =ke"
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which gives the elastic strain at yield as:

=1
-

If SIGY yield is nonzero and greater than 0.02 then:

o[
o)

‘Syp:(k

The other available hardening models include the Voce equation given by

oy(&p) = a— be™“p,

the Gosh equation given by
UY(gp) = k(g + Ep)n - D,
and finally the Hocket-Sherby equation given by
oy(gp) = a— be P,

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

To include strain rate effects in the model we multiply the yield stress by a factor depend-
ing on the effective plastic strain rate. We use the Cowper-Symonds’ model, hence the
yield stress can be written

&, 1/p
Gy () = 03 (ep) {1 + (?) }
where oy denotes the static yield stress, C and p are material parameters, £, is the effec-

tive plastic strain rate.

5. A kinematic hardening model is implemented following the works of Chaboche and
Roussilier. A back stress a is introduced such that the effective stress is computed as

Ocff = Oeff(011 — 2Q11 — Q23,022 — 20z — Ay, 012 — A12)
The back stress is the sum of up to four terms according to
4

— k
al'j = Z aij

and the evolution of each back stress component is as follows

Sij
Sak =C (a ——al‘-) oY
ij k k ij 14
Oeff
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where Cj, and a; are material parameters,s;; is the deviatoric stress tensor, g is the ef-
fective stress and &, is the effective plastic strain.

6. When the option NLP is used, a necking failure criterion is activated to account for the
non-linear strain path effect in sheet metal forming. Based on the traditional Forming
Limit Diagram (FLD) for the linear strain path, the Formability Index (F.1.) is calculated
for every element in the model throughout the simulation duration and the entire history
is stored in history variable #9 in D3PLOT files, accessible from Post/History menu in
LS-PrePost v3.1. The time history of the index can be plotted for each element under the
menu. It is therefore necessary to set NEIPS to 10, in the second field of card 1 in key-
word *DATABASE EXTENT BINARY, to output the history variable to the D3PLOT
files. The index can also be plotted as a color contour map on the formed sheet blank, ac-
cessible from Post/FriComp/Misc menu. The index has a value ranging from 0.0 to 1.2,
with the onset of necking failure at 1.0. The F.I. is calculated based on critical effect
strain method, as illustrated in the Figure 2-19 in Remarks in *MAT 037. The theoreti-
cal background can be found in two papers also referenced in Remarks section in
*MAT 037.

D3PLOT files can be used to plot the history variable #9 (the F.I.) in color contour. The
value in the “Max” pull-down menu in Post/FriComp needs to be set to “Min”, meaning
that the necking failure occurs only when all integration points through the thickness
have reached the critical value of 1.0. It is suggested to set the variable ‘MAXINT’ in
*DATABASE EXTENT BINDARY to the same value as the variable ‘NIP’ in
*SECTION SHELL. In addition, the value in the “Avg” pull-down menu in
Post/FriRang needs to be set to “None”. The strain path history (major vs. minor strain)
of each element can be plotted with radial dial button Strain Path in Post/FLD.

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

*MAT_3-PARAMETER_BARLAT_NLP

B e e s et S’ SRt Sl OB R S e ]
$ MID RO E PR HR P1 P2 ITER
12.890E-09 6.900E04 0.330 3.000
$ M R0OO R45 R90 LCID EO SPI P3
8.000 0.800 0.600 0.550 99
$ AOPT C P VLCID NLP
2.000 211
$ Al A2 A3
0.000 1.000 0.000
$ Vi V2 V3 D1 D2 D3  BETA

e L T Y/ DR S ) RS SRR YRR S U - <
$ Hardening Curve
*DEFINE_CURVE

99
0.000 130.000
0.002 134.400
0.006 143.000
0.010 151.300
0.014 159.300
0.900 365.000
1.000 365.000
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$ FLD Definition
*DEFINE_CURVE

211
-0.2 0.325
-0.1054 0.2955
-0.0513 0.2585
0.0000 0.2054
0.0488 0.2240
0.0953 0.2396
0.1398 0.2523
0.1823 0.2622

The following FLD prediction of non-linear strain paths on a single element was done
using this new option, for an Aluminum alloy with rgy=0.8, 145=0.6, 199 =0.55, and yield at
130.0 MPa. In each case, the element is further strained in three different paths (uniaxial -
U.A., plane strain - P.S., and equi-biaxial — E.B.) separately, following a pre-straining in
uniaxial, plane strain and equi-biaxial strain state, respectively. The forming limits are
determined at the end of the further straining for each path, when the F.I. has reached the
value of 1.0.

U.A. 7 “
-
0.25
Unstrained £ \ 7
f/b) 02 /
AN P.S v | \

‘|_— 0.15

5. V]

© o1

U.A. = | \
0.05
E.B.
00.2 0.1 0 0.1 0.2

Minor True Strain

Figure 2-19. Nonlinear FLD prediction with pre-straining in uniaxial strain state
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Figure 2-20. Nonlinear FLD prediction with pre-straining in plane strain state.
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Figure 2-21. Nonlinear FLD prediction with pre-straining in equi-biaxial mode.

Typically, to assess sheet formability, F.I. contour of the entire part should be plotted.
Based on the contour plot, non-linear strain path and the F.I. time history of a few ele-
ments in the area of concern can be plotted for further study. These plots are similar to
those shown in manual pages of *MAT 037.

It is noted that the option NLP is implemented for Explicit Dynamic analysis and is
available pending a release soon.

7. Heat treatment for increasing the formability of prestrained aluminum sheets can be
simulated through the use of HTFLAG, where the intention is to run a forming simula-
tion in steps involving preforming, springback, heat treatment and postforming. In each
step the history is transferred to the next via the use of dynain (see
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*INTERFACE SPRINGBACK). The first two steps are performed with HTFLAG=0
according to standard procedures, resulting in a plastic strain field eycorresponding to
the prestrain. The heat treatment step is performed using HTFLAG=1 in a coupled
thermomechanical simulation, where the blank is heated. The coupling between ther-
mal and mechanical is only that the maximum temperature T is stored as a history var-
iable in the material model, this corresponding to the heat treatment temperature. Here
it is important to export all history variables to the dynein file for the postforming step.
In the final postforming step, HTFLAG=2, the yield stress is then augmented by the
Hocket-Sherby like term

Ao =b — (b —a)exp (_C[‘Sp - gg]d)

where a, b, ¢ and d are given as tables as functions of the heat treatment tem-
perature T° and prestrain 83. That is, in the table definitions each load curve
corresponds to a given prestrain and the load curve value is with respect to the
heat treatment temperature,

a=a(T%e) b=b(T’%¢e)) c=c(T%e) d=d(T°e))
The effect of heat treatment is that the material strength decreases but hardening
increases, thus typically

a<0 b=2a c>0 d>0
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*MAT _TRANSVERSELY_ ANISOTROPIC_ELASTIC PLASTIC_{OPTION}
Available option allows the change of Young’s Modulus during the simulation:
<BLANK>
ECHANGE

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

NLP_FAILURE

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

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

Define the following card if option ECHANGE or NLP_FAILURE is used

Card opt. 1 2 3 4 5 6 7 8
Variable IDSCALE EA COE ICFLD STRAINL
T
Type I F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density.
E Young’s modulus.
PR Poisson’s ratio.
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VARIABLE DESCRIPTION
SIGY Yield stress.
ETAN Plastic hardening modulus.

R Anisotropic hardening parameter. When it is set to a negative value,
normal stresses (either from contact or applied pressure) are considered
and *LOAD SURFACE STRESS must be used to capture the stresses.
It is found in some cases this inclusion can improve forming simulation
accuracy, and it applies to ELFORM of 2 and 16. The result of an exam-
ple of using this feature is provided in Remark #3 and Figure

HLCID Load curve ID defining effective yield stress versus effective plastic
strain.

IDSCALE Load curve ID defining the scale factor for the Young’s modulus change
with respect to effective strain (if EA and COE are defined), this curve is
not necessary).

EA, COE Coefficients defining the Young’s modulus with respect to the effective
strain, EA is E4 and Coe is {(if IDSCALE is defined, these two parame-
ters are not necessary).

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

sotropic behavior. Then, the yield function suggested by Hill [1948] can be written

F(O-zz - 0-33)2 + 6(033 - 0-11)2 + H(O-ll - 022)2 + 2L0223 + 2M0-321 + 2N0-122 —1=0

where 0,4, 0,5, and 0,3, are the tensile yield stresses and 0,15, 0,3, and 0,3, are the shear yield
stresses. The constants F, G H, L, M, and N are related to the yield stress by

2L = !
03323

1
2M = ——
0y31

2N = 1
03312

LS-DYNA R7.0
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26 = — 4> ——
Gy23 Gyzl Gyzz

2 = 1 1 1
Uyzl Uyzz Uy23

And

3
L=M=N=——
203%

For the particular case of transverse anisotropy, where properties do not vary in the x1-x» plane,

the following relations hold:

1
2F = 2G = 5
ol 2 1
o} oy
2 11
C 0} 20k
where it has been assumed that gy, = gy, = 0,,.
Letting K = :—y, the yield criteria can be written
y3
F(o) = 0, = 0y,

where
F(o) = [0121 + 0222 + K20323 - K2(733(U11 + 033) — (2 = K*)0y,0,;
1
1 2
+2La}(ok + 02) +2(2 -3 K?) o}

The rate of plastic strain is assumed to be normal to the yield surface so 85 is found from

»_  OF
& = 307,

Now consider the case of plane stress, where 033 = 0. Also, define the anisotropy input parame-
ter, R, as the ratio of the in-plane plastic strain rate to the out-of-plane plastic strain rate,
LS-DYNA R7.0
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It then follows that

R=ﬁ_1.

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

2R+1 172

R

F(o) = |of, + 03, — R 10102 T2 o0
Note that there are several differences between this model and other plasticity models for shell
elements such as the model, MAT PIECEWISE LINEAR PLASTICITY. First, the yield func-
tion for plane stress does not include the transverse shear stress components which are updated
elastically, and, secondly, this model is always fully iterative. Consequently, in comparing re-
sults for the isotropic case where R=1.0 with other isotropic model, differences in the results are
expected, even though they are usually insignificant.

The Young’s modulus has been assumed to be constant. Recently, some researchers have found
that Young’s modulus decreases with respect to the increase of effective strain. To accommodate
this new observation, a new option of ECHANGE is added. There are two methods defining the
change of Young’s modulus change:

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

The second method is to use a function as proposed by Yoshida [2003]:
E=E°— (E°—EN(1 — exp(={9)).

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

Formability index (F.I) is calculated, as illustrated in the following Figure 2-22, for every ele-
ment throughout the simulation duration. The value of F.I. is 0.0 for virgin material and reaches
maximum of 1.0 when the material fails. The theoretical background can be found in two papers:
1) T.B. Stoughton, X. Zhu, “Review of Theoretical Models of the Strain-Based FLD and their
Relevance to the Stress-Based FLD, International Journal of Plasticity”, V. 20, Issues 8-9, P.
1463-1486, 2003; and 2) Danielle Zeng, Xinhai Zhu, Laurent B. Chappuis, Z. Cedric Xia, “A
Path Independent Forming Limited Criterion for Sheet Metal Forming Simulations”, 2008 SAE
Proceedings, Detroit M1, April, 2008.
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Load curve input for FLD (ICFLD) follows keyword format in *DEFINE_CURVE, with abscis-
sa values as minor strains and ordinate values as major strains.

Input of FLD can also be done using keyword *DEFINE CURVE FLC, where sheet metal
thickness and strain hardening value ‘n’ are used. Detailed usage information can be found in the
manual pages describing the keyword.

The formability index is output as a history variable #1 in D3PLOT files. It is activated by set-
ting NEIPS to 1, in the second field of card 1 in keyword *DATABASE EXTENT BINARY.
The history variable can be plotted in LS-PrePost, accessible in FCOMP (page 1), under ‘Fringe
Component’ MISC.

When plotting the formability index, the pull down menu under FCOMP can be used to select
minimum value ‘Min’ for necking failure determination. In RANGE (page 1), the option None is
to be selected in the pull-down menu next to Avg. The index has a default range between 0.0 and
1.0. The non-linear forming limit is reached when the index reaches 1.0.

In addition, the evolution of the index throughout the simulation can be plotted in LS-PrePost
under HISTORY (page 1) by Element, using the scroll bar to roll down the bottom to select histo-
ry var#l. Furthermore, the strain path of an element can be plotted in FLD (page 1), using option
Tracer, by selecting corresponding integration point representing the ‘Min’ index value in the
Position pull down menu.

Strains (and strain ratios) can be averaged to reduce noises, which in turn affect the calculation
of the formability index. This is done through the variable STRAINLT. Under this user input
value, various strains of every element are averaged through the calculation time and these aver-
aged values are used to calculate the index. A reasonable STRAINLT value could be ranged
from 5.0E-3 to 1.0E-2. Averaged strain ratios (minor/major) for every element are output
through history variable #2, accessible through LS-PrePost under HISTORY (page 1) by Element,
also through FCOMP (page 1), under ‘Fringe Component’ MISC. It is therefore necessary to set
the value of NEIPS to 2 to have the variable written into D3PLOT files.
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Figure 2-22. Calculation of F.I. based on critical effective strain method.

It is suggested that variable ‘MAXINT’ in *DATABASE EXTENT BINARY is set to the same
value of variable ‘NIP’ in *SECTION_SHELL.

An example of the keyword input (partial) using this non-linear strain path failure criterion is
provided below:

*MAT_TRANSVERSELY_ANISOTROPIC_ELASTIC_PLASTIC_NLP ATLURE

$
$

MID RO E PR  SIGY ETAN R HLCID
17.830E-09 2.070E+05  0.28 0.0 0.0 0.864 200
IDY EA COE ICFLD STRAINLT

891 1.0E-02

*DEFINE_CURVE

891

$ minor, major strains for FLD definition
-3.375000e-01
-2.750000e-01
-2.250000e-01
-1.840909e-01
-1.500000e-01
-1.211539e-01
-9.642858e-02
-7.500000e-02
-5.625001e-02
-3.970589e-02
-2.500000e-02

RRRRRAAARARR AR AR AN
$ load curve 200: Mat_037 property, DP600 NUMISHEE
SRR RN

4.965000e-01
4.340000e-01
3.840000e-01
3.430909e-01
3.090000e-01
2.801539¢e-01
2.554286e-01
2.340000e-01
2.152500e-01
1.987059e-01
1.840000e-01

$PEPEPTEPEEPT SIS SIS
T'05 Xmbr, Power law fit
RN AR

LS-DYNA R7.0
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*DEFINE_CURVE
200
0.000,395.000
0.001,425.200
0.003,440.300
0.004,452.000
0.005,462.400
0.006,472.100

As shown in Figure 2-24, typically, F.I contour can be plotted in FCOMP/Misc, in LS-PrePost.
Strain paths of an individual element, or elements in an area can be plotted using the “Tracer”
feature in the LD menu, Figure 2-23. Finally, time history plot of the F.I. for elements selected
can be plotted in History menu, Figure 2-26.

The NLP_FAILURE option is implemented in explicit dynamic and is available in LS-DYNA
R5 Revision 60925 and later releases. This option is also available in implicit static in R6 Revi-
sion 73241 and later releases.

3. In Figure 2-25 , a comparison of thinning contour is shown on a simple U-channel form-
ing (one-half model) using negative and positive R values. Maximum thinning on the draw wall
is slight higher in the negative R case than that in the positive R case.

uk

/
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Figure 2-23 Non Linear Strain Path
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Time = 0.1587, #nodes=476931
Contours of History Variable#1
min ipt. value
min=0, at elem# 305

max=1, at elem# G667

1.000e+00
9.000e-01
8.0008-01
7.000e-01
6.0008-01
5.000e-01
4.0008-01
3.000e-01 _
2.000-01
1.000e-01
0.000e+00

Figure 2-24 F.I. contour plot (min IP value, non-averaged)

Time = §.010271, #nodes=4694, #elem=4349

‘Contours of % Thickness Reduction- based on current z-strain
min=-0.0093799, at elem# 42249
max=22,1815, at elem# 39875

With negative R-value

2.000e+01
1.833e+01 |
1.667e+01

1.500e+01
1.333e+01 _
1.167e+01 _
1.000e+01 _

8.333¢+00 _|

6.667e+00

5.000e+00 _
3333400 __

1.667e+00
0.000e+00 |

Time = {§.070271, #nodes=4694, #elem=4349

Contours of % Thickness Reduction- based on current z-strain
min=-0.0597082, at elem# 39814
max=21.2252, at efem# 40457

With positive R-value

Figure 2-25. Thinning contour comparison

LS-DYNA R7.0
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Figure 2-26. F I time history plot
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*MAT_BLATZ-KO_FOAM

This is Material Type 38. This model is for the definition of rubber like foams of polyurethane.
It is a simple one-parameter model with a fixed Poisson’s ratio of .25.

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

acters must be specified.

RO Mass density.
G Shear modulus.
REF Use reference geometry to initialize the stress tensor. The reference ge-

ometry is defined by the keyword:*INITIAL FOAM REFERENCE
GEOMETRY (see there for more details).

EQ.0.0: off,

EQ.1.0: on.

Remarks:

The strain energy functional for the compressible foam model is given by

W=5(£+2\/m—5)

2 \III

Blatz and Ko [1962] suggested this form for a 47 percent volume polyurethane foam rubber with
a Poisson’s ratio of 0.25. In terms of the strain invariants, I, II, and III, the second Piola-
Kirchhoff stresses are given as

iy 1 11

where Cijj is the right Cauchy-Green strain tensor. This stress measure is transformed to the Cau-
chy stress, 0jj, according to the relationship

ol = 1" /2Fy Fy Sy,

where Fjj is the deformation gradient tensor.
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*MAT_FLD TRANSVERSELY_ANISOTROPIC

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

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN R HLCID
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable LCIDFLD
Type F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
E Young’s modulus.
PR Poisson’s ratio.
SIGY Yield stress.
ETAN Plastic hardening modulus, see notes for model 37.
R Anisotropic hardening parameter, see notes for model 37.
HLCID Load curve ID defining effective stress versus effective plastic strain.

The yield stress and hardening modulus are ignored with this option.
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VARIABLE DESCRIPTION

LCIDFLD Load curve ID defining the Forming Limit Diagram. Minor strains in
percent are defined as abscissa values and Major strains in percent are
defined as ordinate values. The forming limit diagram is shown in Fig-
ure 2-27. In defining the curve list pairs of minor and major strains
starting with the left most point and ending with the right most point, see
*DEFINE CURVE.

Remarks:

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

Emajorworkpiece

gmajorﬂd

corresponding to Eminoryorkpiece-
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Figure 2-27. Forming limit diagram.
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*MAT_NONLINEAR_ORTHOTROPIC

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

Card 1 1 2 3 4 5 6 7 8
Variable MID RO EA EB EC PRBA PRCA PRCB
Type A8 F F F F F F F
Default none none none none none none none none
Card 2 1 2 3 4 5 6 7 8
Variable GAB GBC GCA DT TRAMP ALPHA

Type F F F F F F

Default None none none 0 0 0

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

Type F F F F F F |

Default 0.0 0.0 0.0 0.0 0.0 0.0 0
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Card 4 1 2 3 4 5 6 7 8
Variable XP YP 7P Al A2 A3

Type F F F F F F

Card 5 1 2 3 4 5 6 7 8
Variable Vi1 V2 V3 D1 D2 D3 BETA

Type F F F F F F F

Optional Card 6 (Applies to Solid elements only)

Card 6 1 2 3 4 5 6 7 8
Variable LCIDC LCIDAB | LCIDBC | LCIDCA
Type F F F F
Default optional optional optional optional
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
EA Ea, Young’s modulus in a-direction.
EB Ep, Young’s modulus in b-direction.
EC E., Young’s modulus in c-direction.
PRBA Vpa, Poisson’s ratio ba.
PRCA Vca, Poisson’s ratio ca.
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VARIABLE DESCRIPTION
PRCB Vb, Poisson’s ratio cb.
GAB Gap, shear modulus ab.
GBC Gy, shear modulus bc.
GCA Gea, shear modulus ca.
DT Temperature increment for isotropic stress initialization. This option can

be used during dynamic relaxation.

TRAMP Time to ramp up to the final temperature.

ALPHA Thermal expansion coefficient.

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

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

EFAIL Failure strain, A-1.

DTFAIL Time step for automatic element erosion

CDAMP Damping coefficient.

AOPT Material axes option (see MAT OPTION TROPIC ELASTIC for a

more complete description):
EQ.0.0: locally orthotropic with material axes determined by ele-
ment nodes as shown in Figure 2-3. Nodes 1, 2, and 4 of an element
are identical to the nodes used for the definition of a coordinate sys-
tem as by *DEFINE_COORDINATE NODES, and then, for shells
only, rotated about the shell element normal by an angle BETA.
EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center; this is the a-
direction. This option is for solid elements only.
EQ.2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with *DEFINE_ COORDINATE VECTOR.
EQ.3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle, BETA, from a
line in the plane of the element defined by the cross product of the
vector v with the element normal. The plane of a solid element is the
midsurface between the inner surface and outer surface defined by

LS-DYNA R7.0 2-213 (MAT)



*MAT_040

*MAT_NONLINEAR_ORTHOTROPIC

VARIABLE

MACF

XP YP ZP

Al,A2,A3

D1,D2,D3

V1,V2,V3

BETA

DESCRIPTION

the first four nodes and the last four nodes of the connectivity of the
element, respectively.

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

LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-
ORDINATE SYSTEM or *DEFINE COORDINATE VECTOR).
Available in R3 version of 971 and later.

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

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

aj ay a3, define components of vector a for AOPT = 2.

d; d, ds, define components of vector d for AOPT = 2.

V1 V2 v3, define components of vector v for AOPT =3 and 4.

Material angle in degrees for AOPT = 0 (shells only) and 3. BETA
may be overridden on the element card, see
*ELEMENT SHELL BETA and *ELEMENT_ SOLID ORTHO..

The following input is optional and applies to SOLID ELEMENTS only

LCIDC

LCIDAB

LCIDBC

LCIDCA

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

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

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

Load curve ID defining the nominal ab shear stress versus ab-strain in
the ca-plane. Strain is defined as the sin(Y.,) Where Vi, is the shear angle.
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*MAT_USER_DEFINED MATERIAL_MODELS

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

Card 1 1 2 3 4 5 6 7 8

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

Type A8 F I I I I I I

Card 2 1 2 3 4 5 6 7 8

Variable IVECT IFAIL ITHERM | IHYPER IEOS LMCA

Type I I I I I I

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

Card 3 1 2 3 4 5 6 7 8
Variable AOPT MACF XP YP ZP Al A2 A3
Type F I F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable Vi V2 V3 DI D2 D3 BETA IEVTS
Type F F F F F F F I
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Define LMC material parameters using 8 parameters per card.

Card 1 2 3 4 5 6 7 8
Variable Pl P2 P3 P4 P5 P6 P7 P8
Type F F F F F F F F

Define LMCA material parameters using 8 parameters per card.

Card 1 2 3 4 5 6 7 8
Variable P1 P2 P3 P4 PS5 P6 P7 P8
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.
RO Mass density.

MT User material type (41-50 inclusive). A number between 41 and 50 has
to be chosen. If MT<0, subroutine rwumat in dyn21.f is called, where
the material parameter reading can be modified.

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

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

IORTHO/ISPOT EQ. 1: if the material is orthotropic.
EQ. 2: if material is used with spot weld thinning.
EQ. 3: if material is orthotropic and used with spot weld thinning

IBULK Address of bulk modulus in material constants array, see Appendix A.
IG Address of shear modulus in material constants array, see Appendix A.
IVECT Vectorization flag (on=1). A vectorized user subroutine must be sup-
plied.
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VARIABLE

IFAIL

ITHERM

IHYPER

IEOS

LMCA

AOPT

MACF

DESCRIPTION

Failure flag.
EQ.0: No failure,
EQ.1: Allows failure of shell and solid elements,
LT.0: |IFAIL| is the address of NUMINT in the material constants
array. NUMINT is defined as the number of failed integration points
that will trigger element deletion. This option applies only to shell
and solid elements (release 5 of v.971).

Temperature flag (on=1). Compute element temperature.

Deformation gradient flag (on=1 or —1, or 3). Compute deformation gra-
dient, see Appendix A.

Equation of state (on=1).
Length of additional material constant array.

Material axes option (see *MAT_002 for a more complete description):
EQ.0.0: locally orthotropic with material axes determined by ele-
ment nodes 1, 2, and 4, as with *DEFINE COORDINATE
NODES, and then, for shells only, rotated about the shell element
normal by an angle BETA.

EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center; this is the a-
direction. This option is for solid elements only.

EQ.2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with *DEFINE_ COORDINATE VECTOR.
EQ.3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle, BETA, from a
line in the plane of the element defined by the cross product of the
vector v with the element normal.

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

LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-
ORDINATE SYSTEM or *DEFINE COORDINATE VECTOR).
Available in R3 version of 971 and later.

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

LS-DYNA R7.0
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VARIABLE

XPYPZP
Al A2 A3
V1V2V3
D1 D2 D3

BETA

IEVTS

P1
P2
P3

P4

PLMC

Remarks:

DESCRIPTION

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

Material angle in degrees for AOPT = 0 (shells only) and 3. BETA
may be overridden on the element card, see
*ELEMENT SHELL BETA and *ELEMENT_ SOLID ORTHO.

Address of E(a) for orthotropic material in thick shell formulation 5 (see
remark 6).

First material parameter.
Second material parameter.
Third material parameter.

Fourth material parameter.

LMCth material parameter.

1.

The material model for the cohesive element (solid element type 19) uses the first two
material parameters to set flags for the element formulation. P1 controls how the density
is used to calculate the mass. The cohesive element formulation permits the element to
have zero or negative volume. Tractions are calculated on a surface midway between the
surfaces defined by nodes 1-2-3-4 and 5-6-7-8. If P1 is set to 1.0, then the density is per
unit area of the midsurface instead of per unit volume. The second parameter, P2, speci-
fies the number of integration points (one to four) that are required to fail for the element
to fail. If it is zero, the element won’t fail regardless of the value of IFAIL. The recom-
mended value of P2 is 1.

The cohesive element currently only uses MID, RO, MT, LMC, NHV, IFAIL and IVECT
in addition to the material parameters.

See Appendix R for the specifics of the umat subroutine requirements for the cohesive
element.
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4, If IORTHO=0, LMC must be < 48. If IORTHO=1, LMC must be <40. If more material
constants are needed, LMCA may be used to create an additional material constant array.
There is no limit on the size of LMCA.

5. If the user-defined material is used for beam or brick element spot welds that are tied to
shell elements, and SPOTHIN>0 on *CONTROL CONTACT, then spot weld thinning
will be done for those shells if ISPOT=2. Otherwise, it will not be done.

6. IEVTS is optional and is used only by thick shell formulation 5. It points to the position
of E(a) in the material constants array. Following E(a), the next 5 material constants
must be E(b), E(c), v(ba), V(ca), and v(cb). This data enables thick shell formulation 5 to
calculate an accurate thickness strain, otherwise the thickness strain will be based on the
elastic constants pointed to by IBULK and IG.
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*MAT_BAMMAN

This is Material Type 51. It allows the modeling of temperature and rate dependent plasticity
with a fairly complex model that has many input parameters [Bamman 1989].

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR T HC
Type A8 F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable C1 C2 C3 C4 C5 C6 C7 C8
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable C9 C10 Cl1 Cl12 C13 Cl4 CI5 Clé
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable C17 C18 Al A2 A4 AS A6 KAPPA
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
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VARIABLE DESCRIPTION
E Young’s modulus (psi)
PR Poisson’s ratio
T Initial temperature (°R)
HC Heat generation coefficient (°R/psi)
Cl Psi
2 OR
C3 Psi
c4 OR
Cs5 /g
Cé6 oR
C7 1 /psi
C8 oR
Cc9 Psi
C10 oOR
Cll L/psi-s
C12 oR
C13 1 /psi
Cl4 oR
Cl15 psi
Cl16 OR
C17 1 /psi-s
C18 oR
Al 01, initial value of internal state variable 1
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VARIABLE DESCRIPTION
A2 0, initial value of internal state variable 2. (Note: 03 =-(0+07))
A3 Oy, initial value of internal state variable 3
A4 a5, initial value of internal state variable 4
A5 O, initial value of internal state variable 5
KAPPA K, initial value of internal state variable 6
sec-psi-°R sec-MPa-°R sec-MPA-°K
Ci *1/145 *1/145
G2 — *%
C3 *1/145 *1/145
Cq — *3
Cs — —
Ce — *5/9
Cy *145 *145
Cg _ *5/
Co *1/145 *1/145
Cio — *5%
Cni *145 *145
Ci2 — *3/0
C13 *145 %145
Cia — 5/
Cis *1/145 *1/145
Cie — *3/0
Cr7 *145 %145
C1g — *54
CO=HC *145 *145%5/
E *1/145 *1/145
B _ _
T _ *5/
Remarks:

The kinematics associated with the model are discussed in references [Hill 1948, Bammann and
Aifantis 1987, Bammann 1989]. The description below is taken nearly verbatim from Bammann

[1989].

With the assumption of linear elasticity we can write,
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o = Atr(D)1 + 2uD°®

where the Cauchy stress 0 is convected with the elastic spin W€ as,

c(;:d—Wea+aWe

This is equivalent to writing the constitutive model with respect to a set of directors whose direc-
tion is defined by the plastic deformation [Bammann and Aifantis 1987, Bammann and Johnson
1987]. Decomposing both the skew symmetric and symmetric parts of the velocity gradient into
elastic and plastic parts we write for the elastic stretching D¢ and the elastic spin W€,

D¢ =D —DP — D' wWe=W = WP,

Within this structure it is now necessary to prescribe an equation for the plastic spin WP in addi-
tion to the normally prescribed flow rule for DP and the stretching due to the thermal expansion
D" As proposed, we assume a flow rule of the form,

DP = f(T)sinh [lfl VK(T;/(T)]'

where T is the temperature, K is the scalar hardening variable, and &' is the difference between
the deviatoric Cauchy stress @' and the tensor variable ',

€I=O-,—al

and f(T), Y(T), V(T) are scalar functions whose specific dependence upon the temperature is
given below. Assuming isotropic thermal expansion and introducing the expansion coefficient A,
the thermal stretching can be written,

Dth = AT1

The evolution of the internal variables o and K are prescribed in a hardening minus recovery
format as,

h(T)D? — [ra(D)IDP| + :(D]lala,

a
K = H(T)DP — [Ry(T)|DP| + Ry(T)]x?

where h and H are the hardening moduli, rg (T) and Rg (T) are scalar functions describing the dif-
fusion controlled ‘static’ or ‘thermal’ recovery, and rq (T) and Rq (T) are the functions describing
dynamic recovery.

If we assume that WP = 0, we recover the Jaumann stress rate which results in the prediction of
an oscillatory shear stress response in simple shear when coupled with a Prager kinematic hard-
ening assumption [Johnson and Bammann 1984]. Alternatively we can choose,

WP = RTUUR,
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which recovers the Green-Naghdi rate of Cauchy stress and has been shown to be equivalent to
Mandel’s isoclinic state [Bammann and Aifantis 1987]. The model employing this rate allows a
reasonable prediction of directional softening for some materials, but in general under-predicts
the softening and does not accurately predict the axial stresses which occur in the torsion of the
thin walled tube.

The final equation necessary to complete our description of high strain rate deformation is one
which allows us to compute the temperature change during the deformation. In the absence of a
coupled thermo-mechanical finite element code we assume adiabatic temperature change and
follow the empirical assumption that 90 -95% of the plastic work is dissipated as heat. Hence,

. 9
= — . 4
T =-"(c-DP).

where p is the density of the material and Cy the specific heat.

In terms of the input parameters the functions defined above become:

V(T) = Clexp(-C2/T) hT) = C9exp(C10/T)
Y(T) = C3 exp(C4/T) rs(T) = Cllexp(-C12/T)
f(T) = C5exp(-C6/T) RD(T) = Cl3exp(-C14/T)
rd(T) = C7 exp(-C8/T) H(T) = Cl15exp(C16/T)

RS(T) = Cl17exp(-C18/T)

and the heat generation coefficient is
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*MAT_BAMMAN_DAMAGE

This is Material Type 52. This is an extension of model 51 which includes the modeling of
damage. See Bamman et al. [1990].

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

Type A8 F F F F F

Card 2 1 2 3 4 5 6 7 8
Variable Cl C2 C3 C4 C5 Cé6 C7 C8
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable C9 C10 Cl1 Cl12 Cl13 Cl4 Cl15 Cl6
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable C17 Cl18 Al A2 A3 A4 A5 A6
Type F F F F F F F F
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Card 5 2 3 4 5 6 7 8
Variable DO FS
Type F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

RO

PR

HC

Cl

C2

C3

C4

C5

C6

C7

C8

C9

C10

Cl1

Cl12

acters must be specified.

Mass density

Young’s modulus (psi)

Poisson’s ratio

Initial temperature (°R)

Heat generation coefficient (°R/psi)

Psi
°R
Psi

°R

oR
1/psi
oR

Psi
°R
L/psi-s

oR

2-226 (MAT)

LS-DYNA R7.0



*MAT_BAMMAN_DAMAGE

*MAT_052

VARIABLE DESCRIPTION
C13 1/psi
Cl4 oR
Cl15 psi
Cl16 OR
C17 1/psi-s
C18 oR
Al a1, initial value of internal state variable 1
A2 O», initial value of internal state variable 2
A3 a3, initial value of internal state variable 3
A4 04, initial value of internal state variable 4
A5 05, initial value of internal state variable 5
A6 O, initial value of internal state variable 6
N Exponent in damage evolution
DO Initial damage (porosity)
FS Failure strain for erosion.
Remarks:

The evolution of the damage parameter, @is defined by Bammann et al. [1990]

|DP|

¢ =Bl — -9
in which

B = sinh [ =]

where p is the pressure and & is the effective stress.
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*MAT_CLOSED_CELL_FOAM

This is Material Type 53. This allows the modeling of low density, closed cell polyurethane
foam. It is for simulating impact limiters in automotive applications. The effect of the confined
air pressure is included with the air being treated as an ideal gas. The general behavior is iso-
tropic with uncoupled components of the stress tensor.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E A B C PO PHI
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable GAMAO LCID
Type F I
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
E Young’s modulus
A a, factor for yield stress definition, see notes below.
B b, factor for yield stress definition, see notes below.
C ¢, factor for yield stress definition, see notes below.
PO Initial foam pressure, Py
PHI Ratio of foam to polymer density, ¢
GAMAO Initial volumetric strain, Yo, The default is zero.
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VARIABLE DESCRIPTION

LCID Optional load curve defining the von Mises yield stress versus —y. If
the load curve ID is given, the yield stress is taken from the curve and
the constants a, b, and c are not needed. The load curve is defined in the
positive quadrant, i.e., positive values of y are defined as negative values
on the abscissa.

Remarks:

A rigid, low density, closed cell, polyurethane foam model developed at Sandia Laboratories
[Neilsen, Morgan and Krieg 1987] has been recently implemented for modeling impact limiters
in automotive applications. A number of such foams were tested at Sandia and reasonable fits to
the experimental data were obtained.

In some respects this model is similar to the crushable honeycomb model type 26 in that the
components of the stress tensor are uncoupled until full volumetric compaction is achieved.
However, unlike the honeycomb model this material possesses no directionality but includes the
effects of confined air pressure in its overall response characteristics.

_ Sk air
O-ij —O'ij _5ij0'

where O'L-S}-k is the skeletal stress and 0% is the air pressure computed from the equation:

air — _ PoY

o
1+y—¢

where po is the initial foam pressure, usually taken as the atmospheric pressure, and Yy defines the
volumetric strain
y=V-1+vy,

where V is the relative volume, defined as the ratio of the current volume to the initial volume,
and Yy is the initial volumetric strain, which is typically zero. The yield condition is applied to
the principal skeletal stresses, which are updated independently of the air pressure. We first ob-
tain the skeletal stresses:

sk __ ai
O-l'j = O-l'j + O'ijO'

T
and compute the trial stress, oSkt
ot =0 +Eé;nt

where E is Young’s modulus. Since Poisson’s ratio is zero, the update of each stress component
is uncoupled and 2G=E where G is the shear modulus. The yield condition is applied to the
principal skeletal stresses such that, if the magnitude of a principal trial stress component, g;°*¢,
exceeds the yield stress, a, then
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skt
l
|o kt|

sk g

0;

= min(a,, [o74)

The yield stress is defined by
o, =a+b(l+cy)

where a, b, and ¢ are user defined input constants and Y is the volumetric strain as defined above.
After scaling the principal stresses they are transformed back into the global system and the final
stress state is computed

— Sk __ air
O-l'j = O-ij (Si]'O' .
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*MAT_ENHANCED_COMPOSITE_DAMAGE

These are Material Types 54-55 which are enhanced versions of the composite model material
type 22. Arbitrary orthotropic materials, e.g., unidirectional layers in composite shell structures
can be defined. Optionally, various types of failure can be specified following either the sugges-
tions of [Chang and Chang 1987b] or [Tsai and Wu 1971]. In addition special measures are tak-
en for failure under compression. See [Matzenmiller and Schweizerhof 1991]. By using the user
defined integration rule, see *INTEGRATION SHELL, the constitutive constants can vary
through the shell thickness. For all shells, except the DKT formulation, laminated shell theory
can be activated to properly model the transverse shear deformation. Lamination theory is ap-
plied to correct for the assumption of a uniform constant shear strain through the thickness of the
shell. For sandwich shells where the outer layers are much stiffer than the inner layers, the re-
sponse will tend to be too stiff unless lamination theory is used. To turn on lamination theory
see *CONTROL SHELL. A damage model for transverse shear strain is added since version
971 release R4 to model interlaminar shear failure (thin shells only). The definition of minimum
stress limits is available since version 971 R5 (thin shells only).

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

Type F F F F F

Card 3 1 2 3 4 5 6 7 8
Variable Al A2 A3 MANGLE

Type F F F F
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Card 4 1 2 3 4 5 6 7 8
Variable V1 V2 V3 Dl D2 D3 DFAILM | DFAILS
Type F F F F F F F F
Card 5 1 2 3 4 5 6 7 8
Variable TFAIL ALPH SOFT FBRT YCFAC DFAILT | DFAILC EFS
Type F F F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable XC XT YC YT SC CRIT BETA

Type F F F F F F F

Optional Card 7 (starting with version 971 release R4, thin shells only)

Card 7 1 2 3 4 5 6 7 8
Variable PFL EPSF EPSR TSMD SOFT2

Type F F F F F

Optional Card 8 (starting with version 971 release RS, thin shells only)

Card 8 1 2 3 4 5 6 7 8
Variable SLIMT1 SLIMC1 SLIMT?2 SLIMC2 SLIMS | NCYRED | SOFTG

Type F F F F F F F
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Optional Card 9 (CRIT=54 and thin shells only)

Card 9 1 2 3 4 5 6 7 8
Variable LCXC LCXT LCYC LCYT LCSC DT
Type I I I I I F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
EA Ea, Young’s modulus - longitudinal direction
EB Ep, Young’s modulus - transverse direction
EC E., Young’s modulus - normal direction
PRBA Vp,, Poisson’s ratio ba
PRCA V¢a, Poisson’s ratio ca
PRCB Vb, Poisson’s ratio cb
GAB Gap, shear modulus ab
GBC Gy, shear modulus be
GCA Gea, shear modulus ca
(KF) Bulk modulus of failed material (not used)
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VARIABLE

AOPT

Al A2 A3

V1V2V3

D1 D2 D3

MANGLE

DFAILM

DFAILS

TFAIL

ALPH

DESCRIPTION

Material axes option (see MAT_OPTION TROPIC ELASTIC for a
more complete description):
EQ.0.0: locally orthotropic with material axes determined by ele-
ment nodes 1, 2, and 4, as with *DEFINE COORDINATE
NODES, and then, for shells only, rotated about the shell element
normal by an angle MANGLE.
EQ.2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with *DEFINE_ COORDINATE VECTOR.
EQ.3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle (MANGLE)
from a line in the plane of the element defined by the cross product
of the vector v with the element normal.
LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-
ORDINATE SYSTEM or *DEFINE COORDINATE VECTOR).
Available in R3 version of 971 and later.

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

Material angle in degrees for AOPT = 0 (shells only) and 3. MANGLE
may be overridden on the element card, see
*ELEMENT SHELL BETA and *ELEMENT SOLID ORTHO. .

Maximum strain for matrix straining in tension or compression (active
only for MAT 054 and only if DFAILT > 0). The layer in the element
is completely removed after the maximum strain in the matrix direction
is reached. The input value is always positive.

Maximum tensorial shear strain (active only for MAT 054 and only if
DFAILT > 0). The layer in the element is completely removed after the
maximum shear strain is reached. The input value is always positive.

Time step size criteria for element deletion:
< 0: no element deletion by time step size. The crashfront algorithm
only works if tg,j) is set to a value above zero.
0 < tmil <0.1: element is deleted when its time step is smaller than
the given value,
>.1: element is deleted when the quotient of the actual time step and
the original time step drops below the given value.

Shear stress parameter for the nonlinear term, see Material 22.
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VARIABLE DESCRIPTION
SOFT Softening reduction factor for material strength in crashfront elements
(default=1.0). TFAIL must be greater than zero to activate this option.
FBRT Softening for fiber tensile strength:
EQ.0.0: tensile strength = Xt
GT.0.0: tensile strength = X, reduced to X; * FBRT after failure has
occurred in compressive matrix mode.

YCFAC Reduction factor for compressive fiber strength after matrix compressive
failure (MAT 054 only). The compressive strength in the fiber direction
after compressive matrix failure is reduced to:
X, =YCFAC xY, (default:YCFAC = 2.0)

DFAILT Maximum strain for fiber tension (MAT 054 only). (Maximum 1 =
100% strain). The layer in the element is completely removed after the
maximum tensile strain in the fiber direction is reached. If a nonzero
value is given for DFAILT, a nonzero, negative value must also be pro-
vided for DFAILC.

DFAILC Maximum strain for fiber compression (MAT 054 only). (Maximum -1
= 100% compression). The layer in the element is completely removed
after the maximum compressive strain in the fiber direction is reached.
The input value should be negative and is required if DFAILT > 0.

EFS Effective failure strain (MAT 054 only).
XC Longitudinal compressive strength (absolute value is used).
GE.0.0: Poisson effect (PRBA) after failure is active.
LT.0.0: Poisson effect after failure is not active, i.e. PRBA=0.
XT Longitudinal tensile strength, see below.
YC Transverse compressive strength, b-axis (positive value), see below.
YT Transverse tensile strength, b-axis, see below.
SC Shear strength, ab plane, see below.
CRIT Failure criterion (material number):
EQ.54.0: Chang matrix failure criterion (as Material 22) (default),
EQ.55.0: Tsai-Wu criterion for matrix failure.
BETA Weighting factor for shear term in tensile fiber mode (MAT 054 only).
(0.0<BETA <1.0)
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VARIABLE

PFL

EPSF

EPSR

TSMD

SOFT2

SLIMT]1

SLIMC1

SLIMT2

SLIMT2

SLIMS

NCYRED

SOFTG

LCXC

LCXT

LCYC

LCYT

LCSC

DESCRIPTION

Percentage of layers which must fail until crashfront is initiated. E.g.
|[PFL|=80.0, then 80 % of layers must fail until strengths are reduced in
neighboring elements. Default: all layers must fail. A single layer fails if
1 in-plane IP fails (PFL>0) or if 4 in-plane IPs fail (PFL<0). (MAT 054
only, thin shells only).

Damage initiation transverse shear strain. (MAT 054 only, thin shells
only).

Final rupture transverse shear strain. (MAT 054 only, thin shells only).

Transverse shear maximum damage, default=0.90. (MAT 054 only, thin
shells only).

Optional “orthogonal” softening reduction factor for material strength in
crashfront elements (default = 1.0). See remarks (thin shells only).

Factor to determine the minimum stress limit after stress maximum (fi-
ber tension). Similar to *MAT 058 (thin shells only).

Factor to determine the minimum stress limit after stress maximum (fi-
ber compression). Similar to *MAT 058 (thin shells only).

Factor to determine the minimum stress limit after stress maximum (ma-
trix tension). Similar to *MAT 058 (thin shells only).

Factor to determine the minimum stress limit after stress maximum (ma-
trix compression). Similar to *MAT 058 (thin shells only).

Factor to determine the minimum stress limit after stress maximum
(shear). Similar to *MAT 058 (thin shells only).

Number of cycles for stress reduction from maximum to minimum (thin
shells only).

Softening reduction factor for transverse shear moduli GBC and GCA in
crashfront elements (default=1.0) (thin shells only).

Load curve ID for XC vs. strain rate (XC is ignored with that option)
Load curve ID for XT vs. strain rate (XT is ignored with that option)
Load curve ID for YC vs. strain rate (YC is ignored with that option)
Load curve ID for YT vs. strain rate (YT is ignored with that option)

Load curve ID for SC vs. strain rate (SC is ignored with that option)
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VARIABLE DESCRIPTION

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

The Chang/Chang (mat 54) criteria is given as follows:

for the tensile fiber mode,

Ogq >0 then e]?=(JXLt“)2+B(JS—“C”)—1 {

> 0 failed
< 0 elastic’

Eq=E, =Gap = Vpqg =Vap =0,

for the compressive fiber mode,

0aa <0 then ef =

0aa)\? > 0 failed
%aa)” _q
(Xc ) {< 0 elastic’
Eq =vpa =vgp = 0.

for the tensile matrix mode,

ow >0 then oh=(5) + () -1 (20 ae

Ep =vpa =0. = Gg =0,

and for the compressive matrix mode,

<o wn = (2 + (B 1| - 00,

b=Vpa =Vap =0. =G =0
X.=2Y, [for50% fiber volume.
In the Tsai-Wu (MAT _055) criteria the tensile and compressive fiber modes are treated as in the

Chang-Chang criteria. The failure criterion for the tensile and compressive matrix mode is giv-
en as:

2 by n (Uab>2 n (Y. —Y) opp 1 {2 0 failed

ehq = —
md T yy, \S. Y.Y; < 0 elastic

For =1 we get the original criterion of Hashin [1980] in the tensile fiber mode. For =0 we get
the maximum stress criterion which is found to compare better to experiments.

In MAT 054, failure can occur in any of four different ways:
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1. If DFAILT is zero, failure occurs if the Chang-Chang failure criterion is satisfied in the
tensile fiber mode.

2. If DFAILT is greater than zero, failure occurs if the tensile fiber strain is greater than
DFAILT or less than DFAILC.

3. If EFS is greater than zero, failure occurs if the effective strain is greater than EFS.

4. If TFAIL is greater than zero, failure occurs according to the element timestep as de-
scribed in the definition of TFAIL above.

When failure has occurred in all the composite layers (through-thickness integration points), the
element is deleted. Elements which share nodes with the deleted element become “crashfront”
elements and can have their strengths reduced by using the SOFT parameter with TFAIL greater
than zero. An earlier initiation of crashfront elements is possible by using parameter PFL.

An optional direction dependent strength reduction can be invoked by setting 0<SOFT2<I.
Then, SOFT equals a strength reduction factor for fiber parallel failure and SOFT2 equals a
strength reduction factor for fiber orthogonal failure. Linear interpolation is used for angles in
between. See Figure 2-29.

Information about the status in each layer (integration point) and element can be plotted using
additional integration point variables. The number of additional integration point variables for
shells written to the LS-DYNA database is input by the *“DATABASE _EXTENT BINARY def-
inition as variable NEIPS. For Models 54 and 55 these additional variables are tabulated below
(i = shell integration point):

LS-PrePost his-
History Description Value tory variable
Variable
1.ef (i) tensile fiber mode 1
2.ec(i) compressive fiber mode 1 - elastic 2
3.em(i) tensile matrix mode 0 - failed 3
4.ed(i) | compressive matrix mode 4
5.efail max/ef(ip)] 5
-1 - element intact
-8 .
6.dam damage parameter 10 +1el_6776118e ’Z;Z tcfl;cgézgront 6

Table 2.5.

These variables can be plotted in LS-PrePost element history variables 1 to 6. The following
components, defined by the sum of failure indicators over all through-thickness integration
points, are stored as element component 7 instead of the effective plastic strain.
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*MAT_054-055

transverse shear stiffness

GBC,
GCA

A

D=0

D=TSMD

S~
~

|

EPSF

| :

EPSR transverse shear strain

Figure 2-28. Linear Damage for transverse shear behavior

Description Integration point
1 nip .
nip
1 . 2
— > ec(i)
nip £
nip
1 . 3
— > em(i)
nip 4
i=1

In an optional damage model for transverse shear strain, out-of-plane stiffness (GBC and GCA)

can get linearly decreased to model interlaminar shear failure. Damage starts when effective
transverse shear strain

eff _
€56 =

’ 2 2
Eyz + &4y

reaches EPSF. Final rupture occurs when effective transverse shear strain reaches EPSR. A max-
imum damage of TSMD (0.0<TSMD<0.99) cannot be exceeded. See Figure 2-28.

Reduction

by SOFT2
(orthogonal)

Reduction

by 0.5(SOFT+SOFT2)

"\

\ 4

Reduction

by SOFT (parallel)

Figure 2-29. Direction dependent softening
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*MAT_LOW_DENSITY FOAM

This is Material Type 57 for modeling highly compressible low density foams. Its main applica-
tions are for seat cushions and padding on the Side Impact Dummies (SID). Optionally, a ten-
sion cut-off failure can be defined. A table can be defined if thermal effects are considered in the
nominal stress versus strain behavior. Also, see the notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E LCID TC HU BETA DAMP
Type A8 F F F F F F F
Default 1.LE+20 1. 0.05
Remarks 3 1
Card 2 1 2 3 4 5 6 7 8
Variable SHAPE FAIL BVFLAG ED BETA1 KCON REF
Type F F F F F F F
Default 1.0 0.0 0.0 0.0 0.0 0.0 0.0
Remarks 3 2 5 5 6
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

RO

acters must be specified.
Mass density

Young’s modulus used in tension. For implicit problems E is set to the
initial slope of load curve LCID.
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*MAT_057

VARIABLE DESCRIPTION

LCID Load curve or table ID, see *DEFINE CURVE, for the nominal stress
versus strain curve definition. If a table is used, a family of curves is
defined each corresponding to a discrete temperature, see
*DEFINE_TABLE.

TC Cut-off for the nominal tensile stress Tj
HU Hysteretic unloading factor between 0 and 1 (default=1, i.e., no energy
dissipation), see also Figure 2-30.

BETA [, decay constant to model creep in unloading

DAMP Viscous coefficient (.05< recommended value <.50) to model damping
effects.

LT.0.0: IDAMP| is the load curve ID, which defines the damping
constant as a function of the maximum strain in compression defined
as:

E€max = Max(1—21;,1—-1,,1.—43).
In tension, the damping constant is set to the value corresponding to
the strain at 0. The abscissa should be defined from 0 to 1.

SHAPE Shape factor for unloading. Active for nonzero values of the hysteretic
unloading factor. Values less than one reduces the energy dissipation
and greater than one increases dissipation, see also Figure 2-30.

FAIL Failure option after cutoff stress is reached:

EQ.0.0: tensile stress remains at cut-off value,
EQ.1.0: tensile stress is reset to zero.
BVFLAG Bulk viscosity activation flag, see remark below:
EQ.0.0: no bulk viscosity (recommended),
EQ.1.0: bulk viscosity active.
ED Optional Young's relaxation modulus, E;, for rate effects. See com-
ments below.

BETALl Optional decay constant, £5;.

KCON Stiffness coefficient for contact interface stiffness. If undefined the
maximum slope in stress vs. strain curve is used. When the maximum
slope is taken for the contact, the time step size for this material is re-
duced for stability. In some cases At may be significantly smaller, and
defining a reasonable stiffness is recommended.

LS-DYNA R7.0 2-241 (MAT)



*MAT_057 *MAT_LOW_DENSITY FOAM

VARIABLE DESCRIPTION

REF Use reference geometry to initialize the stress tensor. The reference ge-
ometry is defined by the keyword:*INITIAL FOAM REFERENCE
GEOMETRY (see there for more details).
EQ.0.0: off,
EQ.1.0: on.

Remarks:

The compressive behavior is illustrated in Figure 2-30 where hysteresis on unloading is shown.
This behavior under uniaxial loading is assumed not to significantly couple in the transverse di-
rections. In tension the material behaves in a linear fashion until tearing occurs. Although our
implementation may be somewhat unusual, it was motivated by Storakers [1986].

The model uses tabulated input data for the loading curve where the nominal stresses are defined
as a function of the elongations, €;, which are defined in terms of the principal stretches, Aj, as:
g=Ai—1

The stretch ratios are found by solving for the eigenvalues of the left stretch tensor, Vijj, which
is obtained via a polar decomposition of the deformation gradient matrix, Fjj. Recall that,

Fij = RixUyj = VikRyj

The update of Vjj follows the numerically stable approach of Taylor and Flanagan [1989]. After
solving for the principal stretches, we compute the elongations and, if the elongations are com-
pressive, the corresponding values of the nominal stresses, T|| are interpolated. If the elonga-
tions are tensile, the nominal stresses are given by

T; = Eg;

and the Cauchy stresses in the principal system become

Ti

o; = m
The stresses can now be transformed back into the global system for the nodal force calculations.

Additional Remarks:

1. When hysteretic unloading is used the reloading will follow the unloading curve if the
decay constant, [3, is set to zero. If 3 is nonzero the decay to the original loading curve is
governed by the expression:

1.-ePt

2. The bulk viscosity, which generates a rate dependent pressure, may cause an unexpected
volumetric response and, consequently, it is optional with this model.
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A A
Typical unloading curves determined Typical unloading for a large shape
by the hysteretic unloading factor factor, e.g., 5.0 — 8.0, and a small hys-
with a shape factor equal to unity. teretic unloading factor, e.g., 0.01.
(&) o)
Unloading
Curves
X - -
straimn strain

Figure 2-30. Behavior of the low density urethane foam model

3. The hysteretic unloading factor results in the unloading curve to lie beneath the loading
curve as shown in Figure 2-30 This unloading provides energy dissipation which is rea-
sonable in certain kinds of foam.

4. Note that since this material has no effective plastic strain, the internal energy per initial
volume is written into the output databases.

5. Rate effects are accounted for through linear viscoelasticity by a convolution integral of
the form

t G
Oij J;) Yijki ( ) ot T

where g;x; (t — 7) is the relaxation function. The stress tensor, gy}, augments the stresses

ijo
determined from the foam, O'l-j;; consequently, the final stress, g, is taken as the summa-

tion of the two contributions:

— - f
O-ij = O'i]- + O'Z']
Since we wish to include only simple rate effects, the relaxation function is represented

by one term from the Prony series:

N
gt) = ay + Z a,e Pt
m=1

given by,
g(t) = Eqe Pt

This model is effectively a Maxwell fluid which consists of a damper and spring in series.
We characterize this in the input by a Young's modulus, E;, and decay constant, ;. The
formulation is performed in the local system of principal stretches where only the princi-
pal values of stress are computed and triaxial coupling is avoided. Consequently, the
one-dimensional nature of this foam material is unaffected by this addition of rate effects.
The addition of rate effects necessitates twelve additional history variables per integration
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point. The cost and memory overhead of this model comes primarily from the need to
“remember” the local system of principal stretches.

6. The time step size is based on the current density and the maximum of the instantaneous
loading slope, E, and KCON. If KCON is undefined the maximum slope in the loading
curve is used instead.
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*MAT_LAMINATED COMPOSITE_FABRIC

This is Material Type 58. Depending on the type of failure surface, this model may be used to
model composite materials with unidirectional layers, complete laminates, and woven fabrics.
This model is implemented for shell and thick shell elements.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO EA EB (EC) PRBA TAUI1 GAMMAL1
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable GAB GBC GCA SLIMT1 SLIMC1 SLIMT2 SLIMC2 SLIMS
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable AOPT TSIZE ERODS SOFT FS

Type F F F F F

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

Type F F F F F F
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Card 5 1 2 3 4 5 6 7 8
Variable V1 V2 V3 D1 D2 D3 BETA
Type F F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable E11C E1IT E22C E22T GMS
Type F F F F F
Card 7 1 2 3 4 5 6 7 8
Variable XC XT YC YT SC
Type F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
EA Ea, Young’s modulus - longitudinal direction
EB Ep, Young’s modulus - transverse direction
(EC) E., Young’s modulus - normal direction (not used)
PRBA Vpa, Poisson’s ratio ba
TAU1 11, stress limit of the first slightly nonlinear part of the shear stress ver-

sus shear strain curve. The values T1 and yl are used to define a curve
of shear stress versus shear strain. These values are input if FS, defined
below, is set to a value of -1.
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VARIABLE DESCRIPTION

GAMMAL y1, strain limit of the first slightly nonlinear part of the shear stress ver-
sus engineering shear strain curve.

GAB Gap, shear modulus ab
GBC Gy, shear modulus bc
GCA Gea, shear modulus ca
SLIMTI Factor to determine the minimum stress limit after stress maximum (fi-

ber tension).

SLIMC1 Factor to determine the minimum stress limit after stress maximum (fi-
ber compression).

SLIMT2 Factor to determine the minimum stress limit after stress maximum (ma-
trix tension).

SLIMC2 Factor to determine the minimum stress limit after stress maximum (ma-
trix compression).

SLIMS Factor to determine the minimum stress limit after stress maximum
(shear).
AOPT Material axes option (see MAT_OPTION TROPIC ELASTIC for a

more complete description):
EQ. 0.0: locally orthotropic with material axes determined by ele-
ment nodes 1, 2, and 4, as with *DEFINE COORDINATE
NODES, and then rotated about the shell element normal by an angle
BETA.
EQ. 2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with *DEFINE_ COORDINATE VECTOR.
EQ. 3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle (BETA) from a
line in the plane of the element defined by the cross product of the
vector v with the element normal.
LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-
ORDINATE SYSTEM or *DEFINE COORDINATE VECTOR).
Available in R3 version of 971 and later.

TSIZE Time step for automatic element deletion.
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VARIABLE

ERODS

SOFT

FS

XP YP ZP

Al A2 A3

V1Vv2V3

D1 D2 D3

BETA

E11C

E11T

E22C

E22T

GMS

XC

XT

YC

DESCRIPTION

Maximum effective strain for element layer failure. A value of unity
would equal 100% strain.
GT.0.0: fails when effective strain calculated assuming material is
volume preserving exceeds ERODS (old way).
LT.0.0: fails when effective strain calculated from the full strain
tensor exceeds |[ERODS|.

Softening reduction factor for strength in the crashfront.

Failure surface type:
EQ.1.0: smooth failure surface with a quadratic criterion for both the
fiber (a) and transverse (b) directions. This option can be used with
complete laminates and fabrics.
EQ.0.0: smooth failure surface in the transverse (b) direction with a
limiting value in the fiber (a) direction. This model is appropriate
for unidirectional (UD) layered composites only.
EQ.-1.: faceted failure surface. When the strength values are
reached then damage evolves in tension and compression for both
the fiber and transverse direction. Shear behavior is also considered.
This option can be used with complete laminates and fabrics.

Define coordinates of point p for AOPT = 1.

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

Material angle in degrees for AOPT=0 and 3, may be overridden on the
element card, see *ELEMENT_SHELL BETA.

Strain at longitudinal compressive strength, a-axis (positive).
Strain at longitudinal tensile strength, a-axis.

Strain at transverse compressive strength, b-axis.

Strain at transverse tensile strength, b-axis.

Engineering shear strain at shear strength, ab plane.
Longitudinal compressive strength (positive value).
Longitudinal tensile strength, see below.

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

2-248 (MAT)

LS-DYNA R7.0



*MAT_LAMINATED COMPOSITE_FABRIC *MAT 058

VARIABLE DESCRIPTION
YT Transverse tensile strength, b-axis, see below.
SC Shear strength, ab plane, see below.
Remarks:

Parameters to control failure of an element layer are: ERODS, the maximum effective strain, i.e.,
maximum 1 = 100 % straining. The layer in the element is completely removed after the maxi-
mum effective strain (compression/tension including shear) is reached.

The stress limits are factors used to limit the stress in the softening part to a given value,
Omin = SLIMxx - strength,

thus, the damage value is slightly modified such that elastoplastic like behavior is achieved with
the threshold stress. As a factor for SLIMxx a number between 0.0 and 1.0 is possible. With a
factor of 1.0, the stress remains at a maximum value identical to the strength, which is similar to
ideal elastoplastic behavior. For tensile failure a small value for SLIMTx is often reasonable;
however, for compression SLIMCx = 1.0 is preferred. This is also valid for the corresponding
shear value. If SLIMxx is smaller than 1.0 then localization can be observed depending on the
total behavior of the lay-up. If the user is intentionally using SLIMxx < 1.0, it is generally rec-
ommended to avoid a drop to zero and set the value to something in between 0.05 and 0.10. Then
elastoplastic behavior is achieved in the limit which often leads to less numerical problems. De-
faults for SLIMXX = 1.0E-8.

The crashfront-algorithm is started if and only if a value for TSIZE (time step size, with element
elimination after the actual time step becomes smaller than TSIZE) is input.

The damage parameters can be written to the postprocessing database for each integration point
as the first three additional element variables and can be visualized.

Material models with FS=1 or FS=-1 are favorable for complete laminates and fabrics, as all di-
rections are treated in a similar fashion.

For material model FS=1 an interaction between normal stresses and the shear stresses is as-
sumed for the evolution of damage in the a and b-directions. For the shear damage is always the
maximum value of the damage from the criterion in a or b-direction is taken.

For material model FS=-1 it is assumed that the damage evolution is independent of any of the
other stresses. A coupling is only present via the elastic material parameters and the complete
structure.

In tensile and compression directions and in a as well as in b- direction different failure surfaces
can be assumed. The damage values, however, increase only also when the loading direction
changes.
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T A
SC SLIMS = 1.0
SLIMS = 0.9
TAUl ——
SLIMS = 0.6
GAMMALI GMS
o

Figure 2-31. Stress-strain diagram for shear

Special control of shear behavior of fabrics

For fabric materials a nonlinear stress strain curve for the shear part for failure surface FS=-1 can
be assumed as given below. This is not possible for other values of FS.

The curve, shown in Figure 2-31 is defined by three points:

a) the origin (0,0) is assumed,

b) the limit of the first slightly nonlinear part (must be input), stress (TAU1) and
strain (GAMMA1), see below.

c) the shear strength at failure and shear strain at failure.

In addition a stress limiter can be used to keep the stress constant via the SLIMS parameter. This
value must be less or equal 1.0 but positive, and leads to an elastoplastic behavior for the shear
part. The default is 1.0E-08, assuming almost brittle failure once the strength limit SC is reached.
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*MAT_059

*MAT_COMPOSITE_FAILURE_{OPTION}_MODEL

This is Material Type 59.

Available options include:

SHELL

SOLID

SPH

depending on the element type the material is to be used with, see *PART.

For both options define cards 1 to 4 below

Card 1 1 2 3 4 5 6 7 8
Variable MID RO EA EB EC PRBA PRCA PRCB
Type A8 F F F F F F F

Card 2 1 2 3 4 5 6 7 8
Variable GAB GBC GCA KF AOPT MACF

Type F F F F F I

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

Type F F F F F F
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Card 4 1 2 3 4 5 6 7
Variable Vi V2 V3 D1 D2 D3 BETA
Type F F F F F F F
Cards S and 6 for SHELL option

Card 5 1 2 3 4 5 6 7
Variable TSIZE ALP SOFT FBRT SR SF

Type F F F F F F

Card 6 1 2 3 4 5 6 7
Variable XC XT YC YT SC

Type F F F F F

Cards 5 and 6 for SOLID and SPH option

Card 5 1 2 3 4 5 6 7
Variable SBA SCA SCB XXC YYC 77C

Type F F F F F F

Card 6 1 2 3 4 5 6 7
Variable XXT YYT 77T

Type F F F
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VARIABLE DESCRIPTION

MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.

RO Density
EA Ea, Young’s modulus - longitudinal direction
EB Ep, Young’s modulus - transverse direction
EC E., Young’s modulus - normal direction
PRBA Vpa Poisson’s ratio ba
PRCA V¢, Poisson’s ratio ca
PRCB V¢p Poisson’s ratio cb
GAB Gyp Shear Modulus
GBC Gpe Shear Modulus
GCA G.a Shear Modulus
KF Bulk modulus of failed material
AOPT Material axes option (see MAT_OPTION TROPIC ELASTIC for a

more complete description) (SPH particles only support AOPT=2.0):
EQ.0.0: locally orthotropic with material axes determined by ele-
ment nodes 1, 2, and 4, as with *DEFINE COORDINATE
NODES, and then, for shells only, rotated about the shell element
normal by an angle BETA.
EQ.1.0: locally orthotropic with material axes determined by a point
in space and the global location of the element center; this is the a-
direction. This option is for solid elements only.
EQ.2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with *DEFINE_ COORDINATE VECTOR.
EQ.3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle, BETA, from a
line in the plane of the element defined by the cross product of the
vector v with the element normal.
EQ.4.0: locally orthotropic in cylindrical coordinate system with the
material axes determined by a vector v, and an originating point, P,
which define the centerline axis. This option is for solid elements
only.
LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE  CO-
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VARIABLE DESCRIPTION

ORDINATE SYSTEM or *DEFINE COORDINATE VECTOR).
Available in R3 version of 971 and later.

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

XP YP ZP Define coordinates of point p for AOPT =1 and 4.
Al A2 A3 Define components of vector a for AOPT = 2.
V1V2V3 Define components of vector v for AOPT = 3 and 4.
D1 D2 D3 Define components of vector d for AOPT = 2:
BETA Material angle in degrees for AOPT=0 (shells only) and AOPT=3, may

be overridden on the element card, see *ELEMENT SHELL BETA or
*ELEMENT _SOLID ORTHO.

TSIZE Time step for automatic element deletion
ALP Nonlinear shear stress parameter
SOFT Softening reduction factor for strength in crush
FBRT Softening of fiber tensile strength
SR st, reduction factor (default=0.447)
SF sf, softening factor (default=0.0)
XC Longitudinal compressive strength, a-axis (positive value).
XT Longitudinal tensile strength, a-axis
YC Transverse compressive strength, b-axis (positive value).
YT Transverse tensile strength, b-axis
SC Shear strength, ab plane:

GT.0.0 faceted failure surface theory,
LT.0.0 ellipsoidal failure surface theory.

SBA In plane shear strength.
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VARIABLE DESCRIPTION
SCA Transverse shear strength.
SCB Transverse shear strength.
XXC Longitudinal compressive strength a-axis (positive value).
YYC Transverse compressive strength b-axis (positive value).
77C Normal compressive strength c-axis (positive value).
XXT Longitudinal tensile strength a-axis.
YYT Transverse tensile strength b-axis.
77T Normal tensile strength c-axis.
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*MAT_ELASTIC_WITH_VISCOSITY

This is Material Type 60 which was developed to simulate forming of glass products (e.g., car
windshields) at high temperatures. Deformation is by viscous flow but elastic deformations can
also be large. The material model, in which the viscosity may vary with temperature, is suitable
for treating a wide range of viscous flow problems and is implemented for brick and shell ele-
ments.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO \Y1 A B C LCID

Type A8 F F F F F F

Card 2 1 2 3 4 5 6 7 8
Variable PRI PR2 PR3 PR4 PR5 PR6 PR7 PRS
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable T1 T2 T3 T4 TS T6 T7 T8
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable Vi V2 V3 V4 V5 V6 V7 V8
Type F F F F F F F F
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*MAT 060

Card 5 1 2 3 4 5 6 7 8
Variable El E2 E3 E4 ES E6 E7 E8
Type F F F F F F F F
Card 6 1 2 3 4 5 6 7 8
Variable ALPHA1 | ALPHA2 | ALPHA3 | ALPHA4 | ALPHAS5 | ALPHA6 | ALPHA7 | ALPHAS
Type F F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
V0 Temperature independent viscosity coefficient, V(. If defined, the tem-
perature dependent viscosity defined below is skipped, see type (i) and
(i1) definitions for viscosity below.
A Viscosity coefficient, see type (1) and (ii) definitions for viscosity below.
B Viscosity coefficient, see type (i) and (ii) definitions for viscosity below.
C Viscosity coefficient, see type (1) and (ii) definitions for viscosity below.
LCID Load curve (see *DEFINE_CURVE) defining viscosity versus tempera-
ture, see type (ii1). (Optional)
T1, T2,.. TN Temperatures, define up to 8 values

PR1, PR2,...PRN

Poisson’s ratios for the temperatures T;

V1, V2,..VN Corresponding viscosity coefficients (define only one if not varying with
temperature)
El, E2,..EN Corresponding Young’s moduli coefficients (define only one if not vary-
ing with temperature)
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VARIABLE DESCRIPTION
ALPHA.... Corresponding thermal expansion coefficients
Remarks:

Volumetric behavior is treated as linear elastic. The deviatoric strain rate is considered to be the
sum of elastic and viscous strain rates:

! !

() o

./ oot ./
Eiotal = Eelastic + €yiscous — ﬁ + 2V

where G is the elastic shear modulus, v is the viscosity coefficient, and bold indicates a tensor.
The stress increment over one timestep dt is

G
do’ = 2G &y dt — ;dt o

The stress before the update is used for ¢’. For shell elements the through-thickness strain rate is
calculated as follows.

d0-33 =0= K(‘éll + ézz + é33) dt + ZGé’33dt —%dt0l33

where the subscript ij = 33 denotes the through-thickness direction and K is the elastic bulk
modulus. This leads to:

é33 = —a <éll + ézz) + bp

_ (k59)

“ 7 (k+ke)
_ Gdt
b= v(K+§G)

in which p is the pressure defined as the negative of the hydrostatic stress.
The variation of viscosity with temperature can be defined in any one of the 3 ways.

(i) Constant, V=V Do not define constants, A, B, and C or the piecewise curve.(leave
card 4 blank)

(i) V=Vox10** (A/(T-B)+C)
(i11)) Piecewise curve: define the variation of viscosity with temperature.

Note: Viscosity is inactive during dynamic relaxation.
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*MAT_060C

*MAT_ELASTIC_WITH_VISCOSITY_CURVE

This is Material Type 60 which was developed to simulate forming of glass products (e.g., car
windshields) at high temperatures. Deformation is by viscous flow but elastic deformations can
also be large. The material model, in which the viscosity may vary with temperature, is suitable
for treating a wide range of viscous flow problems and is implemented for brick and shell ele-
ments. Load curves are used to represent the temperature dependence of Poisson’s ratio, Young’s
modulus, the coefficient of expansion, and the viscosity.

Card 1 1 2 3 4 5 7 8
Variable MID RO Vo A B LCID
Type A8 F F F F F
Card 2 1 2 3 4 5 7 8
Variable PRIC | YMLC | ALC V LC | V LOG
Type F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
VO Temperature independent viscosity coefficient, V(. If defined, the tem-
perature dependent viscosity defined below is skipped, see type (i) and
(i1) definitions for viscosity below.
A Viscosity coefficient, see type (i) and (ii) definitions for viscosity below.
B Viscosity coefficient, see type (i) and (i1) definitions for viscosity below.
C Viscosity coefficient, see type (i) and (ii) definitions for viscosity below.
LCID Load curve (see *DEFINE _CURVE) defining factor on viscosity versus
temperature, see type (iii). (Optional).
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VARIABLE DESCRIPTION
PR LC Load curve (see *DEFINE CURVE) defining Poisson’s ratio as a func-
tion of temperature.
YM_LC Load curve (see *DEFINE CURVE) defining Young’s modulus as a
function of temperature.
A LC Load curve (see *DEFINE CURVE) defining the coefficient of thermal
expansion as a function of temperature.
V_LC Load curve (see *DEFINE_CURVE) defining the viscosity as a function
of temperature.
V_LOG Flag for the form of V_LC. If V_LOG=1.0, the value specified in V_LC

is the natural logarithm of the viscosity, In(V). The value interpolated
from the curve is then exponentiated to obtain the viscosity. If
V_LOG=0.0, the value is the viscosity. The logarithmic form is useful if
the value of the viscosity changes by orders of magnitude over the tem-
perature range of the data.

Remarks:

Volumetric behavior is treated as linear elastic. The deviatoric strain rate is considered to be the
sum of elastic and viscous strain rates:

!/ !

o (o}

.y Y .y
€iotal = Eelastic + €viscous = ﬁ + 2v

where G is the elastic shear modulus, v is the viscosity coefficient, and bold~ indicates a tensor.
The stress increment over one timestep dt is

G
do' = 2Gg&,, dt — > dt o

The stress before the update is used for 6’. For shell elements the through-thickness strain rate is
calculated as follows.

d0-33 =0= K(‘éll + ézz + é33) dt + ZGé’33dt —%dt0’33

where the subscript ij = 33 denotes the through-thickness direction and K is the elastic bulk
modulus. This leads to:

é33 = —a <é11 + ézz) + bp

(k)
(1)
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Gdt
u(K+§G)

b=

in which p is the pressure defined as the negative of the hydrostatic stress.
The variation of viscosity with temperature can be defined in any one of the 3 ways.

(1) Constant, V = Vg Do not define constants, A, B, and C or the piecewise curve.(leave
card 4 blank)

(i) V=V x 10** (A(T-B) + C)

(iii) Piecewise curve: define the variation of viscosity with temperature.

Note: Viscosity is inactive during dynamic relaxation.

LS-DYNA R7.0 2-261 (MAT)



*MAT 061

*MAT_KELVIN-MAXWELL_VISCOELASTIC

*MAT_KELVIN-MAXWELL_VISCOELASTIC

This is Material Type 61. This material is a classical Kelvin-Maxwell model for modeling vis-
coelastic bodies, e.g., foams. This model is valid for solid elements only. See also notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO BULK GO GI DC FO SO
Type A8 F F F F F F F
Default none none none none none 0.0 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
BULK Bulk modulus (elastic)
GO Short-time shear modulus, Gy
GI Long-time (infinite) shear modulus, Goo
DC Maxwell decay constant, B[FO=0.0] or
Kelvin relaxation constant, T [FO=1.0]
FO Formulation option:
EQ.0.0: Maxwell,
EQ.1.0: Kelvin.
SO Strain (logarithmic) output option to control what is written as compo-

nent 7 to the d3plot database. (LS-PrePost always blindly labels this
component as effective plastic strain.) The maximum values are updated
for each element each time step:
EQ.0.0: maximum principal strain that occurs during the calculation,
EQ.1.0: maximum magnitude of the principal strain values that oc-
curs during the calculation,
EQ.2.0: maximum effective strain that occurs during the calculation.
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Remarks:

The shear relaxation behavior is described for the Maxwell model by:
G(t) =G+ (Gy — Gg,)e Pt
A Jaumann rate formulation is used
v
o'y =2[,G(t—1) D';;(r)dt

. . . v .
where the prime denotes the deviatoric part of the stress rate, oy, and the strain rate Djj; . For the
Kelvin model the stress evolution equation is defined as:

1 Goo |
Sij ¥ 7Sy = (1+6;)Goeyy + (1 + 5ij)7eij

The strain data as written to the LS-DYNA database may be used to predict damage, see [Ban-
dak 1991].
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*MAT_VISCOUS_FOAM

This is Material Type 62. It was written to represent the Confor Foam on the ribs of EuroSID
side impact dummy. It is only valid for solid elements, mainly under compressive loading.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO El N1 V2 E2 N2 PR
Type A8 F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density
El Initial Young’s modulus (E;)
N1 Exponent in power law for Young’s modulus (n,)
V2 Viscous coefficient (V)
E2 Elastic modulus for viscosity (E,), see notes below.
N2 Exponent in power law for viscosity (n,)
PR Poisson’s ratio, v
Remarks:

The model consists of a nonlinear elastic stiffness in parallel with a viscous damper. The elastic
stiffness is intended to limit total crush while the viscosity absorbs energy. The stiffness £, ex-

ists to prevent timestep problems. It is used for time step calculations a long as Ef is smaller
than E). It has to be carefully chosen to take into account the stiffening effects of the viscosity.

Both E; and ¥, are nonlinear with crush as follows:

Ef = E, (V™)
Vi =V,(abs(1 —V))"™
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where viscosity generates a shear stress given by
T = Vz)}

y is the engineering shear strain rate, and V is the relative volume defined by the ratio of the cur-
rent to initial volume. Typical values are (units of N, mm, s):

E,=0.0036 n,=4.0 V,=0.0015

E,=100.0 ny=0.2 v=0.05
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*MAT_CRUSHABLE_FOAM

*MAT_CRUSHABLE_FOAM

This is Material Type 63 which is dedicated to modeling crushable foam with optional damping
and tension cutoff. Unloading is fully elastic. Tension is treated as elastic-perfectly-plastic at
the tension cut-off value. A modified version of this model, *MAT MODIFIED CRUSHA-
BLE FOAM includes strain rate effects.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR LCID TSC DAMP
Type A8 F F F F F F
Default none none none none none 0.0 0.10
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
E Young’s modulus
PR Poisson’s ratio
LCID Load curve ID defining yield stress versus volumetric strain, Yy, see Fig-
ure 2-32.
TSC Tensile stress cutoff. A nonzero, positive value is strongly recommended
for realistic behavior.
DAMP Rate sensitivity via damping coefficient (.05<recommended value<.50).
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*MAT_063
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Figure 2-32. Behavior of strain rate sensitive crushable foam. Unloading is elastic to

the tension cutoff. Subsequent reloading follows the unloading curve.

Remarks:

The volumetric strain is defined in terms of the relative volume, V, as:

y=1.-V

The relative volume is defined as the ratio of the current to the initial volume. In place of the
effective plastic strain in the D3PLOT database, the integrated volumetric strain is output.

LS-DYNA R7.0

2-267 (MAT)



*MAT_064 *MAT_RATE_SENSITIVE_POWERLAW_PLASTICITY

*MAT_RATE_SENSITIVE_ POWERLAW_PLASTICITY

This is Material Type 64 which will model strain rate sensitive elasto-plastic material with a
power law hardening. Optionally, the coefficients can be defined as functions of the effective
plastic strain.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR K M N EO
Type A8 F F F F F F F
Default none none none none none 0.0001 none 0.0002
Card 2 1 2 3 4 5 6 7 8
Variable VP EPSO
Type F F
Default 0.0 1.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density

E Young’s modulus of elasticity

PR Poisson’s ratio

K Material constant, k. If k<O the absolute value of k is taken as the load

curve number that defines k as a function of effective plastic strain.

M Strain hardening coefficient, m. If m<0 the absolute value of m is taken
as the load curve number that defines m as a function of effective plastic
strain.
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VARIABLE DESCRIPTION

N Strain rate sensitivity coefficient, n. If n<0 the absolute value of n is tak-
en as the load curve number that defines n as a function of effective
plastic strain.

EO Initial strain rate (default = 0.0002)

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

EPS0 Quasi-static threshold strain rate. See description under *MAT 015.

Remarks:
This material model follows a constitutive relationship of the form:
o= ke™men

where o is the yield stress, € is the effective plastic strain, € is the effective total strain rate
(VP=0), respectively the effective plastic strain rate (VP=1), and the constants &, m, and n can be
expressed as functions of effective plastic strain or can be constant with respect to the plastic
strain. The case of no strain hardening can be obtained by setting the exponent of the plastic
strain equal to a very small positive value, i.e. 0.0001.

This model can be combined with the superplastic forming input to control the magnitude of the
pressure in the pressure boundary conditions in order to limit the effective plastic strain rate so
that it does not exceed a maximum value at any integration point within the model.

A fully viscoplastic formulation is optional. An additional cost is incurred but the improvement
is results can be dramatic.
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*MAT_MODIFIED ZERILLI_ARMSTRONG

This is Material Type 65 which is a rate and temperature sensitive plasticity model which is
sometimes preferred in ordnance design calculations.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO G EO N TROOM PC SPALL
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable Cl C2 C3 C4 Cs Co EFAIL VP
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable B1 B2 B3 Gl G2 G3 G4 BULK
Type F F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density

G Shear modulus

EO &o, factor to normalize strain rate

N n, exponent for bcc metal
TROOM T} room temperature

PC pc, Pressure cutoff
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VARIABLE DESCRIPTION

SPALL Spall Type:
EQ.1.0: minimum pressure limit,
EQ.2.0: maximum principal stress,
EQ.3.0: minimum pressure cutoff.

Cl1 C1, coefficients for flow stress, see notes below.
C2 C2, coefficients for flow stress, see notes below.
C3 C3, coefficients for flow stress, see notes below.
C4 C4, coefficients for flow stress, see notes below.
C5 Cj5, coefficients for flow stress, see notes below.
C6 Ce, coefficients for flow stress, see notes below.
EFAIL Failure strain for erosion
VP Formulation for rate effects:

EQ.0.0: Scale yield stress (default)
EQ.1.0: Viscoplastic formulation

Bl B1, coefficients for polynomial to represent temperature dependency of
flow stress yield.

B2 B>
B3 B3
Gl G1, coefficients for defining heat capacity and temperature dependency

of heat capacity.

G2 Gr
G3 G3
G4 Gy
BULK Bulk modulus defined for shell elements only. Do not input for solid
elements.
Remarks:

The Armstrong-Zerilli Material Model expresses the flow stress as follows.
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For fcc metals (n=0),

o= ot [ o] ) ()

eP = effective plastic strain

&= gi effective plastic strain rate where €, = 1, 1e-3, 1e-6 for time units of
0

seconds, milliseconds, and microseconds, respectively.

For bee metals (n>0),

o=C(+ Cze(_c3+c4ln(é*))T + [C5(eP)™ + C4] (Mlzz(:;))

where

( u(T)

— 2
u(z%)) = B, + B,T + B;T2.

The relationship between heat capacity (specific heat) and temperature may be characterized by a
cubic polynomial equation as follows:

Cp = Gl + GzT + G3T2 + G4T3

A fully viscoplastic formulation is optional. An additional cost is incurred but the improvement
is results can be dramatic.
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*MAT_LINEAR _ELASTIC_DISCRETE_BEAM

This is Material Type 66. This material model is defined for simulating the effects of a linear
elastic beam by using six springs each acting about one of the six local degrees-of-freedom. The
two nodes defining a beam may be coincident to give a zero length beam, or offset to give a fi-
nite length beam. For finite length discrete beams the absolute value of the variable SCOOR in
the SECTION_ BEAM input should be set to a value of 2.0, which causes the local r-axis to be
aligned along the two nodes of the beam to give physically correct behavior. The distance be-
tween the nodes of a beam should not affect the behavior of this model. A triad is used to orient
the beam for the directional springs. Translational/rotational stiffness and viscous damping ef-
fects are considered for a local cartesian system, see notes below. Applications for this element
include the modeling of joint stiffnesses.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO TKR TKS TKT RKR RKS RKT
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable TDR TDS TDT RDR RDS RDT
Type F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable FOR FOS FOT MOR MOS MOT
Type F F F F F F

VARIABLE DESCRIPTION

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

acters must be specified.
RO Mass density, see also “volume” in the *SECTION_ BEAM definition.

TKR Translational stiffness along local r-axis, see notes below.
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VARIABLE DESCRIPTION
TKS Translational stiffness along local s-axis.
TKT Translational stiffness along local t-axis.
RKR Rotational stiffness about the local r-axis.
RKS Rotational stiffness about the local s-axis.
RKT Rotational stiffness about the local t-axis.
TDR Translational viscous damper along local r-axis. (Optional)
TDS Translational viscous damper along local s-axis. (Optional)
TDT Translational viscous damper along local t-axis. (Optional)
RDR Rotational viscous damper about the local r-axis. (Optional)
RDS Rotational viscous damper about the local s-axis. (Optional)
RDT Rotational viscous damper about the local t-axis. (Optional)
FOR Preload force in r-direction. (Optional)
FOS Preload force in s-direction. (Optional)
FOT Preload force in t-direction. (Optional)
MOR Preload moment about r-axis. (Optional)
MOS Preload moment about s-axis. (Optional)
MOT Preload moment about t-axis. (Optional)

Remarks:

The formulation of the discrete beam (type 6) assumes that the beam is of zero length and re-
quires no orientation node. A small distance between the nodes joined by the beam is permitted.
The local coordinate system which determines (r,s,t) is given by the coordinate ID, see
*DEFINE_COORDINATE_OPTION, in the cross sectional input, see *SECTION BEAM,
where the global system is the default. The local coordinate system axes can rotate with either
node of the beam or an average rotation of both nodes (see SCOOR variable in
*SECTION_BEAM).

For null stiffness coefficients, no forces corresponding to these null values will develop. The
viscous damping coefficients are optional.
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*MAT_NONLINEAR_ELASTIC_DISCRETE_BEAM

This is Material Type 67. This material model is defined for simulating the effects of nonlinear
elastic and nonlinear viscous beams by using six springs each acting about one of the six local
degrees-of-freedom. The two nodes defining a beam may be coincident to give a zero length
beam, or offset to give a finite length beam. For finite length discrete beams the absolute value
of the variable SCOOR in the SECTION BEAM input should be set to a value of 2.0, which
causes the local r-axis to be aligned along the two nodes of the beam to give physically correct
behavior. The distance between the nodes of a beam should not affect the behavior of this mate-
rial model. A triad is used to orient the beam for the directional springs. Arbitrary curves to
model transitional/ rotational stiffness and damping effects are allowed. See notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO LCIDTR | LCIDTS | LCIDTT | LCIDRR | LCIDRS | LCIDRT
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8

Variable LCIDTDR | LCIDTDS | LCIDTDT | LCIDRDR | LCIDRDS | LCIDRDT

Type F F F F F F

Card 3 1 2 3 4 5 6 7 8
Variable FOR FOS FOT MOR MOS MOT

Type F F F F F F
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Cards 4 and 5 must be defined to consider failure; otherwise, they are optional.

Card 4 1 2 3 4 5 6 7 8
Variable FFAILR FFAILS FFAILT | MFAILR | MFAILS | MFAILT
Type F F F F F F
Default 0.0 0.0 0.0 0.0 0.0 0.0
Card 5 1 2 3 4 5 6 7 8
Variable UFAILR | UFAILS UFAILT TFAILR TFAILS TFAILT
Type F F F F F F
Default 0.0 0.0 0.0 0.0 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density, see also volume in *SECTION BEAM definition.
LCIDTR Load curve ID defining translational force resultant along local r-axis
versus relative translational displacement, see Remarks and Figure 2-33.
LCIDTS Load curve ID defining translational force resultant along local s-axis
versus relative translational displacement.
LCIDTT Load curve ID defining translational force resultant along local t-axis
versus relative translational displacement.
LCIDRR Load curve ID defining rotational moment resultant about local r-axis
versus relative rotational displacement.
LCIDRS Load curve ID defining rotational moment resultant about local s-axis
versus relative rotational displacement.
LCIDRT Load curve ID defining rotational moment resultant about local t-axis

versus relative rotational displacement.
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VARIABLE DESCRIPTION
LCIDTDR Load curve ID defining translational damping force resultant along local
r-axis versus relative translational velocity.
LCIDTDS Load curve ID defining translational damping force resultant along local
s-axis versus relative translational velocity.
LCIDTDT Load curve ID defining translational damping force resultant along local
t-axis versus relative translational velocity.
LCIDRDR Load curve ID defining rotational damping moment resultant about local
r-axis versus relative rotational velocity.
LCIDRDS Load curve ID defining rotational damping moment resultant about local
s-axis versus relative rotational velocity.
LCIDRDT Load curve ID defining rotational damping moment resultant about local
t-axis versus relative rotational velocity.
FOR Preload force in r-direction. (Optional)
FOS Preload force in s-direction. (Optional)
FOT Preload force in t-direction. (Optional)
MOR Preload moment about r-axis. (Optional)
MOS Preload moment about s-axis. (Optional)
MOT Preload moment about t-axis. (Optional)
FFAILR Optional failure parameter. If zero, the corresponding force, Fy, is not
considered in the failure calculation.
FFAILS Optional failure parameter. If zero, the corresponding force, Fj, is not
considered in the failure calculation.
FFAILT Optional failure parameter. If zero, the corresponding force, Fy, is not
considered in the failure calculation.
MFAILR Optional failure parameter. If zero, the corresponding moment, My, is
not considered in the failure calculation.
MFAILS Optional failure parameter. If zero, the corresponding moment, Mg, is
not considered in the failure calculation.
MFAILT Optional failure parameter. If zero, the corresponding moment, My, is
not considered in the failure calculation.
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VARIABLE DESCRIPTION

UFAILR Optional failure parameter. If zero, the corresponding displacement, u,
is not considered in the failure calculation.

UFAILS Optional failure parameter. If zero, the corresponding displacement, ug,
is not considered in the failure calculation.

UFAILT Optional failure parameter. If zero, the corresponding displacement, ug,
is not considered in the failure calculation.

TFAILR Optional failure parameter. If zero, the corresponding rotation, 6, is not
considered in the failure calculation.

TFAILS Optional failure parameter. If zero, the corresponding rotation, s, is not
considered in the failure calculation.

TFAILT Optional failure parameter. If zero, the corresponding rotation, 6, is not
considered in the failure calculation.

Remarks:
For null load curve ID’s, no forces are computed.

The formulation of the discrete beam (type 6) assumes that the beam is of zero length and re-
quires no orientation node. A small distance between the nodes joined by the beam is permitted.
The local coordinate system which determines (r,s,t) is given by the coordinate ID, see
*DEFINE_COORDINATE_OPTION, in the cross sectional input, see *SECTION BEAM,
where the global system is the default. The local coordinate system axes can rotate with either
node of the beam or an average rotation of both nodes (see SCOOR variable in
*SECTION_BEAM).

If different behavior in tension and compression is desired in the calculation of the force result-
ants, the load curve(s) must be defined in the negative quadrant starting with the most negative
displacement then increasing monotonically to the most positive. If the load curve behaves simi-
larly in tension and compression, define only the positive quadrant. Whenever displacement
values fall outside of the defined range, the resultant forces will be extrapolated. Figure 2-33
depicts a typical load curve for a force resultant. Load curves used for determining the damping
forces and moment resultants always act identically in tension and compression, since only the
positive quadrant values are considered, i.e., start the load curve at the origin [0,0].
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Figure 2-33. The resultant forces and moments are determined by a table lookup. If

the origin of the load curve is at [0,0] as in (b.) and tension and compression responses
are symmetric.

Catastrophic failure based on force resultants occurs if the following inequality is satisfied.

2 2 2 2 2 2
F} Fs Ft Mr Ms Mt 1.>0
prail + F; fail + F, fail + M [aiz + M Sfail + M tfail =

T

After failure the discrete element is deleted. Likewise, catastrophic failure based on displace-
ment resultants occurs if the following inequality is satisfied:

u 2 u 2 u 2 0 2 9 2 0 2
T S t r s t
(uzail> + (u;‘ail> + (u{ail> + (erfau> + (esfail> + (etfau> —L=0

After failure the discrete element is deleted. If failure is included either one or both of the crite-
ria may be used.
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*MAT_NONLINEAR_PLASTIC DISCRETE_BEAM

This is Material Type 68. This material model is defined for simulating the effects of nonlinear
elastoplastic, linear viscous behavior of beams by using six springs each acting about one of the
six local degrees-of-freedom. The two nodes defining a beam may be coincident to give a zero
length beam, or offset to give a finite length beam. For finite length discrete beams the absolute
value of the variable SCOOR in the SECTION BEAM input should be set to a value of 2.0,
which causes the local r-axis to be aligned along the two nodes of the beam to give physically
correct behavior. The distance between the nodes of a beam should not affect the behavior of this
material model. A triad is used to orient the beam for the directional springs. Translation-
al/rotational stiffness and damping effects can be considered. The plastic behavior is modeled
using force/moment curves versus displacements/ rotation. Optionally, failure can be specified
based on a force/moment criterion and a displacement/ rotation criterion. See also notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO TKR TKS TKT RKR RKS RKT
Type A8 F F F F F F F
Default none none none none none none none none
Card 2 1 2 3 4 5 6 7 8
Variable TDR TDS TDT RDR RDS RDT

Type F F F F F F

Default none none none none none none
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*MAT_068

Card 3 1 2 3 4 5 6 7 8
Variable LCPDR LCPDS LCPDT LCPMR LCPMS LCPMT

Type F F F F F F

Default 0.0 0.0 0.0 0.0 0.0 0.0

Card 4 1 2 3 4 5 6 7 8
Variable FFAILR | FFAILS FFAILT | MFAILR | MFAILS | MFAILT

Type F F F F F F

Default 0.0 0.0 0.0 0.0 0.0 0.0

Card 5 1 2 3 4 5 6 7 8
Variable UFAILR | UFAILS | UFAILT | TFAILR | TFAILS | TFAILT

Type F F F F F F

Default 0.0 0.0 0.0 0.0 0.0 0.0

Card 6 1 2 3 4 5 6 7 8
Variable FOR FOS FOT MOR MOS MOT

Type F F F F F F
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VARIABLE DESCRIPTION

MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.

RO Mass density, see also volume on *SECTION BEAM definition.
TKR Translational stiffness along local r-axis
TKS Translational stiffness along local s-axis
TKT Translational stiffness along local t-axis
RKR Rotational stiffness about the local r-axis
RKS Rotational stiffness about the local s-axis
RKT Rotational stiffness about the local t-axis
TDR Translational viscous damper along local r-axis
TDS Translational viscous damper along local s-axis
TDT Translational viscous damper along local t-axis
RDR Rotational viscous damper about the local r-axis
RDS Rotational viscous damper about the local s-axis
RDT Rotational viscous damper about the local t-axis
LCPDR Load curve ID-yield force versus plastic displacement r-axis. If the

curve ID is zero, and if TKR is nonzero, then elastic behavior is obtained
for this component.

LCPDS Load curve ID-yield force versus plastic displacement s-axis. If the
curve ID is zero, and if TKS is nonzero, then elastic behavior is obtained
for this component.

LCPDT Load curve ID-yield force versus plastic displacement t-axis. If the
curve ID is zero, and if TKT is nonzero, then elastic behavior is obtained
for this component.

LCPMR Load curve ID-yield moment versus plastic rotation r-axis. If the curve
ID is zero, and if RKR is nonzero, then elastic behavior is obtained for
this component.

LCPMS Load curve ID-yield moment versus plastic rotation s-axis. If the curve
ID is zero, and if RKS is nonzero, then elastic behavior is obtained for
this component.
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VARIABLE DESCRIPTION
LCPMT Load curve ID-yield moment versus plastic rotation t-axis. If the curve
ID is zero, and if RKT is nonzero, then elastic behavior is obtained for
this component.
FFAILR Optional failure parameter. If zero, the corresponding force, Fy, is not
considered in the failure calculation.
FFAILS Optional failure parameter. If zero, the corresponding force, Fg, is not
considered in the failure calculation.
FFAILT Optional failure parameter. If zero, the corresponding force, Fy, is not
considered in the failure calculation.
MFAILR Optional failure parameter. If zero, the corresponding moment, My, is
not considered in the failure calculation.
MFAILS Optional failure parameter. If zero, the corresponding moment, Mg, is
not considered in the failure calculation.
MFAILT Optional failure parameter. If zero, the corresponding moment, My, is
not considered in the failure calculation.
UFAILR Optional failure parameter. If zero, the corresponding displacement, u,
is not considered in the failure calculation.
UFAILS Optional failure parameter. If zero, the corresponding displacement, ug,
is not considered in the failure calculation.
UFAILT Optional failure parameter. If zero, the corresponding displacement, u,
is not considered in the failure calculation.
TFAILR Optional failure parameter. If zero, the corresponding rotation, 6y, is not
considered in the failure calculation.
TFAILS Optional failure parameter. If zero, the corresponding rotation, O, is not
considered in the failure calculation.
TFAILT Optional failure parameter. If zero, the corresponding rotation, 6, is not
considered in the failure calculation.
FOR Preload force in r-direction. (Optional)
FOS Preload force in s-direction. (Optional)
FOT Preload force in t-direction. (Optional)
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VARIABLE DESCRIPTION
MOR Preload moment about r-axis. (Optional)
MOS Preload moment about s-axis. (Optional)
MOT Preload moment about t-axis. (Optional)

Remarks:

For the translational and rotational degrees of freedom where elastic behavior is desired, set the
load curve ID to zero.

The plastic displacement for the load curves is defined as:
plastic displacement = total displacement - yield force/elastic stiffness

The formulation of the discrete beam (type 6) assumes that the beam is of zero length and re-
quires no orientation node. A small distance between the nodes joined by the beam is permitted.
The local coordinate system which determines (r,s,t) is given by the coordinate ID (see
*DEFINE_COORDINATE OPTION) in the cross sectional input, see *SECTION BEAM,
where the global system is the default. The local coordinate system axes can rotate with either
node of the beam or an average rotation of both nodes (see SCOOR variable in
*SECTION_BEAM).

Catastrophic failure based on force resultants occurs if the following inequality is satisfied.

-fail fail fail 2 fail 2 fail fait ] — =7
F;, al F;, al F;_ at Mr atl 1‘4S atl Mt atl

After failure the discrete element is deleted. Likewise, catastrophic failure based on displace-
ment resultants occurs if the following inequality is satisfied:

u 2 u z u 2 0 2 9 2 0 2
T S t r s t
FUNEN NEE NSNS N

After failure the discrete element is deleted. If failure is included either one or both of the crite-
ria may be used.
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Figure 2-34. The resultant forces and moments are limited by the yield definition. The
initial yield point corresponds to a plastic displacement of zero.
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*MAT_SID DAMPER_DISCRETE BEAM

This is Material Type 69. The side impact dummy uses a damper that is not adequately treated
by the nonlinear force versus relative velocity curves since the force characteristics are depend-
ent on the displacement of the piston. See also notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO ST D R H K C
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable C3 STF RHOF Cl C2 LCIDF LCIDD SO
Type F F F F F F F F

Read in up to 15 orifice locations with orifice location per card. Input is terminated when
a “*” card is found. On the first card below the optional input parameters SF and DF
may be specified.

Cards 3... 1 2 3 4 5 6 7 8
Variable ORFLOC | ORFRAD SF DC
Type F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.
RO Mass density, see also volume on *SECTION BEAM definition.

ST St, piston stroke. S; must equal or exceed the length of the beam ele-
ment, see Figure 2-35 below.

D d, piston diameter
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VARIABLE DESCRIPTION
R R, default orifice radius
H h, orifice controller position
K K, damping constant
LT.0.0: |K]is the load curve number ID, see *DEFINE CURVE, defin-
ing the damping coefficient as a function of the absolute value of the rel-
ative velocity.
C C, discharge coefficient
C3 Coefficient for fluid inertia term
STF k, stiffness coefficient if piston bottoms out
RHOF P fiuia» fluid density
Cl1 C1, coefficient for linear velocity term
C2 C,, coefficient for quadratic velocity term

LCIDF Load curve number ID defining force versus piston displacement, s, i.e.,
term f(s + s,). Compressive behavior is defined in the positive quad-
rant of the force displacement curve. Displacements falling outside of
the defined force displacement curve are extrapolated. Care must be
taken to ensure that extrapolated values are reasonable.

LCIDD Load curve number ID defining damping coefficient versus piston dis-
placement, s, i.e., g(s + s,). Displacements falling outside the defined
curve are extrapolated. Care must be taken to ensure that extrapolated
values are reasonable.

SO Initial displacement s, typically set to zero. A positive displacement
corresponds to compressive behavior.
ORFLOC d;, orifice location of ith orifice relative to the fixed end.
ORFRAD 1;, orifice radius of ith orifice, if zero the default radius is used.
SF Scale factor on calculated force. The default is set to 1.0
DC ¢, linear viscous damping coefficient used after damper bottoms out ei-
ther in tension or compression.
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Remarks:

As the damper moves, the fluid flows through the open orifices to provide the necessary damping
resistance. While moving as shown in Figure 2-35 the piston gradually blocks off and effective-
ly closes the orifices. The number of orifices and the size of their opening control the damper
resistance and performance. The damping force is computed from,

Ap

c 2
F =SF {KApr {A—% + G|V |Pruia [(C—Ag) — 1]} —f(s+s0) +Vg(s + so)}
where K is a user defined constant or a tabulated function of the absolute value of the relative
velocity, Vp, is the piston velocity, C is the discharge coefficient, A, is the piston area, A} is the

total open areas of orifices at time t, Pfuiq is the fluid density, C; is the coefficient for the linear
term, and C; is the coefficient for the quadratic term.

In the implementation, the orifices are assumed to be circular with partial covering by the orifice
controller. As the piston closes, the closure of the orifice is gradual. This gradual closure is
properly taken into account to insure a smooth response. If the piston stroke is exceeded, the
stiffness value, k, limits further movement, i.e., if the damper bottoms out in tension or compres-
sion the damper forces are calculated by replacing the damper by a bottoming out spring and
damper, k and c, respectively. The piston stroke must exceed the initial length of the beam ele-
ment. The time step calculation is based in part on the stiffness value of the bottoming out
spring. A typical force versus displacement curve at constant relative velocity is shown in Figure
2-36.

The factor, SF, which scales the force defaults to 1.0 and is analogous to the adjusting ring on the
damper.
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Figure 2-35. Mathematical model for the Side Impact Dummy damper.
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Figure 2-36. Force versus displacement as orifices are covered at a constant relative velocity.

Only the linear velocity term is active.
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*MAT_HYDRAULIC_GAS_DAMPER DISCRETE_BEAM

This is Material Type 70. This special purpose element represents a combined hydraulic and
gas-filled damper which has a variable orifice coefficient. A schematic of the damper is shown
in Figure 2-37. Dampers of this type are sometimes used on buffers at the end of railroad tracks
and as aircraft undercarriage shock absorbers. This material can be used only as a discrete beam
element. See also notes below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO CO N PO PA AP KH
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable LCID FR SCLF CLEAR
Type F F F F

VARIABLE DESCRIPTION

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

acters must be specified.

RO Mass density, see also volume in *SECTION BEAM definition.
Cco Length of gas column, Cq
N Adiabatic constant
PO Initial gas pressure, PQ
PA Atmospheric pressure, Py
AP Piston cross sectional area, Ap
KH Hydraulic constant, K
LCID Load curve ID, see *DEFINE_CURVE, defining the orifice area, a,

versus element deflection.
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Orifice

;xf LI 5&,
- N\ 3

Oil Profiled Pin Gas

Figure 2-37. Schematic of Hydraulic/Gas damper.

VARIABLE DESCRIPTION

FR Return factor on orifice force. This acts as a factor on the hydraulic
force only and is applied when unloading. It is intended to represent a
valve that opens when the piston unloads to relieve hydraulic pressure.
Set it to 1.0 for no such relief.

SCLF Scale factor on force. (Default=1.0)

CLEAR Clearance (if nonzero, no tensile force develops for positive displace-
ments and negative forces develop only after the clearance is closed.

Remarks:

As the damper is compressed two actions contribute to the force which develops. First, the gas is
adiabatically compressed into a smaller volume. Secondly, oil is forced through an orifice. A
profiled pin may occupy some of the cross-sectional area of the orifice; thus, the orifice area
available for the oil varies with the stroke. The force is assumed proportional to the square of the
velocity and inversely proportional to the available area.

The equation for this element is:

F = SCLF - {Kh (alo) + IPO ( COCE S)n —~ Pal -Ap}

where S is the element deflection and V is the relative velocity across the element.

2
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*MAT_CABLE_DISCRETE_BEAM

This is Material Type 71. This model permits elastic cables to be realistically modeled; thus, no
force will develop in compression.

Note:

TRAMP, IREAD, OUTPUT, TSTART.

The following options will be available starting in release 3 of version 971: TMAXFO0,

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E LCID FO TMAXFO | TRAMP IREAD
Type A8 F F F F F F I
Default none none none none 0 0 0 0
Define Card 2 only if IREAD > 0
Card 2 1 2 3 4 5 6 7 8
Variable OUTPUT | TSTART
Type | F
Default 0 0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density, see also volume in *SECTION BEAM definition.
E GT.0.0: Young's modulus
LT.0.0: Stiffness
LCID Load curve ID, see *DEFINE_CURVE, defining the stress versus engi-
neering strain. (Optional).
FO Initial tensile force. If FO is defined, an offset is not needed for an initial

tensile force.
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VARIABLE DESCRIPTION
TMAXF0 Time for which pre-tension force will be held
TRAMP Ramp-up time for pre-tension force
IREAD Set to 1 to read second line of input
OUTPUT Flag =1 to output axial strain (see note)
TSTART Time at which the ramp-up of pre-tension begins
Remarks:

The force, F, generated by the cable is nonzero if and only if the cable is tension. The force is
given by:

F = max(F, + KAL,0.)
where AL is the change in length
AL = currentlength — (initiallength — of fset)

and the stiffness (E > 0.0 only ) is defined as:

_ E-area
(initiallength—of fset)

Note that a constant force element can be obtained by setting:
Fpb>0andK =0
although the application of such an element is unknown.

The area and offset are defined on either the cross section or element cards. For a slack cable the
offset should be input as a negative length. For an initial tensile force the offset should be posi-
tive.

If a load curve is specified the Young’s modulus will be ignored and the load curve will be used
instead. The points on the load curve are defined as engineering stress versus engineering strain,
1.e., the change in length over the initial length. The unloading behavior follows the loading.

By default, cable pretension is applied only at the start of the analysis. If the cable is attached to
flexible structure, deformation of the structure will result in relaxation of the cables, which will
therefore lose some or all of the intended preload.

This can be overcome by using TMAXFO. In this case, it is expected that the structure will de-
form under the loading from the cables and that this deformation will take time to occur during
the analysis. The unstressed length of the cable will be continuously adjusted until time
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TMAXFO such that the force is maintained at the user-defined pre-tension force — this is analo-
gous to operation of the pre-tensioning screws in real cables. After time TMAXFO0, the un-
stressed length is fixed and the force in the cable is determined in the normal way using the stiff-
ness and change of length.

Sudden application of the cable forces at time zero may result in an excessively dynamic re-
sponse during pre-tensioning. A ramp-up time TRAMP may optionally be defined. The cable
force ramps up from zero at time TSTART to the full pre-tension FO at time TSTART+TRAMP.
TMAXEFO, if set less than TSTART+TRAMP by the user, will be internally reset to
TSTART+TRAMP.

If the model does not use dynamic relaxation, it is recommended that damping be applied during
pre-tensioning so that the structure reaches a steady state by time TMAXFO.

If the model uses dynamic relaxation, TSTART, TRAMP, and TMAXFO apply only during dy-
namic relaxation. The cable preload at the end of dynamic relaxation carries over to the start of
the subsequent transient analysis.

The cable mass will be calculated from length x area x density if VOL is set to zero on
*SECTION BEAM. Otherwise, VOL x density will be used.

If OUTPUT is set in any cable material, extra variables will be written to the d3plot and d3thdt
files for all beam elements. Post-processors should interpret the extra data as per Resultant
beams. Only the first extra data item, axial strain, is computed for MAT CABLE elements.

If the stress-strain load curve option, LCID, is combined with preload, two types of behavior are
available:

1. If the preload is applied using the TMAXFO/TRAMP method, the initial strain is
calculated from the stress-strain curve to achieve the desired preload.

2. If TMAXFO/TRAMP are not used, the preload force is taken as additional to the
force calculated from the stress/strain curve. Thus, the total stress in the cable
will be higher than indicated by the stress/strain curve.
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*MAT_CONCRETE_DAMAGE

This is Material Type 72. This model has been used to analyze buried steel reinforced concrete
structures subjected to impulsive loadings. A newer version of this model is available as *MAT _

CONCRETE DAMAGE REL3

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

Type A8 F F

Default none none none

Card 2 1 2 3 4 5 6 7 8
Variable SIGF A0 Al A2

Type F F F F

Default 0.0 0.0 0.0 0.0

Card 3 1 2 3 4 5 6 7 8
Variable AQ0Y AlY A2Y AlF A2F Bl B2 B3
Type F F F F F F F F
Default 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
LS-DYNA R7.0 2-295 (MAT)



*MAT 072 *MAT_CONCRETE_DAMAGE

Card 4 1 2 3 4 5 6 7 8
Variable PER ER PRR SIGY ETAN LCP LCR

Type F F F F F F F

Default 0.0 0.0 0.0 none 0.0 none none

Card 5 1 2 3 4 5 6 7 8
Variable A A2 A3 MM A5 A6 A7 A8
Type F F F F F F F F
Default none none none none none none none none
Card 6 1 2 3 4 5 6 7 8
Variable A9 A0 All A2 Al3

Type F F F F F

Default none none none none none

Card 7 1 2 3 4 5 6 7 8
Variable nl n2 n3 n4 ns ne n7 ns
Type F F F F F F F F
Default none none none none none none none none
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Card 8 1 2 3 4 5 6 7 8
Variable no n1o nil ni2 n1i3
Type F F F F F
Default none none none none none
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
PR Poisson’s ratio.
SIGF Maximum principal stress for failure.
A0 Cohesion.
Al Pressure hardening coefficient.
A2 Pressure hardening coefficient.
A0Y Cohesion for yield
AlY Pressure hardening coefficient for yield limit
A2Y Pressure hardening coefficient for yield limit
AIF Pressure hardening coefficient for failed material.
A2F Pressure hardening coefficient for failed material.
Bl Damage scaling factor.
B2 Damage scaling factor for uniaxial tensile path.
B3 Damage scaling factor for triaxial tensile path.
PER Percent reinforcement.
ER Elastic modulus for reinforcement.
PRR Poisson’s ratio for reinforcement.
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VARIABLE

SIGY
ETAN

LCP

LCR

AL-A13

ni-ni3

Remarks:

DESCRIPTION

Initial yield stress.
Tangent modulus/plastic hardening modulus.

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

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

Tabulated damage function

Tabulated scale factor.

- Cohesion for failed material agf= 0.0
- B3 must be positive or zero.
- A, <A +1. The first point must be zero.
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*MAT_CONCRETE_DAMAGE_REL3

This is Material Type 72R3. The Karagozian & Case (K&C) Concrete Model - Release III is a
three-invariant model, uses three shear failure surfaces, includes damage and strain-rate effects,
and has origins based on the Pseudo-TENSOR Model (Material Type 16). The most significant
user improvement provided by Release III is a model parameter generation capability, based
solely on the unconfined compression strength of the concrete. The implementation of Release
IIT significantly changed the user input, thus previous input files using Material Type 72, i.e. pri-
or to LS-DYNA Version 971, are not compatible with the present input format.

An open source reference, that precedes the parameter generation capability, is provided in Mal-
var et al. [1997]. A workshop proceedings reference, Malvar et al. [1996], is useful, but may be
difficult to obtain. More recent, but /imited distribution reference materials, e.g. Malvar et al.
[2000], may be obtained by contacting Karagozian & Case.

Seven card images are required to define the complete set of model parameters for the K&C
Concrete Model. An Equation-of-State is also required for the pressure-volume strain response.
Brief descriptions of all the input parameters are provided below, however it is expected that this
model will be used primarily with the option to automatically generate the model parameters
based on the unconfined compression strength of the concrete. These generated material parame-
ters, along with the generated parameters for *EOS TABULATED COMPACTION, are written
to the messag (or mes0000) file.

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

Type A8 F F

Default none none none

Card 2 1 2 3 4 5 6 7 8
Variable FT A0 Al A2 Bl OMEGA AIlF

Type F F F F F F F

Default none 0.0 0.0 0.0 0.0 none 0.0
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Card 3 1 2 3 4 5 6 7 8
Variable SA NOUT EDROP RSIZE UCF LCRATE | LOCWID NPTS
Type F F F F F F F F
Default none none none none none none none none
Card 4 1 2 3 4 5 6 7 8
Variable AO1 A02 A03 A04 A0S A06 AO7 A08
Type F F F F F F F F
Default none none none none none none none none
Card 5 1 2 3 4 5 6 7 8
Variable A09 A0 All A2 Al3 B3 A0Y AlY
Type F F F F F F F F
Default none none none none none none 0.0 0.0
Card 6 1 2 3 4 5 6 7 8
Variable nol no2 no3 no4 nos no6 no7 nog
Type F F F F F F F F
Default none none none none none none none none
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Card 7 1 2 3 4 5 6 7 8
Variable no9 n1o nii ni2 ni3 B2 A2F A2Y
Type F F F F F F F F
Default none none none none none 0.0 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
PR Poisson’s ratio, v.
FT Uniaxial tensile strength, f;.
A0 Maximum shear failure surface parameter, a, or —f; for parameter
generation (recommended).
Al Maximum shear failure surface parameter, a, .
A2 Maximum shear failure surface parameter, a,.
Bl Compressive damage scaling parameter, b;
OMEGA Fractional dilatancy, w.
AIlF Residual failure surface coefficient, a, .
SA A stretch factor, s.
NOUT Output selector for effective plastic strain (see table).
EDROP Post peak dilatancy decay, N¢.
RSIZE Unit conversion factor for length (inches/user-unit), e.g. 39.37 if user
length unit in meters.
UCF Unit conversion factor for stress (psi/user-unit), e.g. 145 if f', in MPa.
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VARIABLE

LCRATE

LOCWID

NPTS

A01

A02
A03
A04
A0S
06
AO7
AO8
A09
AlLO
All
Al2
Al3
B3
AQY
AlY
no1
no2

no3

DESCRIPTION

Define (load) curve number for strain-rate effects; effective strain rate
on abscissa (negative = tension) and strength enhancement on ordinate.

Three times the maximum aggregate diameter (input in user length

units).

Number of points in 4 versus 11 damage relation; must be 13 points.

1* value of damage function, (a.k.a., 1* value of “modified” effective
plastic strain; see references for details).

2" value of damage function,
3" value of damage function,
4™ value of damage function,
5™ value of damage function,
6" value of damage function,
7" value of damage function,
8" value of damage function,
9 value of damage function,
10" value of damage function,
11" value of damage function,

12" value of damage function,

13" value of damage function..

Damage scaling coefficient for triaxial tension, bs.

Initial yield surface cohesion, a,,.

Initial yield surface coefficient, a,,.

1*" value of scale factor,
2" value of scale factor,

3" value of scale factor,
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VARIABLE DESCRIPTION
no4 4™ value of scale factor,
nos 5" value of scale factor,
no6 6" value of scale factor,
no7 7" value of scale factor,
nos 8" value of scale factor,
no9 9™ value of scale factor,
n1o 10" value of scale factor,
nit 11" value of scale factor,
ni2 12" value of scale factor,
ni3 13" value of scale factor.
B2 Tensile damage scaling exponent, b,.
A2F Residual failure surface coefficient, a,.
A2Y Initial yield surface coefficient, a,,,.

A, sometimes referred to as “modified” effective plastic strain, is computed internally as a func-
tion of effective plastic strain, strain rate enhancement factor, and pressure. N is a function of A
as specified by the | vs. A curve. The n value, which is always between 0 and 1, is used to in-
terpolate between the yield failure surface and the maximum failure surface, or between the max-
imum failure surface and the residual failure surface, depending on whether A is to the left or
right of the first peak in the the ] vs. A curve. The “scaled damage measure” ranges from 0 to 1
as the material transitions from the yield failure surface to the maximum failure surface, and
thereafter ranges from 1 to 2 as the material ranges from the maximum failure surface to the re-
sidual failure surface. See the references for details.

Output of Selected Variables

The quantity labeled as “plastic strain” by LS-PrePost is actually the quantity described in Table
2.3, in accordance with the input value of NOUT(see Card 3 above).

LS-DYNA R7.0 2-303 (MAT)



*MAT_072R3 *MAT_CONCRETE_DAMAGE_REL3

NOUT Function Description
1 Current shear failure surface radius
2 d =21/(A+ 1) Scaled damage measure
3 0j&ij Strain energy (rate)
4 gij 8'5- Plastic strain energy (rate)

Table 2.6. Description of quantity labeled “plastic strain” by LS-PrePost.

An additional six extra history variables as shown in Table 2.4 may be be written by setting
NEIPH=6 on the keyword *DATABASE EXTENT BINARY. The extra history variables are
labeled as "history var#1" through "history var#6" in LS-PrePost.

Label Description
history var#1 Internal energy
history var#2 Pressure from bulk viscosity
history var#3 Volume in previous time step
history var#4 Plastic volumetric strain
history var#5 Slope of damage evolution (N vs. A) curve
history var#6 “Modified” effective plastic strain (A)

Table 2.7. Extra History Variables for *MAT 072R3

Sample Input for Concrete

As an example of the K&C Concrete Model material parameter generation, the following sample
input for a 45.4 MPa (6,580 psi) unconfined compression strength concrete is provided. The
basic units for the provided parameters are length in millimeters (mm), time in milliseconds
(msec), and mass in grams (g). This base unit set yields units of force in Newtons (N) and pres-
sure in Mega-Pascals (MPa).

Card 1 1 2 3 4 5 6 7 8
Variable MID RO PR
Type 72 2.3E-3
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*MAT_072R3

Card 2 1 2 3 4 5 6 7 8
Variable FT A0 Al A2 Bl OMEGA AlF

Type -45.4

Card 3 1 2 3 4 5 6 7 8
Variable SA NOUT EDROP RSIZE UCF LCRATE | LOCWID NPTS
Type 3.94E-2 145.0 723.0

Card 4 1 2 3 4 5 6 7 8
Variable AO1 A02 A03 A04 A0S A06 AO7 A08
Type

Card 5 1 2 3 4 5 6 7 8
Variable A09 A0 All Al2 Al3 B3 A0Y AlY
Type

Card 6 1 2 3 4 5 6 7 8
Variable nol no2 no3 no4 nos noe no7 nos
Type
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Card 7 1 2 3 4 5 6 7 8
Variable no9 n1o nii ni2 ni3 B2 A2F A2Y
Type

Shear strength enhancement factor versus effective strain rate is given by a curve
(*DEFINE_CURVE) with LCID 723. The sample input values, see Malvar & Ross [1998], are
given in Table 72.3.

Strain-Rate (1/ms) Enhancement
-3.0E+01 9.70
-3.0E-01 9.70
-1.0E-01 6.72
-3.0E-02 4.50
-1.0E-02 3.12
-3.0E-03 2.09
-1.0E-03 1.45
-1.0E-04 1.36
-1.0E-05 1.28
-1.0E-06 1.20
-1.0E-07 1.13
-1.0E-08 1.06
0.0E+00 1.00

3.0E-08 1.00
1.0E-07 1.03
1.0E-06 1.08
1.0E-05 1.14
1.0E-04 1.20
1.0E-03 1.26
3.0E-03 1.29
1.0E-02 1.33
3.0E-02 1.36
1.0E-01 2.04
3.0E-01 2.94
3.0E+01 2.94

Table 2.8. Enhancement versus effective strain rate for 45.4 MPa concrete (sample). When
defining curve LCRATE, input negative (tensile) values of effective strain rate
first. The enhancement should be positive and should be 1.0 at a strain rate of
Zero.
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*MAT_LOW_DENSITY_VISCOUS_FOAM

This is Material Type 73 for Modeling Low Density Urethane Foam with high compressibility
and with rate sensitivity which can be characterized by a relaxation curve. Its main applications
are for seat cushions, padding on the Side Impact Dummies (SID), bumpers, and interior foams.
Optionally, a tension cut-off failure can be defined. Also, see the notes below and the descrip-
tion of material 57: *MAT LOW_DENSITY FOAM.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E LCID TC HU BETA DAMP
Type A8 F F F F F F F
Default 1.E+20 1.

Remarks 3 1

Card 2 1 2 3 4 5 6 7 8
Variable SHAPE FAIL BVFLAG | KCON LCID2 | BSTART | TRAMP NV
Type F F F F F F F I
Default 1.0 0.0 0.0 0.0 0 0.0 0.0 6

If LCID2 = 0 then define the following viscoelastic constants. Up to 6 cards may be input.
A keyword card (with a “*” in column 1) terminates this input if less than 6 cards are

used.

Optional 1 2 3 4 5 6 7 8
Cards

Variable GI BETAI REF

Type F F F
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If LCID2 = -1 then define the following frequency dependent viscoelastic data.

Cards opt. 1 2 3 4 5 6 7 8
Variable LCID3 LCID4 SCALEW | SCALEA
Type | I I |
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
E Young’s modulus used in tension. For implicit problems E is set to the
initial slope of load curve LCID.
LCID Load curve ID, see *DEFINE CURVE, for nominal stress versus strain.
TC Tension cut-off stress
HU Hysteretic unloading factor between 0 and 1 (default=1, i.e., no energy
dissipation), see also Figure 2-30
BETA [, decay constant to model creep in unloading.
EQ.0.0: No relaxation.
DAMP Viscous coefficient (.05< recommended value <.50) to model damping
effects.
LT.0.0: IDAMP] is the load curve ID, which defines the damping
constant as a function of the maximum strain in compression defined
as: €max = max(l — 1,1 —21,,1.-13)
In tension, the damping constant is set to the value corresponding to
the strain at 0. The abscissa should be defined from 0 to 1.
SHAPE Shape factor for unloading. Active for nonzero values of the hysteretic
unloading factor. Values less than one reduces the energy dissipation
and greater than one increases dissipation, see also Figure 2-30.
FAIL Failure option after cutoff stress is reached:
EQ.0.0: tensile stress remains at cut-off value,
EQ.1.0: tensile stress is reset to zero.
BVFLAG Bulk viscosity activation flag, see remark below:

EQ.0.0: no bulk viscosity (recommended),
EQ.1.0: bulk viscosity active.
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VARIABLE

KCON

LCID2

BSTART

TRAMP

NV

GI

BETAI

REF

LCID3

LCID4

SCALEW

DESCRIPTION

Stiffness coefficient for contact interface stiffness. Maximum slope in
stress vs. strain curve is used. When the maximum slope is taken for the
contact, the time step size for this material is reduced for stability. In
some cases At may be significantly smaller, and defining a reasonable
stiffness is recommended.

Load curve ID of relaxation curve. If constants £/ are determined via a
least squares fit. This relaxation curve is shown in Figure 2-39. This
model ignores the constant stress.

Fit parameter. In the fit, £; is set to zero, [, is set to BSTART, 53 is

10 times [, By is 10 times greater than 3 and so on. If zero,
BSTART=.01.

Optional ramp time for loading.

Number of terms in fit. If zero, the default is 6. Currently, the maxi-
mum number is set to 6. Values of 2 are 3 are recommended, since each
term used adds significantly to the cost. Caution should be exercised
when taking the results from the fit. Preferably, all generated coeffi-
cients should be positive. Negative values may lead to unstable results.
Once a satisfactory fit has been achieved it is recommended that the co-
efficients which are written into the output file be input in future runs.

Optional shear relaxation modulus for the ith term
Optional decay constant if ith term

Use reference geometry to initialize the stress tensor. The reference ge-
ometry is defined by the keyword:*INITIAL FOAM REFERENCE
GEOMETRY (see there for more details).

EQ.0.0: off,

EQ.1.0: on.

Load curve ID giving the magnitude of the shear modulus as a function
of the frequency. LCID3 must use the same frequencies as LCID4.

Load curve ID giving the phase angle of the shear modulus as a function
of the frequency. LCID4 must use the same frequencies as LCID3.

Flag for the form of the frequency data.
EQ.0.0: Frequency is in cycles per unit time.
EQ.1.0: Circular frequency.

LS-DYNA R7.0
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VARIABLE DESCRIPTION

SCALEA Flag for the units of the phase angle.
EQ.0.0: Degrees.
EQ.1.0: Radians.

Remarks:

This viscoelastic foam model is available to model highly compressible viscous foams. The hy-
perelastic formulation of this model follows that of Material 57.

Rate effects are accounted for through linear viscoelasticity by a convolution integral of the form
t 6£kl
o = [y Giju(t — )~ dt

where g;x;(t — 1) is the relaxation function. The stress tensor, o;;

termined from the foam, 0'5;

i, augments the stresses de-

consequently, the final stress, o;;, is taken as the summation of the
two contributions:

_ - f T
0ij = 0y; + 0y;.

Since we wish to include only simple rate effects, the relaxation function is represented by up to
six terms of the Prony series:

9(®) = ap + Xy ame ™

This model is effectively a Maxwell fluid which consists of a dampers and springs in series. The
formulation is performed in the local system of principal stretches where only the principal val-
ues of stress are computed and triaxial coupling is avoided. Consequently, the one-dimensional
nature of this foam material is unaffected by this addition of rate effects. The addition of rate
effects necessitates 42 additional history variables per integration point. The cost and memory
overhead of this model comes primarily from the need to “remember” the local system of princi-
pal stretches and the evaluation of the viscous stress components.

Frequency data can be fit to the Prony series. Using Fourier transforms the relationship between
the relaxation function and the frequency dependent data is

(@] Bn)?
Gs(w) = a0 + Z T+ (/B

Am®@/Bm

Ge(w) = =1—1 W/
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where the storage modulus and loss modulus are defined in terms of the frequency dependent
magnitude G and phase angle ¢ given by load curves LCID3 and LCID4 respectively,

Gs(w) = G(w)cos(¢p(w)), and G, (w) = G(w)sin(¢p(w)).
Additional Remarks:

1. When hysteretic unloading is used the reloading will follow the unloading curve if the
decay constant, [3, is set to zero. If 3 is nonzero the decay to the original loading curve is
governed by the expression:

1—eht

2. The bulk viscosity, which generates a rate dependent pressure, may cause an unexpected
volumetric response and, consequently, it is optional with this model.

3. The hysteretic unloading factor results in the unloading curve to lie beneath the loading
curve as shown in Figure 2-30. This unloading provides energy dissipation which is rea-
sonable in certain kinds of foam.
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*MAT_ELASTIC_SPRING_DISCRETE_BEAM

This is Material Type 74. This model permits elastic springs with damping to be combined and
represented with a discrete beam element type 6. Linear stiffness and damping coefficients can
be defined, and, for nonlinear behavior, a force versus deflection and force versus rate curves can
be used. Displacement based failure and an initial force are optional.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO K FO D CDF TDF
Type A8 F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable FLCID HLCID Cl C2 DLE GLCID
Type F F F F F I

VARIABLE DESCRIPTION

MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.

RO Mass density, see also volume in *SECTION BEAM definition.

K Stiffness coefficient.

FO Optional initial force. This option is inactive if this material is refer-
enced in a part referenced by material type *MAT ELASTIC
6DOF_SPRING

D Viscous damping coefficient.

CDF Compressive displacement at failure. Input as a positive number. After
failure, no forces are carried. This option does not apply to zero length
springs.

EQ.0.0: inactive.
TDF Tensile displacement at failure. After failure, no forces are carried.
FLCID Load curve ID, see *DEFINE CURVE, defining force versus deflection

for nonlinear behavior.
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VARIABLE

HLCID

Cl
C2
DLE

GLCID

Remarks:

DESCRIPTION

Load curve ID, see *DEFINE CURVE, defining force versus relative
velocity for nonlinear behavior (optional). If the origin of the curve is at
(0,0) the force magnitude is identical for a given magnitude of the rela-
tive velocity, i.e., only the sign changes.

Damping coefficient for nonlinear behavior (optional).
Damping coefficient for nonlinear behavior (optional).
Factor to scale time units. The default is unity.

Optional load curve ID, see *DEFINE CURVE, defining a scale factor
versus deflection for load curve ID, HLCID. If zero, a scale factor of
unity is assumed.

If the linear spring stiffness is used, the force, F, is given by:

F = Fy + KAL + DAL

but if the load curve ID is specified, the force is then given by:

F=Fy+Kf(AL)|1+ C1-AL+ C2-sgn(AL)In (max{l

AL . n(Al
m})l + DAL + g(AL)R(AL)

In these equations, AL is the change in length

AL = currentlength — initiallength

The cross sectional area is defined on the section card for the discrete beam elements, See
*SECTION _BEAM. The square root of this area is used as the contact thickness offset if these
elements are included in the contact treatment.

LS-DYNA R7.0
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*MAT_BILKHU/DUBOIS_FOAM

This is Material Type 75. This model is for the simulation of isotropic crushable foams. Uniaxi-
al and triaxial test data are used to describe the behavior.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO YM LCPY LCUYS vC PC VPC
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable TSC VTSC LCRATE PR KCON ISFLG
Type I F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
YM Young’s modulus (E)
LCPY Load curve ID giving pressure for plastic yielding versus volumetric
strain, see Figure 2-38.

LCUYS Load curve ID giving uniaxial yield stress versus volumetric strain, see
Figure 2-38, all abscissa should be positive if only the results of a com-
pression test are included, optionally the results of a tensile test can be
added (corresponding to negative values of the volumetric strain), in the
latter case PC, VPC, TC and VTC will be ignored

vC Viscous damping coefficient (.05<recommended value<.50).
PC Pressure cutoff. If zero, the default is set to one-tenth of pg, the yield
pressure corresponding to a volumetric strain of zero.
VPC Variable pressure cutoff as a fraction of pressure yield value. If non-zero

this will override the pressure cutoff value PC.
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VARIABLE

TC

VTC

LCRATE

PR

KCON

ISFLG

Remarks:

DESCRIPTION

Tension cutoff for uniaxial tensile stress. Default is zero. A nonzero
value is recommended for better stability.

Variable tension cutoff as a fraction of the uniaxial compressive yield
strength, if non-zero this will override the tension cutoff value TC.

Load curve ID giving a scale factor for the previous yield curves, de-
pendent upon the volumetric plastic strain.

Poisson coefficient, which applies to both elastic and plastic defor-
mations, must be smaller then 0.5

Stiffness coefficient for contact interface stiffness. If undefined one-
third of Young’s modulus, YM, is used. KCON is also considered in the
element time step calculation; therefore, large values may reduce the el-
ement time step size.

Flag for tensile response (active only if negative abscissa are present in
load curve LCUYYS)
EQ.O: load curve abscissa in tensile region correspond to volu-
metric strain
EQ.1: load curve abscissa in tensile region correspond to effective
strain

The logarithmic volumetric strain is defined in terms of the relative volume, V, as:

y = —In(V)

If used (ISFLG-1), the effective strain is defined in the usual way:

2
Eeff = ES.E

In defining the load curve LCPY the stress and strain pairs should be positive values starting
with a volumetric strain value of zero.

The load curve LCUYS can optionally contain the results of the tensile test (corresponding to
negative values of the volumetric strain), if so, then the load curve information will override PC,

VPC, TC and VTC

LS-DYNA R7.0

2-315 (MAT)



*MAT _075 *MAT_BILKHU/DUBOIS_FOAM

‘- Uniaxial yield stress
Y Pressure yield

VOLUMETRIC STRAIN

nnmR=n A2

Figure 2-38. Behavior of crushable foam. Unloading is elastic

The yield surface is defined as an ellipse in the equivalent pressure and von Mises stress plane.
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*MAT_GENERAL_VISCOELASTIC

This is Material Type 76. This material model provides a general viscoelastic Maxwell model
having up to 18 terms in the prony series expansion and is useful for modeling dense continuum
rubbers and solid explosives. Either the coefficients of the prony series expansion or a relaxation
curve may be specified to define the viscoelastic deviatoric and bulk behavior.

The material model can also be used with laminated shell. Either an elastic or viscoelastic layer
can be defined with the laminated formulation. To activate laminated shell you need the laminat-
ed formulation flag on *CONTROL SHELL. With the laminated option a user defined integra-
tion rule is needed.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO BULK PCF EF TREF A B
Type A8 F F F F F F F

Insert a blank card here if constants are defined on cards 3.4.... below.

If an elastic layer is defined in a laminated shell this card must be blank.

Card 2 1 2 3 4 5 6 7 8

Variable LCID NT BSTART | TRAMP LCIDK NTK BSTART | TRAMPK
K

Type F I F F F I F F

Card Format for viscoelastic constants. Up to 18 cards may be input. A keyword card
(with a “*” in column 1) terminates this input if less than 18 cards are used. These cards
are not needed if relaxation data is defined. The number of terms for the shear behavior
may differ from that for the bulk behavior: simply insert zero if a term is not included.If
an elastic layer is defined you only need to define GI and KI (note in an elastic layer only
one card is needed)

Cards opt. 1 2 3 4 5 6 7 8
Variable Gl BETAI KI BETAKI
Type F F F F
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*MAT_GENERAL_VISCOELASTIC

VARIABLE

MID

RO

BULK

PCF

EF

TREF

LCID

NT

BSTART

TRAMP

LCIDK

NTK

BSTARTK

TRAMPK

GI

DESCRIPTION

Material identification. A unique number or label not exceeding 8 char-
acters must be specified.

Mass density.
FElastic bulk modulus.

Tensile pressure elimination flag for solid elements only. If set to unity
tensile pressures are set to zero.

Elastic flag (if equal 1, the layer is elastic. If 0 the layer is viscoelastic).
Reference temperature for shift function (must be greater than zero).

Coefficient for the Arrhenius and the Williams-Landau-Ferry shift func-
tions.

Coefficient for the Williams-Landau-Ferry shift function.

Load curve ID for deviatoric behavior if constants, G;, and [; are deter-
mined via a least squares fit. This relaxation curve is shown below.

Number of terms in shear fit. If zero the default is 6. Fewer than NT
terms will be used if the fit produces one or more negative shear moduli.
Currently, the maximum number is set to 18.

In the fit, 3; is set to zero, [, is set to BSTART, £ is 10 times 5, Sy
is 10 times B3 and so on. If zero, BSTART is determined by an itera-
tive trial and error scheme.

Optional ramp time for loading.

Load curve ID for bulk behavior if constants, K;, and Sk; are determined
via a least squares fit. This relaxation curve is shown below.

Number of terms desired in bulk fit. If zero the default is 6. Currently,
the maximum number is set to 18.

In the fit, Bk} is set to zero, Bk> is set to BSTARTK, fk3 is 10 times
Bk, Bk is 100 times greater than Sk3  and so on. If zero, BSTARTK is
determined by an iterative trial and error scheme.

Optional ramp time for bulk loading.

Optional shear relaxation modulus for the ith term
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VARIABLE DESCRIPTION
BETAI Optional shear decay constant for the ith term
KI Optional bulk relaxation modulus for the ith term
BETAKI Optional bulk decay constant for the ith term
Remarks:

Rate effects are taken into accounted through linear viscoelasticity by a convolution integral of
the form:

t oe
aij = [y Gija(t — )= Fdr

where g;jki(c—7) 18 the relaxation functions for the different stress measures. This stress is added
to the stress tensor determined from the strain energy functional.

If we wish to include only simple rate effects, the relaxation function is represented by six terms
from the Prony series:

g(t) = Z%:l Gme_ﬁmt

We characterize this in the input by shear moduli, G;, and decay constants, ;. An arbitrary
number of terms, up to 18, may be used when applying the viscoelastic model.

For volumetric relaxation, the relaxation function is also represented by the Prony series in terms
of bulk moduli:

k(t) = Zh=1 Kme ™ Pem?

The Arrhenius and Williams-Landau-Ferry (WLF) shift functions account for the effects of the
temperature on the stress relaxation. A scaled time, ¢,

t'= [ o(T)dt
is used in the relaxation function instead of the physical time. The Arrhenius shift function is

o (T) = exp (—AG — —})

TREF

and the Williams-Landau-Ferry shift function is
d(T) = exp (—A M)

B+T—-TREF

If all three values (TREF, A, and B) are not zero, the WLF function is used; the Arrhenius func-
tion is used if B is zero; and no scaling is applied if all three values are zero.

The Relaxation curve (see figure 2-39 below) defines stress versus time where time is defined on
a logarithmic scale. For best results, the points defined in the load curve should be equally
spaced on the logarithmic scale. Note the values for the abscissa are input as time, not log(time).
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Stress Relaxation Curve

| | ] |
101 1 On+ | 1 0n+2 time >

! |
! |
| «—p»| Optional ramp time for loading

Figure 2-39. Relaxation curve.

Furthermore, the load curve should be smooth and defined in the positive quadrant. If nonphysi-
cal values are determined by least squares fit, LS-DYNA will terminate with an error message
after the initialization phase is completed. If the ramp time for loading is included, then the re-

laxation which occurs during the loading phase is taken into account. This effect may or may not
be important.
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*MAT_077_H

*MAT_HYPERELASTIC_RUBBER

This is Material Type 77. This material model provides a general hyperelastic rubber model
combined optionally with linear viscoelasticity as outlined by Christensen [1980].

Card 1 1 2 3 4 5 6 7 8
Variable MID RO PR N NV G SIGF REF
Type A8 F F I I F F F
Extra card to read table for Mullins effect if PR.LT.0

Card opt. 1 2 3 4 5 6 7 8
Variable TBHYS

Type F

Card 2 if N > 0, a least squares fit is computed from uniaxial data

Card 2 1 2 3 4 5 6 7 8
Variable SGL SW ST LCID1 DATA LCID2 BSTART | TRAMP
Type F F F F F F F F
Card 2 if N = 0 define the following constants

Card 2 1 2 3 4 5 6 7 8
Variable C10 Co01 Cll1 C20 C02 C30

Type F F F F F F

LS-DYNA R7.0 2-321 (MAT)



*MAT 077 _H *MAT_HYPERELASTIC_RUBBER

Card Format for Viscoelastic Constants and frictional damping constants. Up to 12 cards
may be input. A keyword card (with a “*” in column 1) terminates this input if less than
12 cards are used.

Cards opt. 1 2 3 4 5 6 7 8
Variable GI BETAI GJ SIGFJ
Type F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.
RO Mass density

PR Poissons ratio (>.49 is recommended, smaller values may not work and
should not be used). If this is set to a negative number, then the absolute
value is used and an extra card is read for Mullins effect.

TBHYS Table ID for hysteresis, see Remarks

N Number of constants to solve for:
EQ.1: Solve for C10 and CO1
EQ.2: Solve for C10, CO1, C11, C20, and C02
EQ.3: Solve for C10, CO1, C11, C20, C02, and C30

NV Number of Prony series terms in fit. If zero, the default is 6. Currently,
the maximum number is set to 12. Values less than 12, possibly 3-5 are
recommended, since each term used adds significantly to the cost. Cau-
tion should be exercised when taking the results from the fit. Preferably,
all generated coefficients should be positive. Negative values may lead
to unstable results. Once a satisfactory fit has been achieved it is rec-
ommended that the coefficients which are written into the output file be
input in future runs.

G Shear modulus for frequency independent damping. Frequency inde-
pendent damping is based of a spring and slider in series. The critical
stress for the slider mechanism is SIGF defined below. For the best re-
sults, the value of G should be 250-1000 times greater than SIGF.

SIGF Limit stress for frequency independent frictional damping.
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VARIABLE DESCRIPTION

REF Use reference geometry to initialize the stress tensor. The reference ge-
ometry is defined by the keyword:*INITIAL FOAM REFERENCE
GEOMETRY (see there for more details).
EQ.0.0: off,
EQ.1.0: on.

If N>0 test information from a uniaxial test are used.

SGL Specimen gauge length

SW Specimen width

ST Specimen thickness
LCIDI Load curve ID giving the force versus actual change in the gauge length
DATA Type of experimental data.

EQ.0.0: uniaxial data (Only option for this model)

LCID2 Load curve ID of relaxation curve
If constants fr are determined via a least squares fit. This relaxation
curve is shown in Figure 2-39. This model ignores the constant
stress.

BSTART In the fit, 5; is set to zero, [, is set to BSTART, £ is 10 times 5, Sy
is 10 times B3  and so on. If zero, BSTART is determined by an itera-
tive trial and error scheme.

TRAMP Optional ramp time for loading.

If N=0, the following constants have to be defined:

C10 Cio
Co1 Co1
Cl11 C11
C20 Coo
C02 Coz
C30 Czo
GI Optional shear relaxation modulus for the ith term

LS-DYNA R7.0 2-323 (MAT)



*MAT 077 _H *MAT_HYPERELASTIC_RUBBER

VARIABLE DESCRIPTION
BETAI Optional decay constant if ith term
GJ Optional shear modulus for frequency independent damping represented
as the jth spring and slider in series in parallel to the rest of the stress
contributions.

SIGFJ Limit stress for frequency independent, frictional, damping represented
as the jth spring and slider in series in parallel to the rest of the stress
contributions.

Remarks:

Rubber is generally considered to be fully incompressible since the bulk modulus greatly ex-
ceeds the shear modulus in magnitude. To model the rubber as an unconstrained material a hy-
drostatic work term, Wy (J), is included in the strain energy functional which is function of the
relative volume, J, [Ogden 1984]:

WUnJoD) = ) Cpals =3PUz =37 + Wy ()

p,q=0
1= 1113_1/3
J2 = 1213_2/3

In order to prevent volumetric work from contributing to the hydrostatic work the first and sec-
ond invariants are modified as shown. This procedure is described in more detail by Sussman
and Bathe [1987].

Rate effects are taken into account through linear viscoelasticity by a convolution integral of the
form:

t Ok
o = J; Gijra(t — T)Fdf
or in terms of the second Piola-Kirchhoff stress, S;;, and Green's strain tensor, Ejj,
t O0Ex
Sij = Jy Gijra(t =) =dt

where g;jy, (t — 7) and Gy, (t — 7) are the relaxation functions for the different stress measures.
This stress is added to the stress tensor determined from the strain energy functional.

If we wish to include only simple rate effects, the relaxation function is represented by six terms
from the Prony series:

g =ag+XN_; ane Pt

9(®) = Bi, Grehi

given by,
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This model is effectively a Maxwell fluid which consists of a dampers and springs in series. We
characterize this in the input by shear moduli, G;, and decay constants, 5;. The viscoelastic be-
havior is optional and an arbitrary number of terms may be used.

The Mooney-Rivlin rubber model (model 27) is obtained by specifying n=1. In spite of the dif-
ferences in formulations with Model 27, we find that the results obtained with this model are
nearly identical with those of Material 27 as long as large values of Poisson’s ratio are used.

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

G
AN e

Ofric

Several springs and sliders in series can be defined that are put in parallel to the rest of the stress
contributions of this material model.

If a table for hysteresis is defined, then this is interpreted as follows. Let Wy, be the current val-
ue of the deviatoric strain energy density as calculated above. Furthermore, let Wy, be the peak
strain energy density reached up to this point in time. It is then assumed that the resulting stress
is reduced by a factor due to damage according to

aI/Vdev + anol

S = D(Wgev, Wdev) OE OE

i.e., the deviatoric stress is reduced by damage factor that is given as input. The table should thus
consist of curves for different values of Wy,,, where each curve gives the stress reduction (a val-
ue between 0 an /) for a given value of Wy.,. The abscissa values for a curve corresponding to a
peak energy density of Wy, should range from 0 to Wy, and the ordinate values should prefer-
ably increase with increasing Wy, and must take the value / when Wy, = Wye,. This table can
be estimated from a uniaxial quasistatic compression test. Let a test specimen of volume V' be
loaded and unloaded one cycle. We assume f(d) to be the loading force as function of the dis-
placement d, and f,,(d) be the unloading curve. The specimen is loaded to maximum displace-
ment d before unloading. The strain energy density is then given as a function of the loaded dis-
placement as

1 a
Waer(@) =3 [ £(5)ds
0

and the peak energy is of course given as Wye, = Wyey(d). From this energy curve we can also
determine the inverse, i.e., the displacement d (Wgey). The curve to be input to LS-DYNA is then

fu (d (Wdev))

D (Wyey, Wyey) = FAWae))
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This procedure is repeated for different values of d.
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*MAT_OGDEN_RUBBER

This is also Material Type 77. This material model provides the Ogden [1984] rubber model
combined optionally with linear viscoelasticity as outlined by Christensen [1980].

Card 1 1 2 3 4 5 6 7 8
Variable MID RO PR N NV G SIGF REF
Type A8 F F I I F F F
Extra card to read table for Mullins effect if PR.LT.0

Card opt. 1 2 3 4 5 6 7 8
Variable TBHYS

Type F

Card 2 if N > 0, a least squares fit is computed from uniaxial data

Card 2 1 2 3 4 5 6 7 8
Variable SGL SW ST LCID1 DATA LCID2 BSTART | TRAMP
Type F F F F F F F
Cards 2,3 if N =0 define the following constants

Card 2 1 2 3 4 5 6 7 8
Variable MU1 MU2 MU3 MU4 MUS MU6 MU7 MUS
Type F F F F F F F F
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Card 3 1 2 3 4 5 6 7 8

Variable ALPHA1 | ALPHA2 | ALPHA3 | ALPHA4 | ALPHAS | ALPHA6 | ALPHA7 | ALPHAS

Type F F F F F F F F

Card Format for Viscoelastic Constants. Up to 12 cards may be input. A keyword card
(with a “*” in column 1) terminates this input if less than 12 cards are used.

Cards opt. 1 2 3 4 5 6 7 8
Variable GI BETAI VFLAG
Type F F I
Default 0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.
RO Mass density

PR Poissons ratio (=.49 is recommended; smaller values may not work and
should not be used). If this is set to a negative number, then the absolute
value is used and an extra card is read for Mullins effect.

N Order of fit to the Ogden model, (currently <9, 2 generally works okay).
The constants generated during the fit are printed in the output file and
can be directly input in future runs, thereby, saving the cost of perform-
ing the nonlinear fit. The users need to check the correction of the fit re-
sults before proceeding to compute.

NV Number of Prony series terms in fit. If zero, the default is 6. Currently,
the maximum number is set to 12. Values less than 12, possibly 3-5 are
recommended, since each term used adds significantly to the cost. Cau-
tion should be exercised when taking the results from the fit. Preferably,
all generated coefficients should be positive. Negative values may lead
to unstable results. Once a satisfactory fit has been achieved it is rec-
ommended that the coefficients which are written into the output file be
input in future runs.
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VARIABLE

G

SIGF

TBHYS

DESCRIPTION

Shear modulus for frequency independent damping. Frequency inde-
pendent damping is based on a spring and slider in series. The critical
stress for the slider mechanism is SIGF defined below. For the best re-
sults, the value of G should be 250-1000 times greater than SIGF.

Limit stress for frequency independent frictional damping.

Use reference geometry to initialize the stress tensor. The reference ge-
ometry is defined by the keyword: *INITIAL FOAM_ REFERENCE
GEOMETRY (see there for more details).

EQ.0.0: off,

EQ.1.0: on.

Table ID for hysteresis, see Remarks on
MAT HYPERELASTIC RUBBER

If N>0 test information from a uniaxial test are used:

SGL Specimen gauge length
SW Specimen width
ST Specimen thickness
LCIDI1 Load curve ID giving the force versus actual change in the gauge length
DATA Type of experimental data.
EQ.1.0: uniaxial data (default)
EQ.2.0: biaxial data
EQ.3.0: pure shear data
LCID2 Load curve ID of relaxation curve. If constants S/ are determined via a
least squares fit. This relaxation curve is shown in Figure 2-39. This
model ignores the constant stress.

BSTART In the fit, B; is set to zero, [, is set to BSTART, £3 is 10 times 5, 4
is 10 times B3  and so on. If zero, BSTART is determined by an itera-
tive trial and error scheme.

TRAMP Optional ramp time for loading.

If N=0, the constants MUi and ALPHAIi have to be defined:
MUi Hi, the ith shear modulus, 1 varies up to 8. See discussion below.

ALPHAI aj, the ith exponent, 1 varies up to 8. See discussion below.
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VARIABLE DESCRIPTION
GI Optional shear relaxation modulus for the ith term
BETAI Optional decay constant if ith term
VFLAG Flag for the viscoelasticity formulation. This appears only on the first

line defining GI, BETAI, and VFLAG. If VFLAG=0, the standard vis-
coelasticity formulation is used (the default), and if VFLAG=1, the vis-
coelasticity formulation using the instantaneous elastic stress is used.

Remarks:

Rubber is generally considered to be fully incompressible since the bulk modulus greatly ex-
ceeds the shear modulus in magnitude. To model the rubber as an unconstrained material a hy-
drostatic work term is included in the strain energy functional which is function of the relative
volume, J, [Ogden 1984]:

w* =iiu—f(aj“f—1)+K(]— 1—1In))

The asterisk (*) indicates that the volumetric effects have been eliminated from the principal
stretches, AJ* The number of terms, n, may vary between 1 to 8 inclusive, and K is the bulk
modulus.

Rate effects are taken into account through linear viscoelasticity by a convolution integral of the
form:

t Okt
aij = Jy Gijut — D) dt
or in terms of the second Piola-Kirchhoff stress, {S, }, and Green's strain tensor, {Szr },

t O0Ex
Sij = Jy Gijra(t =) 5 =dt
where g;x;(t — 7) and G;j,; (t — 7) are the relaxation functions for the different stress measures.

This stress is added to the stress tensor determined from the strain energy functional.

If we wish to include only simple rate effects, the relaxation function is represented by six terms
from the Prony series:

g =ag+XN_1 ane Pt

given by,
g(t) = Zln=1 Gie_ﬁit
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This model is effectively a Maxwell fluid which consists of a dampers and springs in series. We
characterize this in the input by shear moduli, G;, and decay constants, ;. The viscoelastic be-
havior is optional and an arbitrary number of terms may be used.

For VFLAG=1, the viscoelastic term is
t dak,
0 = fO gijkl(t - T)Wd'l'

where of, is the instantaneous stress evaluated from the internal energy functional. The coeffi-
cients in the Prony series therefore correspond to normalized relaxation moduli instead of elastic
moduli.

The Mooney-Rivlin rubber model (model 27) is obtained by specifying n=1. In spite of the dif-
ferences in formulations with Model 27, we find that the results obtained with this model are
nearly identical with those of Material 27 as long as large values of Poisson’s ratio are used.

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

G

AN o
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*MAT_SOIL_CONCRETE

This is Material Type 78. This model permits concrete and soil to be efficiently modeled. See
the explanations below.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO G K LCPV LCYP LCFP LCRP
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable PC ouT B FAIL
Type F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
G Shear modulus
K Bulk modulus
LCPV Load curve ID for pressure versus volumetric strain. The pressure ver-
sus volumetric strain curve is defined in compression only. The sign
convention requires that both pressure and compressive strain be defined
as positive values where the compressive strain is taken as the negative
value of the natural logarithm of the relative volume.
LCYP Load curve ID for yield versus pressure:
GT.0: von Mises stress versus pressure,
LT.0: Second stress invariant, J,, versus pressure. This curve must
be defined.
LCFP Load curve ID for plastic strain at which fracture begins versus pressure.

This load curve ID must be defined if B>0.0.
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VARIABLE DESCRIPTION

LCRP Load curve ID for plastic strain at which residual strength is reached
versus pressure. This load curve ID must be defined if B>0.0.

PC Pressure cutoff for tensile fracture

OuUT Output option for plastic strain in database:
EQ.O: volumetric plastic strain,
EQ.1: deviatoric plastic strain.

B Residual strength factor after cracking, see Figure 2-40.

FAIL Flag for failure:
EQ.0: no failure,
EQ.1: When pressure reaches failure pressure element is eroded,
EQ.2: When pressure reaches failure pressure element loses it ability
to carry tension.

Remarks:

Pressure is positive in compression. Volumetric strain is defined as the natural log of the relative
volume and is positive in compression where the relative volume, V, is the ratio of the current
volume to the initial volume. The tabulated data should be given in order of increasing compres-
sion. Ifthe pressure drops below the cutoff value specified, it is reset to that value and the devia-
toric stress state is eliminated.

If the load curve ID (LCYP) is provided as a positive number, the deviatoric, perfectly plastic,
pressure dependent, yield function @, is given as

¢ =/3],— F(p) =0, —F(p)

where , F(p) is a tabulated function of yield stress versus pressure, and the second invariant, Jp, is
defined in terms of the deviatoric stress tensor as:

1
J2 =355S4

assuming that if the ID is given as negative then the yield function becomes:
¢ =], —F(p)
being the deviatoric stress tensor.

If cracking is invoked by setting the residual strength factor, B, on card 2 to a value between 0.0
and 1.0, the yield stress is multiplied by a factor f which reduces with plastic strain according to
a trilinear law as shown in Figure 2-40.
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>
Ep

Figure 2-40. Strength reduction factor.

b = residual strength factor

€ plastic stain at which cracking begins.

& plastic stain at which residual strength is reached.

€1 and €& are tabulated functions of pressure that are defined by load curves, see Figure 2-41.

The values on the curves are pressure versus strain and should be entered in order of increasing
pressure. The strain values should always increase monotonically with pressure.

By properly defining the load curves, it is possible to obtain the desired strength and ductility
over a range of pressures, see Figure 2-42.
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Figure 2-41. Cracking strain versus pressure.
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Yield
stress
P3
72
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>
Plastic strain
Figure 2-42.
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*MAT_HYSTERETIC_SOIL

This is Material Type 79. This model is a nested surface model with up to ten superposed “lay-
ers” of elasto-perfectly plastic material, each with its own elastic moduli and yield values. Nest-
ed surface models give hysteric behavior, as the different “layers” yield at different stresses. See
Remarks below.

Note: This Material Type will be available starting in release 3 of version 971.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO KO PO B A0 Al A2
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable DF RP LCID SFLC DIL A DIL B DIL C DIL D
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable GAM1 GAM2 GAM3 GAM4 GAMS5 PINIT
Type F F F F F I
Card 4 1 2 3 4 5 6 7 8
Variable TAUI1 TAU2 TAU3 TAU4 TAUS

Type F F F F F
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VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
KO Bulk modulus at the reference pressure
PO Cut-off/datum pressure (must be 0< i.e. tensile). Below this pressure,
stiffness and strength disappears; this is also the “zero” pressure for
pressure-varying properties.
B . .. G =Go(p—po)P :
Exponent for pressure-sensitive moduli, b: 0P = Po) ,- b, must lie
K = Ko(p = po)
in the range 0<b<1. Values close to 1 are not recommended because the
pressure becomes indeterminate.
A0 Yield function constant ag (Default = 1.0), see Material Type 5.
Al Yield function constant a1 (Default = 0.0), see Material Type 5.
A2 Yield function constant ap (Default = 0.0), see Material Type 5.
DF Damping factor. Must be in the range 0<df<1:
EQ.0: no damping,
EQ.1: maximum damping.
RP Reference pressure for following input data.
LCID Load curve ID defining shear strain verses shear stress. Up to ten points
may be defined in the load curve. See *DEFINE _CURVE.
SFLD Scale factor to apply to shear stress in LCID.
DIL A Dilation parameter A
DIL B Dilation parameter B
DIL C Dilation parameter C
DIL D Dilation parameter D
GAMI Y1, shear strain (ignored if LCID is non zero).
GAM2 Y2, shear strain (ignored if LCID is non zero).
GAM3 y3, shear strain (ignored if LCID is non zero).
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VARIABLE DESCRIPTION

GAM4 Y4, shear strain (ignored if LCID is non zero).

GAMS Y5, shear strain (ignored if LCID is non zero).

TAUI T1, shear stress at y; (ignored if LCID is non zero).

TAU2 T, shear stress at Y, (ignored if LCID is non zero).

TAU3 13, shear stress at y3 (ignored if LCID is non zero).

TAU4 T4, shear stress at Y4 (ignored if LCID is non zero).

TAUS 15, shear stress at Y5 (ignored if LCID is non zero).

PINIT Flag for pressure sensitivity (B and A0, A1, A2 equations):

EQ.O: Use current pressure (will vary during the analysis)
EQ.1: Use pressure from initial stress state

EQ.2: Use initial “plane stress” pressure (g, + 03,)/2
EQ.3: Use (compressive) initial vertical stress

Remarks:

The elastic moduli G and K are pressure sensitive:

G _ b

G(p) = o(p Po)b
(pref - pO)

_ b

K(p) = Ko(p po)b
(pref - pO)

where Gg and K¢ are the input values, p is the current pressure, pg the cut-off or datum pressure
(must be zero or negative). If p attempts to fall below pg (i.e., more tensile) the shear stresses are
set to zero and the pressure is set to pg. Thus, the material has no stiffness or strength in tension.
The pressure in compression is calculated as follows:

1
p = [~Koln(V)] /-0
where V is the relative volume, i.e., the ratio between the original and current volume.

The constants ag, aj, ap govern the pressure sensitivity of the yield stress. Only the ratios be-

tween these values are important - the absolute stress values are taken from the stress-strain
curve.
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Figure 2-43.

The stress strain pairs define a shear stress versus shear strain curve. The first point on the curve
is assumed by default to be (0,0) and does not need to be entered. The slope of the curve must
decrease with increasing y. This curves applies at the reference pressure; at other pressures the
curve is scaled by

ty) _ | lact+ai(p—po) +a(p—po)’]
T(pref’ v) [ao + al(pref —po) + az(Pref - Po)z]

The shear stress-strain curve (with points (T1,Y1), (T2,¥2)...(Tn,Yn)) is converted into a series of N
elastic perfectly-plastic curves such that Z(Ti, (y)) = 7(¥), as shown in the Figure 2-45 below.

Each elastic perfectly-plastic curve represents one “layer” in the material model. Deviatoric
stresses are stored and calculated separately for each layer. The yield surface for each layer is
defined in terms of stress invariant J,; this is converted internally from the input values of maxi-
mum shear stress, assuming a uniaxial stress state:

. a'; 4(Tyaxi)?
= (%) < 2t

where subscript i denotes layer i and Tnayi 1S the plastic shear stress of the layer.
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Shear stress (kPa)

Shear strain (%)

Figure 2-44.

In cases where the deviatoric stress state is closer to pure shear, the maximum shear stress

reached by the material will be up to \E times higher than the input curve. Users may wish to

allow for this by reducing the input curve by this factor. When performing checks on the output,
the following relationships may be useful:

Input shear stress is treated by the material model as 0.5 * Von Mises Stress = (30’i: %)
Input shear strain is treated by the material model as 1.5 * Von Mises Strain = (3£'i: %")

The total deviatoric stress is the sum of the deviatoric stresses in each layer. By this method, hys-
teretic (energy-absorbing) stress-strain curves are generated in response to any strain cycle of
amplitude greater than the lowest yield strain of any layer. The example below shows response to
small and large strain cycles (blue and pink lines) superposed on the input curve (thick red line).

Pressure Sensitivity

The yield stresses of the layers, and hence the stress at each point on the shear stress-strain input
curve, vary with pressure according to constants A0, A1 and A2. The elastic moduli, and hence
also the slope of each section of shear stress-strain curve, vary with pressure according to con-
stant B. These effects combine to modify the shear stress-strain curve according to pressure:
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Figure 2-45.

Pressure sensitivity can make the solution sensitive to numerical noise. In cases where the ex-
pected pressure changes are small compared to the initial stress state, it may be preferable to use
pressure from the initial stress state instead of current pressure as the basis for the pressure sensi-
tivity (option PINIT). This causes the bulk modulus and shear stress-strain curve to be calculated
once for each element at the start of the analysis and to remain fixed thereafter. PINIT affects
both stiffness (calculated using B) and strength (calculated using AO, Al and A2). If PINIT op-
tions 2 (“plane stress” pressure) or 3 (vertical stress) are used, these quantities substitute for pres-
sure p in the equations above. Input values of pr.r and po should then also be “plane stress” pres-
sure or vertical stress, respectively.

If PINIT is used, B is allowed to be as high as 1.0 (stiffness proportional to initial pressure); oth-
erwise, values of B higher than about 0.5 are not recommended.

Dilatancy
Parameters DIL_A, DIL B, DIL C and DIL D control the compaction and dilatancy that occur

in sandy soils as a result of shearing motion. The dilatancy is expressed as a volume strain Vy:

&y =&t &

& = DIL_A(F)DIL-B
G *

&

€ " DILC+DILD*G +
1
[= (2 +v2) /2

1
G = f (dy2 + dy2) s

VYxz)Vyz = 287, 2‘gyz
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y: describes the dilation of the soil due to the magnitude of the shear strains; this is caused by the
soil particles having to climb over each other to develop shear strain.

Y describes compaction of the soil due to collapse of weak areas and voids, caused by continu-
ous shear straining.

Recommended inputs for sandy soil:

DIL A 10
DIL B 16
DIL C -100
DIL D -2.5

DIL A and DIL B may cause instabilities in some models. If this facility is used with pore wa-
ter pressure, liquefaction can be modeled.
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*MAT_RAMBERG-OSGOOD

This is Material Type 80. This model is intended as a simple model of shear behavior and can be
used in seismic analysis.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO GAMY TAUY ALPHA R BULK
Type A8 F F F F F F
Default none none none none none none none
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density.
GAMY Reference shear strain (Yy)
TAUY Reference shear stress (Ty)
ALPHA Stress coefficient ()
R Stress exponent (1)
BULK Elastic bulk modulus
Remarks:

The Ramberg-Osgood equation is an empirical constitutive relation to represent the one-
dimensional elastic-plastic behavior of many materials, including soils. This model allows a
simple rate independent representation of the hysteretic energy dissipation observed in soils sub-

jected to cyclic shear deformation. For monotonic loading, the stress-strain relationship is given
by:

r

Y T T .
—=—+al|—| ify =0
Yy Ty Ty

Yy T |
—=——al|—| ify <0
Yy Ty 3%
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where y is the shear and 7 is the stress. The model approaches perfect plasticity as the stress ex-
ponent r — oo. These equations must be augmented to correctly model unloading and reloading
material behavior. The first load reversal is detected by yy < 0. After the first reversal, the
stress-strain relationship is modified to

— T—7T T—19)

(v Vo):( 0)+a( 0) ify =0
2y, 21, 21,
— T—7T —19)

(v Vo):( 0)—a( 0) ify <0
2y, 21, 21,

where y, and 7, represent the values of strain and stress at the point of load reversal. Subsequent
load reversals are detected by (y — y,)y < 0.

The Ramberg-Osgood equations are inherently one-dimensional and are assumed to apply to
shear components. To generalize this theory to the multidimensional case, it is assumed that
each component of the deviatoric stress and deviatoric tensorial strain is independently related by
the one-dimensional stress-strain equations. A projection is used to map the result back into de-
viatoric stress space if required. The volumetric behavior is elastic, and, therefore, the pressure p
is found by

p = —Kg,

where ¢, is the volumetric strain.
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*MAT_PLASTICITY_WITH_DAMAGE_{OPTION}

This is Material Types 81 and 82. An elasto-visco-plastic material with an arbitrary stress versus
strain curve and arbitrary strain rate dependency can be defined. Damage is considered before
rupture occurs. Also, failure based on a plastic strain or a minimum time step size can be de-
fined.

Available options include:
<BLANK>
ORTHO
ORTHO_RCDC
STOCHASTIC

Including ORTHO invokes an orthotropic damage model, an extension first added as a means of
treating failure in aluminum panels. Directional damage begins after a defined failure strain is
reached in tension and continues to evolve until a tensile rupture strain is reached in either one of
the two orthogonal directions. After rupture is detected at all integration points, the element is
deleted. The option ORTHO RCDC invokes the damage model developed by Wilkins [Wilkins,
et al. 1977]. A nonlocal formulation, which requires additional storage, is used if a characteristic
length is defined. The RCDC option, which was added at the request of Toyota, works well in
predicting failure in cast aluminum, see Yamasaki, et al., [2006].

The STOCHASTIC option allows spatially varying yield and failure behavior. See *DEFINE
_STOCHASTIC _VARIATION for additional information

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E PR SIGY ETAN EPPF TDEL
Type A8 F F F F F F F
Default none none none none none 0.0 10.E+20 10.E+20
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Card 2 1 2 3 4 5 6 7 8
Variable C P LCSS LCSR | EPPFR VP LCDM | NUMINT
Type F F F F F F F I
Default 0 0 0 0 0 0 0 0
Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
Card 4 1 2 3 4 5 6 7 8
Variable ESI ES2 ES3 ES4 ES5 ES6 ES7 ES8
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
2-346 (MAT) LS-DYNA R7.0



*MAT_PLASTICITY WITH DAMAGE

*MAT_081-082

Read the following card if the option ORTHO RCDC is active.

Card 5 1 2 3 4 5 6 7 8
Variable ALPHA BETA GAMMA DO B LAMBDA DS L
Type F F F F F F F F
Default 0 0 0 0 0 0 0 0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
E Young’s modulus.
PR Poisson’s ratio.
SIGY Yield stress.
ETAN Tangent modulus, ignored if (LCSS.GT.0) is defined.
EPPF Plastic strain, fs, at which material softening begins (logarithmic).
TDEL Minimum time step size for automatic element deletion.
C Strain rate parameter, C, see formula below.
P Strain rate parameter, P, see formula below.
LCSS Load curve ID or Table ID. Load curve ID defining effective stress ver-
sus effective plastic strain. If defined EPS1-EPS8 and ES1-ESS are ig-
nored. The table ID defines for each strain rate value a load curve ID
giving the stress versus effectiveplastic strain for that rate, See Figure 2-
10 The stress versus effective plastic strain curve for the lowest value of
strain rate is used if the strain rate falls below the minimum value.
Likewise, the stress versus effective plastic strain curve for the highest
value of strain rate is used if the strain rate exceeds the maximum value.
The strain rate parameters: C and P; the curve ID, LCSR; EPS1-EPS8
and ES1-ES8 are ignored if a Table ID is defined.
LCSR Load curve ID defining strain rate scaling effect on yield stress.
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VARIABLE

EPPFR

VP

LCDM

NUMINT

EPS1-EPS8

ES1-ES8

ALPHA

BETA

GAMMA

DO

B

LAMBDA

DS

L

DESCRIPTION

Plastic strain at which material ruptures (logarithmic).

Formulation for rate effects:

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

Load curve ID defining nonlinear damage curve.

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

Effective plastic strain values (optional if SIGY is defined). At least 2
points should be defined.

Corresponding yield stress values to EPS1 - EPSS.
Parameter a. for the Rc-Dc model

Parameterf. for the Rc-Dc model

Parameter y. for the Rc-Dc model

Parameter D,,. for the Rc-Dc model

Parameter b. for the Rc-Dc model

Parameter A. for the Re-Dc model

Parameter D,. for the Rc-Dc model

Optional characteristic element length for this material. We recommend
that the default of 0 always be used, especially in parallel runs. If zero,
nodal values of the damage function are used to compute the damage
gradient. See discussion below.
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Remarks:

The stress strain behavior may be treated by a bilinear stress strain curve by defining the tangent
modulus, ETAN. Alternately, a curve similar to that shown in Figure 2-10 is expected to be de-
fined by (EPS1,ES1) - (EPS8,ES8); however, an effective stress versus effective plastic strain curve
(LCSS) may be input instead if eight points are insufficient. The cost is roughly the same for ei-
ther approach. The most general approach is to use the table definition (LCSS) discussed below.

Three options to account for strain rate effects are possible:

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

1/6

where € is the strain rate, € = ,/&;;&;;.
If the viscoplastic option is active, VP=1.0, and if SIGY is > 0 then the dynamic yield
stress is computed from the sum of the static stress, o (Sfff), which is typically given by

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

Eors 7
o e
oy (et ) = a3(e) + st - (<)

where the plastic strain rate is used. With this latter approach similar results can be ob-
tained between this model and material model: *MAT ANISOTROPIC
_VISCOPLASTIC. If SIGY=0, the following equation is used instead where the static

stress, o (eg’ff), must be defined by a load curve:

P P s P ésff v
GY(geff’ 5eff) = 0y (eeff) 1+ ( C >

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

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

III.  If different stress versus strain curves can be provided for various strain rates, the option
using the reference to a table (LCSS) can be used. Then the table input in *DEFINE

_TABLE is expected, see Figure 2-10.

The constitutive properties for the damaged material are obtained from the undamaged material
properties. The amount of damage evolved is represented by the constant, w, which varies from
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zero if no damage has occurred to unity for complete rupture. For uniaxial loading, the nominal
stress in the damaged material is given by

P

Onominal = Z

where P is the applied load and A is the surface area. The true stress is given by:

P
Otrue —
A— Aloss

where A, 15 the void area. The damage variable can then be defined:

A
w=% 0<w<1

In this model damage is defined in terms of plastic strain after the failure strain is exceeded:

P _ P
_ eff failure . 14 p p
w = &P p if Eailure = Eoff = €rupture

rupture — Efailure

After exceeding the failure strain softening begins and continues until the rupture strain is
reached.

The Re-Dc model is defined as the following:
The damage D is given by
D = f (l)l(l)zdep

where €P is the equivalent plastic strain,
1 a
W =|—
! (1 - yam>

w, = (2 - Ap)F
is a asymmetric strain weighting term. In the above oy, is the mean stress and
Syl 1S3
5l

Fracture is initiated when the accumulation of damage is

is a triaxial stress weighting term and

AD == mln(

)

D>1
D,

where D, is the a critical damage given by

D, = Do(1 + b|VDI|*)
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A fracture fraction,

defines the degradations of the material by the Rc-Dc model.

For the Rc-Dce model the gradient of damage needs to be estimated. The damage is connected to
the integration points, and, thus, the computation of the gradient requires some manipulation of
the LS-DYNA source code. Provided that the damage is connected to nodes, it can be seen as a
standard bilinear field and the gradient is easily obtained. To enable this, the damage at the inte-
gration points are transferred to the nodes as follows. Let E,, be the set of elements sharing node
n, E,, the number of elements in that set, P, the set of integration points in element e and |P,| the
number of points in that set. The average damage D,, in element e is computed as
N ZpEPe Dp
‘ |Pel

where D,, is the damage in integration point p. Finally, the damage value in node n is estimated

as
ZeeEn 5e
D, ===n=
|En|

This computation is performed in each time step and requires additional storage. Currently we
use three times the total number of nodes in the model for this calculation, but this could be re-
duced by a considerable factor if necessary. There is an Rc-Dc option for the Gurson dilatation-
al-plastic model. In the implementation of this model, the norm of the gradient is computed dif-
ferently. Let E; be the set of elements from within a distance / of element, f not including the el-

ement itself, and let |E H be the number of elements in that set. The norm of the gradient of dam-
age is estimated roughly as
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|De—Dy|
eeE} def

VDIl z@z

where d, is the distance between element f'and e.

The reason for taking the first approach is that it should be a better approximation of the gradi-
ent, it can for one integration point in each element be seen as a weak gradient of an elementwise
constant field. The memory consumption as well as computational work should not be much
higher than for the other approach.

A vield stress versus
effective plastic strain
for undamaged material

Oyield,

nominal stress

/ after failure

damage increases linearly with
plastic strain after failure

0 I I p
failure begins /CO =1 Eeff

@=0 rupture

Figure 2-46. Stress strain behavior when damage is included
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damage

Ee;.— fs failure e

Figure 2-47. A nonlinear damage curve is optional. Note that the origin of the curve is
at (0,0). It is permissible to input the failure strain, fs, as zero for this option. The non-
linear damage curve is useful for controlling the softening behavior after the failure
strain is reached
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*MAT_FU_CHANG_FOAM {OPTION}

This is Material Type 83.

An available option includes:
DAMAGE_DECAY

Rate effects can be modeled in low and medium density foams, see Figure 2-48. Hysteretic un-
loading behavior in this model is a function of the rate sensitivity with the most rate sensitive
foams providing the largest hysteresis and vice versa. The unified constitutive equations for
foam materials by Chang [1995] provide the basis for this model. The mathematical description
given below is excerpted from the reference. Further improvements have been incorporated
based on work by Hirth, Du Bois, and Weimar [1998]. Their improvements permit: load curves
generated by drop tower test to be directly input, a choice of principal or volumetric strain rates,
load curves to be defined in tension, and the volumetric behavior to be specified by a load curve.

The unloading response was generalized by Kolling, Hirth, Erhart and Du Bois [2006] to allow
the Mullin’s effect to be modeled, i.e., after the first loading and unloading, further reloading oc-
curs on the unloading curve. If it is desired to reload on the loading curves with the new general-
ized unloading, the DAMAGE decay option is available which allows the reloading to quickly
return to the loading curve as the damage parameter decays back to zero in tension and compres-
sion.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO E KCON TC FAIL DAMP TBID
Type A8 F F F F F F F
Default none none none none 1.E+20 none none none
Remarks 5
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Card 2 1 2 3 4 5 6 7 8
Variable BVFLAG | SFLAG RFLAG TFLAG PVID SRAF REF HU
Type F F F F F F F F
Default 1.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0
Remarks 1 2 3 4 5

Define two additional cards, cards 3 and 4, if and only if the DAMAGE_DECAY option is

inactive.

Card 3 1 2 3 4 5 6 7 8
Variable DO NO N1 N2 N3 COo Cl C2
Type F F F F F F F F
Default 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Card 4 1 2 3 4 5 6 7 8
Variable C3 C4 C5 Al S1J MINR MAXR SHAPE
Type F F F F F F F F
Default 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Define one additional card, card 3, if and only if the DAMAGE DECAY option is active.

Card 3 1 2 3 4 5 6 7 8
Variable MINR MAXR SHAPE BETAT BETAC
Type F F F F F
Default 0.0 0.0 0.0 0.0 0.0
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-

acters must be specified.

RO Mass density
E Young’s modulus
KCON Optional Young's modulus used in the computation of sound speed.

This will influence the time step, contact forces, hourglass stabilization
forces, and the numerical damping (DAMP).
EQ.0.0: KCON is set equal to the max(E, current tangent to stresss-
strain curve) if TBID.ne.0. If TBID.eq.0, KCON is set equal to the
maximum slope of the stress-strain curve.

TC Tension cut-off stress

FAIL Failure option after cutoff stress is reached:
EQ.0.0: tensile stress remains at cut-off value,
EQ.1.0: tensile stress is reset to zero.

DAMP Viscous coefficient (.05< recommended value <.50) to model damping
effects.
TBID Table ID, see *DEFINE_TABLE, for nominal stress vs. strain data as a

function of strain rate. If the table ID is provided, cards 3 and 4 may be
left blank and the fit will be done internally. The Table ID can be posi-
tive or negative (see remark 5 below).

BVFLAG Bulk viscosity activation flag, see remark below:
EQ.0.0: no bulk viscosity (recommended),
EQ.1.0: bulk viscosity active.
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VARIABLE DESCRIPTION
SFLAG Strain rate flag (see remark 2 below):
EQ.0.0: true constant strain rate,
EQ.1.0: engineering strain rate.
RFLAG Strain rate evaluation flag:
EQ.0.0: first principal direction,
EQ.1.0: principal strain rates for each principal direction,
EQ.2.0: volumetric strain rate.
TFLAG Tensile stress evaluation:
EQ.0.0: linear in tension.
EQ.1.0: input via load curves with the tensile response corresponds
to negative values of stress and strain.
PVID Optional load curve ID defining pressure versus volumetric strain.
SRAF Strain rate averaging flag.
EQ.0.0: use weighted running average.
EQ.1.0: average the last twelve values.
REF Use reference geometry to initialize the stress tensor. The reference ge-
ometry is defined by the keyword: *INITIAL FOAM REFERENCE
_ GEOMETRY (see there for more details).
EQ.0.0: off,
EQ.1.0: on.
HU Hysteretic unloading factor between 0 and 1 (default=1, i.e., no energy
dissipation), see also Figure 2-51
DO material constant, see equations below.
NO material constant, see equations below.
N1 material constant, see equations below.
N2 material constant, see equations below.
N3 material constant, see equations below.
Co material constant, see equations below.
Cl1 material constant, see equations below.
2 material constant, see equations below.
C3 material constant, see equations below.
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VARIABLE DESCRIPTION

C4 material constant, see equations below.
Cs material constant, see equations below.
All, material constant, see equations below.
Su material constant, see equations below.

MINR Ratemin, minimum strain rate of interest.

MAXR Ratemax, maximum strain rate of interest.

SHAPE Shape factor for unloading. Active for nonzero values of the hysteretic

unloading factor HU. Values less than one reduces the energy dissipa-
tion and greater than one increases dissipation, see also Figure 2-49.

BETAT Decay constant for damage in tension. The damage decays after loading
in ceases according to e “BETAT time
BETAC Decay constant for damage in compression. . The damage decays after

loading in ceases according to e ~BETACtime,

Remarks:

The strain is divided into two parts: a linear part and a non-linear part of the strain

E(t) = ELX(t) + EN(¢)
and the strain rate become

E(®) = EX(t) + EN(D)

EN is an expression for the past history of EV. A postulated constitutive equation may be written
as:

o(t) = [_ [EN (@), S(D)]dr
where S(t) is the state variable and f :i 0 is a functional of all values of 7in T;: 0 < 7 < oo and
EN(©)=EN(t—-1)
where T is the history parameter:

EN (1 = w) © the virgin material
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It is assumed that the material remembers only its immediate past, i.e., a neighborhood about
7 = 0. Therefore, an expansion of EN () in a Taylor series about T = 0 yields:

N
EN () = EN(0) + aaitt(O)dt

Hence, the postulated constitutive equation becomes:

o(t) = o* (EN(t), E'N(t),S(t))

oEN . - . )
where we have replaced 6—; by EV, and ¢* is a function of its arguments.

For a special case,
o(t) =" (EN(),S@1))
we may write

EN = f(S(®),s(0)

which states that the nonlinear strain rate is the function of stress and a state variable which rep-
resents the history of loading. Therefore, the proposed kinetic equation for foam materials is:

v O tr(aS)\*"°
Eév = mDoeXp [_CO <(”O_”)2> ]

where Dy, co, and ng are material constants, and S is the overall state variable. If either D, = 0 or
co — oo then the nonlinear strain rate vanishes.

Sl] = [cl(ain - CZSij)P + C3Wn1(||EN||)n21ij]R

(IIE”II )
R=1+4c¢c|—-1
Cs

P = tr(cEN)
W= f tr(o(dE))

where ¢, ¢, €3, ¢4, €5, n1, N2, n3, and ajj are material constants and:

1
loll = (oy50i;)?

1
|E|l = (EijE:;)?

1
IEN] = (EYyE" )2
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In the implementation by Fu Chang the model was simplified such that the input constants a;;
and the state variables §;; are scalars.

A

Compressive

A

v

/
Optional Tensile Curves
(TFLAG=1)

Default Tensile Behavior
(TFLAG=0)

Figure 2-48. Nominal stress versus engineering strain curves, which are used to model rate ef-

fects in Fu Chang’s foam model.

Additional Remarks:

1. The bulk viscosity, which generates a rate dependent pressure, may cause an unexpected
volumetric response and consequently, it is optional with this model.

2. Dynamic compression tests at the strain rates of interest in vehicle crash are usually per-
formed with a drop tower. In this test the loading velocity is nearly constant but the true
strain rate, which depends on the instantaneous specimen thickness, is not. Therefore, the
engineering strain rate input is optional so that the stress strain curves obtained at con-
stant velocity loading can be used directly.

3. To further improve the response under multiaxial loading, the strain rate parameter can
either be based on the principal strain rates or the volumetric strain rate.

4. Correlation under triaxial loading is achieved by directly inputting the results of hydro-

static testing in addition to the uniaxial data. Without this additional information which
is fully optional, triaxial response tends to be underestimated.
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Figure 2-49
5. Several options are available to control unloading response in MAT 083:

1) HU=0 and TBID>0

This is the old way. In this case the unloading response will follow the curve with the
lowest strain rate and is rate-independent. The curve with lowest strain rate value (typi-
cally zero) in TBID should correspond to the unloading path of the material as measured
in a quasistatic test. The quasistatic loading path then corresponds to a realistic (small)
value of the strain rate.

2) HU=0 and TBID<0

In this case the curve with lowest strain rate value (typically zero) in TBID must corre-
spond to the unloading path of the material as measured in a quasistatic test. The qua-
sistatic loading path then corresponds to a realistic (small) value of the strain rate. The
quasistatic loading and unloading path (thus the first two curves of the table) should form
a closed loop. The unloading response is given by a damage formulation for the principal
stresses as follows:

o, = (1—d)o;

The damage parameter d is computed internally in such a way that the unloading path
under uniaxial tension and compression is fitted exactly in the simulation. The unloading
response is rate dependent in this case.
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HU=0, TBID<0 €,
é3 > éZ > él > éO é
2

¢

Current State
®

Nominal Stress

Nominal Strain
Figure 2-50.

3) HU>0 and TBID>0

No unloading curve should be provided in the table and the curve with the lowest strain
rate value in TBID should correspond to the loading path of the material as measured in a
quasistatic test. In this case the unloading response is given by a damage formulation for
the principal stresses as follows:

0; = (1—d)o;
d=(1-HD) (1 ~ (%)SHAPEl

max

where W corresponds to the current value of the hyperelastic energy per unit undeformed
volume. The unloading response is rate dependent in this case.
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Figure 2-51.
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*MAT_WINFRITH_CONCRETE

This is Material Type 84 and Material Type 85, only the former of which includes rate effects.
The Winfrith concrete model is a smeared crack (sometimes known as pseudo crack), smeared
rebar model, implemented in the 8-node single integration point continuum element. This model
was developed by Broadhouse and Neilson [1987], and Broadhouse [1995] over many years and
has been validated against experiments. The input documentation given here is taken directly
form the report by Broadhouse. The Fortran subroutines and quality assurance test problems
were also provided to LSTC by the Winfrith Technology Center. The rebar is defined in the sec-
tion: *MAT_ WINFRITH CONCRETE REINFORCEMENT which follows.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO ™ PR ucs UTS FE ASIZE
Type A8 F F F F F F F
Card 2 1 2 3 4 5 6 7 8
Variable E YS EH UELONG | RATE | CONM | CONL CONT
Type F F F F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable EPS1 EPS2 EPS3 EPS4 EPS5 EPS6 EPS7 EPS8
Type F F F F F F F F
Card 4 1 2 3 4 5 6 7 8
Variable Pl P2 P3 P4 P5 P6 P7 P8
Type F F F F F F F F
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VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density.
™ Initial tangent modulus of concrete.
PR Poisson's ratio.
ucCs Uniaxial compressive strength.
UTS Uniaxial tensile strength.
FE Depends on value of RATE below.
RATE.EQ.O: Fracture energy (energy per unit area dissipated in
opening crack).
RATE.EQ.1: Crack width at which crack-normal tensile stress goes
to zero.
ASIZE Aggregate size (radius).
E Young's modulus of rebar.
YS Yield stress of rebar.
EH Hardening modulus of rebar
UELONG Ultimate elongation before rebar fails.
RATE Rate effects:
EQ.0.0: strain rate effects are included (mat 84 — may not conserve
energy).
EQ.1.0: strain rate effects are turned off (mat 85).
CONM GT.0: Factor to convert model mass units to kg.
EQ.-1.: Mass, length, time units in model are Ibf*sec2/in, inch, sec.
EQ -2.: Mass, length, time units in model are g, cm, microsec.
EQ.-3.: Mass, length, time units in model are g, mm, msec.
EQ.-4.: Mass, length, time units in model are metric ton, mm, sec.
EQ.-5.: Mass, length, time units in model are kg, mm, msec.
CONL If CONM.GT.0, factor to convert model length units to meters; other-
wise CONL is ignored.
CONT If CONM.GT.O0, factor to convert model time units to seconds; otherwise
CONT is ignored.
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VARIABLE DESCRIPTION

EPSI, EPS2, ... Volumetric strain values (natural logarithmic values), see Remarks be-
low. A maximum of 8 values are allowed.

P1,P2, ... Pressures corresponding to volumetric strain values given on Card 3.

Remarks:

Pressure is positive in compression; volumetric strain is given by the natural log of the relative
volume and is negative in compression. The tabulated data are given in order of increasing com-
pression, with no initial zero point.

If the volume compaction curve is omitted, the following scaled curve is automatically used
where p; is the pressure at uniaxial compressive failure from:
O-C

pIZ?

and K is the bulk unloading modulus computed from
Es

K=3a=2»

where E is the input tangent modulus for concrete and v is Poisson's ratio.

The Winfrith concrete model generates an additional binary output database containing infor-
mation on crack locations, directions, and widths. In order to generate the crack database, the
LS-DYNA execution line is modified by adding:

q=crf where crf is the name of the crack database (e.g., =DYNCRCK).

LS-PrePost can display the cracks on the deformed mesh plots. To do so, read the d3plot data-
base into LS-PrePost and then select File > Open > Crack from the top menu bar. Or, open the
crack database by adding the following to the LS-PrePost execution line:

q=crf where crf is the name of the crack database (e.g., =DYNCRCK).

By default, all the cracks in visible elements are shown. You can eliminate narrow cracks from
the display by setting a minimum crack width for displayed cracks. Do this by choosing Setting
> Concrete Crack Width. From the top menu bar of LS-PrePost, choosing Misc > Model Info
will reveal the number of cracked elements and the maximum crack width in a given plot state.
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*MAT_084-085

Volumetric Strain | Pressure
-p1/’K 1.00xp;
-0.002 1.50xp;
-0.004 3.00xp;
-0.010 4.80xp;
-0.020 6.00xp/
-0.030 7.50xp;
-0.041 9.45xp;
-0.051 11.55xp;
-0.062 14.25xp;
-0.094 25.05xp;

Table 2.5. Default pressure versus volumetric strain curve for concrete
if the curve is not defined.
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*MAT_WINFRITH_CONCRETE_REINFORCEMENT

This is Material Type 84 rebar reinforcement. Reinforcement may be defined in specific groups
of elements, but it is usually more convenient to define a two-dimensional mat in a specified lay-
er of a specified material. Reinforcement quantity is defined as the ratio of the cross-sectional
area of steel relative to the cross-sectional area of concrete in the element (or layer). These cards

may follow either one of two formats below and may also be defined in any order.

Option 1 (Reinforcement quantities in element groups).

Card 1 1 2 3 4 5 6 8
Variable EIDI EID2 INC XR YR /R
Type I 1 I F F F
Option 2 (Two dimensional layers by part ID).
Card 1 1 2 3 4 5 6 8
Variable PID AXIS COOR RQA RQB
Type blank I I F F F
VARIABLE DESCRIPTION
EIDI First element ID in group.
EID2 Last element ID in group
INC Element increment for generation.
XR X-reinforcement quantity (for bars running parallel to global x-axis).
YR Y -reinforcement quantity (for bars running parallel to global y-axis).
ZR Z-reinforcement quantity (for bars running parallel to global z-axis).
PID Part ID of reinforced elements.
AXIS Axis normal to layer.
EQ.1: A and B are parallel to global Y and Z, respectively.
EQ.2: A and B are parallel to global X and Z, respectively.
EQ.3: A and B are parallel to global X and Y, respectively.
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VARIABLE DESCRIPTION

COOR Coordinate location of layer (X-coordinate if AXIS.EQ.1; Y-coordinate
if AXIS.EQ.2; Z-coordinate if AXIS.EQ.3.

RQA Reinforcement quantity (A).
RQB Reinforcement quantity (B).
Remarks:
1. Reinforcement quantity is the ratio of area of reinforcement in an element to the element's

total cross-sectional area in a given direction. This definition is true for both Options 1
and 2. Where the options differ is in the manner in which it is decided which elements
are reinforced. In Option 1, the reinforced element IDs are spelled out. In Option 2, el-
ements of part ID PID which are cut by a plane (layer) defined by AXIS and COOR are
reinforced.
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*MAT_ORTHOTROPIC_VISCOELASTIC

This is Material Type 86. It allows the definition of an orthotropic material with a viscoelastic
part. This model applies to shell elements.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO EA EB EC VF K

Type A8 F F F F F F

Card 2 1 2 3 4 5 6 7 8
Variable GO GINF BETA PRBA PRCA PRCB

Type F F F F F F

Card 3 1 2 3 4 5 6 7 8
Variable GAB GBC GCA AOPT MANGLE

Type F F F F F

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

Type F F F
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Card 5 1 2 3 4 5 6 8
Variable Vi V2 V3 D1 D2 D3
Type F F F F F F
VARIABLE DESCRIPTION
MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
RO Mass density
EA Young’s Modulus Eg
EB Young’s Modulus Ep
EC Young’s Modulus E¢
VF Volume fraction of viscoelastic material
K Elastic bulk modulus
GO Gy, short-time shear modulus
GINF G, long-time shear modulus
BETA B3, decay constant
PRBA Poisson’s ratio, Vpg
PRCA Poisson’s ratio, V¢,
PRCB Poisson’s ratio, Vch
GAB Shear modulus, Gy,
GBC Shear modulus, Gy
GCA Shear modulus, Geg
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VARIABLE

AOPT

MANGLE

Al A2 A3
V1V2V3

D1 D2 D3

Remarks:

DESCRIPTION

Material axes option (see MAT_OPTION TROPIC ELASTIC for a
more complete description):
EQ.0.0: locally orthotropic with material axes determined by ele-
ment nodes 1, 2, and 4, as with *DEFINE COORDINATE
NODES, and then rotated about the shell element normal by an angle
MANGLE.
EQ.2.0: globally orthotropic with material axes determined by vec-
tors defined below, as with *DEFINE_ COORDINATE ECTOR.
EQ.3.0: locally orthotropic material axes determined by rotating the
material axes about the element normal by an angle, MANGLE,
from a line in the plane of the element defined by the cross product
of the vector v with the element normal.
LT.0.0: the absolute value of AOPT is a coordinate system ID num-
ber (CID on *DEFINE COORDINATE NODES, *DEFINE CO-
ORDINATE SYSTEM or *DEFINE COORDINATE VECTOR).
Available in R3 version of 971 and later.

Material angle in degrees for AOPT = 0 and 3, may be overridden on the
element card, see *ELEMENT_SHELL BETA.

Define components of vector a for AOPT = 2.
Define components of vector v for AOPT = 3.

Define components of vector d for AOPT = 2.

For the orthotropic definition it is referred to Material Type 2 and 21.
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*MAT_CELLULAR_RUBBER

This is Material Type 87. This material model provides a cellular rubber model with confined
air pressure combined with linear viscoelasticity as outlined by Christensen [1980]. See Figure
2-52.

Card 1 1 2 3 4 5 6 7 8
Variable MID RO PR N
Type A8 F F I

Card 2 if N > 0, a least squares fit is computed from uniaxial data

Card 2 1 2 3 4 5 6 7 8
Variable SGL SW ST LCID
Type F F F F
Card 2 if N = 0, define the following constants
Card 2 1 2 3 4 5 6 7 8
Variable C10 C01 Cll1 C20 C02
Type F F F F F
Card 3 1 2 3 4 5 6 7 8
Variable PO PHI VS G BETA
Type F F F F F

VARIABLE DESCRIPTION

MID Material identification. A unique number or label not exceeding 8 char-
acters must be specified.
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VARIABLE

RO

PR

Define, if N > 0:
SGL

SW
ST

LCID

Define, if N = 0:
C10
Co1
Cll1
C20
C02
PO
PHI

IVS

BETA

DESCRIPTION

Mass density

Poisson’s ratio, typical values are between .0 to .2. Due to the large
compressibility of air, large values of Poisson’s ratio generates physical-
ly meaningless results.

Order of fit (currently < 3). If n>0 then a least square fit is computed
with uniaxial data. The parameters given on card 2 should be specified.
Also see *MAT MOONEY RIVLIN RUBBER (material model 27).
A Poisson’s ratio of .5 is assumed for the void free rubber during the fit.

The Poisson’s ratio defined on Card 1 is for the cellular rubber. A void
fraction formulation is used.

Specimen gauge length 1y
Specimen width
Specimen thickness

Load curve ID giving the force versus actual change AL in the gauge
length.

Coefficient, Cqg

Coefticient, Cq

Coefficient, Cq

Coefficient, Cpq

Coefficient, Cqn

Initial air pressure, Py

Ratio of cellular rubber to rubber density, ®
Initial volumetric strain, Y,

Optional shear relaxation modulus, G, for rate effects (viscosity)

Optional decay constant, 3,
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Remarks:

Rubber is generally considered to be fully incompressible since the bulk modulus greatly ex-
ceeds the shear modulus in magnitude. To model the rubber as an unconstrained material a hy-
drostatic work term, Wy (J), is included in the strain energy functional which is function of the
relative volume, J, [Ogden 1984]:

WUnJoD) = ) Cpqls =30 Up = 3)0 + Wy ()
p,q=0
i+ 1113_1/3
A AN

In order to prevent volumetric work from contributing to the hydrostatic work the first and sec-
ond invariants are modified as shown. This procedure is described in more detail by Sussman
and Bathe [1987].

The effects of confined air pressure in its overall response characteristics is included by aug-
menting the stress state within the element by the air pressure.

O-ij = O'i‘j-k - (SijO'air
where ¥ is the bulk skeletal stress and ¢®7 is the air pressure computed from the equation:

t

O‘air e _&
1+y—¢

where pg is the initial foam pressure usually ta