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LS-DYNA USER’'S MANUAL
(Structured Format)

The structured format file for version 960 of LS-DYNA can be used as an
alternative input. This file format was used exclusively until the introduction of the
KEYWORD format in version 940 in 1997, which is now the input method of choice.
The keyword input phase organizes the input data for LS-DYNA and then writes an
intermediate structured binary file that contains some additional information that is not in
ASCII structured file. It iseither thisbinary file or the ASCII structured filethat isused in
the domain decompostion for MPP calculations. During an MPP calculation with adaptive
remeshing, the mesh generation is done in the keyword reader, followed by another
domain decompostion for load balancing purposes.

Not all optionsin the keyword file are supported in the structured file input. Such
options include adaptive remeshing, features that automatically generate null shell and beam
elements, and the generation of spotwelds from single nodes since these features are
implemented within the keyword reader.

The keyword command, * CONTROL_STRUCTURED, generates the file, called
DYNA.STR, discribed within this manual. This file can sometimes be useful in
debugging keyword input files.

Version 960 of LS-DYNA can read all previous input file formats for LS-DYNA
both keyword and structured. It isimportant, however, to add to the title card the code
version and version number.

EXECUTION SYNTAX

Theinteractive execution linefor LS-DY NA version 960 is as follows:

LS-DYNA I=inf O=otf G=ptf D=dpf F=thf U=xtf T=tpf A=rrd M=sif J=jif S=iff
Z=isfl L=isf2 B=rlf W=root E=efl X=scIl C=cpu K=Kkill V=vda Y=c3d
{THERMAL} {COUPLE} {INIT} MEMORY =nwds NCPU= ncpu PARA=para
ENDTIME=time NCYLCE=ncycle

where
inf = input file (user specified)
otf = high speed printer file (default=D3HSP)
ptf = binary plot filefor graphics (default=D3PLOT)
dpf = dumpfilefor restarting (default=D3DUMP). Thisfileiswritten at the end
of every run and during the run as requested in the input. To stop the
generation of thisfile set the file name to NODUMP.
thf = binary plot filefor time histories of selected data (default=D3THDT)
xtf = binary plot filefor time extradata (default-X TFILE)
tpf = optional temperature file (TOPAZ3D plotfile)
rrd = running restart dump file (default=RUNRSF)
sif = dressinitidization file (user specified)
jif = optiona JOY interfacefile
iff = interfaceforcefile (user specified)
isfl = interface segment savefileto be created (user specified)
isf2 = exiging interface segment save fileto be used (user specified)
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rif binary plot file for dynamic relaxation (default=D3DRFL )

efl = echofilecontaining optiona input echo with or without node/element data
root = root file namefor general print option
scl = scaefactor for binary file sizes (default=7)
cpu = cpulimitin seconds, appliesto total calculation not just cpu from arestart
kill = if LSDYNA encountersthisfile nameit will terminate with arestart file
(default=D3KIL)
vda = VDA/IGES database for geometrical surfaces
c3d = CAL3Dinputfile
nwds = Number of wordsto be allocated. On engineering workstations aword is
usually 32bits. \
ncpu = Overridestheinput values specified on control card 16. A
positive value sets CONST=2 and a negative values sets CONST=1.
npara = Overrides PARA defined on control card 16.
time = Termination time to override the termination time specified in the input.
ncycle = Termination cycleto override the termination cycle specified in the input.

In order to avoid undesirable or confusing results, each LS-DY NA run should be
performed in a separate directory. If rerunning ajob in the same directory, old files should
first be removed or renamed to avoid confusion since the possibility exists that the binary
database may contain results from both the old and new run.

To run a coupled thermal analysis the command COUPL E must be in the execute
line. A thermal only analysis may be run by including the word THERM AL in the
execution line.

TheINIT (or swl. can be used instead) command on the execution line causes the
calculation to run just one cycle followed by termination with afull restart file. No editing
of the input deck is required. The calculation can then be restarted with or without any
additional input. Sometimes this option can be used to reduce the memory on restart if the
required memory is given on the execution line and is specified too large in the beginning
when the amount of required memory is unknown. Generally, this option would be used
at the beginning of anew calculation.

If theword MEM ORY is found anywhere on the execution line and if it is not
set via (=nwds) LS-DY NA will give the default size of memory, request, and then read in
the desired memory size. This option is necessary if the default value is insufficient
memory and termination occurs as aresult. Occasionally, the default value istoo large for
execution and this option can be used to lower the default size.
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Title Card

LS-DYNA User’'s Guide
1. Title Card
(12A6,A2,A1,A5)

Columns

Quantity

Format

1-72 Heading to appear on output

73-74 Input code version

EQ.87;
EQ.88:
EQ.90:
EQ.9L:
EQ.92:
EQ.93:
EQ.95:

input follows manual published in 1987
input follows manual published in 1989
input follows manual published in 1990
input follows manual published in 1991
input follows manual published in 1992
input follows manual published in 1994
input follows this manual

75 Version number
EQ.O: for versions 87, 88, 89, 91, 92, 93, and 95
EQ.4: for versions 903, 904, 905 and 906
EQ. i: activatesreading of Implicit Control Cards

76-80 Input format

"LARGE" -

Large input format node and element numbers upto
99999999 may be used.

"MLARG" - As"LARGE" but materia (part) numbers upto

99999999 may be used.

12A6

A2

Al

A5

LS-DYNA Version 960
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Control Cards

2. Control Cards
Card 1. Model Size—General

(7110,215)

Columns Quantity Format
1-10 Number of part sets, NMMAT 110
11-20 Number of nodal points, NUMNP 110
21-30 Number of solid hexahedron elements, NUMELH 110
31-40 Number of beam elements, NUMELB 110
41-50 Number of 4-node shell elements, NUMELS 110
51-60 Number of 8-node solid shell elements, NUMELT 110
61-70 Number of user defined material subroutines, NUSRMT 110
71-75 Number of parts (shells) tied to solid element parts, NALTIE 15
76-80 Number of tracer particles for tracking fluid flow, NTRACE 15
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Card 2. Model Size—Boundary Conditions

(815)
Columns Quantity Format
1-5 Number of single point constraint nodes, NODSPC 15
EQ:-1 read from card 2a
6-10 Number of coordinate systems, NSPCOR 15
11-15 Number of velocity/acceleration boundary condition cards, 15
NUMVC

EQ:-1 read from card 2a

16-20 Number of nonreflecting boundary segments, NNRBS 15
In two dimensional problems, NNRBS is the number of
boundary definitions where a boundary definition includes
astring of consecutive nodal points. (See Section 53.)

21-25 Number of sliding boundary planes, NUMRC 15

26-30 Number of symmetry planes with failure, NUMRCF 15

31-35 Number of nodesin DYNA3D-JOY interface, NUMSNC 15

36-40 Number of nodes in each interface for cyclic symmetry, 15
NNCSYM

41-45 NATTACH, number of rigid bodies for which an attachment 15

node set is defined.

Card 2a. Model Size—Boundary Conditions—Extra card
(110)

Define thiscard if and only if -1 appearsin any of the first four columns of card 2. Define
one card for each parameter given avalueof -1 The order is as specified on card 2.

Columns Quantity Format

1-10 Vaue for parameter defined above. 110
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Card 3. Model Size—L oading

(1115)
Columns Quantity Format
1-5 Number of load curve/table definitions, NLCUR 15

GT.0:define load curvesin Section 23. Arbitrary
numbering cannot be used.

L T.0:the absolute value is the number of load curves.
Arbitrary numbering is assumed. Section 23 datais
moved to the beginning of the part/materia

definitions.
6-10 Number of concentrated nodal loads, NUMCL 15
EQ:-1 read from card 3a
11-15 Number of segments having pressure |oads applied, NUMPC 15
EQ:-1 read from card 3a
16-20 Number of generalized body force loads (old name NUMGBL), 15
IBODYL
21-25 Number of traction boundary cards for beam elements, NUMBPC |5
26-30 Number of detonation points, NDTPTS. Also, see Control 15
Card 10, Columns 41-45.
31-35 Number of solid hexahedron elements for momentum deposition 15
NELMD
36-40 Number of pointsin density versus depth curve, NUMDP 15
41-45 Number of outflow boundary segments attached to ambient 15
elements, NOFLOW
46-50 Number of load curve feedback sets. 15
51-55 Number of pressure load sets by shell part ID with masks, 15
NUMPRM.

Card 3a. Model Size—L oading—Extra card
(110)

Define thiscard if and only if -1 appearsin any of the first four columns of card 3. Define
one card for each parameter given avalueof -1 The order is as specified on card 3.

Columns Quantity Format

1-10 Vaue for parameter defined above. 110
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Card 4. Model Size—Constraints and Contact

(1015)

Columns Quantity Format
1-5 Number of rigid walls (stonewalls), NUMRW 15
6-10 Number of diding interfaces (old name NUMSI), NUMSV 15
11-15 Number of shell-solid element interface definitions, NBLK 15
16-20 Number of tie-breaking shell dlidelines, NTBSL 15
21-25 Number of tied node set with failure definitions, NTNWF 15
26-30 Number of nodes, NTNPFL, tied to nodes in an interface data- 15

base generated in a previous run, introduced by Section 11 or
31 input below. Thisfileis specified on the execute line by
specifying 1=inf2, where inf2 is the file name.

31-35 Number of nodal constraint cards, NUMCC 15

36-40 Number of linear constraint equations, NOCEQS 15
EQ.-1: Read additiona card specifying the actual
value of NOCEQS.
EQ.-2. Read two additional cards specifying the
values of NOCEQS and NLCLCL, the
number of linear constraints using local
coordinate systems.

41-45 Number of 1D dlideline definitions, NUMSL 15
46-50 Number of adaptive constraints 15
51-55 Number of ALE smoothing constraints, NALESC 15
56-60 Number of 2D dideline definitions, NSL 15

Thisinput is based on the DYNA2D contact options and will
work inasimilar way to DYNAZ2D.

61-65 Number of 2D automatic sideline definitions, NAUTO. 15
Thisinput isfor the new 2D contact algorithm.

66-70 Number of part ID’s (solid element parts) for interior contact. 15
This option requires additional input at the beginning of
section 31 to provide the list of part ID's for which interna
contact is generated. The purpose of this option is to avoid
negative volumes when the foam elements compact.

71-75 Number of beam release sets. 15
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Columns Quantity Format

76-80 Maximum number of nodesin any beam release set. 15

Optional Control Card for
Linear Constraint Equations (I110)

Defineif and only if NOCEQSis-1 or -2.

Columns Quantity Format

1-10 Number of linear constraintsin the global coordinate system 110

Optional Control Card for
Linear Constraint Equations (I110)

Defineif and only if NOCEQS s -2.

Columns Quantity Format

1-10 NLCLCL, the number of constraints using local coordinate 110
systems.
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Card 5. Model Size—Rigid Body Parameters

(815)

Columns Quantity Format
1-5 Number of nodal rigid body constraint sets, NUMRBS 15
6-10 Number of rigid body merge cards, NRBC 15
11-15 Number of joint definitions, NJT 15
16-20 Number of rigid bodies for which extra nodes are defined, 15

NXTRA

21-25 Number of rigid bodies for which inertial propertiesare defined, 15

NUMRBI. Thisisan optional override of values otherwise
computed internally.

26-30 Number of rigid body geometric contact entities 15
31-35 Number of generalized joint stiffnesses, NJTS. 15
36-40 Number of rigid body stoppers, NRBSTP. 15
41-45 Joint formulation for rigid bodies, LMF. 15

EQ:0: explicit penalty formulation (default),
EQ:1: implicit formulation with Lagrange multipliers.

46-50 Generalized joint stiffness formulation (see comments below). 15
EQ:0: incrementa formulation,
EQ:1: total formulation (exact).

51-55 Number of flexible body definitions, NFLX. 15
56-60 Number of relative damping definitions, 15

As the default, the calculation of the relative angles between two coordinate
systems is done incrementally. This is an approximation, in contrast to the total
formulation where the angular offsets are computed exactly. The disadvantage of the
latter approach isthat a singularity exists when an offset angle equals 180 degrees. For
most applications, the stop angles prevents this occurrence and LM F=1 should not cause
aproblem.
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Card 6. Model Size—Discrete Elements and Seat Belts
(1215)

If any of NMMTDE, NMCORD, NMELDE or NMMASS is greater than 99,999, enter -1
in the appropriate column and define it instead in 110 format on card 6a below.

Columns Quantity Format

1-5 Number of materia definitions, NMMTDE 15
EQ:-1 read from card 6a

6-10 Number of orientation vectors, NMCORD 15
EQ:-1 read from card 6a

11-15 Number of discrete springs and dampers, NMELDE 15
EQ:-1 read from card 6a

16-20 Number of discrete masses, NMMASS 15
EQ:-1 read from card 6a

21-25 Number of belt materials, NUMSBM 15

26-30 Number of seat belt elements, NUMSBE 15

31-35 Number of sliprings, NMSBSR 15

36-40 Number of retractors, NMSBRT 15

41-45 Number of sensors, NMSBSE 15

46-50 Number of pretensioners, NMSBPT 15

51-55 Number of accelerometers, NUMACC 15

56-60 Number of nodal inertiatensors, NUMRBI 15

61-65 Number of SPH particles, NSPH 15

EQ:-1 read from card 6a
66-70 Number of groups of SPH particles, NGRSPH 15

Card 6a. Model Size—Discrete Elements - Extra card
(110)

Define thiscard if and only if -1 appearsin any of the first four columns of card 6. Define
one card for each parameter given avalueof -1 The order is as specified on card 6.

Columns Quantity Format

1-10 Vaue for parameter defined above. 110
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Card 7. Model Size—Output Control

(415)

Columns Quantity Format
1-5 Number of cross section definitions for force output, NUMCSD 15
6-10 Number of nodal force groups for resultant force output, 15

NODEFR
11-15 Number of interface definitions output for subsequent 15

component analysis, NUMIFS

16-20 Maximum number of 4-node segments (optional) specified in 15
definitions of any stonewall, NRWSEG. Thisoptionis
necessary to get the stonewall force distribution.
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Card 8. Computation Options—Termination
(E10.0,110,3E10.0,2110,15)

Columns Quantity Format
1-10 Termination time, ENDTIM. Default = 0.0 E10.0
11-20 Termination cycle. Default = O, in which case check isnot made. 110
21-30 Reduction (or scale) factor DTMIN for initial time step sizeto E10.0
determine minimum time step, TSMIN.
TSMIN=DTSTART*DTMIN where DTSTART istheinitia
step size determine by LS-DYNA . When DTMIN isreached
LS-DYNA terminates with arestart dump. Default = 0.0.
Also see Card 9 below, columns 61-65.

31-40 Percent change in total energy ratio for termination of calculation. E10.0
If undefined this option isinactive.

41-50 Percent change in the total mass for termination of calculation. E10.0
Thisoption isrelevant if and only if mass scaling is used to
[imit the minimum time step size. See Control Card 9 below
Columns 41-50. Default=10000%.

51-60 NUMSTOP, number of noda point displacement termination 110
conditions. See Section 72.

61-70 NRBEND, number of rigid body displacement termination 110
conditions. See Section 72.

71-75 NCNEND, number of contact termination conditions. 110
See Section 72.
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Card 9. Computation Options—Time Step Size Control
(2E10.0,110,2E10.0,110,2I15)

Columns

Quantity Format

1-10

11-20

21-30

31-40

41-50

Initial time step size, DT20LD. E10.0
EQ.0.0: LS-DYNA determinesinitia step size

Scale factor for computed time step (old name SCFT), TSSFAC. E10.0
(Default = .90; if high explosives are used, the default is
lowered to .67).

Basis of time size calculation for 4-node shell elements, ISDO. 110
3-node shells use the shortest atitude for options 0,1 and the
shortest side for option 2. This option has no relevance to
solid elements, which use alength based on the element
volume divided by the largest surface area.
EQ.O: characteristic length=area/(minimum of the longest
side or the longest diagonal).
EQ.1: characteristic length=areal/(longest diagonal)
EQ.2: based on bar wave speed and MAX [shortest side,
area/(minimum of the longest side or the longest
diagonal)]. THISLAST OPTION CAN GIVE A MUCH
LARGER TIME STEP SIZE THAT CAN LEAD TO
INSTABILITIESIN SOME APPLICATIONS
ESPECIALLY WHEN TRIANGULAR ELEMENTS ARE
USED.
EQ.3: timestep sizeis based on the maximum eigenvalue.
This option is okay for structural applications where the
material sound speed changes slowly. The calculational
cost to determine the maximum eigenvalueis significant,
but the increase in the time step size often alows for
significantly shorter run times without using mass scaling.

Shell element minimum time step assignment, TSLIMT. E10.0
When a shell controls the time step, element material properties

will be modified such that the time step does not fall below the

assigned step size. Applicable only to shell elements using

material models 3, 18, 19, and 24. The option in 41-50 below

appliesto al materials and element classes and may be

preferred.

Time step size for mass scaled solutions, DT2MS. Positive E10.0
values are for quasi-static analyses or time history analyses
wheretheinertia effectsareinsignificant. Default = 0.0. If

negative, TSSFAC*|DT2M S| is the minimum time step size

permitted and mass scaling isdone if and only if it is necessary

to meet the Courant time step size criterion. This|atter option

can be used in transient analysesif the mass increases remain

insignificant. See Control Card 8 above, Columns 41-50.

TSSFAC is defined above in Columns 11-20. Seeflag for

limited mass scaling below.

2.10
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Columns Quantity Format
51-60 Load curve number that limits maximum time step size, LCTM 110
(optional). Thisload curve specifies the maximum time step
versustime.
61-65 Erosion flag for solid and solid shell elementswhen DTMIN 15

(see Card 8 above) isreached. If thisflagisnot set the
calculation will terminate. DTMIN must exceed zero.
EQ.O: no
EQ.1l: yes

66-70 Limit mass scaling to the first step and fix the mass vector 15
afterwards. The time step will not be fixed but may drop
during the calculation from the specified minimum.
EQ.O: no
EQ.1l: yes
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Card 10. Computation Options—L oading

(815)
Columns Quantity Format

1-5 Base acceleration in x-direction, NTHPX 15
EQ.O:no
EQ.l:yes

6-10 Base acceleration in y-direction, NTHPY 15
EQ.O:no
EQ.l:yes

11-15 Base acceleration in z-direction, NTHPZ 15
EQ.O:no
EQ.l:yes

16-20 Angular velocity about x-axis, NTHSX 15
EQ.O:no
EQ.l:yes

21-25 Angular velocity about y-axis, NTHSY 15
EQ.O:no
EQ.l:yes

26-30 Angular velocity about z-axis, NTHSZ 15
EQ.O:no
EQ.l:yes

31-35 Number of materials for body force loads. 15

EQ.O:input in columns 1-30 appliesto all materials.
EQ.n:input in columns 1-30 applies to n materials.
Addtional input is expected in Section 45.

36-40 Flag for user defined subroutine, FUDS. See Section 86 where 15
additional input may be required.
LT.O:yes, |FUDS)| equals the number of input constants
EQ.O:no
EQ.1:yes, but noinput is required.

41-45 ISHADOW, high explosive initiation option (also, see 15
Section 48 and Control Card 3, Columns 26-30) :
EQ.O:detonation timeis based on actual distance
from the detonation point. It is possible with this
option that the line of sight passes outside of the
explosive material.
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Columns Quantity Format

EQ.1:detonation timeis based on the minimum distance
from the detonation points within the explosive
meaterials and the detonation velocitiesif different
explosivies are used. Geometric effects are
automatically taken into account. Thisoptionis
useful, for example, when modelling wave shapers.

46-50 SSA, flag for sub-sea structural analysis option (Section 86). 15
EQ.O:no
EQ.1: one point quadrature on surface segements.
EQ.4: four point quadrature on surface segements.
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Card 11. Computation Options—Input Control

(315,A5,315)
Columns Quantity Format
1-5 Initial condition parameter, INITV (refer to Section 30) 15

EQ.O: initialize velocitiesto zero
EQ.1: initia velocitiesareread in
EQ.2: auniform velocity field is defined
EQ.3: same as 2 but exempted nodes are defined
EQ.4: box option
EQ.5: generation with arbitrary node numbering
(not recommended)
EQ.6: rotational and trandational via material/node 1D
EQ.7: rotational and trandational via material/node 1D
with velocity reinitialization in Section 85

6-10 Arbitrary node, element, and material numbering, NSORT, 15
EQ.O: consecutive
EQ.1: arbitrary
11-15 Flag for defining material models by specifying constitutive, 15
equation-of-state, and cross-section property definitions, IARB.
EQ.O: off
EQ.1: on.
16-20 Nodal coordinate format, NIF: either E10.0 or E20.0. A5
Default = E10.0
21-25 Nonzero flag for input of lumped parameter control volumes, 15
ITHCNV
26-30 Blast function flag, IBRODE 15

EQ.O: Blast parameters are not defined
EQ.1: Brode parameters are defined in input
EQ.2: ConWep parameters are defined in input

31-35 Number of part sensorsto activate and deactivate parts 15
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Card 12. Computation Options—Beams and Shells
(E10.0,1015,12,13,E10.0)

Columns

Quantity

Format

1-10

11-15

16-20

21-25

26-30

31-35

36-40

Shell element warping angle in degrees, WRPANG. If warping

greater than this angle is found, awarning message is printed.
See comments below.
EQ.O: default set to 20 degrees

Plane stress plasticity option (appliesto materials 3, 18, 19
and 24), MITER
EQ.O: defaultissettol
EQ.1: iterative plasticity with 3 secant iterations (default)
EQ.2: full iterative plagticity
EQ.3: radial return noniterative plasticity

Automatic sorting of triangular shell element to treat degenerate
quadrilateral shell elements as Cg triangular shells, ITRIST
EQ.O: defaultissetto 2
EQ.1: full sorting
EQ.2: no sorting required

Hughes-Liu shell normal update option, IRNXX
EQ.-2: unique nodal fibers
EQ.-1: compute normals each cycle (default)
EQ.O: default setto-1
EQ.1: compute on restarts
EQ.n: compute every n cycles

Shell thickness change option, ISTUPD
EQ.O: no change
EQ.1: membrane straining causes thickness change

Default shell theory required, IBELYT
EQ.O: defaultissetto 2
EQ.1: Hughes-Liu

EQ.2: Belytschko-Tsay (default, see columns 56-60 below)

EQ.3: BCIZ triangular shell

EQ.4: Cy triangular shell

EQ.5: Belytschko-Tsay membrane

EQ.6: SR HughesLiu

EQ.7: S/R co-rotational Hughes-Liu

EQ.8: Belytschko-Leviathan shell

EQ.9: fully integrated Belyschko-Tsay membrane
EQ.10: Belytschko-Wong-Chiang

EQ.11: co-rotational Hughes-Liu

Number of user specified beam integration rules, NUBIR

E10.0

15

15
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Columns Quantity Format

41-45 Maximum number of integration points required in the user 15

specified rules for beam elements, MPUBR

46-50 Number of user specified shell integration rules, NUSIR 15

51-55 Maximum number of integration points required in the user 15

specified rules for shell elements, MPUSR

56-58 IRDFLG, flag for reading an additional shell control card below. 15
EQ.1.define a card which immediately follows.

59-60 Warping stiffness for Belytschko-Tsay shells 15
EQ.1:Beytschko-Wong-Chiang warping stiffness added
EQ.2:Belytschko-Tsay (default)

61-62 Projection method for warping stiffness in the Belytschko-Tsay 12

shell and Belytschko-Wong-Chiang elements (see remarks below)
EQ.O: drill projection
EQ.1: full projection

63-65 Read in reference geometry, ARG. See Comments 13
below.

EQ.0:no reference geometry isread

EQ.1:read reference geometry, active for al airbags

EQ.2:read reference geometry and usein time step size
computation; otherwise, LS-DY NA will base the
time step size on the current geometry. With this
option, the reference geometry is used to increase the
time step size. Appliesto airbagsonly.

EQ.10:read reference geometry. active for foam and
hyperelastic materials types 2, 5, 7, 21, 23, 27, 31,
38, 57, and 73. This option applies to 8-noded solid
elementsonly.

EQ.11:0options 1 and 10 active.

EQ.12:0ptions 2 and 10 active.

66-70 Invarient node numbering for shell and solid elements 15
EQ.1:Off (default)
EQ.2:0n for shell elements only
EQ.3 On for solid elements only (anisotropic material)
EQ.4 On for shell and solid elements

71-80 Birth time for reference geometry. Thetime step size will be E10.0
based on the actual geometry until the birth time is reached.
Afterwards, the time step siz calculation will depend on the
parameter specified in columns 61-65 above.

The warping angle is found by computing the normal vectors at each element node
based on the edges. If diagonally opposite vectors have an included angle that exceeds the
specified warping angle awarning message is printed.
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If ARG is set to 2, the time step size for airbag elements will be based on the
reference geometry. Thisoption is useful for shrunken bags where the bag does not carry
compressive loads and the elements can freely expand before stresses develop. If this
option is not specified, the time step size will be based on the current configuration so that
the step size will increase as the area of the elements increase. The default can be much
more expensive but sometimes more stable.

The drill projection is used in the addition of warping stiffness to the Belytschko-
Tsay and the Belytschko-Wong-Chiang shell elements. This projection generally works
well and is very efficient, but to quote Belytschko and L eviathan::

"The shortcoming of the drill projection isthat even elements that are
invariant to rigid body rotation will strain under rigid body rotation
if the drill projection is applied. On one hand, the excessive
flexibility rendered by the 1-point quadrature shell element is
corrected by the drill projection, but on the other hand the element
becomes too stiff due to loss of the rigid body rotation invariance
under the same drill projection”.

They later went on to add in the conclusions:

"The projection of only the drill rotationsis very efficient and hardly
increases the computation time, so it is recomkmended for most
cases. However, it should be noted that the drill projection can
result in aloss of invariance to rigid body motion when the elements
are highly warped. For moderately warped configurations the drill
projection appears quite accurate”.

In crashworthiness and impact analysis, elements that have little or no warpage in the
reference configuration can become highly warped in the deformed configuration and may
affect rigid body rotations if the drill projection isused. Of courseit is difficult to define
what is meant by "moderately warped”. The full projection circumvents these problems but
at a significant cost. The cost increase of the drill projection versus no projection as
reported by Belytschko and Leviathan is 12 percent and by timings in LS-DYNA, 7
percent, but for the full projection they report a 110 percent increase and in LS-DYNA an
increase closer to a 35 percent is observed.

In Version 940.xx of LS-DY NA the drill projection was used exclusively, but in
one problem the lack of invariance was observed and reported; consequently, the drill
projection was replaced in the Belytschko-L eviathan shell with the full projection and the
full projection is now optional for the warping stiffness in the Belytschko-Tsay and
Belytschko-Wong-Chiang elements. Until this problem occurred, the drill projection
seemed okay. Inverion 950.xx and later versions of LS-DY NA the Belytschko-L eviathan
shell is somewhat slower than previoudly.
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Card 12a. Computation Options—Beams and Shells
(E10.0,215,5X,15,15X,215)

Read the following card if and only if IRDFLG=1.

Columns

Quantity

Format

1-10

11-15

16-20

21-25
26-30
31-45
46-50

51-55

Define ascale factor for the rotary shell mass. Thisoption
isnot for general use. Therotary inertiafor shellsis
automatically scaled to permit alarger time step size. A scale
factor other than the default, i.e., unity, is not recommended.

Default shell through thickness numerical integration rule:
EQ.O: Gaussintegration. If 1-10 integration points
are specified, the default rule is Gauss integration.
EQ.1: Lobatto integration. If 3-10 integration points
are specified, the default rule is Lobatto. For 2 point
integration, the Lobatto rule is very inaccurate, so
Gauss integration is used instead. Lobatto
integration has an advantage in that the inner and
outer integration points are on the shell surfaces.

Shell theory flag for composite materials 22, 54, and 55
EQ.O: standard shell theory
EQ.1: laminated shell theory

(blank)

NPCS, number of point constraints between shells

(blank)

Loca system flag for 'R Hughes-Liu shell element type 6

EQ.O: uniform local system
EQ.1: uniquelocal system for each plan gauss point

IRDFLG2, flag for reading an additional shell control card below.

EQ.1:define a card which immediately follows.

E10.0

15
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Card 12b. Computation Options—Beams and Shells
(15,5X,215)

Read the following card if and only if IRDFLG2=1.

Columns Quantity Format

1-5 NSIGH, number of brick e ements for which initial stresses I5
are defined.

6-10 (blank) 5X

11-15 NSIGS, number of shell elements for which initial stresses 15
are defined.

16-20 NEPSS, number of shell e ements for which initial strains 15
are defined.
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Card 13. Computation Options—Material Related Input
(11,14,E10.0,15,2E10.0,615)

Columns

Quantity Format

1-1

2-5

6-15

16-20

21-30

31-40
41-46

46-50

Hourglass formul ation. 15
EQ.O: default
EQ.1: Version 936 and earlier formulations. The w-mode
of the hourglass control was not orthogonal to rigid body
rotations in version 936 and earlier versions when the
elements were warped. This mode is now orthogonal to
rigid body rotationsin version 940 and later versions.
However, thisresultsisadlightly softer behavior which
causes discrepancies between version 936 and 940.

Default hourglass viscosity type, IHQ 15
EQ.O: defaultissettol
EQ.1: standard LS-DYNA
EQ.2: Flanagan-Belytschko integration
EQ.3: Flanagan-Belytschko with exact volume integration
EQ.4: tiffnessform of type 2 (Flanagan-Belytschko)
EQ.5: dtiffnessform of type 3 (Flanagan-Belytschko)

In the shell elements, IHQ < 4 isthe viscous form based on
Belytschko-Tsay. If IHQ =4 or 5, the stiffness form is obtained.
The stiffness forms, however, can stiffen the response, especialy if
the deformations are large, and therefore should be used with care.

Default hourglass coefficient, QH (default = .10). Values of E10.0
QH that exceed .15 may cause instabilities. The recommended
default appliesto all options.

Default bulk viscosity type, IBQ (Default=1) 15
EQ.--1: standard (asotype 2, 10, and 16 shell elements)
EQ.+1: standard

Default quadratic viscosity coefficient, Q1 (default = 1.5) E10.0
Default linear viscosity coefficient, Q2 (default = .06) E10.0

Flag for Rayleigh damping input (RDFLAG) by material 15
property set

EQ.O: off (default)

EQ.1: on

Flag for rigid/deformable materia switching, IRDMS 15
EQ.1: off (default if input as 0 or blank)
EQ.2: on
EQ.3: on and automatic switching of materias
If thisflag is set to 2 or 3 then any deformable material in the
model may be switched between rigid and deformable during the
caculation. Materiasthat are define astype 20 in theinput are
permanently rigid. Additional input isrequired if thisflag is set.

2.20
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Columns Quantity Format

51-55 Thermal effects option, ITEMP 15
EQ.O: nothermal effects (default),
EQ.n: temperature-time history is defined by load curve n,
EQ.-1: coupled structura/thermal analysis,
EQ.-2: temperature data option 11, see Section 55,
EQ.-3: thermal only analysis,
EQ.-4: temperatures read from binary file,
EQ.-9999: temperature data option |, see Section 54.

56-60 Superplastic analysisinput option, ISUPER 15
EQ.O: noinput
EQ.1: read superplastic input section

61-65 NPOSU, objective stress update flag: 15
EQ.O: off

EQ.1: onfor al parts.
EQ.2: onfor part subset. The partsare definedin
Section 3.

66-70 MTCNTC, flag to read default contact parameters. 15
In automatic contact types 4, 13, 15, and 26 only one
set of friction coefficients, thickness and penalty scale
factors apply. It isnow possible to change these based
on part/materia 1D if the MLARG option flag is used.
The default vaules values are used unless overridden in
the part/materia definition. Thesevauesarereadinthe
beginning of Section 3.
EQ.O: off
EQ.1: on

71-75 Number of reinforcement groups for the Winfrith concrete 15
model. If crack file output isdesired, it can be specified on
card 13a.

76-80 IR13A, flag to read an additional material control card 13a. 15
EQ.O: card 13aisignored,
EQ.1: card 13aisread.

The bulk viscosity creates an additional additive pressure term given by:
q=pI(Ql & - Qag,) if &, <0

g=0 if £, >0
where Q and Q, are dimensionless input constants which default to 1.5 and .06,
respectively, and | is a characteristic length given as the square root of the area in two
dimensions and as the cube root of the volume in three, a is the local sound speed, Q
defaultsto 1.5 and Q, defaultsto .06.
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Card 13a. Computation Options—Material Related Input
Define this card if and only if IR13A=1

(E10.0,215)
Columns Quantity Format
1-10 Output interval for AEA crack database which can be optionally E10.0
generated for the AEA concrete model.
11-15 Number of nonlocal failure sets defined. 15
16-20 Memory over alocation alowance to account for increased 15

storage requirements as failure evolvesin the nonlocal
algorithm. A value of 10% is recommended.
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Card 14. Computation Options—Damping/Dynamic Relaxation

(15,E10.0,215,4E10.0,15,E10.0)

Columns

Quantity

Format

1-5

6-15

16-20

21-25

26-35

36-45
46-55

Load curve ID which specifies atime dependent system
damping constant, LCDAMP, for mass proportional damping.
See discussion below.

EQ.O: no damping

EQ.-1: system damping is defined for each material by
load curves. The data are defined in a separate input
section called “ System Damping”.

EQ.n: system damping isgiven by load curven. The
damping force applied to each node is f=-d(t) mv, where
d(t) isdefined by load curve n.

System damping constant, d, for mass proportional damping
(this option is bypassed if the load curve number defined
aboveisnonzero), VALDMP. If negative the absolute value is
used but directional damping is assumed, and, input six scale
factors on the next optional card below for each global
trandation and rotation. If the load curve ID above is greater
than zero and directional damping isdesired, set VALDMP=-
1.0.

Dynamic relaxation flag for stressinitiaization, IDRFLG
EQ.-999: dynamic relaxation phase will not be run
even if specified on load curve input.

EQ.-1: dynamic relaxation activated with time history output.

EQ.O: inactive

EQ.1: dynamic relaxation is activated

EQ.2: initialization to a prescribed geometry (see Note
below).

Number of iterations between convergence checks, for dynamic
relaxation option (default = 250), NRCY CK

Convergence tolerance for dynamic relaxation option, DRTOL.
(default = 0.001)

Dynamic relaxation factor (default = .995), DRFCTR.
Optional termination time for dynamic relaxation, DRTERM.

Termination occurs at this time or when convergenceis
attained. Default = infinity)

E10.0

E10.0

E10.0
E10.0
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Columns Quantity Format

56-65 Scale factor for computed time step during dynamic relaxation, E10.0
TSSFDR. If zero, the valueis set to TSSFAC defined on
Card 9. After converging, the scale factor isreset to
TSSFAC.

66-70 Automatic control for dynamic relaxation option based on 15
algorithm of Papadrakakis, IRELAL [Papadrakakis 1981]
EQ.O: inactive
EQ.1: active

71-80 Convergence tolerance on automatic control of dynamic E10.0
relaxation, EDTTL

With system damping, the equations of motion are given by:
a" =M P =F" +H"-FL,)

where a" istheacceleration at time n, M isthe inverse of the diagonal mass matrix, P"
isthe applied force vector, F" istheinternal force vector, and F].  isthe force vector due

damp

to system damping given in terms of the damping constant D, and nodal velocity vector,
V', atimen as

Feamp = DMV"

The best damping constant for system damping is usually some fraction of the fundamental
frequency, o, . For example, D, could be set to:

D, =2w,,

if critical damping isdesired. Larger values should not be used. Caution must be observed
when using system damping so as not to overdamp the system or to use large damping
constants which may lead to unstable solutions.

Stressinitialization in LS-DY NA for small strains may be accomplished by linking
to animplicit code. A displacement state is required that gives for each nodal point its 1D,
xyz displacement and xyz rotation. This data is read from unit 7 (m=) with the format
(18,6E15.0)
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Card 14a. Computation Options—Damping/Dynamic Relaxation -

Optional Extra card (6E10.0)

Definethiscard if and only if VALDMP isinput as a negative value above. The
scale factors must be positive values, but there is no defaults.

Columns Quantity Format
1-10 Scale factor for x-trandationa system damping. E10.0
11-20 Scale factor for y-trandationa system damping. E10.0
21-30 Scale factor for z- trandational system damping. E10.0
31-40 Scale factor for x-rotational system damping. E10.0
41-50 Scale factor for y-rotational system damping. E10.0
51-60 Scale factor for z-rotational system damping. E10.0
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Card 15. Computation Options—Contact
(2E10.0,12,11,12,815,E10.0)

Columns Quantity Format

1-10 Scale factor for diding interface penalties, SLSFAC E10.0
EQ.O: default =.10

11-20 Scale factor for rigid wall penaltiesfor treating rigid bodies E10.0
interacting with fixed rigid walls, RWPNAL. The pendltiesare
set so that a scale factor of unity should be optimal; however,
this may be very problem dependent. If rigid/deformable
materials switching is used this option should be used if the
switched materials are interacting with rigid walls.

EQ.0.0: rigid bodies interacting with rigid walls are not
considered.

GT.0.0: rigid bodiesinteract with fixed rigid walls. A
value of 1.0 isrecommended. Seven (7) variables are
stored for each slave node. This can increase memory
requirements significantly if all nodes are saved to the
rigid walls.

21-22 Ignore initial penetrations in the automatic contact options: 12
a3, ab, al0, and 13. Thisoption can aso be specified for
each interface in the contact definition section. Thevalue
defined here will be the defaullt.
EQ.0: Move nodesto eiminate initial penetrationsin the
model definition.
EQ.1: Allow initial penetrationsto exist by tracking the
initial penetrations.

23-23 Bypass projection of slave nodesto master surface in types 1
2, 6, and 7 tied interface options:
EQ.O: eiminate gaps by projection nodes,
EQ.1: bypass projection. Gaps create rotational
constraints which can substantially affect results.

24-25 Initial penetration check in contact surfaces with indication of 12
initial penetration in output file, ISLCHK
EQ.O: thedefaultissetto 2
EQ.1: no checking
EQ.2: full check of initial penetration is performed

26-30 Shell thickness considered in type 3, 5, and 10 contact options, 15
where options 1 and 2 below activate the new contact algorithms.
The thickness offsets are are always included in contact types 4,
11, 12, 13, 17, and 18, ISHLTK. See comments below.
EQ.O: thicknessisnot considered
EQ.1: thicknessis considered but rigid bodies are excluded
EQ.2: thicknessis considered including rigid bodies
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Card 15. Computation Options—Contact (cont.)
(2E10.0,915,E10.0,3x,211)

Columns

Quantity

Format

31-35

36-40

41-45

46-50

51-55

55-60

61-65

Penalty stiffness value
EQ.O: thedefaultissetto 1l
EQ.1: minimum of master segment and slave node (default)
EQ.2: use master segment stiffness (old way)
EQ.3: usedavenodevaue
EQ.4: use dave node vaue, area or mass (type=5) weighted
EQ.5: sameas4 but inversely proportiona to the shell
thickness. Thismay require special scaling and is not
generally recommended.

Shell thickness changes considered in type 4 and 13 single
surface contact*

EQ.O: no consideration

EQ.1: shell thickness changes are included

Optiona automatic reorientation of contact interface segments
during initialization.

EQ.O: defaultissettol

EQ.1: active for automated input only

EQ.2: activefor manua and automated input

EQ.3: inactive

Storage per contact interface for user supplied interface control
subroutine. If zero, no input datais read and no interface storage
is permitted in the user subroutine. This storage should be large
enough to accommodate input parameters and any history data.
Thisinput datais available in the user supplied subroutine.

Storage per contact interface for user supplied interface friction
subroutine. If zero, no input datais read and no interface storage
is permitted in the user subroutine. This storage should be large
enough to accommodate input parameters and any history data.
Thisinput datais available in the user supplied subroutine.

Number of time steps between contact searching using three
dimensional bucket searches, NSBCS, in single surface and
the new surface to surface contact (Default=10).

Flag for intermittent searching in old type 3 contact using the.
interval specified as NSBCS in columns 55-60 above.

EQ.O: off

EQ.1: on

15

15

15

15

15

15
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Card 15. Computation Options—Contact (cont.)
(2E10.0,915,E10.0)

Columns Quantity Format

66-75 Contact surface maximum penetration check multiplier, XPENE.  E10.0
If the small penetration checking (Section 31, Card 1, column
50) option on the contact surface control card is active, then
nodes whose penetration then exceeds the product of XPENE
and the element thickness are set free.
EQ.O: defaultissetto 4.0

76-76 Treatment of nodal pointsin eroding contact options: 11
EQ.O: delete from calculation,
EQ.1: keep nodes of eroded solid elements,
EQ.2: keep nodes of eroded solid and shell elements.

77-77 Calculation of frictiona diding energy: 11
EQ.O: do not calculate,
EQ.1: caculation frictional energy in contact.

79-79 Flag for using actual shell thicknessin single surface contact logic- 11
types 4, 13, and 15. See comments below.
EQ.O: logicisenabled (default),
EQ.1: logicis skipped (sometimes recommended for metal
forming calculations).

80-80 Time step size override for eroding contact. 11
EQ.O: contact time size may control At.
EQ.1: contact isnot considered in At determination.

The shell thickness change option must be active on Control Card 12 (column 30)
and a nonzero flag specified in columns 26-30 above before the shell thickness changes can
be included in contact types 3, 5, 10, 11, 12, 17, and 18. An additional flag must be set in
columns 36-40 if thickness changes are included in types 4 and 13, i.e., the single surface
contact. If the shell thickness changeis active and if anonzero flag is set in column 30 the
thickness changes are automatically included in contact types, 3, 5, and 10. The new
contact algorithms that include the shell thickness are relatively recent and are now fully
optimized and parallelized. The searching in the new algorithms is considerably more
extensive and therefore somewhat more expensive.

In the single surface contacts types 4, 13, and 15, the default contact thickness is
taken as the smaller value of the shell thickness or the shell edge lengths between shell
nodes 1-2, 2-3, and 4-1. This may create unexpected difficultiesif it isthe intent to include
thickness effects when the in-plane shell element dimensions are less than the thickness.
The default is based on years of experience where it has been observed that sometimes
rather large nonphysical thicknesses are specified to achieve high stiffness values. Since
the global searching algorithm includes the effects of shell thicknesses, it is possible to
slow the searches down considerably by using such nonphysical thickness dimensions.
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Card 16. Computation Options—Parallel and Subcycling

(415)
Columns Quantity Format
1-5 Number of CPU’sfor parallel execution, NCPU (default = 1) 15
6-10 Number of right-hand sides allocated in memory: 15

EQ.O: same as NCPU, always recommended,
EQ.1: alocate only one.

11-15 Subcycling flag 15
EQ.O: off
EQ.1: on

16-20 Consistency flag, CONST, for parallel solution (NCPU>1) 15
EQ.1: on
EQ.2: off, for afaster solution (default)

21-25 Flag for parallel force assembly if CONST=1 15
EQ.O: off
EQ.1: on

It is recommended to aways set NUMRHS=NCPU since great improvements in
the parallel performance are obtained since the force assembly is then done in parallel.
Setting NUMRHS to one reduces storage by one right hand side vector for each additional
processor after the first. If the consistency flag is active, i.e.,, CONTST=1, NUMRHS
defaults to unity.

For any given problem with the consistency option off, i.e., CONST=2, slight
differences in results are seen when running the same job multiple times with the same
number of processors and also when varying the number of processors. Comparisons of
nodal accelerations often show wide discrepancies, however, it is worth noting that the
results of accelerometers often show insignificant variations due to the smoothing effect of
the accelerometers which are generally attached to nodal rigid bodies. The accuracy issues
are not new and are inherent in numerical simulations of automotive crash and impact
problems where structural bifurcations under compressive loads are common. This
problem can be easily demonstrated by using a perfectly square thin-walled tubular beam of
uniform cross section under a compressive load. Typically, every run on one processor
that includes a minor input change (i.e., element or hourglass formulation) will produces
dramatically different resultsin terms of the final shape, and, likewise, if the same problem
is again run on a different brand of computer. If the same problem is run on multiple
processors the results can vary dramatically from run to run WITH NO INPUT CHANGE.
The problem here is due to the randomness of numerical round-off which acts as atrigger
in a“perfect” beam. Since summations with (CONST=2) occur in a different order from
run to run, the round-off is aso random. The consistency flag, CONST=1, provides for
identical results (or nearly so) whether one, two, or more processors are used while
running in the shared memory paralel (SMP) mode. Thisis done by requiring that all
contributions to global vectors be summed in a precise order independently of the number
of processors used. When checking for consistent results, nodal displacements or element
stresses should be compared. The NODOUT and ELOUT files should be digit to digit
identical. However, the GLSTAT, SECFORC, and many of the other ASCII files will not
beidentical since the quantitiesin these files are summed in parallel for efficiency reasons
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and the ordering of summation operations are not enforced. The biggest drawback of this
option isthe CPU cost penalty which is at least 15 percent if PARA=0 and is much less if
PARA=1 and 2 or more processors are used. Unless the PARA flag is on (for non-vector
processors), paralel scaling is adversely affected. The consistency flag does not apply to
MPP paralld.

The PARA flag will cause the force assembly for the consistency option to be
performed in parallel for the shared memory parallel option. Better scaling will be obtained
with the consistency option, but with more memory usage. However, the single
processing speed is dightly diminished. Thelogic for parallelization cannot be efficiently
vectorized and is not recommended for vector computers since is will degrade CPU
performance. This option does not apply to MPP parallel. If PARA=CONST=0 and
NUMRHS=NCPU the force assembly by default is done in parallel.
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Card 17. Computation Options—Coupling
(3E10.0,15,2X,311,E10.0,615)

Columns Quantity Format

1-10 Unit conversion factor for length, UNLENG. E10.0
MADYMO3D/GM-CAL3D lengths are multiplied by
UNLENG to obtain LS-DYNA lengths.

11-20 Unit conversion factor for time, UNTIME. E10.0
MADYMO3D/GM-CAL3D timeismultiplied by UTIME to
obtain LS-DY NA time.

21-30 Unit conversion factor for force, UNFORC. E10.0
MADYMO3D/GM-CAL3D force is multiplied by UNFORC to
obtain LS-DY NA force

31-35 Material repositioning flag for MADY MO/GM-CAL3D coupling, 15
IMOVIN.

EQ.O: off

EQ.1: on, section 68 input datais read.
EQ.2: no repositioning of defined nodes

38 Flag for flipping X-coordinate of CAL3D/MADY MO relative 11
tothe LS-DY NA modd.
EQ.O: off
EQ.1: on

39 Flag for flipping Y -coordinate of CAL3D/MADY MO rdative 11
to the LS-DY NA mode!.
EQ.O: off
EQ.1: on

40 Flag for flipping Z-coordinate of CAL3D/MADYMO relative 11
to the LS-DY NA mode!.
EQ.O: off
EQ.1: on

41-50 Idle time during which CAL3D or MADY MO is computing and E10.0
LS DYNA remainsinactive.

51-55 Implicit coupling for springback calculations: 15
EQ.O: off
EQ. 1: output LS-NIKE3D (filename:NIKIN)
EQ. 2: seamlesdy switch to implicit springback in LS-DY NA
EQ. 10: output LS-DYNA (filename:DY NAIN)
EQ.100: output NASTRAN (filename:NASTIN)

56-58 Interior structure option for acoustic fluid structure interaction 13
This option is necessary if the structure is embedded in the fluid.
Acoustic fluids use element formulation type 8.
EQ.O: off
EQ.1: on
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Columns Quantity Format
59-60 USA coupling option 12
EQ.O: off
EQ.1: on
61-65 Number of time stepsfor CAL3D/MADY MO subcycling 15

EQ.O: no subcycling
EQ.n: thereisone CAL/MADY MO time step for every n

LS-DYNA time steps
66-70 Number of shipsin MCOL coupling, NMCOL 15
71-75 Number of vehiclesinitialized with kinematical info, NVHINI 15
76-80 CFD coupling option, ICFD 15
EQ.O: off

EQ.1: FAST3D CFD analysis
EQ.2: Boundary Element Method
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Card 18. Computation Options—Output Control
(915,E10.0, 215)

Columns

Quantity

Format

1-5

6-10

11-15

16-20

21-25

26-30

31-35

36-40

41-45

46-55

Print suppression during input phase flag, NPOPT
EQ.O: no suppression
EQ.1: noda coordinates, element connectivities, rigid wall
definition and initial velocities are not printed

Printout flag for element time step on thefirst cycle, IETSPF
EQ.O: no printout
EQ.1: the governing time step sizes for each element are
printed

Problem status report interval steps, IKEDIT
EQ.O: default set to 100

Number of time steps between restart dump files, IRDECK
EQ.O: default set to 2700000000

Number of time steps between running restart dump files,
NCBRRF. (The samefileisoverwritten).
EQ.O: default set to 2700000000

Node and element suppression flag for echo file, NEECHO
EQ.O: al dataprinted
EQ.1: noda printing is suppressed
EQ.2: element printing is suppressed
EQ.3: both node and element printing is suppressed

Debug option
EQ.O: no printout
EQ.1: progressof input phaseis tracked in message file

Flag to update reference node coordinates for beam element,
NREFUP. This option requires that each reference nodeis
unique to the beam. The purpose of thisisfor the display of
beams in the post-processor in away that show their
orientation.

EQ.O: off

EQ.1: on

Averaged accelerations from velocitiesin file “nodout” and the
time history database file “d3thdt”, IACCOP

EQ.O: no average (default)

EQ.1: averaged between output intervals

Output interval for interface file (At), OPIFS

E10.0
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Control Cards

Columns Quantity Format

56-60 Default print flag for RBDOUT and MATSUM files. Thisflag 15
defines the default value for the print flag which can be defined
in the part (material) definition section. This option is meant to
reduce thefile size by eliminating datawhich is not of interest.
EQ.O: write part datainto both MATSUM and RBDOUT
EQ.1: writedatainto RBDOUT file only
EQ.2: writedatainto MATSUM fileonly
EQ.3: do not write datainto RBDOUT and MATSUM

61-65 Spring forward nodal forcefile. Thisoption isto ouput resultant 15
nodal force components of sheet meta at the end of the forming
simulation into an ASCII file, “SPRINGFORWARD”, for
spring forward and die corrective ssmulations.

EQ.O: off

EQ.1: output element nodal force vector for deformable nodes
EQ.2: output element nodal force vector for materials

subset listed in Section 67.

66-70 Word size of the binary files (D3PLOT , D3THDT, D3DRLFand 15
interface files) for 64 bit computer such as CRAY and NEC.
EQ.O: default 64 bit format
EQ.1: 32 hit IEEE format

71-75 Interval of for flushing I/O buffers I5
EQ.O: default set to 5000

76-80 Flag to continue on card 18a below 15
EQ.1: continue
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Card 18a. Computation Options—Output Control
(E10.0, 2110,E10.0,35X,I5)

Input this card if and only if a1 appearsin column 80 on card 18 above.

Columns Quantity Format
1-10 Output interval for D3PART database. E10.0
11-20 Optional load curve ID to give output interval 110
21-30 Number of part block in D3PART database, ND3PART. 110
31-40 Output interval for statistics and peak value database. E10.0
41-75 (blank) 35X
71-75 Flag to govern behavior of plot frequency load curve 15

EQ.1: At the time each plot is generated, the load curve

valueis added to the current time to determine the next plot time.
(thisisthe default behavior)

EQ 2: At thetime each plot is generated, the next plot time T is
computed so that T = the current time plus the load curve value
atimeT.

EQ 3: A plot is generated for each ordinate point in the load curve
definition. The actual value of the load curve isignored.

76-80 Flag to continue on card 18b below 15
EQ.1: continue
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Card 18b. Computation Options—Output Control
(15,3E10.0)

Input this card if and only if a1 appears in column 80 on card 18a above.

Columns Quantity Format

1-5 Flag for output of ADAMS Modal Neutra File 15
EQ.O: do not output
EQ.1: output file"d3mnf" after implicit eigenvalue anaysis

6-15 Mass units of measure used in this model (for d3mnf file) E10.0
EQ.-1: kilogram
EQ.-2: gram
EQ.-3: megagram (metric ton)
EQ.-4: |bf*sec**2/in (psi-compatible)
EQ.-5: slug
EQ.-6: pound mass

16-25 Length units of measure used in thismodel (for d3mnf file) E10.0
EQ.-1: meter
EQ.-2: centimeter
EQ.-3: millimeter
EQ.-4: inch
EQ.-5: foot

26-35 Time units of measure used in thismodel (for d3mnf file) E10.0
EQ.-1: second
EQ.-2: millisecond
EQ.-3: minute
EQ.-4: hour
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Card 19. Computation Options—Output Energy

(415)
Columns Quantity Format
1-5 Hourglass energy calculation option, IEHGC. Thisoption 15
requires significant additional storage and increases cost by ten

percent
EQ.O: thedefaultissetto 1l
EQ.1: hourglass energy is not computed (default)
EQ.2: hourglass energy is computed and included in the
energy balance

6-10 Stonewall energy dissipation option, NRWO 15
EQ.O: thedefaultissetto 2
EQ.1: energy dissipation isnot computed
EQ.2: energy dissipation is computed and included in the
energy balance (default)

11-15 Sliding interface energy dissipation option 15
EQ.O: thedefaultissetto 2
EQ.1: energy dissipation isnot computed
EQ.2: energy dissipation is computed and included in the
energy balance

16-20 Rayleigh damping energy dissipation option 15
EQ.O: thedefaultissetto 1l
EQ.1: energy dissipationis not computed
EQ.2: energy dissipation is computed and included in the
energy balance

21-25 Materia energy write option for D3STHDT database 15
EQ.1: off, energy isNOT written to D3STHDT database,
EQ.2: on (default), energy iswrittento D3THDT
database.
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Card 20. Computation Options—LS-TAURUS Database Control |

(3E10.0,915)
Columns Quantity Format
1-10 Timeinterval between complete state dumps and interface E10.0

force databases, PLTC. (Thisinterval must be defined,
otherwise the timeinterval will be equal to the time step size).

11-20 Timeinterva between dumps of interface force database, E10.0
FRCINT. If zero, the default is the same as for complete state
dumps.
21-30 Time interval between dumps of time history data, PRTC* E10.0
31-35 Number of nodal time history blocks, NDTH 15
33-40 Number of hexahedron elements time history blocks, NSTH 15
41-45 Number of beam element time history blocks, NSTB 15
46-50 Number of shell element time history blocks, NSTS 15
51-55 Number of thick shell element time history blocks, NSTT 15
56-60 Optional load curve specifing time interval between complete 15
state database dumps
61-65 Optional load curve specifing time interval between interface 15
force database dumps
66-70 Optional load curve specifing time interval between timehistory 15
database dumps
71-75 Flag, user output into shell resultant vector: 15

EQ.1: off (default)
EQ.2: on, user subroutineis called.

76-80 NSS, number of subsystems for the subsystem statistics 15
file, SSSTAT, See Section 87.

*Thetimeinterval between dumps of time history data refers to the output frequency for the
file specified by the “F=" parameter of the LS-DY NA command line. Only a subset of the
nodes and elements is output as specified by the node and element print blocks, referred to
by the five entries following on this card, which are read in if the appropriate keyword
flags are set.
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Card 21. Computation Options—L S-TAURUS Database Control |1

(1615)
Columns Quantity Format
1-5 LS TAURUS database during dynamic relaxation option, IDRINT 15

EQ.O: databaseisnot written

EQ.1: LS TAURUS database state for each convergence
check

EQ.n: LS TAURUS database state written every nth
convergence check.

6-10 Number of additional integration point history variables written 15
to the LS TAURUS database for solid elements, NEIPH

11-15 Number of additional integration point history variables written 15
to the TAURUS database for shell elements for each
integration point, NEIPS

16-20 Number of shell integration points written to the TAURUS data- 15
base, MAXINT (default = 3). See Notes below.

21-25 FLAG = 1 to dump: 15
1. Two shell strain tensors at inner and outer integration points
2. Solid element strain tensor at centroid.
for plotting by LS-TAURUS and ASCI| file ELOUT.

26-30 Flag for including stress tensor in the shell TAURUS database 15
EQ.1: include (default)
EQ.2: exclude

31-35 Flag for including effective plastic strains in the shell database 15
EQ.1: include (default)
EQ.2: exclude

36-40 Flag for including stress resultants in the shell database 15
EQ.1: include (default)
EQ.2: exclude

41-45 Flag for including internal energy and thicknessin the database 15
EQ.1: include (default)
EQ.2: exclude

46-50 Every plot state for “d3plot” database iswritten to aseparatefile, 15
IEVERP. Thisoption will limit the database to 100 states.
EQ.O: more than one state can be on each plotfile
EQ.1: one state only on each plotfile

51-55 Orthotropic and anisotropic material stress output in local 15
coordinate system for shells and thick shells. Currently, this
option does not apply to solid elements with the exception of
materiad, MAT_COMPOSITE_DAMAGE.
EQ.O: global,
EQ.1: local.
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Card 21. Computation Options—TAURUS Database Control |l (Cont.)

(1615)
Columns Quantity Format
56-60 Number of beam integration points for output, MAXINTB. 15
See note below.
61-65 Writeto extratime history file (XTFILE) 15

EQ.O: Filenot written
EQ.1: Filewritten at sameinterval as D3THDT file

66-70 Data compression to eliminate shell rigid body data. 15
EQ.1: off
EQ.2: on

71-75 Output shell hourglass energy 15
EQ.1: off
EQ.2: on

76-80 Output shell element time step size, mass, or added mass. 15
EQ.1: off
EQ.2: onfortime step size
EQ.3 on for mass and added mass.

The option to control the shell output requires the version of LS TAURUS from
January 1992 or later. Thevariable MAXINT controls the number of integration point
stresses that are output for each shell element.

If MAXINT isset to 3 then mid-surface, inner-surface and outer-surface stresses
are output at the center of the element to the LS TAURUS database. For an even number
of integration points, the points closest to the center are averaged to obtain the midsurface
values. If multiple integration points are used in the shell plane, the stresses at the center of
the element are found by computing the average of these points. For MAXINT equal to 3
LS-DYNA assumesthat the data for the user defined integration rules are ordered from
bottom to top even if thisis not the case. If MAXINT is not equal to 3, then the stresses at
the center of the element are output in the order that they are stored for the selected
integration rule. 1f multiple points are used in plane the stresses are first averaged.

Beam stresses are output to the LS TAURUS database if and only if MAXINTB is
greater than zero. In thislatter case the data that is output is written in the same order that
the integration points are defined. The data at each integration point consists of the
following five values for elastic-plastic Hughes-Liu beams: the normal stress, oyy; the
transverse shear stresses, 6y and Gyr; the effective plastic strain, and the axial strain which
islogarithmic. For beamsthat are not elastic-plastic, the first history variable, if any, is
output instead of the plastic strain. For the beam elements of Belytschko and his co-
workers, the transverse shear stress components are not used in the formulation. No data
is output for the Belytschko-Schwer resultant beam.

The data compression of rigid body data (columns 66-70) can reduce the size of the
state database in the D3PLOT files by afactor of 2 or 3 in metal forming smulations. Post-
processors, other than LS-TAURUS, may need to be updated to read the compressed
database.
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Card 22. Computation Options—ASCII Output Control |
(8E10.0)

Define Control Cards 22-24 in al cases. If the output intervals are defined as 0.0
no output is provided for the corresponding file.

Columns Quantity Format
1-10 Output interval for cross-section forces E10.0
11-20 Output interval for rigid wall forces E10.0
21-30 Output interval for nodal point data E10.0
31-40 Output interval for element data E10.0
41-50 Output interval for global data and subsystems statistics E10.0
51-60 Output interval for discrete elements E10.0
61-70 Output interval for materia energies E10.0
71-80 Output interval for nodal interface forces E10.0
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Control Cards

Card 23. Computation Options—ASCII Output Control Il

(8E10.0)

Columns Quantity Format
1-10 Output interval for resultant interface forces E10.0
11-20 Output interval for smug animator instant E10.0
21-30 Output interval for spc reaction forces E10.0
31-40 Output for nodal constraint resultants (spotwelds and rivets) E10.0
41-50 Output interval for airbag statistics E10.0
51-60 Output interval for AV'S database E10.0
61-70 Output interval for nodal force groups E10.0
71-80 Output interval for boundary condition forces and energy on E10.0

nodal points with discrete forces, pressures, or designated

velocities.
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Card 24. Computation Options—ASCII Output Control 111

(7E10.0)

Columns Quantity Format
1-10 Output interval for rigid body data E10.0
11-20 Output interval for geometric contact entities E10.0
21-30 Output interval for MPGS database E10.0
31-40 Output interval for MOV IE database E10.0
41-50 Output interval for diding interface database E10.0
51-60 Output interval for seat belt database E10.0
61-70 Output interval for joint forces E10.0
71-80 Output interval for tracer particles E10.0
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By defining the output interval afileis created for the output. Each output typeis
placed into a separate file. Normally these names are assigned by LS-DYNA . Using the
“W=" option on startup, aroot name can be specified. Extensions are then added to this
root to form the output file names (This option is available only on designated
installations and is to some degree machine dependent). The file names and

corresponding unit numbers are:

Cross-section forces
Rigidwall forces

Nodal point data
Element data

Global data
Subsystems statistics
Discrete e ements
Materia energies

Nodal interface forces
Resultant interface forces
Smug animator database
Nastran/BDF file

SPC reaction forces
Nodal constraint resultants
Airbag statistics

ASCII database

Nodal force group
Boundary conditions
Rigid body data

Contact entities
MPGSfile family
MOVIE file family
Interface energies

Seat belts

Joint forces

tracer particles

thermal output

[/O UNIT #

i/o unit#31
i/o unit#32
i/o unit#33
i/o unit#34
i/o unit#35
i/o unit#58
i/0 unit#36
i/o unit#37
i/o unit#38
i/o unit#39
i/o unit#40
i/o unit#49
i/o unit#41
i/o unit #42
i/0 unit #43
i/o unit #44
i/o unit #45
i/o unit #46
i/o unit #47
i/o unit #48
i/o unit #50
i/o unit #50
i/o unit #51
i/o unit #52
i/o unit #53
i/o unit #70
i/o unit #73

FILE NAME

SECFORC

RWFORC

NODOUT

ELOUT

GLSTAT

SSSTAT

DEFORC

MATSUM

NCFORC

RCFORC

DEFGEO

NASBDF (see comment below)
SPCFORC

SWFORC (spotwelds/rivets)
ABSTAT

AVSFLT

NODFOR

BNDOUT (nodal forces and energies)
RBDOUT

GCEOUT

MPGSnhnn.xxx where nnn=001-999
MOV IEnnn.xxx where.nnn=001-999
SLEOUT

SBTOUT

INTFORC

TRHIST

TPRINT (see control card 28)

The Nastran/Bulk Data File (BDF) contains all geometric information such as noda
coordinates and element connectivieis. Thisfileiswritten during the input phase of LS-
DY NA and can be used with the NODOUT file for animating results. An equivaent fileis
written for the contact surfaces call SL SBDF which contains the connectivities of the
contact segments. The suffix xxx on the MPGS and MOV | E databases are descriptors
suchas ACL, VEL, DIS, and GEO that describe the type of datain the familied files.
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Card 25. Computation Options—Arbitray Lagrangian Eulerian

(3110,5E10.0)

Columns Quantity Format
1-10 Default continuum trestment 110
EQ.1: Lagrangian (default)
EQ.2: Eulerian
EQ.3: Arbitrary Lagrangian Eulerian
EQ.4: Eulerian Ambient
11-20 Number of cycles between advections. 110
21-30 Advection method 110
EQ.1: donor cell (first order accuracte)
EQ.2: Van Leer + half index shift.
EQ.3: VanLeer
EQ.4: donor cell + half index shift.
31-40 Smoothing weight factor - Simple average (AFAC) E10.0
EQ.-1: turn smoothing off
41-50 Smoothing weight factor - Volume weighting (BFAC) E10.0
51-60 Smoothing weight factor - Isoparametric (CFAC) E10.0
61-70 Smoothing weight factor - Equipotential (DFAC) E10.0
71-80 Smoothing weight factor - Equilibrium (EFAC) E10.0

For ALE calculations the smoothing parameters should be set. For Eulerian
calculations the smoothing facter, AFAC, should be set to -1.0 which turns off the
smoothing and saves computation time.

For supersonic Eulerian flows the advection formulation should be either two or
three (Van Leer) since afirst order solution with the much faster donor cell method may be
inaccurate. The number of cycles between advections should also be set to 1. For slow
speed flows this parameter may be set to alarger number to save much CPU costs.
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Control Cards

Card 26. Computation Options—Arbitray Lagrangian Eulerian
(3E10.0,15,2E10.0,15)

Columns Quantity Format
1-10 Start time for smoothing E10.0
11-20 End time for smoothing E10.0
21-30 ALE advection factor (Default=1.0) E10.0
31-35 ALE anaysis option, NVOIDM. See Section 75. 15

EQ.O: single materia per element

EQ. n: number of single materials with possible void

EQ.-n: number of multi-material Euler groups,
which must not EXCEED three (3).

36-45 Void factor E10.0
EQ.0.0: default 1.0e-04. This is the definition of a
“void”. A void is obtained by multiplying the time zero
density of an element by afactor call the “void factor”.

46-55 Veocity limit. Thetime step is scaled down if the velocities E10.0
exceed thislimit.
56-60 Automatic Euler boundary condition 15
EQ.O: off

EQ.1: On with stick condition

EQ.2: On with dlip condition
This option, used for ALE and EULER formulations, defines
velocity boundary conditions for the user. Velocity boundary
conditions are applied to all nodes on free surfaces of an ALE
or Eulerian material. For problems where the normal velocity
of the material at the boundary is zero such as injection
molding problems, the automatic boundary condition
parameter isset to 2. Thiswill play the same role as the Nodal
Single Point Constraint. For EBC=1, the material velocity of
all free surface nodes of ALE and Euler material is set to zero.
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Card 27. Thermal Boundary Conditions

(Input for Thermal or Coupled Structural/Thermal Analysis only-See the
execution line syntax which includes the words THERMAL or COUPLE)

(110,101 5,10x,1 1)

Columns Quantity Format
1-10 Number of nodes with initial temperature conditions 110
11-15 Number of elements with heat generation 15
16-20 Number of nodes with temperature boundary conditions 15
21-25 Number of flux boundary condition surfaces 15
26-30 Number of convection boundary condition surfaces 15
31-35 Number of radiation boundary condition surfaces 15
36-40 Number of enclosure radiation surfaces 15
41-45 Radiation calculation type 15

EQ.1: view factors
EQ.2: exchange factors (not implemented)

46-50 Number of bulk nodes 15
51-55 Number of bulk nofe segments 15
56-60 Number of bulk fluid flow elements 15

+ number => artificial difussionison

- number => artificial difussion is off
61-70 skip 10x
71 Goldak weld model  O=off 1=on 11
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Control Cards

Card 28. Thermal Solver and Output Controls
(Input for Thermal or Coupled Structural/Thermal Analysis only)
(15,2E10.0,15,2E10.0)

Columns Quantity Format

1-5 Solver type (isoln) 15
EQ.1: actcol - symmetric direct solver
EQ.2: dactcol - nonsymmetric direct solver
EQ.3: dscg - diagonal scaled conjugate gradient iterative (default)
EQ.4: iccg - incomplete choleski conjugate gradient iterative

6-15 CG convergence tolerance (if isoln.ge.3) E10.0
EQ.O: default set to 1000* machine roundoff
suggested rangeis 1.e-04 to 1.e-06

16-25 Output timeinterval for ascii print file TPRINT E10.0
Dataiswritten to the TPRINT file based on the thermal
analysistime.
EQ.O: nodataiswrittento TPRINT file.

26-30 Element integration quadrature (default=8): 15
EQ.1: one point quadrature is used,
EQ.8: eight point quadrature is used.

31-40 Mechanical equivalent of heat (default = 1.) E10.0

41-50 Fraction of plastic work converted to heat (default = 1.) E10.0
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Card 29. Thermal Time Step Controls
(Input for Thermal or Coupled Structural /Thermal Analysis only)

(215,6E10.0)
Columns Quantity Format
1-5 Anaysistype 15
EQ.O: steady state
EQ.1: transient
6-10 Time step code (O=fixed, 1=variable) 15
11-20 Timeintergration parameter E10.0

EQ.0.5 - Crank Nicolson
EQ.1.0 - fully implicit (default)

21-30 Initia thermal time step E10.0

Definethe following if the variable time step option is specified above:

31-40 Minimum time step used E10.0
(default explicit time step)

41-50 Maximum time step used E10.0
(default 100 x explicit time step)

51-60 Maximum temperature change in each time step E10.0
above which the time step will be decreased.
EQ.0.0 - default set to 1.0

61-70 Time step control parameter 0.<p<1. E10.0
EQ.0.0 - default set to 0.5
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Card 30. Thermal Nonlinear Problem Controls
(Input for Thermal or Coupled Structural/Thermal Analysis only)
(215, 5X,2E10.0)

Columns Quantity Format

1-5 Type of problem 15
EQ.O: linear problem
EQ.1: nonlinear problem - materia properties evaluated
at gauss point temperature
EQ.2: nonlinear problem - materia properties evaluated
at element average temperature

6-10 Maximum number of reformations per time step 15
EQ.O: default set to 10

11-15 Blank 5X

16-25 Convergence tolerance E10.0
EQ.O: default set to 1000* machine roundoff

26-35 Divergence control parameter E10.0
steady state 03<p<l default 1.0
transient 00<p<l default 0.5
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Control Cards

Card 31. Implicit Control Card 1: General Data

(Input for Implicit Analysis only, code version “i” on title card)
(15,E10.0)
Columns Quantity Format
1-5 Implicit/Explicit switching flag, IMFLAG 15

EQ. O: explicit analysis
EQ. 1: implicit analysis
EQ. 2: explicit followed by oneimplicit step
(* springback analysis™)

6-15 Initial time step sizefor implicit solution E10.0

16-20 Element formulation switching flag 15
EQ. 1. switchto fully integrated formulation for implicit phase
of springback analysis (DEFAULT)
EQ. 2: retain origina eement formulation

21-25 Number of steps for nonlinear springback 15
EQ.O0: DEFAULT =1

26-30 Geometric (initia stress) stiffness flag 15
EQ. 1: include

EQ. 2: ignore (DEFAULT)
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Card 32. Implicit Control Card 2: Nonlinear Solver

“an

(Input for Implicit Analysis only, code version “i” on title card)
(315,4E10.0,315)

Columns Quantity Format

1-5 Solution method for implicit analysis, NSOLVR 15
EQ.1: linear
EQ.2: nonlinear with BFGS updates (DEFAULT)
EQ.3: Nonlinear with Broyden updates
EQ.4: Nonlinear with DFP updates
EQ.5: Nonlinear with Davidon updates
EQ.6: Nonlinear with BFGS updates + arclength
EQ.7: Nonlinear with Broyden updates + arclength
EQ.8: Nonlinear with DFP updates + arclength
EQ.9: Nonlinear with Davidon updates + arclength
(NOTE: for arclength methods see implicit control

card 6 below)

6-10 Iteration limit between automatic stiffness reformations 15
EQ.0: DEFAULT =11

11-15 Stiffness reformation limit per time step 15
EQ.0: DEFAULT =15

16-25 Displacement convergence tolerance E10.0
EQ.0: DEFAULT =0.001

26-35 Energy convergence tolerance E10.0
EQ.0: DEFAULT =0.01

36-45 (blank) E10.0

46-55 Line Search convergence tolerance E10.0

EQ.0: DEFAULT =0.90

56-60 Displacement norm for convergence test 15
EQ.1: increment vs. displacement over current step
EQ.2: increment vs. total displacement (DEFAULT)

61-65 Divergenceflag 15
EQ.1: reform stiffnessif divergence detected (DEFAULT)
EQ.2: ignore divergence during equilibrium iterations
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Columns Quantity Format

66-70 Initial stiffnessformation flag 15
EQ.1: reform stiffness at start of each step (DEFAULT)
EQ.n: reform at start of every “n”th step

71-75 Nonlinear solver print flag 15
EQ.1: printiteration info to screen, message, d3hsp files
EQ.2: print info to messag, d3hsp filesonly (DEFAULT)
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Card 33. Implicit Control Card 3: Linear Solver

(Input for Implicit Analysis only, code version “i” on title card)
(315)
Columns Quantity Format
1-5 Linear equation solver 15

EQ.1: sparse, direct, automatic out-of-core (DEFAULT)
EQ.2: sparse, direct, incore

6-10 Linear solver print flag 15
EQ.1: timing summary at end of output file (DEFAULT)
EQ.2: timing, storage information to screen, output file

11-15 Negative eigenvalue flag 15
EQ.1: stop or retry step if negative eigenvalues detected
EQ.2: print warning message, try to continue (DEFAULT)
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Card 34. Implicit Control Card 4: Auto Time Step Control

(Input for Implicit Analysis only, code version “i” on title card)
(315,2E10.0)

Columns Quantity Format

1-5 Auto time step control flag 15
EQ.O: constant time step size
EQ.1: automatically adjusted step size

6-10 Optimum iteration count per time step 15
EQ.0: DEFAULT =11

11-15 Allowable iteration window 15
EQ.0: DEFAULT =5

16-25 Minimum time step size E10.0
EQ.0: DEFAULT =0.001* DT

26-35 Maximum time step size E10.0
EQ.0: DEFAULT =10* DT

36-45 Blank 10X

46-50 Artificial Stabilization Flag, ASFLAG 15
EQ.1: activefor al deformable shell elements

(DEFAULT for springback analysis)
EQ.2: inactive
(DEFAULT for standard analysis)

51-60 Scale factor for Artificial Stabilization E10.0
LT.0.0: absolute value givesload curve for scale factor vs. time
EQ.0.0: DEFAULT =1.0

61-70 Time when Artificial Stabilization begins E10.0
EQ.0.0: DEFAULT = immediately upon entering IMPLICIT mode

71-80 Timewhen Artificial Stabilization ends E10.0

EQ.0.0: DEFAULT =termination time
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Card 35. Implicit Control Card 5. Dynamics and Eigenvalue

(Input for Implicit Analysis only, code version “i” on title card)
Columns Quantity Format
1-5 IMASS, flag for implicit solution type 15

EQ.O: static

EQ.1: dynamic (Newmark method)
EQ.2: moda superpostion after eigenvalue analysis

6-15 Newmark parameter GAMMA E10.0
EQ.0: DEFAULT =0.50
16-25 Newmark parameter BETA E10.0
EQ.0: DEFAULT =0.25
26-30 NEIG, number of eigenvalues to extract 15
31-40 SHIFT, the eigenvalue frequency shift E10.0
Remarks:

For the dynamic problem, the linearized equilibrium equations may be written in the form

n+1

M + DU™ + K, (x")Au= P(x") = F(x")

where
M = lumped mass matrix
D = damping matrix
u™t =x"-x% = nodal displacement vector
u™ = nodal point velocities at time n+1
U™ = nodal point accelerations at time n+1.

The time integration is by the unconditionally stable, one-step, Newmark-8 time

integration scheme
T :A_uz_i_l(i_ﬁ)un
BAL  BAt B\ 2
0" = 0"+ At(1- y)U" + yAtin
X" = X"+ Au

Here, At isthetimestepsize,and B and y are the free parameters of integration. For

y = % and B = % the method reduces to the trapezoidal rule and is energy conserving. If
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numerical damping isinduced into the solution leading to aloss of energy and momentum.

To perform an eigenvalue analysis, activate the implicit method setting the first parameter
on control card 31 (IMFLAG=1), and indicate a nonzero value for NEIG above. By
default, the lowest NEIG eigenvalues will be found. If a nonzero shift frequency is
specified, the NEIG eigenvalues nearest to SHIFT will be found. This allows zero
eigenvalues to be avoided when analyzing models with unsupported (rigid body) modes.

Eigenvectors are written to an auxiliary binary plot database named "d3eigv”, which is
automatically created. These can be viewed using a postprocessor in the same way as a
standard "d3plot" database. The time value associated with each eigenvector plot is the
corresponding circular frequency. A summary table of eigenvalue resultsis printed to the
"d3hsp" file.
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Card 36. Implicit Control Card 6. Arc Length

“an

(Input for Implicit Analysis only, code version “i” on title card)

The following parameters are ignored unless an arc length method is chosen on implicit
control card 2 above (6 < NSOLVR <9).

Columns Quantity Format

1-5 Arc length controlling node ID, ARCCTL 15
EQ.O: generdized arc length method (DEFAULT)

6-10 Arc length controlling node direction (ignored if ARCCTL=0) 15
EQ.1: global X-trandation
EQ.2: global Y-trandation
EQ.3: global Z-trandation

11-20 Arclength size E10.0
EQ.0.0: automatically chosen using initial step size

21-25 Arc length method 15
EQ.1: Crisfield (DEFAULT)
EQ.22 Ramm

26-30 Arc length damping option 15

EQ.1: on, oscillations in static solution are supressed
EQ.2: off (DEFAULT)

Remarks:

In the neighborhood of limit points the Newton based iteration schemes often fail. The arc
length method of Riks and Wempner (combined here with the BFGS method) adds a
constraint equaiton to limit the load step to a constatnt "arc Length" in load-displacement
space. This latter method is frequently used to solve snap through buckling problems.
When applying the arc-length method, the load curves that define the loading should
contain two points and start at the origin (0,0). If the arc-length method is flagged and if
two points characterize the load curve, LS-DYNA will extrapolate, if necessary, to
determine theload. Time and load magnitude are related by a constant when the arc length
method is used and it is possible that time can be negative. The arc length method cannot
be used with a dynamic analysis.

ARCCTL The arc length method can be controlled based on the displacement of a
single node in the model. For example, in dome reversal problems the node
at the center of the dome can be used. By default, the generalized arc length
method is used where the norm of the global displacement vector controls
the solution. Thisincludes all nodes.

ARCLEN The arc length is similar to the step size in a standard nonlinear multi-step
simulation. Smaller arc length will cause more steps to be taken during the
simulation.
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3. Material/Part Definitions

Control Parameters for User Defined Material
(715)

Define the following cards if and only if NUSRMT (Control Card 1, column 70)
isnonzero. If so, insert NUSRMT cards here.

Columns Quantity Format
1-5 Material type number between 41 and 50 inclusive 15
6-10 Length of material constants array; i.e. number of constants to 15

be read
11-15 Number of history variables required (stresses are stored 15
by default)
16-20 Address of coordinate system definition in material constantsarray 15
21-25 Address of bulk modulus in material constants array 15
26-30 Address of shear modulusin material constants array 15
31-35 Vectorization flag (on=1) 15

One card is required for each user defined material subroutine. The number of
history variables is arbitrary and can be any number greater than or equal to 0. The
coordinate system definition is optional but is probably necessary if the model involves
materials that have directional properties such as composites and anisotropic plasticity
models. When the coordinate system option is used then all data passed to the constitutive
model isin the local system. A bulk modulus and shear modulus are required for trans-
mitting boundaries, contact interfaces, rigid body constraints, and time step size calcula-
tions. The number of constants read in columns 6-10 includes the eight values for the
coordinate system option if it is nonzero and two values for the bulk and shear modulus.

For the user defined material model 42 (planar anisotropic plasticity included in LS
DYNA ) this card should appear in a(615) field as:

42 24 1 17 3 4
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Objective Stress Update

Define thisdataif and only if NPOSU=2 on Control Card 13, Column 65.

olumns Quantity Format
1-10 Number of Parts using second order updates 110
Additional Cards of Part I1Ds (8110)
Define as many cards as necessary
Columns Quantity Format
1-10 First Part ID. 110
11-20 Second Part ID. 110

Load/Table Definitions (NL CUR<O0)

If NLCUR isless than zero move Section 23 data to this location. Arbitrary load
curve ID's can then be used throughout the input file.

Default Parameters for Automatic Contact

(7E10.0)

Define the following card if and only if MTCNTC (Control Card 13, column 70)
isequal to one. These parametersare used if and only if the MLARG option ison.

Columns Quantity Format
1-10 Default static coefficient of friction E10.0
11-20 Default dynamic coefficient of friction E10.0
21-30 Default default exponentia decay coefficient E10.0
31-40 Default viscous friction coefficient E10.0
41-50 Optional default contact thickness E10.0
51-60 Optional default thickness scale factor E10.0
61-70 Optiond default local penalty scale factor E10.0

3.2
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INPUT SECTION FOR IARB=0 (CONTROL CARD 11, COLUMN 15)

Part Definition Control Cards (IARB=0)

Repeat the following card setsfor atotal of NMMAT (Control Card 1, columns 1-10)
sets. A set consists of the constitutive model definition, equation-of-state if required, and
cross-sectional properties. The input for the case where IARB=1 is described before the
material model input which starts on page 3.1.1m.

For the "MLARG" format two cards are used. The material ID is the first item
followed by parameters for the automatic contact. The second card is as for the small format
with columns 1 to 5 blank.

Additional Card for MLARG option (110,7E10.0)

Columns Quantity Format

1-10 Materia identification number (Part ID) 110
LE: NMMAT if consecutive node, element and material
IDsare used. i.e.,, NSORT (control card 11, column 10)
equals zero
LE: 99999999 if arbitrary node, element, and materia 1Ds
areused, i.e,, NSORT equals 1 for arbitrary numbering

The following parameters may be defined by part ID for automatic single surface contact:

11-20 Static coefficient of friction E10.0
EQ:0.0: set to default

21-30 Dynamic coefficient of friction E10.0
EQ:0.0: set to default

31-40 Exponentia decay coefficient E10.0
EQ:0.0: set to default

41-50 Viscous friction coefficient E10.0
EQ:0.0: set to default

51-60 Optional contact thickness E10.0
EQ: 0.0: set to default

61-70 Optional thickness scale factor E10.0
EQ:0.0: set to default

71-80 Local penalty scalefactor E10.0

EQ:0.0: set to default
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Card 1 (15,12,13,E10.0,12,13,15,E10.0,15,2E10.0,315) or
(5X,12,13,E10.0,12,13,15,E10.0,15,2E10.0,315) for MLARG

Columns Quantity Format

1-5

6-7

8-10

Part (material) identification number 15
LE: NMMAT if consecutive node, element and material
IDs are used. i.e., NSORT (control card 11, column 10)
equals zero
LE: 99999 if arbitrary node, e ement, and material IDs are
used, i.e,, NSORT equals 1 for arbitrary numbering

Print flag for RBDOUT and MATSUM files. If undefined 12
the default value is taken from control card 18, columns 56-
60. Thisflagisignored if the RBDOUT and MATSUM files
are not printed.
EQ.O: write part datainto both MATSUM and RBDOUT
EQ.1: write part datainto RBDOUT file only
EQ.2: write part datainto MATSUM file only
EQ.3: do not write part datainto RBDOUT and MATSUM

Materia type, MT. The numbersin bracketsidentify theelement 13
types for which the material is available: O-solids, 1H-Hughes-
Liu beam, 1B-Belytschko beam,11-Belytschko integrated
beams, 1T-truss, 1D-discrete beam, 2-shells, and 3-thick
shells.

EQ.1: eastic/simplefluid [0,1H, 1B, 1I, 1T,2,3]

EQ.2: orthotropic elastic [0,2,3]

EQ.3: kinematic/isotropic plasticity [0,1H, 11, 1T,2,3]

EQ.4: thermo-elastic-plastic [0,1H,2,3]

EQ.5: soil and crushable foam [0]

EQ.6: linear viscoelastic [0,1H]

EQ.7: rubber [0,2]

EQ.8: high explosive burn [0,1H,1B,1T,2]

EQ.9: hydrodynamic without deviatoric stresses [0, 1H,2]

EQ.10: elastoplastic hydrodynamic [O]

EQ.11: temperature dependent elastoplastic [O]

EQ.12: isotropic elastoplastic [0,2,3]

EQ.13: isotropic elastoplastic with failure [0]

EQ.14: soil and crushable foam with failure [O]

EQ.15: Johnson/Cook plasticity model [0,2]

EQ.16: pseudo TENSOR geological mode [O]

EQ.17: elastoplastic with fracture [O]

EQ.18: power law isotropic plasticity [0,1H,2]

EQ.19: strain rate dependent plasticity [0,2,3]

EQ.20: rigid [0,1H,1B,1T,2,3]

EQ.21: thermal orthotropic with 12 constants [0,2,3]

EQ.22: composite damage model [0,2,3]

EQ.23: thermal orthotropic with 12 curves[0,2,3]

EQ.24: piecewise linear isotropic plasticity [0,1H,2,3]

3.4
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Columns

Quantity Format

EQ.25:
EQ.26:
EQ.27:
EQ.28:
EQ.29:
EQ.30:
EQ.31:
EQ.32:
EQ.33:
EQ.34
EQ.35:
EQ.36:
EQ.37;
EQ.38:
EQ.39:
EQ.40;

inviscid, two invariant geologic cap model [O]
orthotropic crushable model [0]
Mooney-Rivlin rubber [0,2]

resultant plasticity [1B,2]

force limited resultant formulation [1B]

shape memory aloy [0]

Frazer-Nash rubber model [0]

composite glass model [2,3]

Barlat anisotropic plasticity model [0,2,3]
fabric model [2]

isotropic/kinematic hardening Green-Naghdi rate [O]
3-parameter Barlat plagticity [2]

anisotropic plasticity [2,3]

compressible foam rubber [0,2]

anisotropic plasticity with FLD[2,3]

nonlinear elastic orthotropic materia [2]

EQ.41-50: user defined materials

EQ.42:
EQ.51:
EQ.52:
EQ.53:
EQ.54:
EQ.55:
EQ.57;
EQ.59:
EQ.60:
EQ.61:
EQ.62:
EQ.63:
EQ.64
EQ.65:
EQ.66:
EQ.67;
EQ.68:
EQ.69:
EQ.70:
EQ.71L:
EQ.72:
EQ.73;
EQ.74:
EQ.75:
EQ.76:
EQ.77:
EQ.78:
EQ.79:
EQ.80:
EQ.81:
EQ.83:
EQ.84:

user defined planar anisotropic plasticity [2,3]
temperature and rate dependent plasticity [2,3]
Sandia s damage model [2,3]

low density closed cell polyurethane foam [1]
Composite damage with Chang matrix failure [2]
like 54 but with Tsay-Wu criterion for matrix failure [2]
low density urethane foam [O]

composite failure [0,2]

viscous glass [0]

Maxwell/Kelvin viscodlastic [0]

viscous foam model [O]

isotropic crushable foam([Q]

rate sensitive powerlaw plasticity [O]

modified Zerilli-Armstrong [0,2]

linear stiffness/viscous 3D discrete beam [1D]
nonlinear stiffness/nonlinear viscous 3D discrete beam [1D]
nonlinear plastic/linear viscous 3D discrete beam [1D]
Sid Impact Dummy damper [1D]

hydraulic/gas damper [1D]

cable[1D]

concrete damage [0]

low density viscous foam [O]

elastic spring discrete beam [1D]
Bilhku/Dubois foam [0]

General viscoedlastic [0,2]

hyperelastic rubber [O]

soil and concrete [O]

hysteretic soil [Q]

Ramberg-Osgood soil [0]

plastic with damage [2,3]

fu chang foam [0]

winfrith concrete [0]
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Columns

Quantity Format

11-20
21-22

23-25

EQ.86: orthotropic viscodastic [2]

EQ.87: cellular rubber [O]

EQ.88: MTS|[0,2]

EQ.90: acoustic mediasuch asair or water [0]

EQ.93: dastic 6DOF spring discrete beam [1D]

EQ.94: indastic spring discrete beam [1D]

EQ.95: inelastic 6DOF spring discrete beam [1D]

EQ.96: brittle damage model [0]

EQ.98: Simplified Johnson/Cook plasticity model [0,1,2,3]
EQ.99: Simplified Johnson/Cook damage model [2,3]
EQ.100: spot weld[9B]

EQ.103: anisotropic viscoplastic [0,2]

EQ.104: anisotropic viscoplastic damage [0,2]

EQ.105: piecewise linear isotropic plasticity damage
EQ.112: finite elagtic strain, piecewise linear plasticity [O]
EQ.114 layered linear plagticity [2]

EQ.115 Unified Creep [0,2]

EQ.123: modified piecewise linear isotropic plasticity [2.3]
EQ.124. plasticity compression and tension [0,2,3]
EQ.126: orthotropic crushable model [0]

EQ.127: Arruda-Boyce hyperviscoel astic rubber [O]
EQ.128: heart tissue [O]

EQ.129: isotropic lung tissue [0]

EQ.130:specia orthotropic model [2]

EQ.134: viscoelastic fabric [2]

Mass density E10.0

IDAMAGE, damage flag for brick element failure. This 12
option provides a way ot including failure in models that do not
include damage or failure.

EQ.O: inactive

EQ.1: active, definethe input after the section and entity

data.

Equation-of-state type. Define for material types 8, 9, 10, 11, 13
15, 16, 17, 65, 72, and 88 when these materials are used with
solid materials.

EQ.1: linear polynomial

EQ.2: JWL high explosive

EQ.3: Sack “Tuesday” high explosive

EQ.4: Gruneisen

EQ.5: ration of polynomials

EQ.6: linear polynomial with energy deposition

EQ.7: ignition and growth of reaction in HE

EQ.8: tabulated compaction

EQ.9: tabulated

EQ.10: propellant deflagration

EQ.11: TENSOR pore collapse

EQ.14: JWLB high explosive

3.6
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Columns

Quantity

Format

26-30

31-40

41-45

46-55
56-65
66-70

71-75

76-76

76-76

Hourglass control type, IHQ. For shell elements the hourglass

control is based on the formulation of Belytschko and Tsay,
i.e., options 1-3 are identical, and options 4-5 are identical.
EQ.O: default=1
EQ.1: standard LS-DY NA viscousform
EQ.2: Flanagan-Belytschko viscous form
EQ.3: Flanagan-Belytschko viscous form with exact
volume integration for solid el ements

EQ.4: Flanagan-Belytschko stiffness form
EQ.5: Flanagan-Belytschko stiffness form with exact
volume integration for solid el ements

The stiffness forms of the hourglass control can stiffen the
response especialy if deformations are large and therefore
should be used with care. However, the stiffnessform is

often superior in reliability.

Hourglass coefficient, QH (default =.10). Vaues of QH that
exceed .15 may causeinstabilities. The recommended default
appliesto all options.

Bulk viscosity type, IBQ (default=1)
EQ.1: standard LS-DYNA

Quadratic viscosity coefficient, Q1 (default = 1.5)
Linear viscosity coefficient, Q2, (default = .06)

Element class for which this material modd isvalid
EQ.O: solid hexahedron
EQ.1: beam
EQ.2: shell
EQ.3: thick shell

Materid initialization for gravity loading
EQ.O: dlinitidized
EQ.1: only current material isinitialized

Ambient element type. (Defined for 3D solid element
formulations 7, 11, and 12)

EQ.1: temperature

EQ.2: pressure and temperature

EQ.3: pressure outflow

EQ.4: pressureinflow

Continuum element type. (Defined for 2D solid element
formulations 13, 14, and 15)

EQ.1: Lagrangian

EQ.2: Eulerian, single material with voids

EQ.3: ALE

15

E10.0

E10.0
E10.0
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Columns

Quantity Format

77-80

Element formulation if other than default. 14

For brick elements (types 3 and 4 have rotational
degrees-of-freedom at their nodal points:

EQ.1:
EQ.2:
EQ.3:
EQ.4:

EQ.5:
EQ.6:
EQ.7:
EQ.8:
EQ.9:
EQ.10:
EQ.11L:
EQ.12:
EQ.13:
EQ.14:
EQ.15:

Constant stress (default)

8 point integration

14 point integration quadratic 8-node brick

5 point integration quadratic 4-node tetrahedron

1 point ALE
1 point Eulerian
1 point Eulerian ambient
1 point acoustic pressure formulation
1 point crushable foam element
1 point tetrahedron
1 point ALE multi-material element
1 point integration with single material and void.
1 point nodal pressure tetrahedron
8 point acoustic pressure formulation
2 point pentrahedron element

For beam and 2D shell elements:

EQ.L:
EQ.2:
EQ.3:
EQ.4:
EQ.5:

EQ.6:
EQ.7:
EQ.8:

EQ.9:

Hughes-Liu (default)

Belytschko-Schwer

Truss

Belytschko-Schwer full integration

Belytschko-Schwer tubular beam

(User defined integration rule advised)

Discrete 3D beam (Use one point integration)

2D plane strain shell (Use one point integration and x-y plane)
2D axisymmetric shell (Use one point integration and y-axis of
symmetry)

Spot weld (follow the same input as Hughes -Liu beam
element. Materia type 100 (only) may be used with this
element)

For 3D shell elements and 2D solid elements:

EQ.L:
EQ.2:
EQ.3:
EQ.4:
EQ.5:
EQ.6:
EQ.7:
EQ.8:
EQ.9:
EQ.10:
EQ.11L:
EQ.12:
EQ.13:
EQ.14:
EQ.15:

Hughes-Liu

Belytschko-Tsay

BCIZ triangular shell

Co triangular shell

Belytschko-Tsay membrane

S/R Hughes Liu

S/R co-rotational Hughes Liu

Belytschko-L eviathan shell

fully integrated Belyschko-Tsay membrane
Belytschko-Wong-Chiang
Corotational Hughes-Liu
Plane stress 2D element (x-y plane)
Plane strain 2D element (x-y plane)
Axisymmetric Petrov-Galerkin 2D solid (y-axis of symmetry)
Axisymmetric Galerkin 2D solid (y-axis of symmetry)

3.8
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Columns Quantity Format
EQ.16: Fully integrated shell element (very fast)
EQ.17: Fully integrated DKT, triangular shell element ,
EQ.18: Fully integrated linear DK quadrilateral/triangular shell
EQ.31: 1 point Eulerian Navier-Stokes
EQ.32: 8 point Eulerian Navier-Stokes
EQ.33: CVFEM Eulerian Navier-Stokes

For thick shell elements:
EQ.1: single point in plane quadrature
EQ.2: sdectivereduced 2 x 2 in plane quadrature

The Hughes-Liu elements with selective-reduced (S/R) integration are integrated with
2 x 2 Gaussian quadrature in the plane. These elements are quite costly (type 7 isthree times
greater than 1) and require much more storage. They are useful however in regions where
the zero-energy modes are a problem. Option 7 is recommended over option 6 due to cost.
The fully integrated membrane is dightly more expensive than one point integration but may
be more stable in some specia applications such asin the inflation of folded membranes.

Rayleigh Damping by Material (IARB=0)
Optional Card Defined for RDFLAG=1 On Control Card 13 (E10.0)

Columns Quantity Format

1-10 COEF, Rayleigh damping coefficient for stiffness proportional E10.0
damping. Values between 0.01 and 0.25 are recommended.
Higher values are strongly discouraged, and values much
lessthan 0.01 may have little effect.

Note:
The damping matrix in Rayleigh damping is defined as:
C=aM +BK,

where C, M, and K are the damping, mass, and stiffness matrices, respectively. The
constants a.. and 3 are the mass and stiffness proportional damping constants. The mass
proportional damping can be treated by system damping in LS-DYNA , see Control Card
14, Columns 1-5. Transforming C with the ith eigenvector cj gives:

01Co; = 0f (oM +BK)o; = o+ Boo? = 20 jj

where o; is the ith frequency (radians/unit time) and &; is the corresponding modal
damping parameter.

Generally, the stiffness proportional damping is effective for high frequencies and is
orthogonal to rigid body motion. Mass proportional damping is more effective for low
frequencies and will damp rigid body motion. If alarge value of the stiffness based
damping coefficient is used, it may be necessary to lower the time step size significanly.
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Since agood value of B is not easily identified, the coefficient, COEF, is defined such that
avalue of .10 roughly corresponds to 10% damping in the high frequency domain.
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Part/Material Heading (IARB=0)
Card 3 (9A8)

Columns Quantity Format
1-8 PSHELL (or PBAR, or PSOLID) A8
9-33 Blank
34-41 Property name A8
Note:

1. Thiscardisset upinsuch away that NASBDF for SMUG post processing will
be written correctly.

2. If the NASBDF fileis not required, an arbitrary heading in format 9A8 can be
written.

Material Parameter Cards (IARB=0)
Insert 6 Cards here (8E10.0)

Insert 6 cards here for the desired material type. The material input descriptions are
found on pages Page 3.1.1m to Page 3.nn..1m.where nn refers to the material type.

Material Type i

Columns Quantity Format
Card 3 8E10.0
Card4 8E10.0
Card 5 8E10.0
Card 6 8E10.0
Card7 8E10.0
Card 8 8E10.0
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Solid Element ALE Section Heading (IARB=0)
Define for ALE, Eulerian, or Eulerian ambient Elements Only

Columns Quantity Format

1-72 Section identification 12A6

Solid Element ALE Section Parameter Cards (IARB=0)
Defined for ALE, Eulerian, or Eulerian ambient Elements Only
Card 1 (4E10.0)

Columns Quantity Format

1-10 Smoothing weight factor - Simple average (AFAC) E10.0
EQ.-1: turn smoothing off

11-20 Smoothing weight factor - Volume weighting (BFAC) E10.0

21-30 Smoothing weight factor - |soparametric (CFAC) E10.0

31-40 Smoothing weight factor - Equipotential (DFAC) E10.0

Card 2 (3E10.0)

Columns Quantity Format
1-10 Start time for smoothing E10.0
11-20 End time for smoothing E10.0
21-30 ALE advection factor E10.0
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Solid Element Equation of State Heading (IARB=0)

Columns Quantity Format

1-72 Equation-of-state identification 12A6

Solid Element Equation of State Parameters (IARB=0)
Number of cards depend on the Equation of State type.

Insert cards here for the specified equation-of-state type. The input descriptions are
found on pages 3.1.1e to 3.11.1e which follows page 3.60.1m.

Columns Quantity Format
Card 3 E10.0
Card4 Defineif required E10.0
Card5 Defineif required E10.0

Structural Beam and Shell Section Heading Card (IARB=0)
Insert 1 Card Here(12A6)
Defined for Beam and Shell Elements Only

Columns Quantity Format

1-72 Cross section identification 12A6
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Section Parameters for Beam Elements (IARB=0)
Cross Section Card 1 of 2 (5E10.0)
Defined for Beam and Truss Elements Only

Columns Quantity Format
1-10 Shear factor, default = 1.0 E10.0
11-20 Quadrature rule for beam cross section. E10.0

See Figure 3.1 below.

EQ.1.0: truss element or discrete beam element
EQ.2.0: 2 x 2 Gauss quadrature (default beam)
EQ.3.0: 3 x 3 Gauss quadrature

EQ.4.0: 3 x 3 Lobatto quadrature

EQ.5.0: 4 x 4 Gauss quadrature

EQ.-n: where |n| isthe number of the user defined rule

21-30 Cross section type for Hughes-Liu beam (BCST) E10.0
EQ.0.0: rectangular
EQ.1.0: tubular
EQ.2.0: arbitrary (user defined integration rule)

31-40 SCOOR, location of triad for tracking the rotation of the discrete
beam, see the parameter CID below. The force and moment
resultants in the output databases are referenced to this triad.
Theflags-3.0, -1.0, 0.0, 1.0, and 3.0 are inactive if the option
to update the local system is activein the CID definition.

EQ.-3.0: beam node 1, the angular velocity of node 1
rotates triad,

EQ.-2.0: beam node 1, the angular velocity of node 1
rotates triad but the r-axisis adjusted to lie along the line
between the two beam nodal points. Thisoption is not
recommended for zero length discrete beams.,,

EQ.-1.0: beam node 1, the angular velocity of node 1
rotates triad,

EQ. 0.0: centered between beam nodes 1 and 2, the
average angular velocity of nodes 1 and 2 is used to rotate

thetriad,

EQ.+1.0: beam node 2, the angular velocity of node 2
rotates triad.

EQ.+2.0: beam node 2, the angular velocity of node 2
rotatestriad. but the r-axisis adjusted to lie dong the line
between the two beam nodal points. Thisoption is not
recommended for zero length discrete beams.

EQ.+3.0: beam node 2, the angular velocity of node 2
rotates triad.

If the magnitude of SCOOR is less than or equal to unit

y then zero length discrete beams are assumed with
infinitestimal separation between the nodes in the
deformed state. For large separations or nonzero length
beams set |SCOOR] to 2 or 3.
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Columns Quantity Format

41-50 NSM, nonstructural mass per unit length. E10.0

Note: Thiscard isblank for the type 2 Belytschko-Schwer beam only.
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Figure 3.1. Location of the integration points in the Hughes-Liu beam element.
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Beam Cross Section Card 2 of 2 (6E10.0)
Defined for the Types 1, 4, 5, 7, 8, and 9 Beam Elements

Columns Quantity Format
1-10 Beam thickness (BCST=0.0, 2.0) or outer diameter E10.0
(BCST =1.0) in sdirection at node n1 see Figure 3.2)
11-20 Beam thickness (BCST=0.0, 2.0) or outer diameter E10.0
(BCST =1.0) in sdirection at node np
21-30 Beam thickness (BCST=0.0, 2.0) or inner diameter E10.0
(BCST =1.0) int direction at node ny
31-40 Beam thickness (BCST=0.0, 2.0) or inner diameter E10.0
(BCST =1.0) int direction at node np
41-50 Location of reference surface normal to saxis (Hughes-Liuonly) E10.0
EQ.1.0: sideat s=1
EQ.0.0: center
EQ.-1.0: sideat s==-1.0
51-60 Location of reference surface normal to t axis (Hughes-Liuonly)  E10.0
EQ.1.0: sideatt=1
EQ.0.0: center

EQ.-1.0: sideat t=-1.0

Beam Cross Section Card 2 of 2 (5E10.0)
Defined for Beam Types 2 and 3 only

Columns Quantity Format
1-10 Cross-sectional area, A E10.0
11-20 lss E10.0
21-30 lit E10.0
31-40 lr (J) E10.0
41-50 Shear area, As E10.0

For the truss element, define the cross-sectional area, A, and leave columns 11- 80 blank.
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Beam Cross Section Card 2 of 2 (8E10.0)
Define for the Discrete 3D Beam (Type 6 only)

Columns Quantity Format

1-10 Volume of discrete beam. If the mass density of the material E10.0
model for the discrete beam is set to unity, the magnitude of
the lumped mass can be defined here instead. This lumped
mass is partitioned to the two nodes of the beam element.
The trandational time step size for the type 6 beam is dependent
on the volume, mass density, and the trandational stiffness values,
so it isimportant to define this parameter. Defining the volume
isalso essential for mass scaling if the type 6 beam controls the
time step size.

11-20 Mass moment of inertiafor the six degree of freedom discrete E10.0
beam. Thislumped inertiais partitioned to the two nodes of
the beam element. The rotational time step size for the type 6
beam is dependent on the lumped inertia and the rotational
stiffness values, so it isimportant to define this parameter if
therotational springs are active. Defining the rotational inertia
is also essential for mass scaling if the type 6 beam rotational
stiffness controls the time step size.

21-30 CID, Coordinate system ID for orientation, materials type ID E10.0
(67-69, 93, 95)
EQ.O: local coordinate system is aligned with global axes

31-40 Cable area, materia type D (71) E10.0
41-50 Offset for cable, material type ID (71) E10.0
51-60 r-rotational constraint for local coordinate system E10.0

EQ.0.0: coordinate ID rotates about r-axis with nodes
EQ.1.0: rotation is constrained about the r-axis

61-70 s-rotational constraint for local coordinate system E10.0
EQ.0.0: coordinate ID rotates about s-axis with nodes
EQ.1.0: rotation is constrained about the s-axis

71-80 t-rotational constraint for local coordinate system E10.0
EQ.0.0: coordinate ID rotates about t-axis with nodes
EQ.1.0: rotation is constrained about the t-axis

Negative values for the cable offset will make the cable slack in its initial
configuration. Positive values will induce a tensile force when the calculation begins.
Negative offset values that exceed the length of the cable will reset internally to the cable
length. Nodal masses are found by dividing the product of the volume and the density of
the element by the number of nodal points defining the connectivity.

The local coordinate system rotates as the nodal point that define the beam rotate.
In some cases this may lead to unexpected resultsif the nodes undergo significant rotation.
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The third node, i.e., the reference node,

must be unique to each beam element if the
coordinate update option isused on Control
Card 18, col. 36-40. n

3

HUGHES-LIU AND
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nodes should be close or
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material model types 66-68.
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SS

v

Figure3.2. LS-DYNA beam elements: (a) 2-noded beam element, (b) discrete beam
element, and (c) spot weld element. The beam spot weld elements must
originate at the shell mid-surface for automatic tying with type 7 constraint
contact. If the spot weld cross section is circular the orientation node is
optional though necessary if the s and t directions are important.
Attachments of the spot weld elements to rigid body nodes are permitted but
not with type 7 constraint contact.
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Section Parameters for Shell Elements (IARB=0) (8E10.0)
Define for Shell and Membrane Elements

Card 1 of 2
The following cards are defined for 4 node shell, 8-node brick shells, and
membrane elements.
Columns Quantity Format
1-10 Shear factor (default = 1.0) E10.0
11-20 Number of through shell thickness integration points, NIP E10.0

The location of the Gauss and L obatto integration points are
listed in Table 3.1 below. Gauss quadrature isthe default, but
the default can be changed on the optiona card for control
card 12.

EQ.1.0: 1 point (membrane)

EQ.2.0: 2 point

EQ.3.0: 3 point

EQ.4.0: 4 point

EQ.5.0: 5 point

EQ.6.0: 6 point

EQ.7.0: 7 point

EQ.8.0: 8 point

EQ.9.0: 9 point

EQ.10.: 10 point

GT.10.: trapezoidal or user defined rule
Through thickness integration for the two-dimensional
elements (shell types 11-15) is not meaningful;
consequently, the default is equa to 1 integration point.
Fully integrated two-dimensional elements are available
for options 13 and 15 by setting NIP equal to avalue of
4 corresponding to a 2 by 2 Gaussian quadrature.

21-30 Printout option E10.0
EQ.1.0: average resultants and fiber lengths
EQ.2.0: resultants at plan points and fiber lengths
EQ.3.0: resultants, stresses at all points, fiber lengths
31-40 Quadraturerule E10.0
LT.0.0: absolute valueis specified rule number
EQ.0.0: Gauss (up to five points are permitted)
EQ.1.0: trapezoidal
41-50 Simple average weight factor for ALE element smoothing E10.0
EQ.-1: turn smoothing off.
51-60 Volume weight factor for ALE element smoothing E10.0
61-70 | soparametric weight factor for ALE element smoothing E10.0
71-80 Equipotential weight factor for ALE element smoothing E10.0
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GAUSS INTEGRATION RULE

NUMBER OF GAUSS POINT 1 POINT 2 POINT 3 POINT 4 POINT 5 POINT
#1 .0 -.5773503 .0 -.8611363 .0
#2 +.5773503 | -.7745967 | -.3399810 | -.9061798
#3 +.7745967 | +.3399810 | -.5384693
#4 +.8622363 | +.5384693
#5 +.9061798

NUMBER OF GAUSS POINT 6 POINT 7 POINT 8 POINT 9 POINT 10 POINT
#1 -.9324695 | -.9491080 | -.9602896 | -.9681602 | -.9739066
#2 -.6612094 | -.7415312 | -.7966665 | -.8360311 | -.8650634
#3 -.2386192 | -.4058452 | -.5255324 | -.6133714 | -.6794096
#4 +.2386192 .0 -.1834346 | -.3242534 | -.4333954
#5 +.6612094 | +.4058452 | +.1834346 0.0 -.1488743
#6 +.9324695 | +.7415312 | +.5255324 | +.3242534 | +.1488743
#7 +.9491080 | +.7966665 | +.6133714 | +.4333954
#8 +.9602896 | +.8360311 | +.6794096
#9 +.9681602 | +.8650634
#10 +.9739066

Table 3.1a. Location of through thickness Gauss integration points. The coordinate is
referenced to the shell midsurface at location 0. The inner surface of the shell
isat -1 and the outer surfaceisat +1.
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LOBATTO INTEGRATION RULE

NUMBER OF GAUSS POINT 3 POINT 4 POINT 5 POINT
#1 .0 -1.0 .0
#2 -1.0 -.4472136 -1.0
#3 +1.0 +.4472136 | -.6546537
#4 +1.0 +.6546537
#5 +1.0

NUMBER OF GAUSS POINT 6 POINT 7 POINT 8 POINT 9 POINT 10 POINT
#1 -1.0 -1.0 -1.0 -1.0 -1.0
#2 -.7650553 | -.8302239 | -.8717401 | -.8997580 | -.9195339
#3 -.2852315 | -.4688488 | -.5917002 | -.6771863 | -.7387739
#4 +.2852315 .0 -.2092992 | -.3631175 | -.4779249
#5 +.7650553 | +.4688488 | +.2092992 .0 -.1652790
#6 +1.0 +.8302239 | +.5917002 | +.3631175 | +.1652790
#7 +1.0 +.8717401 | +.6771863 | +.4779249
#8 +1.0 +.8997580 | +.7387739
#9 +1.0 +.9195339
#10 +1.0

Table 3.1b. Location of through thickness L obatto integration points. The coordinate is
referenced to the shell midsurface at location 0. The inner surface of the shell

isat -1 and the outer surfaceisat +1.

Shell Cross Section Card 2 of 2 (8E10.0)

Insert ablank card here if the material definitionisfor athick (8-node) shell.

Columns Quantity Format
1-10 Shell thickness at node n; (See Figure 3.4) E10.0
11-20 Shell thickness at node ny E10.0
21-30 Shell thickness at node n3 E10.0
31-40 Shell thickness at node n4 E10.0
41-50 Location of reference surface (Hughes-Liu shell theory only) E10.0

EQ.1.0: top surface
EQ. 0.0: midsurface (default for Hughes-Liu and

mandatory for Belytschko-Tsay)

EQ.-1.0: bottom surface
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Columns Quantity Format
41-50 Equilibrium weight factor for ALE element smoothing E10.0
51-60 Start time for ALE element smoothing E10.0
61-70 End time for ALE element smoothing E10.0
71-80 ALE advection factor E10.0

The thickness values can be overridden on the el ement cards; i.e. the above values
areused if and only if the thickness values are zero on the element cards.
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Material Angle Cards (8E£10.0)

Define the following cards if required by the constitutive model. Include as many
cards as necessary. Anglesare in degrees.

Columns Quantity Format
1-10 1 material angle at first integration point E10.0
11-20 B2 material angle at second integration point E10.0
21-30 B3 material angle at third integration point E10.0
71-80 Bs material angle at eighth integration point E10.0

VDA Surface for Rigid Part (IARB=0)
Optional Material Cards for VDA Surface Definition 12 (A80)

Define the following card if required by the Type 20 material input flag. See
Section 3.20m.

Card 1 (A80)

Columns Quantity Format

1-80 VDA surface alias name (less than 12 characters) A80
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Contact Entity Mesh for Rigid Part (IARB=0)
Optional Cards for CONTACT ENTITY Mesh Generation 12 (A80)

Define the following three cards if required by the type 20 materia input flag. See Section
3.20m. This data follows the Section data. If more than one entity is defined with the
part, then define 3 cards for each entity to be generated, (Card 3, Cols. 71-80 for the
type 20 material definition).

Entity Generation Card 1 of 3

(6E10.0)

Columns Quantity Format
1-10 X-center, X¢ E10.0
11-20 y-center, yc E10.0
21-30 Z-center, zc E10.0
31-40 x-direction for local axis X’, Ax E10.0
41-50 y-direction for loca axis X’, Ay E10.0
51-60 z-direction for local axis X’, Az E10.0

Entity Generation Card 2 of 3

(3E10.0)

Columns Quantity Format
1-10 x-direction for local axisY’, By E10.0
11-20 y-direction for local axis Y’, By E10.0
21-30 z-direction for local axisY’, B, E10.0

(Xe» Ye, Zc) positions the local origin of the geometric entity in global coordinates. The
entity’s local X’-axisis determined by the vector (Ax, Ay, A7) and the local Y’-axis by the
vector (B, By, By).

Cards 1 and 2 define alocal to global transformation. The geometric contact entities
are defined in alocal system and transformed into the global system. For the ellipsoid this
IS necessary because it has a restricted definition for the local position. For the plane,
sphere, and cylinder the entities can be defined in the global system and the transformation
becomes (Xc, Ye, 2c)=(0,0,0), X'=(Ax, Ay, Az)=(1,0,0), and Y’=(Bx, By, Bz)=(0,1,0).
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Entity Generation Card 3 of 3

(215,7E10.0)
Columns Quantity Format
1-5 Entity types available for mesh generation 15
EQ.1: infinite plane

EQ.2: sphere

EQ.3: infinite cylinder

EQ.4: hyperellipsoid

EQ.5: torus

EQ.10: finite plane

EQ.11: load curve defining line

6-10 In-out flag (This flag may be ignored here.) 15
EQ.O: dave nodes exist outside of the entity
EQ.1: dave nodes exist inside the entity

11-20 Entity coefficient g1 E10.0
21-30 Entity coefficient g E10.0
31-40 Entity coefficient g3 E10.0
41-50 Entity coefficient g4 E10.0
51-60 Entity coefficient g5 E10.0
61-70 Entity coefficient gg E10.0
71-80 Entity coefficient g7 E10.0
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IGTYPE=1. gl=PX g4 = Qx
92 =Py 95 = Qy
g3="Pz g6=Qz
g/=L

A sguare plane of length L on each edge is generated which represents the infinite plane.

IGTYPE=2: gl1=PX gd=r
g2 = Py
g3="Pz

IGTYPE=3: gl=PX g4 = Qx
92 =Py 95 = Qy
g3="Pz g6=Qz
gr/=r

A cylinder of length  Qx® + Qy* + QZ* and radiusr is generated which represents the
infinite cylinder.

IGTYPE=4: gl=PX gd=a
g2 =Py g5="b
g3="Pz g6=c

g7 = n (order of the ellipsoid, default=2)

IGTYPE=5: ¢l = Radiusof torus
g2=r
g3 = Number of elements about the minor circumference (default=10)
g4 = Number of elements about the major circumference (default=20).

IGTYPE=8: gl =Blank thickness (option to override true thickness)
g2 = Scale factor for true thickness (optional)
g3 = Load curve ID defining thickness versus time. (optional)

IGTYPE=9: g1 = Shell thickness (option to override true thickness)
g2 = Scale factor for true thickness (optional)
g3 = Load curve ID defining thickness versus time. (optional)

IGTYPE=10: ¢l =Length of edgeaong X’ axis
g2 = Length of edgealong Y’ axis

IGTYPE=11: gl =Load curvelD defining axisymmetric surface profile about Z’-axis
g2 = Number of elements about the circumference (default=10)
93 = Number of elements along the axis (default=20).
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Figure 3.4.

ng

LS-DYNA shell elements. Counterclockwise node numbering determines
the top surface.
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Optional Erosion Model For Solid Elements (IARB=0)
Define if and only if IDAMAGE=1, see Card 1, Columns 21-22

Many of the consitutive models in LS-DYNA do not allow failure and erosion.
This option provides a way of including failure in these models athough the option can
also be applied to constitutive models with other failure/erosion criterion. Each of the
criterion defined here are applied independently, and once any one of them is satisfied, the
element is deleted from the calculation. Individual criteria may be eliminated from the
failure model by assigning the associated constants the value of the user-specified exclusion
number. This failure criterion only works with solid elements, which have one point
integration, in two and three dimensions.

If a user intends to alter the failure criteriain a full-deck restart, the user should
specify large values for the failure criteriain the initial input so that the strains and Tuler-
Butcher integral will be written to the restart files.

Thecriteriafor failure are;

1. P2>=P, whereP isthe pressure (positive in compression), and P is the

min min

pressure at failure.

2. 0,20,,,Where o, is the maximum principal stress, and o,,,.is the
principal stress at failure.

“;‘3 ' j— ' . . J—
3. 30,0, 20,,, where g; arethe deviatoric stress components, and &,

isthe equivalent stress at failure.

4. & 2¢€.,, Where g is the maximum principal strain, and ¢, is the
principal strain at failure.

5 ¥,27.. Where y, is the shear strain, and y,,, is the shear strain at
failure.

6. The Tuler-Butcher [1968] criterion,
_[Ot[max(o, o, —o,)Pdt =K.,

where o, is the maximum principal stress, o, is a specified threshold

stress, 0, 20,20, and K; isthe stress impulse for failure. Stress values

below the threshold value are too low to cause fracture even for very long
duration loadings.
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Failure Card 1 of 5

(E10.0)

Columns

Quantity

Format

1-10

X, the exclusion number.

E10.0

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 amaterial from going into tension, the user should specify an unusual

value for the exclusion number, e.g., 1234., set P . to 0.0 and all the remaining constants

t0 1234. Thedefault valueis 0.0, which eliminates all criteriafrom consideration that have
their constants set to 0.0 or left blank in the input file.

Failure Card 2 of 5

(E10.0)
Columns Quantity Format
1-10 P.n, the pressure at failure E10.0

Failure Card 3 of 5

(2E10.0)
Columns Quantity Format
1-10 O ax» theprincipal stress at failure E10.0
11-20 0 .- the equivalent stress at failure E10.0
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Failure Card 4 of 5

(2E10.0)

Columns Quantity Format
1-10 € -the principal strain at failure E10.0
11-20 Y max» the shear strain at failure E10.0

Failure Card 5 of 5
(2E10.0)

Columns Quantity Format
1-10 0, pecified threshold stress E10.0
11-20 K, , the stressimpulse for failure E10.0
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INPUT SECTION FOR IARB=1 (CONTROL CARD 11, COLUMN 15)

Part Definition Control Cards (IARB=1)

(315)

Columns Quantity Format
1-5 Number of constitutive model definitions 15
6-10 Number of equation-of-state definitions 15
11-15 Number of cross-section property definitions 15

Define the number of constitutive model definitions specified above. Each set
consists of the following card plus cards 2-8 above corresponding to the material model

type.

For the"MLARG" format two cards are used. The constitutive model ID isthefirst
item followed by parameters for the automatic contact. The second card is as for the small
format with columns 1 to 5 blank.

Additional Card for MLARG option (110,7E10.0)

Columns Quantity Format

1-10 Arbitrary number, 1D, identifying the constitutive model 110
LE: NMMAT if consecutive node, element and material
ISsare used. i.e., NSORT (control card 11, column 10)
equals zero
LE: 99999999 if arbitrary node, element, and materia 1Ds
areused, i.e,, NSORT equals 1 for arbitrary numbering

The following parameters may be defined by part ID for automatic single surface contact:

11-20 Static coefficient of friction E10.0
EQ:0.0: set to default

21-30 Dynamic coefficient of friction E10.0
EQ:0.0: set to default

31-40 Exponentia decay coefficient E10.0

EQ:0.0: set to default
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Columns Quantity Format
41-50 Viscous friction coefficient E10.0
EQ:0.0: set to default
51-60 Optional contact thickness E10.0
EQ: 0.0: set to default
61-70 Optional thickness scale factor E10.0
EQ:0.0: st to default
71-80 Local penalty scalefactor E10.0

EQ:0.0: set to default

Card 2 (215,E10.0,110,E10.0,15,2E10.0) or
(110),(5X,15,E10.0,110,E10.0,15,2E10.0) for MLARG

Columns Quantity Format
1-5 Arbitrary number, ID, identifying the constitutive model 15
6-10 Materia type, MT. The numbersin bracketsidentify theelement 15

types for which the material is available: O-solids, 1H-Hughes-
Liu beam, 1B-Belytschko beam,11-Belytschko integrated
beams, 1T-truss, 1D-discrete beam, 2-shells, and 3-thick
shells.

EQ. 1. eastic/smplefluid [0,1H, 1B, 1I, 1T ,2,3]

EQ. 2: orthotropic elastic [0,2,3]

EQ. 3: kinematic/isotropic plasticity [0,1H, 1I, 1T,2,3]

EQ. 4. thermo-elastic-plastic [0,1H,2,3]

EQ. 5: soil and crushable foam [0]

EQ. 6: linear viscoelastic [0,1H]

EQ. 7: rubber [0,2]

EQ. 8: high explosive burn [O]

EQ. 9: null materia [0,1H,1B,1T,2]

EQ.10: elastoplastic hydrodynamic [O]

EQ.11: temperature dependent elastoplastic [O]

EQ.12: isotropic elastoplastic [0,2,3]

EQ.13: isotropic elastoplastic with failure [0]

EQ.14: soil and crushable foam with failure [O]

EQ.15: Johnson/Cook plasticity model [0,2]

EQ.16: pseudo TENSOR geological mode [O]

EQ.17: elastoplastic with fracture [O]

EQ.18: power law isotropic plasticity [0,1H,2]

EQ.19: strain rate dependent plasticity [0,2,3]

EQ.20: rigid [0,1H,1B,1T,2,3]

EQ.21: thermal orthotropic with 12 constants [0,2,3]

EQ.22: composite damage model [0,2,3]

EQ.23: thermal orthotropic with 12 curves[0,2,3]

EQ.24: piecewise linear isotropic plasticity [0,1H,2,3]

EQ.25: inviscid, two invariant geologic cap model [O]

EQ.26: orthotropic crushable model [O]
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Columns

Quantity Format

EQ.27:
EQ.28:
EQ.29:
EQ.30:
EQ.31:
EQ.32:
EQ.33:
EQ.34
EQ.35:
EQ.36:
EQ.37;
EQ.38:
EQ.39:

Mooney-Rivlin rubber [0,2]

resultant plasticity [1B,2]

force limited resultant formulation [1B]
shape memory aloy [0]

Frazer-Nash rubber model [0]

composite glass model [2,3]

Barlat anisotropic plasticity model [0,2,3]
fabric model [2]

isotropic/kinematic hardening Green-Naghdi rate [O]
3-parameter Barlat plagticity [2]
anisotropic plasticity [2,3]

compressible foam rubber [0,2]
anisotropic plasticity with FLD [2,3]

EQ.41-50: user defined materials

EQ.51:
EQ.52:
EQ.53:
EQ.54:
EQ.55:
EQ.57;
EQ.60:
EQ.61:
EQ.62:
EQ.63:
EQ.64
EQ.65:
EQ.66:
EQ.67;
EQ.68:
EQ.69:
EQ.70:
EQ.71L:
EQ.72:
EQ.74:
EQ.75:
EQ.76:
EQ.77:
EQ.78:
EQ.79:
EQ.80:
EQ.81:
EQ.86:
EQ.87:
EQ.88:
EQ.90:
EQ.93:
EQ.94:
EQ.95:
EQ.96:
EQ.98:

EQ.99:

temperature and rate dependent plasticity [2,3]
Sandia s damage model [2,3]

Low Density Closed Cell Polyurethane Foam [1]
Composite damage with Chang matrix failure [2]
Like 54 but with Tsay-Wu criterion for matrix failure[2].
Low density urethane foam [0]

viscous glass [0]

Maxwell/Kelvin viscoelastic [0]

viscous foam model [O]

isotropic crushable foam([Q]

rate sensitive powerlaw plasticity [Q]

modified Zerilli-Armstrong [0,2]

linear stiffness/viscous 3D discrete beam [1D]
nonlinear stiffness/nonlinear viscous 3D discrete beam [1D]
nonlinear plastic/linear viscous 3D discrete beam [1D]
Side Impact Dummy damper [1D]

hydraulic/gas damper [1D]

cable[1D]

concrete damage [0]

elastic spring discrete beam [1D]
Bilhku/Dubois foam [0]

General viscodlastic [0]

hyperelastic rubber [O]

soil and concrete [0]

hysteretic soil [Q]

Ramberg-Osgood soil [0]

plastic with damage [2,3]

orthotropic viscoelastic [2]

cellular rubber [0]

MTS[0,2]

acoustic media such as air or water [0]

elastic 6DOF spring discrete beam [1D]

inelastic spring discrete beam [1D]

inelastic 6DOF spring discrete beam [1D]

brittle damage model [0]

Simplified Johnson/Cook plasticity model [0,1,2,3]
Simplified Johnson/Cook damage model [2,3]

EQ.100: spot weld[9B]
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Columns Quantity Format

EQ.103: anisotropic viscoplastic [0,2]

EQ.104: anisotropic viscoplastic damage [0,2]

EQ.105: piecewise linear isotropic plasticity damage
EQ.112: finite elagtic strain, piecewise linear plasticity [O]
EQ.114: layered linear plagticity [2]

EQ.115 Unified Creep [0,2]

EQ.123: modified piecewise linear isotropic plasticity [2.3]
EQ.124: plasticity compression and tension [0,2,3]
EQ.126: orthotropic crushable model [0]

EQ.127: Arruda-Boyce hyperviscoel astic rubber [O]
EQ.128: heart tissue [O]

EQ.129: isotropic lung tissue [O]

EQ.130:specia orthotropic model [2]

EQ.134: viscoelastic fabric [2]

11-20 Mass density E10.0

21-30 Hourglass viscosity type, IHQ (default=1) 110
EQ. 1. standard LS-DY NA viscous form
EQ. 2. Flanagan-Belytschko viscous form
EQ. 3: Flanagan-Belytschko viscous form with
exact volume integration
EQ. 4: Flanagan-Belytschko stiffness form
EQ. 5: Flanagan-Belytschko stiffness from with
exact volume integration

The stiffness forms of the hourglass control can stiffen the
response especialy if deformations are large and therefore
should be used with care. However, the stiffnessform is

often superior in reliability.

31-40 Hourglass coefficient, QH (default = .10). Vauesof QH t E10.0
hat exceed .15 may cause ingtabilities. The recommended
default appliesto all options.

41-45 Bulk viscosity type, IBQ (default=1) 15
EQ. 1. standard LS-DYNA

46-55 Quadratic viscosity coefficient, Q1 (default = 1.5) E10.0

56-65 Linear viscosity coefficient, Q2, (default = .06) E10.0
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Rayleigh Damping by Material (IARB=1)
Optional Card Defined for RDFLAG=1 (Control Card 13) (E10.0)

Columns Quantity Format

1-10 COEF, Rayleigh damping coefficient for stiffness proportional E10.0
damping. Values between 0.01 and 0.25 are recommended.
Higher values are strongly discouraged, and values much
lessthan 0.01 may have little effect.

See the discussion on Rayleigh damping in the IARB=0 Section above.

Part/Material Heading (IARB=1)
Insert 1 Card here (9A8)

Columns Quantity Format
1-8 PSHELL (or PBAR, or PSOLID) A8
9-32 Blank
33-41 Property name A8

Notes:

1. Thiscardisset up in such away that NASBDF for SMUG post processing will
be written correctly.

2. If the NASBDF fileisnot required, an arbitrary heading in format 9A8 can be
written.

Material Parameter Cards (IARB=1)
Insert 6 Cards here (8E10.0)

Insert 6 cards here for the specified material type. The input descriptions are found on
Pages 3.1.1m to 3.60.1m.

Material Type i

Columns Quantity Format
Card 3 E10.0
Card 4 E10.0
Card 5 E10.0
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Columns Quantity Format
Card 6 E10.0
Card 7 E10.0
Card 8 E10.0
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Equation of State Definitions (IARB=1)

Define the number of equation-of-state model definitions specified on the Control
Card above. Each set consists of this card followed by an identification card and the input
corresponding to the specified equation-of-state type.

Columns Quantity Format
1-5 Arbitrary number, 1D, identifying Equation-of-State 15
6-10 Equation-of-state type. Define for material types 8, 9, 10, 11, 15

15, 16, 17, and 18 when these materials are used with solid
materials.

EQ. 1. linear polynomial

EQ. 2. JWL high explosive

EQ. 3: Sack “Tuesday” high explosive

EQ. 4. Gruneisen

EQ. 5: ratio of polynomials

EQ. 6: linear polynomia with energy deposition
EQ. 7: ignition and growth of reactionin HE
EQ. 8: tabulated compaction

EQ. 9: tabulated

EQ.10: propellant deflagration

EQ.11: TENSOR pore collapse

EQ.14: JWLB high explosive

Solid Element Equation of State Heading (IARB=1)

Columns Quantity Format

1-72 Equation-of-state description 12A6

Solid Element Equation of State Parameters (IARB=1)
Number of cards depend on the Equation of State type.

Insert cards here for the specified equation-of-state type. The input descriptions are
found on pages 3.1.1e to 3.11.1e which follows page 3.60.1m.

Columns Quantity Format
Card 3 E10.0
Card4 Defineif required E10.0
Card5 Defineif required E10.0
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Cross Section Definitions (IARB=1)

The section cards are to be grouped in section sets. The section sets are read after
all constitutive model definition are defined. Please note that solid elementstypes 5, 6, and
7 need cross section definitions.

Columns Quantity Format
1-5 Arbitrary number, ID, identifying the cross section 15
6-10 Element type 15

EQ.O: solid
EQ.1: beam
EQ.2: shell
EQ.3: thick shell

Section Heading Card (IARB=1)

Columns Quantity Format

1-72 Cross section description 12A6

Solid Element ALE Section Card (IARB=1)1 of 2 (4E10.0)
Defined for ALE, Eulerian, or Eulerian ambient solid elements Only

Columns Quantity Format
1-10 Smoothing weight factor - Simple average (AFAC) E10.0
EQ.-1: turn smoothing off
11-20 Smoothing weight factor - Volume weighting (BFAC) E10.0
21-30 Smoothing weight factor - Isoparametric (CFAC) E10.0
31-40 Smoothing weight factor - Equipotential (DFAC) E10.0
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Solid Elelement Section Card 2 of 2 (3E10.0)
Defined for ALE, Eulerian, or Eulerian ambient solid elements Only

Columns Quantity Format
1-10 Start time for smoothing E10.0
11-20 End time for smoothing E10.0
21-30 ALE advection factor E10.0

Beam Element Section Card (IARB=1) 1 of 2 (5E10.0)
Define for Beam and Truss Elements

Columns Quantity Format
1-10 Shear factor, default = 1.0 E10.0
11-20 Quadrature rule for beam cross section E10.0

EQ.1.0: trusselement or discrete beam element
EQ.2.0: 2 x 2 Gauss quadrature (default beam)
EQ.3.0: 3x 3 Gauss quadrature

EQ.4.0: 3 x 3 Lobatto quadrature

EQ.5.0: 4 x 4 Gauss quadrature

EQ.-n: where |n| isthe number of the user defined rule

21-30 Cross section type for Hughes-Liu beam (BCST) E10.0
EQ.0.0: rectangular
EQ.1.0: tubular
EQ.2.0: arbitrary (user defined integration rule)

31-40 SCOOR, location of triad for tracking the rotation of the discrete  E10.0
beam, see the parameter CID below. The force and moment
resultants in the output databases are referenced to thistriad.
Theflags-3.0, -1.0, 0.0, 1.0, and 3.0 are inactive if the option
to update the local system isactivein the CID definition.

EQ.-3.0: beam node 1, the angular velocity of node 1
rotates triad,

EQ.-2.0: beam node 1, the angular velocity of node 1
rotatestriad but the r-axisis adjusted to lie along the line
between the two beam nodal points. Thisoption is not
recommended for zero length discrete beams,,

EQ.-1.0: beam node 1, the angular velocity of node 1
rotates triad,

EQ. 0.0: centered between beam nodes 1 and 2, the
average angular velocity of nodes 1 and 2 is used to rotate
thetriad,

EQ.+1.0: beam node 2, the angular velocity of node 2
rotates triad.

LS-DYNA Version 960 341



Material/Part Definitions

Columns Quantity Format

EQ.+2.0: beam node 2, the angular velocity of node 2
rotatestriad. but the r-axisis adjusted to lie along the line
between the two beam nodal points. Thisoption is not
recommended for zero length discrete beams.

EQ.+3.0: beam node 2, the angular velocity of node 2
rotates triad.

If the magnitude of SCOOR is less than or equal to unit
y then zero length discrete beams are assumed with
infinitestimal separation between the nodes in the
deformed state. For large separations or nonzero length
beams set |SCOOR] to 2 or 3.

41-50 NSM, nonstructural mass per unit length. E10.0

Beam Element Section Card 2 of 2 (6E10.0)
Defined for the Types 1, 4, 5, 7, 8, and 9 Beam Elements

Columns Quantity Format
1-10 Beam thickness (BCST=0.0, 2.0) or outer diameter E10.0
(BCST =1.0) in sdirection at node n1 see Figure 3.2)
11-20 Beam thickness (BCST=0.0, 2.0) or outer diameter E10.0
(BCST =1.0) in sdirection at node np
21-30 Beam thickness (BCST=0.0, 2.0) or inner diameter E10.0
(BCST =1.0) int direction at node ny
31-40 Beam thickness (BCST=0.0, 2.0) or inner diameter E10.0
(BCST =1.0) int direction at node np
41-50 Location of reference surface normal to saxis (Hughes-Liuonly) E10.0
EQ.1.0: sideat s=1
EQ.0.0: center
EQ.-1.0: side at s=-1.0
51-60 Location of reference surface normal to t axis (Hughes-Liuonly)  E10.0
EQ.1.0: sideatt=1
EQ.0.0: center

EQ.-1.0: sideat t=-1.0
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Beam Element Section Card 2 of 2 (6E10.0)
Define for the Belytschko Beam or Truss Element

Columns Quantity Format
1-10 Cross-sectional area, A E10.0
11-20 lss E10.0
21-30 It E10.0
31-40 lrr (J) E10.0
41-50 Shear area, Ag E10.0

For the truss e ement, define the cross-sectional area, A, and leave columns 11- 80 blank.

Beam Element Section Card 2 of 2 (6E10.0)
Define for the Discrete 3D Beam

Columns

Quantity Format

1-10

11-20

21-30

31-40
41-50

Volume of discrete beam. If the mass density of the material E10.0
model for the discrete beam is set to unity, the magnitude of
the lumped mass can be defined here instead. This lumped
mass is partitioned to the two nodes of the beam element.
Thetrandational time step size for the type 6 beam is dependent
on the volume, mass density, and the trandational stiffness values,
so it isimportant to define this parameter. Defining the volume
isalso essentia for mass scaling if the type 6 beam controls the
time step size.

Mass moment of inertiafor the six degree of freedom discrete E10.0
beam. Thislumped inertiais partitioned to the two nodes of

the beam element. The rotational time step size for the type 6

beam is dependent on the lumped inertia and the rotationd

stiffness values, so it isimportant to define this parameter if

the rotationa springs are active. Defining the rotationa inertia

isalso essential for mass scaling if the type 6 beam rotationd

stiffness controls the time step size.

CID, Coordinate system ID for orientation, materialstype ID E10.0
(67-69,. 93, 95)

EQ.O: Local coordinate system is aligned with global axes.
Cable area, materia type ID (71) E10.0

Offset for cable, material typeID (71) E10.0
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Columns Quantity Format

51-60 r-rotational constraint for local coordinate system E10.0
EQ.0.0: Coordinate ID rotates about r axis with nodes.
EQ.1.0: Rotation is constrained about the r-axis

61-70 s-rotational congtraint for local coordinate system E10.0
EQ.0.0: Coordinate ID rotates about s axis with nodes.
EQ.1.0: Rotation isconstrained about the s-axis

71-80 t-rotational constraint for local coordinate system E10.0
EQ.0.0: Coordinate ID rotates about t axis with nodes.
EQ.1.0: Rotation is constrained about the t-axis

Negative values for the cable offset will make the cable slack in its initial
configuration. Positive values will induce a tensile force when the calculation begins.
Negative offset values that exceed the length of the cable will reset internally to the cable
length. Nodal masses are calculated from the volume and density of the element.

Thelocal coordinate system rotates as the nodal points that define the beam rotate.
In some cases this may lead to unexpected results if the nodes undergo significant rotation.

Shell Element Section Card (IARB=1) 1 of 2 (4E10.0,15)
Define for Shell and Membrane Elements

Columns Quantity Format
1-10 Shear factor (default = 1.0) E10.0
11-20 Number of through shell thickness integration points, NIP E10.0

EQ.1.0: 1 point (membrane)
EQ.2.0: 2 point
EQ.3.0: 3 point
EQ.4.0: 4 point
EQ.5.0: 5 point

GT.5.0: trapezoidal or user defined rule

21-30 Printout option E10.0
EQ.1.0: average resultants and fiber lengths
EQ.2.0: resultants at plan points and fiber lengths
EQ.3.0: resultants, stresses at all points, fiber lengths

31-40 Quadrature rule E10.0
LT.0.0: absolute valueis specified rule number
EQ.0.0: Gauss (up to five points are permitted)
EQ.1.0: trapezoidal
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Columns Quantity Format

The following additional parameter is defined if and
only if IARB=1 and this cross section is used for a
layered composite model.

41-45 Flag for layered composite material mode, ICOMP 15
EQ.1: amateria anglein degrees) is defined for each

through thickness integration point starting with Section
Card 5.
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Shell Element Section Card 2 of 2 (5E10.0)
Define for Shell and Membrane Elements

Insert ablank card here if the material definition isfor athick (8-node) shell.

Columns Quantity Format
1-10 Shell thickness at node n; (See Figure 3.4) E10.0
11-20 Shell thickness at node ny E10.0
21-30 Shell thickness at node n3 E10.0
31-40 Shell thickness at node n4 E10.0
41-50 Location of reference surface (Hughes-Liu shell theory only) E10.0

EQ.1.0: top surface

EQ.0.0: midsurface (default for Hughes-Liu and
mandatory for Belytschko-Tsay)

EQ.-1.0: bottom surface

The thickness values can be overridden on the element cards, i.e., the above values
areused if and only if the thickness values are zero on the element cards.

The location of the reference surface can be crucial whenever beams, shells, and
solids are interconnected. Often it is desirable to have the beams and shells share a
common reference surface.
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Material Angle Cards (IARB=1) (ICOMP=1)

Define the following cards if required by the constitutive model. Include as many
cards as necessary. Anglesare in degrees.

Columns Quantity Format
1-10 1 material angle at first integration point E10.0
11-20 B2 material angle at second integration point E10.0
21-30 B3 material angle at third integration point E10.0
71-80 Bs material angle at eighth integration point E10.0

Define as many cards as necessary until NIP points are defined.
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Part Set Definitions (IARB=1)

Define the number of cards sets specified in columns 1-5 of the first Control Card.
(Typically, 2 cards are input for each set; but VDA requires 1 additional card and geometric
contact entities requires 3 addtional cards.)

Card 1 (215,12,13,515,2E10.0)
or (2110,12,13,515,2E10.0) for MLARG

Columns Quantity Format
1-5 Part ID 15
6-10 Constitutive model ID 15
21-22 IDAMAGE, damage flag for brick element failure. This 12

option providesa way ot including failure in models that do not
include damage or failure.
EQ.O: inactive
EQ.1. active, define the input after the section and entity
data.

11-15 Equation-of-state ID 15
EQ.O: shells, beams, and most brick materials types.
NE.O: for brick elementsif material type requiresan
eguation of state.

16-20 Cross-section properties ID 15
EQ.O: for brick types 1-4 and 8-10.

21-25 Element formulation if other than default. 15

For brick elements:
EQ.1: constant stress (default)
EQ.2: 8 paint integration
EQ.3: 14 point integration quadratic 8-node brick
EQ.4: 5 point integration quadratic 4-node tetrahedron
EQ.5: 1 point ALE
EQ.6: 1 point Eulerian
EQ.7: 1 point Eulerian ambient
EQ.8: acoustic pressure formulation
EQ.9: 1 point crushable foam element
EQ.10: 1 point tetrahedron
EQ.11: 1 point ALE multi-material element
EQ.12: 1 point integration with single materia and void.
EQ.13: 1 point nodal pressure tetrahedron
EQ.14. 8 point acoustic pressure formulation
EQ.15: 2 point pentrahedron element
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Columns Quantity Format

For beam elements:
EQ.1: Hughes-Liu (default)
EQ.2: Belytschko-Schwer
EQ.3: Truss
EQ.4. Belytschko-Schwer full integration
EQ.5: Belytschko-Schwer tubular beam (user defined
integration rule advised.)
EQ.6: Discrete 3D beam (Use one point integration)
EQ.7: 2D plane strain shell (Use one point integration and x-y plane)

EQ.8: 2D axisymmetric shell (Use one point integration and y-axis of
symmetry)

For 3D shell elements and 2D solid elements:
EQ.1: Hughes-Liu
EQ.2: Belytschko-Tsay
EQ.3: BCIZ triangular shell
EQ.4. Cgtriangular shell
EQ.5: Belytschko-Tsay membrane
EQ.6: S'/R HughesLiu
EQ.7: S/R co-rotational Hughes Liu
EQ.8: Beytschko-Leviathan shell
EQ.9: fully integrated Belyschko-Tsay membrane
EQ.10: Belytschko-Wong-Chiang
EQ.11: Corotational Hughes-Liu
EQ.12: Plane stress 2D element (x-y plane)
EQ.13: Planestrain 2D element (x-y plane)
EQ.14: Axisymmetric Petrov-Galerkin 2D solid (y-axis of symmetry)
EQ.15: Axisymmetric Galerkin 2D solid (y-axis of symmetry)
EQ.16: fully integrated 4 noded shell (very fast)
EQ.17: Fully integrated DKT, triangular shell element ,
EQ.18: Fully integrated linear DK quadrilateral/triangular shell
EQ.31: 1 point Eulerian Navier-Stokes
EQ.32: 8 point Eulerian Navier-Stokes
EQ.33: CVFEM Eulerian Navier-Stokes

For thick shell elements:
EQ.1: single point in plane quadrature
EQ.2: sdectivereduced 2 x 2 in plane quadrature

26-30 Ambient element type. 15
EQ.1: temperature
EQ.2: pressure and temperature
EQ.3: pressure outflow
EQ.4: pressureinflow

31-70 Blank

71-80 FCPARM, flag to redefine contact parmeters 15
EQ.O: no, those defined with the constitutive data are used.
EQ.2: yes
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Card 2 (2A8)

Columns Quantity Format
1-8 PSHELL (or PBAR, or PSOLID) A8
9-32 Blank
33-40 Property name A8

Notes:
1. Thiscardisset up in such away that NASBDF for SMUG post processing will

be written correctly.

. If the NASBDF fileis not required, an arbitrary heading in format 9A8 can be
written.

Optional Card 3 (7E10.0)
Define if and only if FCPARM=1

The following parameters may be defined by part ID for automatic single surface

contact.
Columns Quantity Format

1-10 Static coefficient of friction E10.0
EQ:0.0: st to default

11-20 Dynamic coefficient of friction E10.0
EQ:0.0: set to default

21-30 Exponentia decay coefficient E10.0
EQ:0.0: set to default

31-40 Viscous friction coefficient E10.0
EQ:0.0: set to default

41-50 Optional contact thickness E10.0
EQ: 0.0: set to default

51-60 Optional thickness scale factor E10.0
EQ:0.0: set to default

61-70 Local penalty scale factor E10.0

EQ:0.0: set to default
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VDA Surface for Rigid Part (IARB=1)
(A80)

Define the following optional card if required by the Type 20 material input flag.
See Section 3.20m.

Optional Card (A80)

Columns Quantity Format

1-80 VDA surface alias name (less than 12 characters) A80

Contact Entity Mesh for Rigid Part (IARB=1)
(A80)

Define the following three cards if required by the Type 20 material input flag. See
Section 3.20m. If more than one entity is defined with the part, then define 3 cards
for each entity to be generated, (Card 3, Cols. 71-80 for the type 20 material
definition).

Optional Entity Generation, Card 1 of 3

(6E10.0)

Columns Quantity Format
1-10 X-center, X¢ E10.0
11-20 y-center, yc E10.0
21-30 Z-center, Zc E10.0
31-40 x-direction for local axis X’, Ax E10.0
41-50 y-direction for local axis X', Ay E10.0
51-60 z-direction for local axis X’, A, E10.0

Optional Entity Generation, Card 2 of 3
(3E10.0)
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Columns Quantity Format
1-10 x-direction for local axisY’, By E10.0
11-20 y-direction for local axis Y’, By E10.0
21-30 z-direction for local axisY’, B, E10.0

(Xe» Ye, Zo) positions the local origin of the geometric entity in global coordinates. The
entity’s local X’-axisis determined by the vector (Ax, Ay, Az) and the local Y’-axis by the
vector (By, By, By).

Cards 3 and 4 define alocal to global transformation. The geometric contact entities
are defined in alocal system and transformed into the global system. For the ellipsoid this
is necessary because it has a restricted definition for the local position. For the plane,
sphere, and cylinder the entities can be defined in the global system and the transformation
becomes (Xc, Ye Zc):(0,0,0), X,:(Ax, Ay, Az):(l,0,0), and Y,:(Bx, By, Bz):(o,l,O).

Optional Entity Generation, Card 3 of 3

(215,7E10.0)
Columns Quantity Format
1-5 Entity types available for mesh generation 15
EQ.1: infinite plane

EQ.2: sphere

EQ.3: infinite cylinder

EQ.4: hyperdlipsoid

EQ.5: torus

EQ.10: finite plane

EQ.11: load curve defining line

6-10 In-out flag (this flag may be ignored here) 15
EQ.O: dave nodes exist outside of the entity
EQ.1: dave nodes exist inside the entity

11-20 Entity coefficient g1 E10.0
21-30 Entity coefficient go E10.0
31-40 Entity coefficient g3 E10.0
41-50 Entity coefficient g4 E10.0
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Columns Quantity Format
51-60 Entity coefficient g5 E10.0
61-70 Entity coefficient gg E10.0
71-80 Entity coefficient g7 E10.0

IGTYPE=1. gl=Px g4 = Qx
g2 = Py 95=Qy
g3="Pz g6=Qz
g/=L

A sguare plane of length L on each edge is generated which represents the infinite plane.

IGTYPE=2: gl1=PX gd=r
g2 = Py
g3="Pz

IGTYPE=3: gl=PX g4 = Qx
92 =Py 95 = Qy
g3="Pz g6=Qz
gr=r

A cylinder of length / Qx? + Qy? + Q> and radiusr is generated which represents the
infinite cylinder.

IGTYPE=4:. gl=Px gd=a
g2 =Py g5=b
g3="Pz g6=c

g7 = n (order of the ellipsoid, default=2)

IGTYPE=5: gl=Radiusof torus
g2=r
g3 = Number of elements about the minor circumference (default=10)
g4 = Number of elements about the mgjor circumference (default=20).

IGTYPE=8: gl =Blank thickness (option to override true thickness)
g2 = Scale factor for true thickness (optional)
g3 = Load curve ID defining thickness versus time. (optional)

IGTYPE=9: gl = Shell thickness (option to override true thickness)
g2 = Scale factor for true thickness (optional)
g3 = Load curve ID defining thickness versus time. (optional)

IGTYPE=10: g1 = Length of edgeaong X’ axis
g2 = Length of edgeaong Y’ axis
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IGTYPE=11: gl1=Load curvelD defining axisymmetric surface profile about Z’-axis
g2 = Number of elements about the circumference (default=10)
03 = Number of elements along the axis (default=20).

Optional Erosion Model For Solid Elements (IARB=1)
Define if and only if IDAMAGE=1, see Card 1 of part definition input.

Many of the consitutive models in LS-DYNA do not allow failure and erosion.
This option provides a way of including failure in these models although the option can
also be applied to constitutive models with other failure/erosion criterion. Each of the
criterion defined here are applied independently, and once any one of them is satisfied, the
element is deleted from the calculation. Individual criteria may be eliminated from the
failure model by assigning the associated constants the value of the user-specified exclusion
number. This failure criterion only works with solid elements, which have one point
integration, in two and three dimensions.

If auser intends to alter the failure criteriain a full-deck restart, the user should
specify large values for the failure criteriain the initial input so that the strains and Tuler-
Butcher integral will be written to the restart files.

The criteriafor failure are;

1. P=P,, whereP isthe pressure (positive in compression), and B,;, is the

min

pressure at failure.

in

2. 0,20,,,Where o, is the maximum principal stress, and o,,,.is the
principal stressat failure.

3. |}0,0, 2G,,, where o, arethe deviatoric stress components, and G,
isthe equivalent stress at failure.
4. g =¢€,,, Where g is the maximum principal strain, and ¢, is the

principal strain at failure.

5 ¥,27.. Where y, is the shear strain, and 7, IS the shear strain at
failure.

6. The Tuler-Butcher [1968] criterion,
[Imax(0.0, - oo)FPet 2 K,

where o, is the maximum principal stress, o, is a specified threshold

stress, 0, =20, =0, and K; isthe stress impulse for failure. Stress values

below the threshold value are too low to cause fracture even for very long
duration loadings.
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Material/Part Definitions

Failure Card 1 of 5

(E10.0)

Columns

Quantity

Format

1-10

X, the exclusion number.

E10.0

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 amaterial from going into tension, the user should specify an unusual

value for the exclusion number, e.g., 1234., set P . to 0.0 and all the remaining constants

t0 1234. Thedefault valueis 0.0, which eliminates all criteriafrom consideration that have
their constants set to 0.0 or left blank in the input file.

Failure Card 2 of 5

(E10.0)
Columns Quantity Format
1-10 P.n, the pressure at failure E10.0

Failure Card 3 of 5

(2E10.0)
Columns Quantity Format
1-10 O ax» theprincipal stress at failure E10.0
11-20 0 .- the equivalent stress at failure E10.0
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Material/Part Definitions

Failure Card 4 of 5

(2E10.0)

Columns Quantity Format
1-10 € -the principal strain at failure E10.0
11-20 Y max» the shear strain at failure E10.0

Failure Card 5 of 5
(2E10.0)

Columns Quantity Format
1-10 0, pecified threshold stress E10.0
11-20 K, , the stressimpulse for failure E10.0

3.56
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(Elasticy M aterial Type 1

Constitutive Models
Cards 3,4,5,....,8 (6E10.0)

Material Type 1 (Elastic/Fluid)

Columns Quantity Format
1-10 Card3 Young's modulus (Bulk modulusif Flag=1. in E10.0
columns 11-20 and set Poisson’s ratio to zero. This
appliesto solid elements only.)
The following may be defined for the Belytschko beam:
11-20 Card3 Axia damping factor for Belytschko’'s beam E10.0
21-30 Card3 Bending damping factor for Belytschko's beam E10.0
The following may be defined for the solid elements for fluids:
11-20 Card3 HFag=1.0to eliminate deviatoric stressfor fluid like E10.0
behavior
21-30 Card3 Optiona tensor viscosity coefficient if Flag=1.0. E10.0
31-40 Card 3 Cavitation pressure (default=1.0e+20) if Flag=1.0. E10.0
1-10 Card4 Poisson’sratio
Card5 Blank
Card6 Blank
Card 7 Blank
Card8 Blank

When theflag is set to 1.0 in columns 11-20 on Card 3 fluid like behavior can be

obtained where the bulk modulus, K, and pressure rate, p are given by:

E
=32

p = Ke;i
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Material Type 1 (Elastic)

and the shear modulusis set to zero. Define the bulk modulus since Poisson’sratio is
ignored for Flag=1.0
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(Orthotropic Elasticc Material Type 2

Material Type 2 (Orthotropic Elastic)

Columns Quantity Format
1-10 Card3 E;(seeFigure3.5) E10.0
11-20 Ep E10.0
21-30 Ec E10.0
1-10 Cad4 vpa E10.0
11-20 Vea E10.0
21-30 Veb E10.0
1-10 Cad5 Gy E10.0
11-20 Gbe E10.0
21-30 Gea E10.0

OPTIONAL definition of Cards 3-5 for _brick elements only:
1-10 Card3 C11 (1 correspondsto the a materia direction) E10.0
11-20 C12 E10.0
21-30 C22 E10.0
31-40 C13 E10.0
41-50 C23 E10.0
51-60 C33 E10.0
61-70 Ci4 E10.0
71-80 Cc24 E10.0
1-10 Cad4 C34 E10.0
11-20 C44 E10.0
21-30 C15 E10.0
31-40 C25 E10.0
41-50 C35 E10.0
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Material Type 2 (orthotropic Elastic)

Columns Quantity Format
51-60 C45 E10.0
61-70 C55 E10.0
71-80 C16 E10.0
1-10 Cad5 C26 E10.0
11-20 C36 E10.0
21-30 C46 E10.0
31-40 C56 E10.0
41-50 C66 E10.0
1-10 Card6 Materia axesoption, AOPT E10.0

EQ.0.0: locally orthotropic with material axes
determined by element nodes as shown in Figure
3.5. Cards 7 and 8 are blank with this option.

EQ.1.0: locally orthotropic with material axes
determined by apoint in space and the global location
of the element center. Card 8 below is blank.

EQ.2.0: globally orthotropic with material axes
determined by vectors defined on Cards 7 and 8

EQ.3.0: Thisoption determines locally orthotropic

material axes by offsetting the material axes by an
angle (Card 8) from aline in the plane of the shell

determined by taking the cross product of the vector

defined on Card 7 with the shell normal vector. In
solid e ements the normal vector is normal to the
plane of 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 material axes determined

by the vector defined on Card 7 and the
originating point, P, on Card 8.

11-20 Use reference geometry to initia stresses. Thisoption.  E10.0
appliesto solid elements only.
EQ.0.0: off
EQ.1.0: on
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(Orthotropic Elasticc Material Type 2

Columns Quantity Format
1-10 Card7  Xp, definefor AOPT = 1.0 E10.0
11-20 Yp, define for AOPT = 1.0 E10.0
21-30 Zp, define for AOPT = 1.0 E10.0
1-10 Cad7 @&, definefor AOPT =2.0 E10.0
11-20 ap, definefor AOPT = 2.0 E10.0
21-30 ag, definefor AOPT = 2.0 E10.0
1-10 Card7 v1,definefor AOPT =3.0& 4.0 E10.0
11-20 Vo, define for AOPT =3.0& 4.0 E10.0
21-30 v3, define for AOPT =3.0& 4.0 E10.0
1-10 Card8 dji, definefor AOPT = 2.0 E10.0
11-20 dp, define for AOPT = 2.0 E10.0
21-30 dz, define for AOPT = 2.0 E10.0
1-10 Card8 Materia angle beta, may be overridden on the E10.0

element card (degrees)
1-10 Card8 Py, definefor AOPT = 4.0 E10.0
11-20 Po, define for AOPT = 4.0 E10.0
21-30 P3, define for AOPT = 4.0 E10.0
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Material Type 2 (orthotropic Elastic)

The material law that relates stressesto strainsis defined as;
C=T'CT,

where T is a transformation matrix, and CL is the congtitutive matrix defined in terms of the
material constants of the orthogonal material axes, a b, and c. Theinverseof Ci_ isdefined as

1 % Y o o o
Ea
_Van i Vo 0 0 0
E. E E
Ve Ve i 0 0 0
ci-| B B E .
ot 0 0 O — 0 o0
Gab
1
0 0 0 0O — 0
G 1
0 0 0 O 0 —
L Gca_

Notethat ~ =Yoo Yoo _ Jo Yoo _ The

E, E'E E'E F
For brick elements the upper triangular part of the symmetric matrix C.. can be defined
columnwise to obtain fully anisotropic behavior.
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N, —=a definea and d
AOPT=0.0 AOPT=2.0

XpYpZp

d isparallel to the z-axis

shell efement or middle surface of brick

AOPT=10 dement. AoPT=3.0
% y A Included angleis
| specified in the
axis of X element definition
| Symmetry | r
® | X=vxr
P y=rxx
Z= XXYy=Tr
AOPT=4.0

Figure 3.5. Optionsfor determining principal material axes. (a) AOPT = 0.0, (b) AOPT
=1.0, (c) AOPT = 2.0. Notethat c=axdandthatb=cxa, (d) AOPT =

3.0, and (€) AOPT=4.0 for brick elements.
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Material Type 3 (Kinematic/lsotropic Elastic-Plastic)

Columns Quantity Format
1-10 Card3 Young s modulus E10.0
11-20 Strain rate parameter, C E10.0
21-30 Strain rate parameter, p E10.0
31-40 Formulation for rate effects E10.0

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

point in space and the global location 1-10
Card 4 Poisson’s ratio E10.0
1-10 Card5 Yieldstress E10.0
1-10 Card6 Hardening modulus, Et E10.0
1-10 Card 7 Hardening parameter, 3 E10.0
0<p<1
1-10 Card8 Failurestrain for eroding elements.

Strain rate is accounted for using the Cowper and Symonds model which scales the
yield stress with the factor
OV
1+ [E]
C

where ¢ isthe strain rate. A fully viscoplastic formulation is optional which incorporates
the Cowper and Symonds formulation within the yield surface. An additional cost is
incurred but the improvement is results can be dramatic. To ignore strain rate effects set
both C and p to zero.

Kinematic, isotropic, or a combination of kinematic and isotropic hardening may be
specified by varying B’ between 0 and 1. For 8’ equal to O and 1, respectively, kinematic
and isotropic hardening are obtained as shown in Figure 3.6. For isotropic hardening,
B’ =1, Material Model 12 requires less storage and is more efficient. Whenever possible,
Material 12 is recommended for solid elements but is less accurate for shell elements and its
use may not be advisable.
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Material Type 3 (Kinematic/isotropic Elastic-Plastic)

yied |
stress >

B=0 kinematic hardening

—_—
—_—
P
L —

B=1 isotropic hardening

Figure 3.6. Elastic-plastic behavior with kinematic and isotropic hardening where lg and |
are undeformed and deformed lengths of uniaxia tension specimen.
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Material Type 4 (Thermo-Elastic-Plastic)

Columns Quantity Format
1-10 Card3 T4, temperature E10.0
11-20 To E10.0
71-80 Ts E10.0
1-10 Card4 Ej, Young'smodulusat Tq E10.0
11-20 Eo E10.0
71-80 Eg E10.0
1-10 Cad5 v1, Poisson’'sratioat T1 E10.0
11-20 V2 E10.0
71-80 Vg E10.0
1-10 Card6 oy, coefficient of thermal expansion at T1 E10.0
11-20 o2, E10.0
71-80 og E10.0
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Material Type 4 (Thermo-Elastic-Plastic)

Columns Quantity Format
1-10 Card7 oy, yieldstressat Ty E10.0
11-20 Cy2, E10.0
71-80 Oy8, E10.0
1-10 Card9 Eplastic hardening modulusat T1 E10.0
11-20 C. E10.0
71-80 EY E10.0

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 athermoelastic material is considered, leave Cards 7 and 8 blank.
The coefficient of thermal expansion is defined with respect to the reference temperature at
the beginning of the calculation for that material.
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Material Type 5 (Soil and Crushable/Non-crushable Foam)

Columns Quantity Format
1-10 Card3 Shear modulus E10.0
11-20 Bulk unloading modulus E10.0
21-30 Yidd function constant ag E10.0
31-40 Yidd function constant a; E10.0
41-50 Yidd function constant ap E10.0
51-60 Pressure cutoff for tensile fracture E10.0
61-70 Volumetric crushing option E10.0

EQ.0.0: on

EQ.1.0: loading and unloading paths are the same
71-80 Use reference geometry to initialize pressure. E10.0

EQ.0.0: off

EQ.1.0: on
1-10 Card4 Volumetric strain (see Figure 3.7) E10.0
11-20 Pressure E10.0
21-30 Volumetric strain E10.0
31-40 Pressure E10.0
1-10 Card5 Volumetric gtrain E10.0
11-20 Pressure E10.0
21-30 Volumetric strain E10.0
31-40 Pressure E10.0
1-10 Card8 Volumetric gtrain E10.0
11-20 Pressure E10.0
21-30 Volumetric strain E10.0
31-40 Pressure E10.0
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Material Type 5 (soil and Crushable/Non-crushable Foam)

Pressureis positive in compression. Volumetric strain is given by the natural log of the
relative volume and is negative in compression. The tabulated data should be given in order of
increasing compression. If the pressure drops below the cutoff value specified, it is reset to
that value.

pressure

L oading and unloading follows the input
curve if the volumetric crushing option is
off (Card 3, column 61-70).

The bulk unloading modulusis used
if the volumetric crushing optionis
on (Card 3, column 61-70).

_— b - | -

Figure 3.7. Pressure versus volumetric strain curve for soil and crushable foam model. The
volumetric strain is given by the natural logarithm of the relative volume, V.

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

1
J, = Esﬁ S
pressure, p, and constants ag, a1, and ap as.

0=J,-[a, +ap+ap’]

On theyield surface J, = % 0'5 where oy isthe uniaxial yield stress, i.e.,
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(Soil and Crushable/Non-crushable Foam) M aterial Type 5

o,=[3(a +ap +a,p?)]’

On this surface, there is no strain hardening. For no pressure hardening, a1 = a» = 0, and
(330)¥2 defines the yield strength.

LS-DYNA Version 960 3.5.3m



Material Type 5 (soil and Crushable/Non-crushable Foam)

3.5.4m LS-DYNA Version 960



(Viscoelasticc M aterial Type 6

Material Type 6 (Viscoelastic)

Columns Quantity Format
1-10 Card3 Bulk modulus (elastic) E10.0
1-10 Card4  Short-time shear modulus, Gg E10.0
1-10 Card5 Long-time shear modulus, Ge. E10.0
1-10 Card6 Decay constant, 3 E10.0

Card7 Blank
Card8 Blank

The shear relaxation behavior is described by:

G(t) = Gu + (G — G.) Pt

A Jaumann rate formulation is used

VI t ’
o;=2f , G(t—7)Dj(z)ct

\Y
where the prime denotes the deviatoric part of the stressrate, oij, and the strain rate Dj; .
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Material Type 7 (Blatz - Ko Rubber)

Columns Quantity Format
1-10 Card3 Shear modulus, . E10.0
11-20 Optional Poisson's ratio (see comments below). E10.0
21-30

Use reference geometry to initia stresses. Thisoption.  E10.0
appliesto solid elements only.

EQ.0.0: off

EQ.1.0: on

Card4 Blank

Card8 Blank

The second Piola-Kirchhoff stressis computed as

1 B
S=u (v G-V %_205”)

whereV isthe relative volume, Cjj is the right Cauchy-Green strain tensor, and v is

Poisson’ sratio, which is set to .463 internally. This stress measure is transformed to the
Cauchy stress, ij, according to the relationship

oij = V'L Fik Fji Sk

where Fjj is the deformation gradient tensor.
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Material Type 8 (High Explosive Burn)

This material type models the detonation of ahigh explosive. In addition an equation of
state must be defined (either type 2 or 3).

Columns Quantity Format
1-10 Card3 D, detonation velocity E10.0
11-20 Pcy Chapman-Jouget pressure E10.0
21-30 Beta burn flag, BETA E10.0

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

31-40 K, bulk modulus (BETA=2.0 only) E10.0
41-50 G, shear modulus (BETA=2.0 only) E10.0
51-60 Oy yield stress (BETA=2.0 only) E10.0
Card4 Blank
Card8 Blank

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

P = Fp(V,E)

where p., is the pressure from the equation of state (either types 2 or 3), V istherelative
volume, and E istheinternal energy density per unit initial volume.

In the initialization phase, alighting timet; is computed for each element by dividing
the distance from the detonation point to the center of the element by the detonation velocity

D. If multiple detonation points are defined, the closest detonation point determinest) The
burn fraction F istaken asthe maximum

F =max(F,F,)

where
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Material Type 8 (High Explosive Burn)

2(t—t)D
2(1-1)0A,, if t>t
Fi=1
0 ift<t,
1-V
Fzzﬁ:
1-Vg,

where V, isthe Chapman-Jouguet relative volume and t is current time. If F exceeds 1, it
isreset to 1. Thiscalculation of the burn fraction usually requires several time stepsfor F to

reach unity, thereby spreading the burn front over several elements. After reaching unity, F
is held constant. This burn fraction calculation is based on work by Wilkins [1964] and is
also discussed by Giroux [1973].

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

F=F
and F is not computed.
If programmed burn is used, BETA=2.0, the explosive model will behave as an
elastic perfectly plastic material if the bulk modulus, shear modulus, and yield stress are

defined. Therefore, with this option the explosive material can compress without causing
detonation.
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Material Type 9 (Null Hydrodynamics)

Columns Quantity Format
1-10 Card3 Pressure cutoff (< 0.0) E10.0
11-20 Viscosity coefficient, n E10.0
21-30 Relative volume for erosion in tension E10.0

Typically, use values greater than unity. If zero,
erosion in tension isinactive.

31-40 Relative volume for erosion in compression. E10.0
Typically, use values less than unity. If zero,
€rosion in compression isinactive.

1-10 Card4 Young s modulus (used for null beamsand shellsonly) E10.0
11-20 Poisson’ sratio (used for null beams and shells only) E10.0
Cad5 Blank
Cad8 Blank

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

O = UE j

is computed for nonzero u where e"i,- isthe deviatoric strain rate.

Sometimesit is advantageous to model contact surfaces via shell elementswhich 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 el ement
processing; however, the mass of the null shell elements is computed and added to the
nodal points which define the connectivity, but the mass of null beams isignored. The
Young's modulus and Poisson’s ratio are used only for setting the contact interface
stiffnesses, and it is recommended that reasonabl e values be input.
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Material Type 10 (Isotropic-Elastic-Plastic-Hydrodynamic)

Columns Quantity Format
1-10 Card3  Shear modulus E10.0
11-20 Yield strength, 6o E10.0
21-30 Plastic hardening modulus, Ep E10.0
31-40 Pressure cutoff (< 0.0)

EQ.0.0: acutoff of - is assumed
41-50 Linear pressure hardening coefficient, ag E10.0
51-60 Quadratic pressure hardening coefficient, ap E10.0
61-70 Spall type, ISPALL E10.0
EQ.0.0: default set to “1.0”
EQ.1.0: pressure limit model, p > peut
EQ.2.0: if Omax = -pcut €lement spallsin
tension, p <0, is never alowed
EQ.3.0: p <-pcut element spallsin tension,
p <0, is never allowed
1-10 Card4 Failurestrainfor erosion E10.0
1-10 Card5 g, effective plastic strain E10.0
€2
€3
€4
41-50 €5
71-80 €8 E10.0
1-10 Cad6 €9 E10.0
71-80 €16 E10.0
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M aterial Type 10 (1 sotropic-Elastic-Plastic-Hydr odynamic)

Columns Quantity Format
1-10 Card7 o1, effective stress E10.0
71-80 osg E10.0
1-10 Cad8 o9 E10.0
71-80 o16 E10.0

Whenever Cards 5-8 are blank, the yield stress and plastic hardening modulus are
taken from Card 3. In this case, the bilinear stress-strain curve shown in Figure 3.6. is
obtained with B = 1. Theyield strength is calculated as

o,=0,+E,&" +(a,+ pa,) max[p,0]

The quantity Ep, is the plastic hardening modulus defined in terms of Y oung’s modulus, E,
and the tangent modulus, E; , asfollows

E E
E—E,

E =

and p is the pressure taken as positive in compression.

If Cards 5-8 are used, a curve like that shown in Figure 3.8 may be defined.
Effective stressis defined in terms of the deviatoric stress tensor, s, as.

_ (3 "
G:(Esi Sﬁ)

and effective plastic strain by:

I
g = jt (%DPDP) dt,

0 ij —ij

wheret denotestime and D}’ is the plastic component of the rate of deformation tensor. In
this case the plastic hardening modulus on Card 3 isignored and the yield stressis given as
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(I'sotr opic-Elastic-Plastic-Hydrodynamicy M aterial Type 10

where the value for f(E p) isfound by interpolation from the data curve. In thislatter case
pressure hardening is unavailable.

A choice of three spall modelsis offered to represent material splitting, cracking,
and failure under tensile loads. The pressure limit model, ISPALL=1, limits the
hydrostatic tension to the specified value, peyt. |f pressures more tensile than this limit are
calculated, the pressure is reset to peyt. 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, peut, remains unchanged throughout the analysis. The maximum
principal stress spall model, ISPALL=2, detects spall if the maximum principal stress cmax
exceeds the limiting value -pqyt. Note that the negative sign is required because peyt 1S
measured positive in compression, while omay IS positive in tension. Once spall is detected
with this model, the deviatoric stresses are reset to zero, and no hydrostatic tension (p<0) is
permitted. If tensile pressures are calculated, they are reset to O in the spalled material.
Thus, the spalled material behaves as a rubble or incohesive material. The hydrostatic
tension spall model, ISPALL=3, detects spall if the pressure becomes more tensile than the
specified limit, pcyt. Once spall is detected the deviatoric stresses are reset to zero, and
nonzero values of pressure are required to be compressive (positive). If hydrostatic tension
(p<0) is subsequently calculated, the pressureisreset to O for that el ement.

This model is applicable to a wide range of materials, including those with
pressure-dependent yield behavior. The use of 16 pointsin the yield stress versus effective
plastic strain curve allows complex post-yield hardening behavior to be accurately
represented. In addition, the incorporation of an equation of state permits accurate
modeling of avariety of different materials. The spall model options permit incorporation
of material failure, fracture, and disintegration effects under tensile loads.
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M aterial Type 10 (1 sotropic-Elastic-Plastic-Hydr odynamic)

Piecewise linear curve defining the
yield stress versus effective plastic
strain. A nonzero yield stressis

y defined when the plastic strain is zero.

Figure 3.8. Effective stress versus effective plastic strain curve.
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Material Type 11 (Temperature and Rate Dependent, Elastoplastic,

Hydrodynamic)

Columns Quantity Format
1-10 Cad3 Go E10.0
11-20 (o) E10.0
21-30 B E10.0
31-40 n E10.0
41-50 Yi E10.0
51-60 Ug*, activation energy for rate dependent model E10.0
61-70 C1*, exponent prefactor in rate dependent model E10.0
71-80 Co*, coefficient of drag term in rate dependent model E10.0

1-10 Cad4 om E10.0
11-20 b E10.0
21-30 b’ E10.0
31-40 h E10.0
41-50 f E10.0
51-60 Y p*, Pelerls stress for rate dependent model E10.0
61-70 Y a*, Athermal yield stress for rate dependent model E10.0
71-80 Y max* » work hardening maximum for rate model E10.0

1-10 Card5 A (if = 0.0, R" must be defined) E10.0
11-20 Tmo E10.0
21-30 Yo E10.0
31-40 a E10.0
41-50 Pmin (default=-1.e+30) E10.0

*These optional constants activate the Steinberg-Lund [1989] rate dependent model.
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Material Type 11 (Thermal, Elastoplastic, Hydrodynamic)

Columns Quantity Format
1-10 Card6 Spdl type E10.0
EQ.0.0: default set to “2.0"
EQ.1.0: p > peut

EQ.2.0: if Omax = -pcut €lement spallsin
tension, p <0, is never allowed

EQ.3.0: p <-pcut element spallsin tension,
p <0, is never allowed

11-20 R’ (if R"# 0.0, A is not defined) E10.0
41-50 FLAG = 1.0 for pu coefficients being supplied for cold  E10.0
compression energy fit.
51-60 Optional p or n minimum value E10.0
61-70 Optiona p or 1 maximum value E10.0
1-16 Cad7 ECp E16.0
17-32 EC, E16.0
33-48 ECo E16.0
49-64 EC3 E16.0
65-80 EC4 E16.0
1-16 Cad8 ECs E16.0
17-32 ECs E16.0
33-48 EC E16.0
49-64 ECs E16.0
65-80 ECo E16.0

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 referenceisthe
KOVEC user’s manual.

In terms of the foregoing input parameters, we define the shear modulus, G, before
the material meltsas.

E - _fEj
G=G, 1+bpv%—h(—' E°—300) e /e
3R

where p isthe pressure, V isthe relative volume, E¢ is the cold compression energy:
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¥
eP = t(g Di-pD--p) dt,
3 i

X=1-V,
and Eny, isthe melting energy:
Em (X) = Ec (X) + 3R Tm (X)
which isin terms of the melting temperature T (X):

_ T €Xp (20X)

Tm (X) \Vj 2(7,-a-3)

and the melting temperature at p = po, Tmo-

In the above equation R’ is defined by
rR_FP

A

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

Theyield strength oy is given by:
c,=0, |1+b’pV* -h —E & - 300 e_%"a
Y 3R
if Em exceeds Ej. Here, 6o’ isgiven by:

o, =0, [1+ By + e‘p)]n

where v; is the initial plastic strain. Whenever oo’ exceeds om o0’ is set equal to Gm.
After the materids melts, 6y and G are set to one half their initial value.

If rate effects are included the yield stressis instead given by:

o, ={%(&,.T) +YAf(gp)}G(GL;T>

There are two imposed limits. Thefirst ison the atermal yield stress:
YAf(gp) = YA[1+ By, + gp)]n <Y

and the second is on the therma part:
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Material Type 11 (Thermal, Elastoplastic, Hydrodynamic)

Y, <Y,

If the coefficients ECO,...,EC9 are not defined above, LS-DY NA will fit the cold
compression energy to aten term polynomia expansion:

9 .
E.=) ECn'
i=0
where EC; is the ith coefficient and n = P _1. The least squares method is used to
Po

perform the fit.

A choice of three spall models is offered to represent material splitting, cracking,
and failure under tensile loads. The pressure limit model, ISPALL=1, limits the
hydrostatic tension to the specified value, peyt. |f pressures more tensile than this limit are
calculated, the pressure is reset to peyt. This option is not strictly a spall model, since the
deviatoric stresses are unaffected by the pressure reaching the tensile cutoff, and the
pressure cutoff value, peyt, remains unchanged throughout the analysis. The maximum
principal stress spall model, ISPALL=2, detects spall if the maximum principal stress cmax
exceeds the limiting value -pcyt. Note that the negative sign is required because peyt is
measured positive in compression, while 6may IS positive in tension. Once spall is detected
with this model, the deviatoric stresses are reset to zero, and no hydrostatic tension (p<0) is
permitted. If tensile pressures are calculated, they are reset to 0 in the spalled material.
Thus, the spalled material behaves as a rubble or incohesive material. The hydrostatic
tension spall model, ISPALL=3, detects spall if the pressure becomes more tensile than the
specified limit, pcyt. Once spall is detected the deviatoric stresses are reset to zero, and
nonzero values of pressure are required to be compressive (positive). If hydrostatic tension
(p<0) is subsequently calculated, the pressure is reset to O for that element.

This model is applicable to a wide range of materials, including those with
pressure-dependent yield behavior. The use of 16 pointsin the yield stress versus effective
plastic strain curve allows complex post-yield hardening behavior to be accurately
represented. In addition, the incorporation of an equation of state permits accurate
modeling of avariety of different materials. The spall model options permit incorporation
of material failure, fracture, and disintegration effects under tensile loads.
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Material Type 12 (lIsotropic-Elastic-Plastic)

Columns Quantity Format
1-10 Card3 Shear modulus E10.0
11-20 Yield stress (see Figure 3.6) E10.0
21-30 Hardening modulus E10.0
1-10 Card4 K, bulk modulus E10.0

Card5 Blank
Card8 Blank

Here the pressure isintegrated in time

Y
P Vv

whereV isthe reative volume. Thismode is recommended for brick elements but not for
shell dements sinceit is not too accurate.
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Material Type 13 (Elastic-Plastic with Failure Model)

Columns Quantity Format
1-10 Card3  Shear modulus E10.0
11-20 Yield stress (see Figure 3.6) E10.0
21-30 Hardening modulus E10.0
31-40 Failure strain E10.0
41-50 Failure pressure(< 0.0) E10.0
1-10 Card4 Bulk modulus E10.0
1-10 Card5 Element remova option E10.0
EQ.0.0: failed element eroded after failure
NE.0.0: element is kept, no removal except by At
below

1-10 Card6 Ddtatfor element remova E10.0
REM: element erosion option
EQ.0.0: Atisnot considered. Default
NE.O.0: element eroded if element time step size
fallsbelow At

Card8 Blank

When the effective plastic strain reaches the failure strain or when the pressure
reaches the failure pressure, the element loses its ability to carry tension and the deviatoric
stresses are set to zero, i.e., the material behaveslike afluid. If Deltat for element removal
is defined the element removal option isignored.
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Material Type 13 (Elastic-Plastic with Failure Model)
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Soil and Crushable Foam with Failure Model) M aterial Type 14

Material Type 14 (Soil and Crushable Foam with Failure Model)

The input for this model is the same as for Material Type 5; however when the
pressure reaches the failure pressure the element loses its ability to carry tension.
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Material Type 14 (soil and Crushable Foam with Failure Model)
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Material Type 15 (Johnson/Cook Strain and Temperature Sensitive

Plasticity)

Columns Quantity Format
1-10 Cad3 G E10.0
11-20 A E10.0
21-30 B E10.0
31-40 n E10.0
41-50 C E10.0
51-60 m E10.0
61-70 Melt temperature, Ty, E10.0
71-80 Room temperature, T, E10.0
1-10 Cad4 ¢o E10.0
11-20 Specific heat E10.0
21-30 Pmin or failure stress, op E10.0
31-40 Spall Type E10.0

EQ.0.0: default set to “2.0"

EQ.1.0: p= pmin

EQ.2.0: if omax = op element spalls and
tension, p <0, is never allowed

EQ.3.0: if p < pmin €element spalls and tension,
p <0, is never allowed

41-50 Plastic strain iteration flag E10.0
EQ.1.0: accurate iterative solution for plastic
strain. Much more expensive than default.

1-10 Card5 Dy, failure parameter E10.0
11-20 D2 E10.0
21-30 D3 E10.0
31-40 Dy E10.0
41-50 Ds E10.0
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Material Type 15 (Johnson/Cook Plasticity)

Columns Quantity Format
Cad6 Blank E10.0
1-10 Card8 E, Young s Modulus (Shell elements only) E10.0
11-20 v, Poisson’ sratio (Shell elements only) E10.0
21-30 tf, time step size for automatic element deletion E10.0

(Shell elements only)

31-40 Formulation for rate effects E10.0
EQ.0.0: Scaleyield stress (default)
EQ.1.0: Viscoplastic formulation

Johnson and Cook express the flow stress as
o, :(A+ BE"")(1+ clne )(1—T>x<m)
where
A, B, C, n, and m = input constants
e’ = effective plagtic strain
- p
gx= 2 effective plastic strain ratefor €0 =1s™*
€o

T* = homologous temperature = T~ Tioom

melt Troom
Constants for a variety of materials are provided in [Johnson and Cook 1983]. A fully
viscoplastic formulation is optional (Card 8, Columns 31-40) which incorporates the rate
eguations within the yield surface. An additional cost isincurred but the improvement is
results can be dramatic.

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

The strain at fractureis given by
e'=[D, +D, exp D, a*][1+ D, In¢ ] [1+ D, T']

where ¢* isthe ratio of pressure divided by effective stress
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Fracture occurs when the damage parameter

reaches the value of 1.

A choice of three spall modelsis offered to represent material splitting, cracking,
and failure under tensile loads. The pressure limit model limits the minimum hydrostatic

pressure to the specified value, p= p,,,. If pressures more tensile than this limit are

calculated, the pressureisreset to p.,,. Thisoption is not strictly a spall model since the
deviatoric stresses are unaffected by the pressure reaching the tensile cutoff and the
pressure cutoff value p,;, remains unchanged throughout the analysis. The maximum

principal stress spall model detects spall if the maximum principd stress, o, , exceeds the
limiting value o,. Once spall 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 O 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 is detected, the deviatoric stresses are set to zero and the
pressure is required to be compressive. If hydrostatic tension is calculated then the
pressureisreset to O for that element.

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

At Generally, At goes down as the element becomes more distorted. To assure

stability of time integration, the global LS-DY NA 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, . has fallen below the specified minimum time

step, At,,,. Elementswhich are severely distorted often indicate that material has failed and

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

Material type 15 is applicable to the high rate deformation of many materials including
most metals. Unlike the Steinberg-Guinan model, the Johnson-Cook model remains valid
down to lower strain rates and even into the quasistatic regime. Typical applications
include explosive metal forming, ballistic penetration, and impact.
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(Pseudo TENSOR Concrete/Geological Model) M aterial Type 16

Material Type 16 (Pseudo TENSOR Concrete/Geological Model)

Materia Type 16 was developed to provide concrete and geological material
modeling capabilities.

Columns Quantity Format
1-10 Card3 v (constant Poisson’sratio model) or -G (constant E10.0
shear modulus model)
11-20 Maximum principal stressfailure, o, E10.0
21-30 Cohesion (&) E10.0
31-40 Pressure hardening coefficient (ap) E10.0
41-50 Pressure hardening coefficient (ap) E10.0
51-60 Damage scaling factor by E10.0
61-70 Cohesion for failed materia (aof) E10.0
71-80 Pressure hardening coefficient for failed materia (af) E10.0
1-10 Card4  Percent reinforcement, f,, (0< f, <100%) E10.0
11-20 Elastic modulus for reinforcement E10.0
21-30 Poisson’ sratio for reinforcement E10.0
31-40 Initial yield stress E10.0
41-50 Tangent modulus E10.0
51-60 N1, curve ID giving rate sensitivity for principal material  E10.0
61-70 N2, curve ID giving rate sensitivity for reinforcement E10.0
1-10 Card5 ¢ effective plastic strain or pressure, p1, or damage, A1 E10.0
71-80 €8 OF P8 OF A8 E10.0
1-10 Card6 €9o0rpor A9 E10.0
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Columns Quantity Format
71-80 €16 Or P16 Or A16 E10.0
1-10 Card7 my, scalefactor or yield stress, 61 E10.0
71-80 Mg Or Cg E10.0
1-10 Card8 mgorocg E10.0
71-80 N16 OF G16 E10.0

This model can be used in two major modes - asimple 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 N1 istaken 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 |. Tabulated Yield Stress Versus Pressure

Thismodel iswell suited for implementing standard geologic models like the Mohr-
Coulomb yield surface with a Tresca limit, as shown in Figure 3.9. Examples of
converting conventional triaxial compression data to this type of model are found in (Desai
and Siriwardane, 1984). Note that under conventional triaxial compression conditions, the

LS-DY NA input corresponds to an ordinate of o, — o, rather than the more widely used
0,03

, Where o, is the maximum principal stress and o, is the minimum principal
stress.

This material combined with equation-of-state type 9 (saturated)has been used very
successfully to model ground shocks and soil-structure interactions at pressures up to
100kbars (approximately 1.5 x 106 psi).
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Figure 3.9. Mohr-Coulomb surface with a Tresca limit.

To invoke Mode | of this model, set ag, a1, a2, b1, apf, and ajs to zero. The
tabulated values of pressure should then be specified on cards 5 and 6, and the
corresponding values of yield stress should be specified on cards 7 and 8. The parameters
relating to reinforcement properties, initia yield stress, and tangent modulus are not used in
this response mode, and should be set to zero.

Simple tensile failure

Note that a;f isreset internally to 1/3 even though it isinput as zero; thisdefinesa
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(o,) in the element exceeds the tensile cut-off (o). For every

time step that o, > 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 failed
curve. Theonly way to inhibit thisfeatureisto set o, arbitrarily large.

cut

Response Mode II. Two Curve Model with Damage and Failure

This approach uses two yield versus pressure curves of the form

P
a+ap
The upper curveis best described as the maximum yield strength curve and the lower curve

isthefailed material curve. There are avariety of ways of moving between the two curves
and each is discussed below.

O, =28+
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Figure 3.10. Two-curve concrete model with damage and failure.

MODE II. A: Simpletensilefailure

Define ag, a1, ap, agr and a1, set by to zero, and leave cards 5 through 8 blank. In
this case the yield strength is taken from the maximum yield curve until the maximum
principal stress (o) in the element exceeds the tensile cut-off (o, ). For every time step

that o, > o, theyield strength is scaled back by afraction of the distance between the two
curves until after 20 time steps the yield strength is defined by the failure curve.

Modell.B: Tenslefailure plus plastic strain scaling

Define ag, a1, ap, agr and asf, set by to zero, and user cards 5 through 8 to define a

scale factor, 1, versus effective plastic strain. LS-DY NA evaluates ) at the current
effective plastic strain and then calculated the yield stress as

Oyigd = O tailed T TI(Gmax - Gfajled)

where o, and o, arefound asshown in Figure 3.10. Thisyield strength is then

subject to scaling for tensile failure as described above. Thistype of model alowsthe
description of astrain hardening or softening material such as concrete.

Model 11.C: Tensilefailure plus damage scaling
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The changein 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 givesrise 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:

o by
A= |1+ der
0 O

cut

Define ag, a1, ap, agr and a1, and b1. Cards 5 though 8 now given as afunction of A
and scaletheyield stress as

Oyigd = O tailed T U(Gmax - O-failed)
and then apply any tensile failure criteria.

Mode |l Concrete Model Options

Material Type 16 Mode Il provides for the automatic internal generation of asimple
"generic’ model from concrete if a0 is negative then o, isassumed to be the unconfined

concrete compressive strength, f_, and -ag is assumed to be a conversion faction from LS-

v e

DY NA pressure unitsto ps. In this case the parameter values generated internally are

4

1
%3

1
=73
3y =0
a,, =0.385

Note that these ags and a1s defaults will be overridden by non zero entrieson Card 3. If
plastic strain or damage scaling is desired, Cards 5 through 8 and b1 should be specified in
the input. When ag isinput as a negative quantity, the equation-of-state can be given as 0
and atrilinear EOS Type 8 model will be automatically generated from the unconfined
compressive strength and Poisson'sratio. The EOS 8 model is a simple pressure versus
volumetric strain model with no internal energy terms, and should give reasonable results
for pressures up to Skbar (approximately 75,000 psi).

Mixture model

LS-DYNA Version 960 3.16.5m
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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 asimple mixturerule, i.e., for the bulk modulusthe rule gives:

K=(1-f)K,+fK

where K, and K, arethe bulk modulii for the geologic material and the reinforcement

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

The LLNL DYNAS3D manua from 1991 [Whirley and Hallquist] suggests using the
damage function (Mode 11.C.) in Materia Type 16 with the following set of parameters:

and a damage table of:
Card5: 0.0
5.17E-04
Card 6: 9.67E-04
4.00E-03
Cad 7: 0.309
0.790
Card 8: 0.383
0.086

8.62E-06
6.38E-04

1.41E-03
4.79E-03

0.543
0.630

0.247
0.056

_f
o=y
1
%73
1
3t
_ &
aOf—E
a, =15

b =125

&

2.15E-05
7.98E-04

1.97E-03
0.909

0.840
0.469

0.173
0.0

3.14E-05

2.59E-03

0.975

0.136

3.95E-04

3.27E-03

1.000

0.114

This set of parameters should give results consistent with Dilger, Koch, and Kowalczyk,
[1984] for plane concrete. It has been successfully used for reinforced structures where the
reinforcing bars were modeled explicitly with embedded beam and shell elements. The
model does not incorporate the major failure mechanism - separation of the concrete and
reinforcement leading to catastrophic loss of confinement pressure. However, experience
indicates that this physical behavior will occur when this model shows about 4% strain.
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Material Type 17 (Isotropic Elastic-Plastic Oriented Crack Model)

Columns Quantity Format
1-10 Card3 Young s modulus E10.0
1-10 Card4 Poisson’sratio E10.0
1-10 Card5 Yieldstress E10.0
1-10 Card6 Hardening modulus E10.0
1-10 Card 7 Fracture strength E10.0
1-10 Card8 Pressure cutoff (<0.) E10.0

When the maximum principal stress exceeds the fracture stress, the element fails on
aplane perpendicular to the direction of the maximum principal stress. In tension, the
element will not carry any stresses on the fracture plane, but, in compression, it will carry
both normal and shear stresses. If the fracture stress is exceeded in another direction, the
element failsisotropically: The element loses its ability to carry tension, the deviatoric
stresses are set to zero, and the material behaves asafluid.
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Material Type 18 (Power Law | sotropic Plasticity)

Columns Quantity Format
1-10 Card3 Young s modulus E10.0
11-20 Poisson’s ratio E10.0
21-30 k, strength coefficient E10.0
31-40 n, hardening exponent E10.0
41-50 C, strain rate parameter E10.0
51-60 p, strain rate parameter E10.0
61-70 SIGY, optional input for determining strain to yield. E10.0

LT.0.02: ¢,=39GY
GE.0.02: See below.
71-80 Formulation for rate effects E10.0
EQ.0.0: Scaleyield stress (default)
EQ.1.0: Viscoplastic formulation

Card4 Blank

Card8 Blank

Elastoplastic behavior with isotropic hardening is provided by thismodel. The
yield stress, oy, isafunction of plastic strain and obeys the equation:

Gy:ke”:k(eyp+§p)n

where ¢, isthe elastic strainto yield and £°"is the effective plastic strain (logrithmic). If

SIGY isset 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=E¢

o=keg"

which givesthe elastic strain at yield as:
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- ( E )LJ

If SIGY yield is nonzero and greater than 0.02 then:

Strain rate is accounted for using the Cowper and Symonds model which scales the
yield stress with the factor
N
1+ [E]
C

where ¢ isthe strain rate. A fully viscoplastic formulation is optional which incorporates
the Cowper and Symonds formulation within the yield surface. An additional cost is
incurred but the improvement is results can be dramatic.
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Material Type 19 (Strain Rate Dependent | sotropic Plasticity)

Columns Quantity Format
1-10 Card3 Young s modulus E10.0
11-20 Poisson’sratio E10.0
21-30 Load curve number defining 6 as afunction of E10.0
strain rate.

31-40 Hardening modulus, Et E10.0

41-50 Load curve number (optional) defining Young's E10.0
modulus as afunction of strain rate.

51-60 Load curve number (optional) defining the tangent E10.0
modulus as afunction of strain rate.

61-70 Load curve number (optional) defining the von Mises E10.0
stress at failure as afunction of strain rate.

71-80 Time step size for automatic element deletion E10.0
(snellsonly).

1-10 Card4 Redefinition of failure curve: E10.0

EQ.1.0: Effective plastic strain,
EQ.2.0: Maximum principal stress.

11-20 Formulation for rate effects: E10.0
EQ.0.0: Scaleyield stress (default)
EQ.1.0: Viscoplastic formulation

Card5 Blank

Card8 Blank

In thismodel, aload curve is used to describe the yield strength o, as afunction of
effective strain rate £ where
- (2. .Y
€= (5 g ei])

and the prime denotes the deviatoric component. Theyield stressis defined as
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M aterial Type 19 (strain Rate Dependent I'sotr opic Plasticity)

— = =P
O'y—O'O({:‘)+ E, €

where £° isthe effective plastic strain and E, isgiven in terms of Y oung’s modulus and
the tangent modulus by

Both Y oung's modulus and the tangent modulus may optionally be made functions
of strain rate by specifying aload curve ID giving their values as afunction 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
isused to allow vectorized interpolation to enhance the execution speed of this constitutive
model.

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

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

At.,.. Generdly, At . goesdown asthe element becomes more distorted. To assure

stability of time integration, the global LS-DY NA time step is the minimum of the At
values calculated for al elementsin the model. Using this option allows the selective
deletion of elements whosetime step At, ., hasfallen below the specified minimum time

step, At,,,. Elementswhich are severely distorted often indicate that material has failed and

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

A fully viscoplastic formulation is optional which incorporates the rate formulation
within the yield surface. An additional cost isincurred but the improvement is results can
be dramatic.
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Material Type 20 (Rigid)

Columns

Quantity

Format

1-10 Card 3
51-60

61-70

71-80

Y oung's modulus

MADYMO3D [TNO, 1990] (not CAL3D)
coupling flag, n

EQ.O: usenorma LS-DY NA rigid body updates

GT.0: therigid body is coupledto MADYMO
ellipsoid number n.

LT.O: therigid body iscoupledto MADYMO
plane number |n|.

MADYMQO3D/CAL3D coupling option

EQ.-1: attach VDA surface defined after the
cross-section input and automatically generate a
mesh for viewing the surfacein LS TAURUS.

EQ.O: the undeformed geometry inputto LS
DY NA correspondsto the local system for
MADYMO/CAL3D. Meshisinpuit.

EQ.1: the undeformed geometry inputto LS
DY NA corresponds to the global system for
MADYMO/CAL3D.

EQ.2: generate amesh for the élipsoids and
planesinternaly in LS-DYNA .

EQ.3: generate MADY MO seatbelts.

EQ.4: input a contact entity and generate a mesh.
This data follows the Section cards.

MADY MO/CAL3D Coupling flag/number of entities:

EQ.O: usenorma LS-DY NA rigid body updates
EQ.n: thisrigid body correspondsto MADYMO/

CAL3D system number n. Rigid body updates are

performed by MADYMO/CAL3D. If the coupling
option in columns 61-70 above equals 4 then nis
the number of entities for mesh generation.

1-10 Cad4 Poisson’'sratio

1-10 Card5 Center of mass constraint option, CMO

EQ.+1.0: constraints as defined below
EQ.-1.0: SPC constraint

E10.0
E10.0

E10.0

E10.0

E10.0
E10.0
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Columns Quantity Format

1-10 Card6 Loca coordinate system number, CMO=-1.0 or E10.0
trandational constraint type defined below, CMO=1.0
EQ.O: no congtraints
EQ.1: constrained x displacement
EQ.2: constrained y displacement
EQ.3: constrained z displacement
EQ.4: constrained x andy displacements
EQ.5: constrained y and z displacements
EQ.6: constrained z and x displacements
EQ.7: constrained X, y, and z displacements

1-10 Card7 SPC constraint number (between O and 111111. Sec. 13) E10.0
CMO=-1.00r rotationa constraint boundary code
(CMO=1.0)

EQ.O: no congtraints

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

1-10 Card8 Loca coordinate system (see Section 14) number for E10.0
output.

*x%%% Alternative method for specifying local system below.*****

1-60 Card8 Definetwo vectorsa and v, fixed in therigid body 6E10.0
which are used for output and the user defined airbag
sensor subroutines. The output parameters are in the
directions a, b, and c where the latter are given by the
cross products c=axv and b=cxa. Thisinputis
optional.

Therigid material type 20 provides a convenient way of turning one or more parts
comprised of beams, shells, or solid elementsinto arigid body. Approximating a
deformable body asrigid is a preferred modeling technique in many real world
applications. For example, in sheet metal forming problems the tooling can properly and
accurately betreated asrigid. Inthe design of restraint systems the occupant can, for the
purposes of early design studies, also be treated asrigid. Elementswhich arerigid are
bypassed in the element processing and no storage is allocated for storing history variables;
consequently, therigid material typeisvery 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 digoint finite
element meshes, however. LS-DY NA assumes thisis the case since thisis a common
practice in setting up tooling meshes in forming problems.

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

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

Y oung's modulus, E, and Poisson'sratio, 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.
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Material Type 21 (Thermal Orthotropic Elastic)

Columns Quantity Format
1-10 Card3 Ej, (seeFigure 3.5) E10.0
11-20 Ep E10.0
21-31 Ec E10.0
1-10 Cad4 vpa E10.0
11-20 Vca E10.0
21-30 Vch E10.0
31-40 0L, (coefficient of thermal expansion) E10.0
41-50 O, E10.0
51-60 o, E10.0
1-10 Cad5 Gy E10.0
11-20 Ghc E10.0
21-30 Geca E10.0
1-10 Card6 Materialsaxesoption AOPT E10.0

EQ.0.0: locally orthotropic with material axes
determined by element nodes ny, ny, and ng as
shown in Figure 3.5. Card 7 and 8 below are blank
with this option.
EQ.1.0: locally orthotropic with material axes
determined by apoint in space and the global location
of the element center. Card 8 below is blank.
EQ.2.0: globally orthotropic with material axes
determined by vectors defined on cards 7 and 8.
EQ.3.0: applicableto shell ementsonly. This
option determines locally orthotropic material axes by
offsetting the material axes by an angle (Card 8) from
alinein the plane of the shell determined by taking
the cross product of the vector defined on card 7 with
the shell normal vector.
11-20 Use reference geometry to initial stresses. E10.0

EQ.0.0: off
EQ.1.0: on

LSDYNA Version 960 321.1m
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Columns Quantity Format
1-10 Card7  xp, define for AOPT=1.0 E10.0
11-20 Yp, define for AOPT=1.0 E10.0
21-30 Zp, define for AOPT=1.0 E10.0
1-10 Cad7 &, definefor AOPT=2.0 E10.0
11-20 ap, define for AOPT=2.0 E10.0
21-30 ag, define for AOPT=2.0 E10.0
1-10 Cad7 v1, definefor AOPT=3.0 E10.0
11-20 Vo, define for AOPT=3.0 E10.0
21-30 v3, define for AOPT=3.0 E10.0
1-10 Card8 dj, definefor AOPT=2.0 E10.0
11-20 dp, define for AOPT=2.0 E10.0
21-30 dz, definefor AOPT=2.0 E10.0
1-10 Card8 Material angle beta (may be overridden on the E10.0

element card) (degrees)

3.21.2m
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Material Type 22 (Composite Damage Model)

Columns Quantity Format
1-10 Card3 Eg, longitudinal direction E10.0
11-20 Ep, transverse direction E10.0
21-30 Ec, normal direction E10.0
31-40 K¢, bulk modulus of failed material (solid element only) E10.0
41-50 Sn, normal tensile strength (solid element only) E10.0
51-60 Syz, transverse shear strength (solid element only) E10.0
1-10 Cad4 vpa E10.0
11-20 Vca E10.0
21-30 Vch E10.0
1-10 Cad5 Gy E10.0
11-20 Ghc E10.0
21-30 Gca E10.0
1-10 Cad6 Materia axesoption, AOPT E10.0

EQ.0.0: locally orthotropic with material axes
determined by element nodes ny, ny, and ng as
shown in Figure 3.5. Cards 7 and 8 below are
blank with this option.
EQ.1.0: locally orthotropic with material axes
determined by apoint in space and the global
location of the element center. Card 8 below is
blank.
EQ.2.0: globally orthotropic with material axes
determined by vectors defined on Cards 7 and 8.
EQ.3.0: applicableto shell elementsonly. This
option determines locally orthotropic material
axes by offsetting the material axes by an angle
(Card 12) from aline in the plane of the shell
determined by taking the cross product of the
vector defined on Card 7 with the shell normal
Vector.
11-20 Materia axes change flag for brick elements E10.0

EQ.1.0: default

EQ.2.0: switch material axesaand b

EQ.3.0: switch material axesaand c
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Columns Quantity Format
1-10 Card7  xp, define for AOPT=1.0 E10.0
11-20 Yp, define for AOPT=1.0 E10.0
21-30 Zp, define for AOPT=1.0 E10.0
31-40 Syx, transverse shear strength (solid element only) E10.0
1-10 Cad7 @, definefor AOPT=2.0 E10.0
11-20 ap, define for AOPT=2.0 E10.0
21-30 ag, define for AOPT=2.0 E10.0
31-40 Syx, transverse shear strength (solid element only) E10.0
1-10 Cad7 v1, definefor AOPT=3.0 E10.0
11-20 Vo, define for AOPT=3.0 E10.0
21-30 v3, define for AOPT=3.0 E10.0
31-40 Syx, transverse shear strength (solid element only) E10.0
1-10 Card8 dj, definefor AOPT=2.0 E10.0
11-20 dp, define for AOPT=2.0 E10.0
21-30 dz, definefor AOPT=2.0 E10.0
31-40 Sc, shear strength, ab plane E10.0
41-50 Xt, longitudinal tensile strength, a-axis E10.0
51-60 yt, transverse tensile strength, b-axis E10.0
61-70 Ye, transverse compressive strength E10.0
71-80 Nonlinear shear stress parameter E10.0

Define amaterial angle for each of the through-the-thickness integration points. For
shell elements this data must follow Card 11.

The number of additional integration point variables for shellswritten to the LS
TAURUS database isinput on Control Card 21 in Columns 11-15 as variable NEIPS. For
Model 22 these additional vaiables are tabulated below (ip = shell integration point):
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History Description Vdue LSTAURUS
Component
Variable
ef (i) tensile fiber mode 81
cm(i) tensile matrix mode 1- eladtic 82
ed(i) | compressive matrix mode 0 - failed 83

These variables can be plotted in LS TAURUS as element components 81, 82, ..., 80+
NEIPS. The following components are stored as element component 7 instead of the
effective plastic strain.:

Description Integration point

1 nip

3 ef (i) .

nip iz

LY om(i) 2

np =

Examples:

a) Fringe of tensile fiber mode for integration point 3:
LS TAURUS commands: intg 3 frin 81

b) Sum of failureindicator of tensile matrix mode:

LS TAURUS commands: intg 2 frin 7

LS-DYNA Version 960
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Material Type 23 (Thermal Orthotropic Elastic with 12 Curves)

Columns Quantity Format
1-10 Number of pointsin material constant versus temperature E10.0
curves NUMPTS (1< NUMPTS<49)

1-10 Card4 Blank E10.0
1-10 Card5 Blank E10.0
1-10 Cad6 Materia axesoption, AOPT E10.0

EQ.0.0: locally orthotropic with material axes

determined by element nodes ny, ny, and ng as

shown in Figure 3.5. Cards 7 and 8 below are

blank with this option.

EQ.1.0: locally orthotropic with material axes

determined by apoint in space and the global

location of the element center. Card 8 below is

blank.

EQ.2.0: globally orthotropic with material axes

determined by vectors defined on Cards 7 and 8.

EQ.3.0: applicableto shell elementsonly. This

option determines locally orthotropic material axes

by offsetting the material axes by an angle (Card 8)

from alinein the plane of the shell determined by

taking the cross product of the vector defined on

Card 7 with the shell normal vector.
11-20 Use reference geometry to initial stresses. E10.0

EQ.0.0: off

EQ.1.0: on
1-10 Card7 Xp, definefor AOPT=1.0 E10.0
11-20 Yp, define for AOPT=1.0 E10.0
21-30 Zp, define for AOPT=1.0 E10.0
1-10 Card7 @, definefor AOPT=2.0 E10.0
11-20 ao, definefor AOPT=2.0 E10.0
21-30 ag, definefor AOPT=2.0 E10.0
1-10 Card7 v1, definefor AOPT=3.0 E10.0

LSDYNA Version 960 3.23.1m
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Columns Quantity Format
11-20 Vo, define for AOPT=3.0 E10.0
21-30 v3, define for AOPT=3.0 E10.0
1-10 Card8 dj, definefor AOPT=2.0 E10.0
11-20 dp, define for AOPT=2.0 E10.0
21-31 dz, definefor AOPT=2.0 E10.0

Define the following card sets for each of the 12 orthotropic constants followed by
thelist of corresponding temperatures using the format (8€10.0). For shell elements, this
data must follow cards 10 and 11.

Cards9, 10,...(bricks)
Cards 12, 13,...(shells)

Columns Quantity Format
1-10 Ea at temperature T1 E10.0
11-20 Egat temperature T, E10.0
71-80 Egat temperature Tg E10.0

Continue on additional cards until NUMPTS points have been defined. Definitions
for variables, Ep, Ec, Yba, Veas Vb, Oa, Oy Oc, Gab, Gbc, Gca, and T (the list of tempera-
tures) follow.

For shell elements only the material angles for each through the thickness
integration point. must be defined following card 11.
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Material Type 24 (Piecewise Linear |sotropic Plasticity)

Columns

Quantity

Format

1-10 Cad 3
11-20
21-30
31-40

1-10 Card 4
1-10 Card 5
11-20

1-10 Card 6

11-20

21-30
31-40

Y oung's modulus
Strain rate parameter, C
Strain rate parameter, p

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

Poisson’sratio
Yidld stress

Load curveID or TableID. Theload curve D
defines effective stress versus effective plastic strain.
Cards 7 and 8 are ignored with this option.
ThetableID, see Figure 3.9, defines for each strain
rate value aload curve ID giving the stress versus
effectiveplastic strain for that rate. The stress versus
effective plastic strain curve for the lowest value of
strain rate isused 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 on card
3, the curve ID on card 6, and cards 7 and 8 are
ignored if aTableID is defined.

Tangent modulus, ignored if the stress-strain curve is
defined below

Failureflag:
LT.0.0: User defined failure subroutineis called
to determine faillure
EQ.0.0: Failureisnot considered. This option
isrecommended if failureis not of interest since
many caluculationswill be saved.
GT.0.0: Plastic strain to fallure. When the
plastic strain reaches this value, the element is
deleted from the calculation.

Time step size for automatic element deletion

Load curve number to scale yield stress to account for
strain rate effects.

E10.0
E10.0
E10.0
E10.0

E10.0
E10.0
E10.0

E10.0

E10.0

E10.0
E10.0
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Material Type 24 (Piecewise Linear |sotropic Plasticity)

Columns Quantity Format
1-80 Card7 Effective plagtic strain values (define up to 8 points) E10.0
1-80 Card8 Corresponding yield stress values E10.0

The stress strain behavior may be treated by a bilinear stress strain curve by
defining the tangent modulus. Alternately, a stress versus effective plastic strain curve
(Card 5, Columns 11-20) similar to that shown in Figure 3.8 can be used. If eight point
are insufficient, aload curve may be used with an arbitrary number of points. The cost is
roughly the same for either approach. The most general approach isto used the table
definition, (Card 5, Columns 11-20) 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
SV
1+ (EJ
C

. For complete generality aload curve (Card 5) to scale the yield stress may be input
instead. Inthis curve the scale factor versus strain rate is defined.

where ¢ isthe strain rate.

1. If different stress versus strain curves can be provided for various strain rates, the
option using the reference to atable (Card 5, Columns 11-20) can be used. Then the table
input in Section 22 (Load Curve/Table Definitions) has to be used. See Figure 3.9.

A fully viscoplastic formulation is optional which incorporates the different options above
within theyield surface. An additional cost isincurred over the ssmple scaling but the
improvement is results can be dramatic.
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Figure 3.9. Rate effects may be accounted for by defining atable of curves. If atable
ID isspecified acurve ID is given for each strain rate, see Section 22.
Intermediate values are found by interpolating between curves. Effective
plastic strain versus yield stressis 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 rateis low or high,
respectively.
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Material Type 25 (Kinematic Hardening Cap Model)

Columns Quantity Format
1-10 Card3 Initial bulk modulus, K E10.0
11-20 Initial shear modulus, G E10.0
1-10 Card4 Failure envelope parameter, o E10.0
11-20 Failure envelope linear coefficient, 6 E10.0
21-30 Failure envelope exponential coefficient, y E10.0
31-40 Failure envelope exponent, 3 E10.0
41-50 Cap, surface axisratio, R E10.0
1-10 Card5 Hardening law exponent, D E10.0
11-20 Hardening law coefficient, W E10.0
21-30 Hardening law exponent, Xo E10.0
31-40 Kinematic hardening coefficient, T E10.0
41-50 Kinematic hardening parameter, N E10.0
1-10 Card6 Plot databaseflag, IPLOT E10.0

EQ.1.0: hardening variable,
EQ.2.0: cap - J; axisintercept, X (k)
EQ.3.0: volumetric plastic strain, &f
EQ.4.0: first stressinvariant, J1
EQ.5.0: second stressinvariant, /J,,
EQ.6.0: not used
EQ.7.0: not used
EQ.8.0: response mode number
EQ.9.0: number of iterations
1-10 Card7 Formulationflag, ITYPE E10.0
EQ.1.0: soil or concrete (Cap surface may contract)
EQ.2.0: rock (Cap doesn’'t contract)
11-20 Vectorization flag, IVEC E10.0
EQ.0.0: vectorized (fixed numb of iterations)
EQ.1.0: fully iterative
1-10 Card8 Tension cutoff, T <0 (positive in compression) E10.0
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Material Type 25 (Kinematic Hardening Cap Model)

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]. Inthismodel, the two invariant cap theory is extended to include nonlinear
kinematic hardening as suggested by Isenberg, Vaughn, and Sandler [1978]. A brief
discussion of the extended cap model and its parametersis given below.

AT

/

'/ Vo =k

f
| f,

fa |
I |
Ji
T O K X (k)

Figure3.10. Theyield surface of the two-invariant cap model in pressure  /J,, — J;
gpace. Surfacefq isthe failure envelope, f2isthe cap surface, and f3isthe
tension cutoff.

The cap model is formulated in terms of the invariants of the stress tensor. The

square root of the second invariant of the deviatoric stresstensor, +/J,, isfound from the
deviatoric stresses s as

R

1
\dop = \3‘3511'31'

and is the objective scalar measure of the distortional or shearing stress. Thefirst invariant
of the stress, Jq, isthe trace of the stress tensor.

The cap model consists of three surfacesin ./J,, — J; space, as shown in Figure

3.10. First, thereisafailure envelope surface, denoted f1 in the figure. The functional
formof fqis

f1 = \/E - mln( Fe(‘Jl)’Tmises) J
where Fe is given by

F.(J,) = a—yexp(-BJ,)+ 63,
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and T, = [X(k,) - L(x,)|. Thisfailureenvelop surfaceisfixedin +/J,, — J; space, and

therefore does not harden unless kinematic hardening is present. Next, thereisacap
surface, denoted f5 in the figure, with f given by

fo =~/ — Fe(d15)

where F¢ is defined by

1]
(%) = 24 [X(0) - L(©)] = [3, - L(©)]",
X(x) isthe intersection of the cap surface with the J; axis
X(x)=x+ RF, (x),

and L (x) is defined by

kif x>0
L(x)=1 . :
{O if <0

The hardening parameter x is related to the plastic volume change 8\5’ through the
hardening law

ep = W{L1- exp[-D(X(x) - X,)|}
Geometrically, x is seen in the figure as the J; coordinate of the intersection of the cap
surface and the failure surface. Finaly, there isthe tension cutoff surface, denoted f3 in the
figure. Thefunction f3isgiven by
fa=T-J,

where T isthe input material parameter which specifies the maximum hydrostatic tension

sustainable by the material. The elastic domainin ./Jop — J; space is then bounded by the

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

An additive decomposition of the strain into elastic and plastic parts is assumed:
e=¢e+e”,

where €€ isthe elastic strain and €P is the plastic strain. Stressis found from the elastic
strain using Hooke' s law,

O'=C(£—8P),

where ¢ isthe stress and C isthe €astic constitutive tensor.

LS-DYNA Version 960 3.25.3m



Material Type 25 (Kinematic Hardening Cap Model)

Theyield condition may be written

f(0)<0
f,(o,x)<0
fo(0)<0

and the plastic consistency condition requires that

A f,=0
k=123
A, >0

where Ay is the plastic consistency parameter for surface k. If fi < 0 then, Ak =0 and the
responseiselastic. If fx > 0 then surfacek is active and A« isfound from the requirement
that f, =0.

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 3.af
=) Av—% .
€ g;k&s

One of the major advantages of the cap model over other classical pressure-dependent
plasticity modelsis the ability to control the amount of dilatency produced under shear
loading. Dilatency is produced under shear loading as aresult of the yield surface having a

positive dopein +/J,, — J, space, so the assumption of plastic flow in the direction normal
to the yield surface produces a plastic strain rate vector that has a component in the
volumetric (hydrostatic) direction (see Figure 3.10). In models such as the Drucker-Prager
and Mohr-Coulomb, this dilatency continues as long as shear loads are applied, and in
many cases produces far more dilatency than is experimentally observed in material tests.
In the cap model, when the failure surface is active, dilatency is produced just as with the
Drucker-Prager and Mohr-Columb 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 (dilatency) is
created. Adjustment of the parameters that control the rate of cap contractions permits
experimentally observed amounts of dilatency to be incorporated into the cap model, thus
producing a constitutive law which better represents the physics to be model ed.

Another advantage of the cap model over other models such as the Drucker-Prager
and Mohr-Coulomb is the ability to model plastic compaction. Inthese modelsall purely
volumetric responseis 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 arate controlled by the hardening law. Thus, in addition to controlling the
amount of dilatency, the introduction of the cap surface adds another experimentally
observed response characteristic of geological materia into the model.
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The inclusion of kinematic hardening results in hysteretic energy dissipation under
cyclic loading conditions. Following the approach of Isenberg, et. al. [1978] anonlinear
kinematic hardening law is used for the failure envel ope surface when nonzero values of
and N are specified. In this case, the failure envelope surface is replaced by afamily of
yield surfaces bounded by an initial yield surface and alimiting failure envel ope surface.
Thus, the shape of the yield surfaces described above remains unchanged, but they may
trandate in a plane orthogonal to the J axis,

Trandation of the yield surfacesis permitted through the introduction of a“back
stress’ tensor, o . The formulation including kinematic hardening is obtained by replacing
the stress ¢ with the trandlated stresstensor 11= 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

p

cF(o,a)e

_ . p
where € isaconstant, F isascalar functionof c and o and e istherate of deviator
plastic strain. The constant may be estimated from the slope of the shear stress - plastic
shear strain curve at low levels of shear stress.

Thefunction F isdefined as

F= max[o,l— MJ
2NF,(J,)

where N is a constant defining the size of the yield surface. The value of N may be
interpreted as the radia distant between the outside of the initial yield surface and the inside
of the limit surface. In order for the limit surface of the kinematic hardening cap model to
correspond with the failure envel ope surface of the standard cap model, the scalar
parameter amust 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 o, 3, 0,
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 represent the void fraction of the uncompressed sample and D governs the slope of the
initial loading curve in hydrostatic compression. The value of R isthe ration of major to
minor axes of the quarter ellipse defining the cap surface. Additional details and guidelines
for fitting the cap model to experimental datare found in (Chen and Baladi, 1985).
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Material Type 26 (Metallic Honeycomb)

Columns Quantity Format
1-10 Card3 Young s modulus (for honeycomb material), E E10.0
11-20 Poisson’ sratio (for honeycomb material), v E10.0
21-30 Yield stressfor fully compacted honeycomb E10.0

material, oy,
31-40 LCA, load curve number for sigma-aa versus E10.0
either relative volume or volumetric strain (See
Figure3.11.)
41-50 LCB, load curve number for sigma-bb versus E10.0
either relative volume or volumetric strain. (default:
LCB=LCA)
51-60 LCC, load curve number for sigma-cc versus E10.0
either relative volume or volumetric strain. (default:
LCC=LCA)
61-70 LCS, load curve number for shear stress versus E10.0
either relative volume or volumetric strain. (default
LCS=LCA). Each component of shear stress may
have its own load curve via Card 5 input.
71-80 Relative volume at which the honeycomb isfully E10.0
compacted, Vs
Card4 Thefollowing honeycomb parameters must be defined
for there are no defaults.
1-10 Elastic modulus Egg, in uncompressed configuration E10.0
11-20 Elastic modulus Eppy, in uncompressed configuration E10.0
21-30 Elastic modulus E¢cy, in uncompressed configuration E10.0
31-40 Elastic shear modulus Ggyy in uncompressed E10.0
configuration
41-50 Elastic shear modulus Gy in uncompressed E10.0
configuration
51-60 Elastic shear modulus Geg, in uncompressed E10.0
configuration
61-70 W, material viscosity coefficient. (default=.05) E10.0
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Columns Quantity Format
71-80 Bulk viscosity flag. E10.0
EQ.0.0: bulk viscosity isnot used. This
is recommended.

EQ.1.0: bulk viscosity is active and u=0
Thiswill give results identical to previous
versonsof LS-DYNA .

1-10 Card5 LCAB, load curve number for sigma-ab versus E10.0
either relative volume or volumetric strain (defaullt:
LCAB=LCYS)

11-20 LCBC, load curve number for sigma-bc versus E10.0
either relative volume or volumetric strain. (default:
LCBC=LCYS)

21-30 LCCA, load curve number for sigma-ca versus E10.0
either relative volume or volumetric strain. (default:
LCCA=LCYS)

31-40 LCSR, optional load curve number for strain-rate effects E10.0

41-50 Tensle strain at element failure (element will erode) E10.0

51-60 Shear strain at element failure (element will erode) E10.0

1-10 Card6 Materia axesoption, AOPT E10.0

EQ.0.0: locally orthotropic with material axes
determined by element nodes as shown in Figure
3.5. Cards 7 and 8 are blank with this option.

EQ.1.0: locally orthotropic with material axes
determined by apoint in space and the global location
of the element center. Card 8 below is blank.

EQ.2.0: globally orthotropic with material axes
determined by vectors defined on Cards 7 and 8

1-10 Card7 Xxp, definefor AOPT = 1.0 E10.0
11-20 Yp, define for AOPT = 1.0 E10.0
21-30 Zp, define for AOPT = 1.0 E10.0
1-10 Cad7 &, definefor AOPT =2.0 E10.0
11-20 ap, definefor AOPT = 2.0 E10.0
21-30 ag, definefor AOPT = 2.0 E10.0
1-10 Card8 dj, definefor AOPT = 2.0 E10.0
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Columns Quantity Format
11-20 do, definefor AOPT = 2.0 E10.0
21-30 ds, definefor AOPT = 2.0 E10.0

For efficiency it isstrongly recommended that theload curvelD’s:
LCA,LCB,LCC,LCS,LCAB,LCBC, and LCCA, contain exactly the
same number of pointswith corresponding strain values on the abcissa. If
thisrecommendation isfollowed the cost of the table lookup is
insignificant. Conversely, the cost increases significantly if the abcissa
strain values are not consistent between load curves.

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

Eaa = Eaau +ﬁ(E_ %au)
Ep = B T B(E— Eyy)
Eoc = Eccu +ﬁ(E_ Eccu)

Gab = Gabu +ﬂ(G_ Gabu)

Gbc = Gbcu +ﬁ(G_ Gbcu)

G = Gy +B(G-Gp)
where
B= max[min(%,l),o]
and G is the eastic shear modulus for the fully compacted honeycomb material

G= E :
2(1+v)

Therelative volume, V, is defined as the ratio of the current volume over theinitial volume,
and typically, V=1 at the beginning of a calculation. The two bulk viscosity coefficients on
the first card in columns 46-65 of Card 1 should be set to very small numbers to prevent
the development of spurious pressure that may lead to undesirable and confusing results.

The load curves define the magnitude of the average stress as the material changes
density (relative volume). Each curve related to this model must have the same number of
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points and the same abscissavalues. There are two ways to define these curves, a) asa
function of relative volume (V) or b) asafunction of volumetric strain defined as:

SV:].—V

In the former, the first value in the curve should correspond to a value of relative volume
dightly 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 betaken when defining the curves so the extrapolated values

do not lead to negative yield stresses.

At the beginning of the stress update we transform each element’ s stresses and
strain ratesinto the local element coordinate system. For the uncompacted materid, thetrial
stress components are updated using the elastic interpolated modulii according to:

r.l_'_ltrial
aa

=0, + E A¢,,

n+1trial

. n
Ow =0y +EpAey,

n+ltriaJ
cc

_n
- Gcc + EccAgcc

n+llrial

o =0, +2G,Ae,

n+1trial

Op =0y +2G, Ag,.

n+ltrial

_n
W =04, +2G Ag,

We then independently check each component of the updated stresses to ensure that they do
not exceed the permissible values determined from the load curves, e.g., if

n+ltria]
o > Ao, (V)
then
trial
Aot
n+1 _ ij
cyij - Cyij (V) n4qtrial
o;

On Card 3 gji (V) isdefined in the load curve specified in columns 31-40 for the aa stress
component, 41-50 for the bb component, 51-60 for the cc component, and 61-70 for the
ab, bc, cb shear stress components. The parameter A is either unity or a value taken from
the load curve number, LCSR, that defines A as afunction of strain-rate. Strain-rateis
defined here as the Euclidean norm of the deviatoric strain-rate tensor.
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For fully compacted material we assume that the material behavior is elastic-
perfectly plastic and updated the stress components according to:

trial dev™72
S =9 +2GAg™
where the deviatoric strain increment is defined as
Agi® = Ag; — 3 Ag, 6, .

We now check to seeif the yield stress for the fully compacted material is exceeded by
comparing

tr|al (3 trial trlaJ)

ZSJ S]

the effective trial stressto the yield stress, oy (Card 3, field 21-30). If the effective trial
stress exceeds the yield stress we simply scal e back the stress components to the yield surface

trial
- trlaJ SJ

eff

n+1 __

S

We can now update the pressure using the elastic bulk modulus, K

pn+1 — p _ KASM%

_E
- 3(1-2v)

and obtain the final value for the Cauchy stress

n+1 n+l n+1
=5 o .

After completing the stress update we transform the stresses back to the global
configuration.
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unloading and
reloading path
| |
0 Volumetric strain, 1-V
curve extends into negative unloading is based on

volumetric strain quadrant since theinterpolated Young's
LS-DYNA will extrapolate using modulii which must

the two end points. It isimportant provide an unloading
that the extropolation does not extend tangent that exceeds the
into the negative stress region. loading tangent.

Figure 3.11. Stress quantity versus volumetric strain. Note that the “yield stress’ at a
volumetric strain of zero isnonzero. In the load curve definition the “time”
valueisthe volumetric strain and the “function” value isthe yield stress.
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Material Type 27 (Slightly Compressible Mooney-Rivlin Rubber)

This material model provides an alternative to the Blatz-Ko rubber model. The
implementation is due to [Maker 1987].

Columns Quantity Format
1-10 Card3 A (If both A and B are input as 0.0 define the data E10.0
on Card 4 below.)
11-20 B E10.0
21-30 v, Poisson’sratio (> .49 is recommended-smaller E10.0
values may not work.)
31-40 Use reference geometry to initial stresses. E10.0
EQ.0.0: off
EQ.1.0: on

If A=B=0.0 then aleast square fit is computed with uniaxial data. Card 4 should contain
the following information. Also see Figure 3.12.

Columns Quantity Format
1-10 Card4 Specimen gauge length E10.0
11-20 Specimen width E10.0
21-30 Specimen thickness E10.0
31-40 Load curve ID giving the force versus actual change E10.0

in the gauge length.
Cad5 Blank
Card8 Blank

The strain energy density function is defined as:
W= A(l =3)+ B(ll =3)+ C(ll1 > = 1)+ D(IIl - 1)

where

O
I

0.5A+B

A(50 — 2) + B(11v - 5)
2(1-2v)
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v Poisson’'sratio

2(A+B) shear modulus of linear elasticity

invariants of right Cauchy-Green Tensor C .

The load curve definition that provides the uniaxial data should give the changein
gauge length, AL, in columns 1-10 and the corresponding force in columns 11-20 if a
2E10.0 format isused. 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
Alternatively, the stress versus strain curve can also be input by setting the gauge
length, thickness, and width to unity (1.0) and defining the engineering strain in place of

the change in gauge length and the nominal (engineering) stressin place of the force. See
Figure 3.13.

M

The least square fit to the experimental data is performed during the initialization
phase and is a comparison between the fit and the actual input is provided in the printed
file. Itisagood ideato visually check to make sureit isacceptable. The coefficients A and
B are also printed in the output file.

_ [gange
length Force
A gauge length
A f gauge leng
y Section AA

[ thicl!n&ss
]

Figure 3.12. Uniaxia specimen for experimental data.

3.27.2m LS-DYNA Version 960



(Compressible Mooney-Rivlin Rubber) M aterial Type 27

applied force  F
initial area Ay

changein gaugelength ~ AL
gauge length L

Figure 3.13. 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 changein
gauge length and the nominal (engineering) stressin place of the force.
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Material Type 28 (Resultant Plasticity)

This model is available for the Belytschko-Schwer beam and the Belytschko-Tsay
shell. For beams, the treatment is elastic-perfectly plastic, but for shell elements isotropic
hardening is approximately model ed.

Columns Quantity Format
1-10 Card3 Young s modulus E10.0
1-10 Card4 Poisson’sratio E10.0
1-10 Card5 Yiedstress E10.0
1-10 Card6 Hardening modulus, E; (shells only) E10.0
1-10 Card7 Blank
1-10 Card8 Blank
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Material Type 29 (FORCE LIMITED Resultant Formulation)

Thismaterial model is available for the Belytschko 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 al points, with the first point being
(zero, initia 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 sand t axes.

Axial collapse occurs when the compressive axial load reaches the collapse load.
The collapse |oad-versus-collapse deflection is specified in the form of aload curve. The
points of the load curve are (true strain, collapse force). Both quantities should be entered
as positive for al points, and will be interpreted as compressive (collapse does not occur in
tension). Thefirst point should be (zero, initial collapse load).

The collapse load may vary with end moment as well as with deflection. 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 aways positive.

It is not possible to make the plastic moment vary with axial 1oad.

Columns Quantity Format
1-10 Card3 Young s modulus E10.0
11-20 Poisson’s ratio E10.0
21-30 Blank 10X
31-40 Damping factor, A E10.0
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Leave this card blank if the axial collapse force is independent of the bending
moment.

Columns Quantity Format
1-10 Cad4 End moment for first force versus strain curve, mp E10.0
11-20 End moment for second force versus strain curve, mo E10.0
71-80 End moment for eighth force versus strain curve, mg E10.0

Enter only one load curve if the axial collapse force is independent of bending
moment.

Columns Quantity Format

1-10 Card5 Load curvefor collapse load versus strain, at end E10.0
moment, mq (default: no axia collapse)

11-20 Load curve for collapse load versus strain, at end E10.0
moment, my (default: collapse load is independent of
moment)

71-80 Load curve for collapse load versus strain, at end E10.0
moment, Mg

Note: The above curves are force versus strain unless the axial option on Card 6 is set to
1.0 in which case they give force versus change in length.

Columns Quantity Format
1-10 Card6 Axia option E10.0
EQ.0.0: axial load curves are collapse |oad
versus strain

EQ.1.0: axial load curves are collapse |oad
versus changein length
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Columns Quantity Format
11-20 Flag to allow beam to yield in tension E10.0
EQ.0.0: noyield
EQ.1.0: canyield
21-30 Load curve for torsional moment versus rotation E10.0
31-40 Scale factor on torsional moment (default = 1.0) E10.0
41-50 Torsional yield moment for interaction calculations E10.0
(default set to 1e20 to prevent interaction)
51-60 Axial elastic softening factor when hinge forms E10.0
Card 7 is for moments about the s-axis.
1-10 Card7 Load curve for plastic moment versus rotation at E10.0
at node 1 (default: no hinge about s-axis)
11-20 Scale factor on plastic moment at node 1 E10.0
(default = 1.0)
21-30 Load curve for plastic moment versus rotation at E10.0
node 2 (default: same as at node 1)
31-40 Scale factor on plastic moment at node 2 E10.0
(default: same as at node 1)
41-50 Yield moment at node 1 for interaction calculations E10.0
(default: set to [€20 to prevent interaction)
51-60 Yield moment at node 2 for interaction calculations E10.0
(default: same as at node 1)
Card 8 is for moments about the t-axis.
1-10 Card8 Load curve for plastic moment versus rotation at E10.0
at node 1 (default: no hinge about t-axis)
11-20 Scale factor on plastic moment at node 1 E10.0
(default = 1.0)
21-30 Load curve for plastic moment versus rotation at E10.0
node 2 (default: same as at node 1)
31-40 Scale factor on plastic moment at node 2 E10.0
(default: same as at node 1)
41-50 Yield moment at node 1 for interaction calculations E10.0
(default: set to [€20 to prevent interaction)
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Columns Quantity Format

51-60 Yield moment at node 2 for interaction calculations E10.0
(default: same as at node 1)

force

-
v \\
g F &

displacement

Figure 3.14. The force magnitude is limited by the applied end moment. For an inter-
mediate value of the end moment LS-DY NA interpolates between the curves
to determine the allowable force value.

3.29.4m LS-DYNA Version 960



(shaped Memory) M aterial Type 30

Material Type 30 (Shape Memory)

Thisis material type 30. This material model describes the superelastic response
present in shape-memory alloys (SMA), that isthe peculiar material ability to undergo large
deformations with a full recovery in loading-unloading cycles (See Figure 3.15). The
material response is always characterized by a hysteresis loop. See the references by
[Auricchio, Taylor and Lubliner, 1997] and [Auricchio and Taylor, 1997].

Columns

Cad3 Quantity

Format

1-10
11-20
21-30

21-30

31-40

41-50

61-70

71-80

Y oung's modulus
Poisson’sratio

SIG_ASS, starting value for the forward phase transformation
(conversion of austenite into martensite) in the case of auniaxial
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.

SIG_ASF, final value for the forward phase transformation
(conversion of austenite into martensite) in the case of auniaxial
tensile state of stress. SIG_ASF as afunction of temperatureis
specified by using the negative of the load curve ID number.

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

SIG_SAF, final value for the reverse phase transformation
(conversion of martensite into austenite) in the case of auniaxial
tensile state of stress. SIG_SAF as afunction of temperature is
specified by using the negative of the load curve ID number.

EPSL, recoverable strain or maximum residual strain. Itisa
measure of the maximum deformation obtainable al the
martensite in one direction.

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

E10.0
E10.0
E10.0

E10.0

E10.0

E10.0

E10.0

E10.0
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Columns Cad 4 Quantity Format

1-10 Y oung’s modulus for the martensite if it is different from the E10.0
modulus for the austenite. Defaultsto the austenite modulusif it
is set to zero.

Cad5 Blank
Cad6 Blank
Cad7 Blank
Cad8 Blank
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 the austenite into martensite conversion, indicated

respectively as ¢ " ando *°, according to the following expression:

AS~ _ ~ ASH
a — GS GS
AS~ +GAS,+

S s

Figure 3.15. Pictoria representation of superelastic behavior for a shape-memory
material.

In the following, the results obtained from a simple test problem is reported. The
material properties are set as:
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E 60000 MPa
nu 0.3

sig AS s 520 MPa
Sig_ AS f 600 MPa
sig SA s 300MPa
Sig_SA f 200 MPa

epsL 0.07
apha 0.12
ymrt 50000 MPa

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

3.16

1000

" B /—/

Cauchy Stress

|
N
o
o

1000 :

-0.1 -0.05 0 0.05

True Strain

Figure 3.16. Complete loading-unloading test in tension and compression
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Material Type 31 (Slightly Compressible Rubber Model)

This model implements a modified form of the hyperelastic constitutive law first
described in [Kenchington 1988].

Columns Quantity Format
1-10 Card 3 Poisson'sratio. Vaues between .49 and less than E10.0
.50 are suggested.

The constants can be defined directly or aleast squares fit can be performed if the uniaxial
datais available. If aleast squaresfit is chosen, then flag the terms to be included in the
energy functional by setting their corresponding coefficientsto unity. If all coefficients are
zero the default is to use only the termsinvolving 11 and I,. Cyop defaults to unity if the
least squarefit is used.

Columns Quantity Format
11-20 C100 (EQ.1.0if termisincluded in the least squaresfit.) E10.0
21-30 Cooo (EQ.1.0if termisincluded in the least squaresfit.) E10.0
31-40 Cz00 (EQ.1.0if termisincluded in the least squaresfit.) E10.0
41-50 Ca00 (EQ.1.0if termisincluded in the least squaresfit.) E10.0
1-10 Cad4 C110(EQ.1.0if termisincluded intheleast squaresfit.) E10.0
11-20 C210 (EQ.1.0if termisincluded in the least squaresfit.) E10.0
21-30 Co10 (EQ.1.0if termisincluded in the least squaresfit.) E10.0
31-40 Cozo (EQ.1.0if termisincluded in the least squaresfit.) E10.0
1-10 Card5 Exit or continue option E10.0

EQ.0.0: continueif strain limits are exceeded

EQ.1.0: stopif strain limits are exceeded
1-10 Cad6 Maximum strain limit, (Green-St. Venant Strain) E10.0
11-20 Minimum strain limit, (Green-St. Venant Strain) E10.0
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If Card 7 is defined then aleast squaresfit is performed to determine the constants which
areinput as 1.0.

Columns Quantity Format
1-10 Card7 Specimen gauge length E10.0
11-20 Specimen width E10.0
21-30 Specimen thickness E10.0
31-40 Load curve ID giving the force versus actual change E10.0

in the gauge length.
1-10 Card8 Usereference geometry to initial stresses. E10.0
EQ.0.0: off
EQ.1.0: on

The strain energy functional, U, is defined in terms of the input constants as:

— 2 3 4
U_C100|1+C200|l +C300|1 +C400|l +C110|l|2+
2 2
C:210| 1 |2 + COlO I2 +C020| 2 + f(J)

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

J =Ry
l,=E
|2=%5ngpiEq

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

N
JE,

here, §jj, is the second Piola-Kirchhoff stress tensor.

3

The load curve definition that provides the uniaxial data should give the changein
gauge length, AL, in columns 1-10 and the corresponding force in column s 11-20 if a
2E10.0 format isused. 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 gs positive values. The principal stretch ratio in the uniaxial direction, A3, isthen
given by
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_Lo+AL
I‘O
Alternatively, the stress versus strain curve can also be input by setting the gauge
length, thickness, and width to unity and defining the engineering strain in place of the

change in gauge length and the nominal (engineering) stress in place of the force. See
Figure 3.13.

Z

The least square fit to the experimental data is performed during the initialization
phase and is a comparison between the fit and the actual input is provided in the printed
file. Itisagoodideato visualy check thefit to make sureit is acceptable. The coefficients
C100 - Coop are aso printed in the output file.
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Material Type 32 (Laminated Glass Model)

Columns Quantity Format
1-10 Card3 Young s modulus (glass) E10.0
11-20 Poisson’s ratio (glass) E10.0
21-30 Yield stress (glass) E10.0
31-40 Hardening modulus, E; (glass) E10.0
41-50 Plastic strain at failure (glass) E10.0
1-10 Card4 Young' s modulus (polymer) E10.0
11-20 Poisson’s ratio (polymer) E10.0
21-30 Yield stress (polymer) E10.0
31-40 Hardening modulus, E; (polymer) E10.0
1-10 Card5 1dtintegration point material (glass=0, polymer=1) E10.0
11-20 2nd integration point material E10.0
21-30 3rd integration point material E10.0
31-40 4th integration point material E10.0

Isotropic hardening is assumed. The material to which the glass is bonded is
assumed to stretch plastically without failure. A user defined integration rule specifies the
thickness of the layers making up the glass. On cards 5-8, columns 1-80 (*E10.0) define
whether the integration point is glass (0.0) or polymer (1.0). Define the material for the
same number of integration points as specified in therule. Insert blank cards as necessary.
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Material Type 33 (Barlat’s Anisotropic Plasticity M odel)

This model was developed by Barlat, Lege, and Brem [1991] for modelling
material behavior in forming processes. The finite e ement implementation of thismodel is
described in detail by Chung and Shah [1992] and is used here.

Columns Quantity Format
1-10 Card3 Young's modulus, E E10.0
11-20 Poisson’sratio, v E10.0
21-30 k E10.0
31-40 € E10.0
41-50 n E10.0
51-60 m, flow potential exponent in Barlat’s Model E10.0
1-10 Card4 a4, anisotropy coefficient in Barlat’s Model E10.0
11-20 b, anisotropy coefficient in Barlat’s Model E10.0
21-30 c anisotropy coefficient in Barlat’s Model E10.0
31-40 f, anisotropy coefficient in Barlat’s Model E10.0
41-50 g, anisotropy coefficient in Barlat’s Model E10.0
51-60 h, anisotropy coefficient in Barlat’s Model E10.0
1-10 Card5 Blank E10.0
1-10 Cad6 Materia axesoption, AOPT E10.0

EQ.0.0: locally orthotropic with material axes
determined by element nodes as shownin
Figure 3.5. Cards 7 and 8 are blank with this
option.

EQ.1.0: locally orthotropic with material axes
determined by apoint in space and the global
location of the element center. Card 8 below is
blank.

EQ.2.0: globally orthotropic with material axes
determined by vectors defined on Cards 7 and 8
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Columns Quantity Format

EQ.3.0: applicableto shell elements only.

This option determines locally orthotropic

material axes by offsetting the material axes by

an angle (Card 8) from aline in the plane of the

shell determined by taking the cross product of

the vector defined on Card 7 with the shell

normal vector.
1-10 Card7  Xp, define for AOPT = 1.0 E10.0
11-20 yp, define for AOPT = 1.0 E10.0
21-30 zp, definefor AOPT = 1.0 E10.0
1-10 Cad7 @&, definefor AOPT =2.0 E10.0
11-20 ap, define for AOPT = 2.0 E10.0
21-30 ag, define for AOPT = 2.0 E10.0
1-10 Cad7 v1,definefor AOPT =3.0 E10.0
11-20 vo, define for AOPT = 3.0 E10.0
21-30 v3, define for AOPT = 3.0 E10.0
1-10 Card8 dj, definefor AOPT = 2.0 E10.0
11-20 do, define for AOPT = 2.0 E10.0
21-30 ds, define for AOPT = 2.0 E10.0

Theyield function @ isdefined as

©=|§-S["HS -S"+HS -§["=2"

where 6 istheeffectivestressand S_, , ; are the principal values of the symmetric matrix

S

S(x = [C(Gxx - ny) - I:)((yzz - O-xx)]/s
%/y = [a(o-yy - o-zz) - C(Gxx - O'yy)]/3
SZZ = [b(Gzz - O-xx) - a(ny - Gzz)]/3

S, = fo,
S, =90,
5, =ho,
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The material constants a,b,c, f,g and h represent anisotropic properties. When
a=b=c=f=g=h=1, the materia is isotropic and the yield surface reduces to the

Trescayield surface for m=1 and von Misesyield surface for m= 2or4.
For FCC materials m=8 is recommended and for BCC materials m=6 is used.
Theyidd strength of the material is

o, =k(l+¢g)" .
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Material Type 34 (Fabric)

The fabric model is avariation on the layered orthotropic composite model of material
22 and isvalid for 3 and 4 node membrane elements only and is strongly recommended for
modeling airbags and seatbelts. In addition to being a constitutive model, this model also
invokes a special membrane element formulation which is more suited to the deformation
experienced by fabrics under large deformation. For thin fabrics, buckling can result in an
inability to support compressive stresses; thus a flag is included for this option. A linear
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.

Columns

Quantity

Format

1-10 Card3 Eg, longitudina direction

11-20

21-30

31-40

41-50

51-60

61-70

Ep, transverse direction
EQ.0.0: Isotropic elastic (Version 960 onward)

Ec, normal direction
EQ.0.0: Isotropic elastic (Version 960 onward)

Fabric leakage coefficient (optional), FLC
LT.0.0: |FLC]istheload curveID of the curve
defining FLC versustime. See notes below.

Fabric area coefficient (optional), FAC
LT.0.0: |FAC]istheload curve D of the curve
defining FAC versus absolute pressure.
See notes below.

Effective |leakage areafor blocked fabric, ELA
LT.0.0: |ELA|istheload curveID of the curve
defining ELA versustime. The default value of
zero assumes that no leakage occurs. A value
of .10 would assume that 10% of the blocked
fabric isleaking gas.

Flag to turn off compression in liner until the reference
geometry isreached, i.e., the fabric element becomes
tensile.

EQ.0.0: off.

EQ.1.0: on.

E10.0
E10.0

E10.0

E10.0

E10.0

E10.0

E10.0

LS-DYNA Version 960
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Material Type 34 (Fabric)

Columns Quantity Format
1-10 Card4 vpg Poisson’sratio E10.0
11-20 Vca E10.0

EQ.0.0: Isotropic elastic (Version 960 onward)
21-30 Vch E10.0
EQ.0.0: Isotropic elastic (Version 960 onward)
31-40 Compressive stress flag (default = 0.0). This E10.0
option does not apply to theliner.
EQ.0.0: don’t eliminate compressive stresses
EQ.1.0: eliminate compressive stresses
41-50 Flag to modify membrane formulation for fabric material: E10.0
EQ.0.0:default. Least costly and very reliable.
EQ.1.0:invarient local membrane coordinate system
EQ.2.0:Green-Largrange strain formulation
EQ.3.0:large strain with nonorthogona material
angles. See remarks below.
EQ.4.0:large strain with nonorthogona material
angles and nonlinear stress strain behavior. Define
optional load curve IDs on cards 7 and 8 below.
1-10 Cad5 Gy E10.0
11-20 Ghe E10.0
21-30 Gca E10.0
31-40 Y oung's modulus for elastic liner (optional) E10.0
41-50 Poisson’sratio for elastic liner (optional) E10.0
51-60 Ratio of liner thickness to total fabric thickness E10.0
61-70 Rayleigh damping coefficient. A value of 0.05 E10.0

generally works well. This roughly corresponds to
5 percent structural damping.

For an elastic isotropic fabric cards 6-8 below can be left blank. For orthotropic behavior

an accurate definition of the material directions below is very important in obtaining
correct.results.

Columns Quantity Format

1-10 Cad6 Materia axesoption, AOPT E10.0
EQ.0.0: locally orthotropic with material axes
determined by element nodes ny, Ny, and ng as
shown in Figure 3.5. Cards 7 and 8 below are
blank with this option.
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Columns Quantity Format

EQ.2.0: globally orthotropic with material axes
determined by vectors defined on Cards 7 and 8.
EQ. 3.0: localy orthotropic with material axes
determined by rotating the material axes about

the element normal by an angle, BETA (card

8), from a line in the plane of the element

defined by the cross product of the vector v

with the element normal.

1-10 Cad7 & for AOPT=2.0 E10.0
v for AOPT=3.0 E10.0
11-20 ap for AOPT=2.0 E10.0
vo for AOPT=3.0 E10.0
21-30 ag for AOPT=2.0 E10.0
vz for AOPT=3.0 E10.0
31-40 Blank E10.0
41-50 Load curve ID for stress versus strain along the E10.0

a-axisfiber; available for memebrane formulation
4 only. If zero, Eais used.

51-60 Load curve ID for stress versus strain along the E10.0
b-axis fiber; available for memebrane formulation
4 only. If zero, Epis used.

61-70 Load curve ID for stressversus strain in the E10.0
ab-plane; available for memebrane formulation
4 only. If zero, Ggyis used.

1-10 Card8 djfor AOPT=2.0 E10.0
BETA for AOPT=3.0; may be overridden on the E10.0
element card (degrees)

11-20 do for AOPT=2.0 E10.0

21-30 dz for AOPT=2.0 E10.0

31-40 Blank E10.0

41-50 Unload/reload curve ID for stress versus strain along E10.0

the a-axis; available for membrane formulation
4 only. If zero, theload curveis used.

51-60 Unload/reload curve ID for stress versus strain along E10.0
the b-axis; available for membrane formulation
4 only. If zero, theload curveis used.
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Material Type 34 (Fabric)

Columns Quantity Format

61-70 Unload/reload curve ID for stressversus strainin E10.0
the ab-plane; available for membrane formulation
4 only. If zero, theload curveis used.

If the airbag material isto be approximated as an isotropic material, then only one
Y oung’ s modulus and Poisson’ s ratio should be defined. The elastic approximation is very
cost efficient due to the fact that the local transformations to the material coordinate system
may be skipped. If orthotropic constants are defined, it is very important to consider the
orientation of the local material system and employ great care in setting up the finite element
mesh.

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

For membrane formulations 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 membrane formulation 3 or 4, the fiber directions are not assumed
orthogonal and must be specified using the material angle cards. 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 materia
axis option, AOPT=0, 2, or 3.

For membrane formulation 4, nonlinear true stress versus true strain load curves
may be defined for a-axis, b-axis, and shear stresses for loading and also for unloading and
reloading. All curves should start at the origin and be defined for positive strains only.
The a-axis and b-axis stress follows the curves for tension only. For compression, stress
is calculated from the constant values, Eg or E.  Shear stress/strain behavior is assumed
symmetric. If aload curveisomitted, the stressis calculated from the appropriate constant
modulus, Eg, Ep, or Ggp.

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 rel oading
will occur along the load curve.
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Material Type 35 (Kinematic/lsotropic Elastic-Plastic Green-Naghdi Rate)

Columns Quantity Format
1-10 Card3 Young s modulus E10.0
11-20 Strain rate parameter, C E10.0
21-30 Strain rate parameter, p E10.0
1-10 Card4 Poisson’sratio E10.0
1-10 Card5 Yieldstress E10.0
1-10 Card6 Hardening modulus, Et E10.0
1-10 Card 7 Hardening parameter, 3/ E10.0

0<p<1
Card8 Blank

Thismodel isavailable only for brick elements and issimilar to model 3 but uses

the Green-Naghdi Rate formulation rather than the Jaumann rate.
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Material Type 36 (Barlat’s 3-Parameter Plasticity M odel)

This model was developed by Barlat and Lian [1989] for modelling sheets under
plane stress conditions.

Columns Quantity Format
1-10 Card3 Young's modulus, E E10.0
11-20 Poisson’sratio, v E10.0
21-30 Hardening rule E10.0

EQ.1.0: linear

EQ.2.0: exponential
EQ.3.0: load curve

For linear hardening (1.0) in columns 31-50 define:

31-40 Tangent modulus E10.0
41-50 Yield stress E10.0

For exponential hardening (2.0) in columns 31-50 define:

31-40 k, strength coefficient for exponential hardening E10.0
41-50 n, exponent E10.0
51-60 load curve ID for the load curve hardening rule E10.0
61-70 gg for determining initia yield stress for E10.0
exponential hardening. (Default=0.0)

71-80 spi, if €q iszero above. (Default=0.0) E10.0

EQ.0.0: &, =(E/k)**[1/(n-1)]

LE..02: g, = spi

GT..02: g, =(spi/k)**[1/n]
1-10 Card4 m, exponent in Barlat’ syield surface E10.0
11-20 Roo E10.0
21-30 Rss E10.0
31-40 Roo E10.0
1-10 Card5 Blank E10.0
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Columns Quantity Format
1-10 Cad6 Materia axesoption, AOPT E10.0

EQ.0.0: locally orthotropic with material axes

determined by element nodes as shownin

Figure 3.5. Cards 7 and 8 are blank with this

option.

EQ.1.0: locally orthotropic with material axes

determined by apoint in space and the global

location of the element center. Card 8 below is

blank.

EQ.2.0: globally orthotropic with material axes

determined by vectors defined on Cards 7 and 8

EQ.3.0: applicableto shell elements only.

This option determines locally orthotropic

material axes by offsetting the material axes by

an angle (Card 8) from aline in the plane of the

shell determined by taking the cross product of

the vector defined on Card 7 with the shell

normal vector.
1-10 Card7  Xp, definefor AOPT = 1.0 E10.0
11-20 yp, define for AOPT = 1.0 E10.0
21-30 zp, definefor AOPT = 1.0 E10.0
1-10 Cad7 @&, definefor AOPT =2.0 E10.0
11-20 ap, define for AOPT = 2.0 E10.0
21-30 ag, define for AOPT = 2.0 E10.0
1-10 Cad7 v1,definefor AOPT =3.0 E10.0
11-20 vo, define for AOPT = 3.0 E10.0
21-30 v3, define for AOPT = 3.0 E10.0
1-10 Card8 dj, definefor AOPT = 2.0 E10.0
11-20 do, define for AOPT = 2.0 E10.0
21-30 ds, define for AOPT = 2.0 E10.0

The anisotopic yield criterion @ for plane stressis defined as:

@ =aK, + K,|" + dK, — K,|" + ¢2K,[" = 207

3.36.2m
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(Barlat's 3-Parameter Plasticity Model) M aterial Type 36

where ¢y istheyield stress and Kj=1 2 are given by:

o, +ho,
! 2

o.—ho Y
Kz:\/( 2 y) "

The anisotropic material constants a, c, h, and p are obtained through Rog, R45,
and Rgo:

a=2-2 —ROO R
V1+ Ry 1+ Ry,

c=2-a

he | _Ro 1+Ry
1+Ry Ry
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:

B 2moy,’
R ( oD D )
+ (o) 6

d0, " a0,

-1

where o, is the uniaxial tension in the ¢ direction. This expression can be used to
iteratively calculatethevalue of p. Let ¢=45 and define afunction g as

2moy’

g(p):[a(l) 8q)) —1-Rg
+ 0

90, o,

An iterative search is used to find the value of p.

For FCC materials m=8 is recommended and for BCC materials m=6 may be used.
Theyield strength of the material can be expressed in terms of k and n:

where ¢, isthe elastic strain to yield and £°is the effective plastic strain (logrithmic). If

SIGY isset to zero, the strain to yield if found by solving for the intersection of the linearly
elastic loading equation with the strain hardening equation:
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oc=E¢

o=keg"

which givesthe elastic strain at yield as:

- ( E )LJ

If SIGY yield is nonzero and greater than 0.02 then:
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Material Type 37 (Transversely Anisotropic Elastic-Plastic)

Columns Quantity Format
1-10 Card3 Young s modulus E10.0
1-10 Card4 Poisson’sratio E10.0
1-10 Card5 Yieldstress E10.0
1-10 Card6 Hardening modulus, Et E10.0
1-10 Card7 Anisotropic hardening parameter, R E10.0
1-10 Card8 Load curve number defining effective stress versus E10.0

effective plastic strain. Theyield stress and hardening
modulus are ignored with this option.

This plasticity model isfully iterative and is available only for shell elements.

Consider Cartesian reference axes which are parallel to the three symmetry planes
of anisotropic behavior. Then, the yield function suggested by [Hill 1948] can be written

F(o, - 0'33)2 + G0y — 611)2 +H(oy, - 0'22)2 +2Lo%, +2Mo, +2No,2 —1=0

where oy1, oy2, and oy3, are the tensile yield stresses and 6y12, oy23, and oy31 are the
shear yield stresses. The constants F, G, H, L, M, and N are related to the yield stress by

- L
0'23
2M = 12
Gy31
2N = 12
Gylz
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1 1 1
F=—t -~
Gy2 Gy3 O'yl
ol 1 1
Gy3 Gyl Gy2
1 1 1
2H :O_—2+O_—2—o_—2.

yl y2 y3

The isotropic case of von Mises plasticity can be recovered by setting F=G=H = %03
and L:M:N:%G§ :

For the particular case of transverse anisotropy, where properties do not vary in the
X1-X2 plane, the following relations hold:

SN
y3
Oy Oy
211
Oy Oys

where it has been assumed that 0., = 0, = 0.

Letting K = °/ ., the yield criteria.can be written
F(o)=o0.=0,,
where

F(o)= [0121 + 05, + K205, — K?0y(0y + 0,,) - (2— K2)6110'22
1 %
+2Lo} (0% +0%)+ 2(2— 5 Kz)clzz]

P
Therate of plastic strain is assumed to be normal to the yield surface so €j; is found

from

P oF
i=A=—.
& Jo;
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Now consider the case of plane stress, where 633 = 0. Also, define the anisotropy
input parameter (see Card 7 above) R as the ratio of the in-plane plastic strain rate to the
out-of-plane plastic strain rate,

R—T
En
It then follows that
2
R: F—l

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

2R 2R+1 , ?
F(G) = |:0121 + (752 - mo-nazz + chlzz]
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Material Type 38 (Blatz-Ko Compressible Foam)

Columns Quantity Format
1-10 Card3 Shear modulus, G E10.0
11-20 Use reference geometry to initial stresses. E10.0

EQ.0.0: off
EQ.1.0: on
Cad4 Blank
Card8 Blank

The strain energy functional for the compressible foam model is given by
G —
W:E(%+2VIII ~5)

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 invarients, I, I, and 111, the
second Piola-Kirchhoff stresses are given as

|

where Cijj is the right Cauchy-Green strain tensor. This stress measure is transformed to
the Cauchy stress, ojj, according to the relationship

S = G[(Iéij - qj)%Jr(,m _%)

o' =1I*F,F; S,

where Fjj is the deformation gradient tensor.

LS-DYNA Version 960 3.38.1m



Material Type 38 (Blatz-Ko Compressible Foam)

3.38.2m LS-DYNA Version 960



(Transversely Anisotropic with FLD) M aterial Type 39

Material Type 39 (Transversely Anisotropic Elastic-Plastic with FL D)

Columns Quantity Format
1-10 Card3 Young s modulus E10.0
11-20 Card3 CurvelD defining the Flow Limit Diagram. E10.0

Minor strains in percent are defined as abcissa values
Major strainsin percent are defined as ordinate values
The flow limit diagram is shown in Figure 3.17. In
defining the curve, list pairs of minor and major
strains starting with the left most point and ending

with right most point.
1-10 Card4 Poisson’sratio E10.0
1-10 Card5 Yiedstress E10.0
1-10 Card6 Hardening modulus, Et E10.0
1-10 Card7 Anisotropic hardening parameter, R E10.0
1-10 Card8 Load curve ID defining effective stress versus E10.0

effective plastic strain. Theyield stress and hardening
modulus are ignored with this option.

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

maximum strain ratio defined by:
€

maj or workpiece
gmajor fld
corresponding to &

minor workpiece ’
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emnr =0
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Figure 3.17. Flow limit diagram.
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Material Type 40 (Nonlinear Elastic Orthotropic Material)

Columns Quantity Format
1-10 Card3 Eg, modulus-longitudinal direction E10.0
11-20 Epo, modulus-transverse direction E10.0
21-30 Eco, modulus-normal direction E10.0

The following input on Card 1 is optional and applies to
solid elements only.

31-40 Load curve ID defining the nominal stress versus E10.0
strain along c-axis. Strainis defined as A¢c-1 where
Ac isthe stretch ratio aong the ¢ axis.

41-50 Load curve ID defining the nominal ab shear stress E10.0
versus ab-strain in the ab-plane. Strain is defined as
the sin(y,,) where v, is the shear angle.

51-60 Load curve ID defining the nominal ab shear stress E10.0
versus ab-strain in the be-plane. Strain is defined as
the sin(y,,) where vy, is the shear angle.

61-70 Load curve ID defining the nominal ab shear stress E10.0
versus ab-strain in the ca-plane. Strain is defined as
the sin(y,,) where v, is the shear angle.

1-10 Cad4 vpa E10.0
11-20 Vea E10.0
21-30 Veb E10.0
31-40 AT, temperature increment for stressinitialization E10.0
41-50 Tramp, timeto ramp up to the final temperature E10.0
51-60 o, thermal expansion coefficient E10.0
1-10 Cad5 Gy E10.0
11-20 Gbe E10.0
21-30 Gea E10.0
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Columns Quantity Format

1-10 Cad6 Materia axesoption, AOPT E10.0

EQ.0.0: Localy orthotropic with material axes

determined by element nodes n1, np, and Ny, as

shown in Figure 3.5. The AOPT data on cards

7 and 8 below are blank with this option.

EQ.1.0: Localy orthotropic with material axes

determined by apoint in space and the global

location of the element center. The AOPT data

on card 8 below is blank.

EQ.2.0: Globally orthotropic with material axes

determined by vectors defined on Card 7 and 8.

EQ.3.0: Applicableto shell elements only.

This option determines locally orthotropic

material axes by offsetting the material axes by

an angle (Card 12) from alinein the plane of

the shell determined by taking the cross product

of the vector defined on Card 7 with the shell

normal vector.
1-10 Card7 xp definefor AOPT=1.0 E10.0
11-20 yp define for AOPT=1.0 E10.0
21-30 z, define for AOPT=1.0 E10.0
1-10 Cad7 a1 definefor AOPT=2.0 E10.0
11-20 ap definefor AOPT=2.0 E10.0
21-30 ag definefor AOPT=2.0 E10.0
1-10 Cad7 v1definefor AOPT=3.0 E10.0
11-20 vo define for AOPT=3.0 E10.0
21-30 v3 define for AOPT=3.0 E10.0
1-10 Card8 dj definefor AOPT=2.0 E10.0
11-20 d> define for AOPT=2.0 E10.0
21-30 d3 define for AOPT=2.0 E10.0
31-40 Load curve ID defining the nominal stress versus E10.0

strain dong a-axis. Strainis defined as Ag-1 where

Aaisthe stretch ratio dong the a axis.

3.40.2m
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Columns Quantity Format

41-50 Load curve ID defining the nominal stress versus E10.0
strain dong b-axis. Strain is defined as Ap-1 where
Ap isthe stretch ratio aong the b axis.

51-60 E€f4l, fallure strain E10.0
61-70 Ats41, time step for automatic element erosion E10.0
71-80 Cdamp, damping coefficient E10.0
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Material Types 41-50 (User Defined Material Models)

Define the number of fields specified in the control section using only as many
cards as needed with eight parameters per card with format 8E10.0. The locations of the
bulk modulus, shear modulus, and the orientation set must be consistent with the control
card defined for the material type.

When the user defined material requires the deformation gradient, nine extra history
variables must be allocated for its storage and a call to compute f must be made as
described in Appendix A.

Columns Quantity Format
1-10 First materia parameter E10.0
11-20 Second material parameter E10.0
21-30 Third material parameter E10.0
31-40 Fourth materia parameter E10.0

The orientation information begins at the specified address and contains the following
information.in the order given.below.

1. Materia axes option, AOPT E10.0
EQ.0.0: locally orthotropic with material axes determined by
element nodes n1, np, and ng as shown in Figure 3.5. Fields
3-8 below are blank with this option.

EQ.1.0: locally orthotropic with material axes determine by a
point in space and the global location of the element center.
Fields 6-8 below are not defined.

EQ.2.0: globally orthotropic with material axes determined
by vectors defined in fields 3-8 below.

EQ.3.0: applicableto shell elementsonly. This option
determines locally orthotropic material axes by offsetting the
material axes by an angle from aline in the plane of the shell
determined by taking the cross product of the vector defined
in fields 3-5 below with the shell normal vector.

2. Material axes change flag for brick elements E10.0
EQ.1.0: default
EQ.2.0: switch material axesaand b
EQ.3.0: switch material axesaand ¢

3. Xp define for AOPT=1.0
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a; definefor AOPT=2.0
v1 definefor AOPT=3.0

Yp define for AOPT=1.0
a definefor AOPT=2.0
v define for AOPT=3.0
Z, define for AOPT=1.0
ag define for AOPT=2.0
v3 define for AOPT=3.0
dq definefor AOPT=2.0
d> define for AOPT=2.0

d3 define for AOPT=2.0
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Material Type 42 (Planar Anisotropic Plasticity M odel)

This model is built into LS-DYNA as a user material model for modeling plane
stress anisotropic plasticity in shells. Please note that only three cards are input here. The
orthotropic angles must be defined later as for all materials of this type. This model is
currently not vectorized.

Columns Quantity Format
1-10 Card3 E, Young's modulus E10.0
11-20 PR, Poisson’s ratio E10.0
21-30 K, bulk modulus E10.0
31-40 G, shear modulus E10.0
41-50 Yield parameter, A E10.0
51-60 Plastic hardening coefficient, m E10.0
61-70 Strain rate coefficient, n E10.0
71-80 Optional load curve ID defining yield stress versus egﬁ E10.0
1-10 Cad4 ROO E10.0
11-20 R45 E10.0
21-30 R90 E10.0
31-40 émin minimum strain rate (must be nonzero) E10.0
1-10 Card5 Materia axesoption, AOPT E10.0

EQ.0.0: locally orthotropic with material axes

determined by element nodes ny, ny, and ng as
shown in Figure 3.5. Cards 7 and 8 below are
blank with this option.

EQ.1.0: locally orthotropic with material axes
determined by apoint in space and the global
location of the element center. Card 8 below is
blank.

EQ.2.0: globally orthotropic with material axes
determined by vectors defined on Cards 7 and 8.
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Columns Quantity Format

EQ.3.0: applicableto shell elementsonly. This
option determines locally orthotropic material axes
by offsetting the material axes by an angle (Card
12) from alinein the plane of the shell determined
by taking the cross product of the vector defined on
Card 7 with the shell normal vector.

11-20. Materia axes change flag for brick elements E10.0
EQ.1.0: default
EQ.2.0: switch materia axesaand b
EQ.3.0: switch material axesaand ¢

21-30 Xp define for AOPT=1.0 E10.0
31-40 yp define for AOPT=1.0 E10.0
41-50 Z, define for AOPT=1.0 E10.0
21-30 a1 definefor AOPT=2.0 E10.0
31-40 ap definefor AOPT=2.0 E10.0
41-50 ag define for AOPT=2.0 E10.0
21-30 v1 definefor AOPT=3.0 E10.0
31-40 vo define for AOPT=3.0 E10.0
41-50 v3 define for AOPT=3.0 E10.0
51-60 d; definefor AOPT=2.0 E10.0
61-70 dy define for AOPT=2.0 E10.0
71-80 dz define for AOPT=2.0 E10.0

Thisis an implementation of an anisotropic plasticity model for plane stress where
the flow rule, see Material Type 37, simplifiesto:

F(05)° + G(0y)" + H(0y;, - 0,,)° +2No,2 -1=0 .

The anisotropic parameters R00, R45, and R90 are defined interms of F, G, H, and N as
[Hill, 1989]:

2ROO:ﬂ
G
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2N
(F+G)

2R90=ﬂ
=

2R45=

Theyield function for thismodel is given as:
.Nn
oy=Ae"e
To avoid numerical problems the minimum strain rate, émin must be defined and the initial
yield stress 6, is calculated as:

.n
Op = AEOmSmin = ESO
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Material Type 48 (Strain Rate Dependent Plasticity with Size Dependent

Failure)

Columns Quantity Format
1-10 Bulk modulus, K E10.0
11-20 cl, strain rate parameter (see equation 3.3) E10.0
21-30 pl, strain rate parameter (see equation 3.3) E10.0
31-40 C2, strain rate parameter (see equation 3.4) E10.0
41-50 p2, strain rate parameter (see equation 3.4) E10.0

Card 4 (8E10.0)

Columns Quantity Format
1-10 Shear modulus, G E10.0
11-20 Curve number giving failure strain as afunction of element E10.0

size (EQ.0.0: ignore this option)
21-30 Method for determining element size E10.0
EQ.0.0: size=\aea
EQ.1.0: size=minimum side length used for time step
caculation
EQ.2.0: size=maximum side length (area/mimimum side)
EQ.3.0: sizeisbased on the direction of strains within the
element
31-40 Fully integrated element failure option: Thisisthe maximum E10.0
number of integration’s pointsin alayer which can fail before
the layer looses strength. (default=4.0)
41-50 Option for including pressure effectsin fracture E10.0
EQ.0.0: ignore pressure sensitivity (default)
EQ.1.0: include pressure sensitivity
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Card 5 (8E10.0)

Columns Quantity Format
1-10 Yield strength E10.0
11-20 Optional load curve number defining effective stress versus E10.0
effective plastic strain. Cards 7 and 8 are ignored with this option.
Card 6 (8E10.0)

Columns Quantity Format
1-10 Tangent modulus, ignored if stress strain curveis defined E10.0
11-20 Plastic strain at failure (ignored if size dependent failure option E10.0

isinput).
21-30 Time step size for automatic element deletion E10.0
31-40 Load curve number to scale yield stressto account for strainrate E10.0
effects, Icl.
41-50 Load curve number to scale yield stressto account for strainrate E10.0
effects, Ic2.
Card 7 (8E10.0)

Columns Quantity Format
1-80 Effective plastic strain values (define up to 8 points) E10.0
Card 8 (8E10.0)

Columns Quantity Format
1-10 Corresponding yield stress values (define up to 8 points) E10.0
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Material Type 51 (Temperature and Rate Dependent Plasticity)

Columns Quantity Format
1-10 Card3 E, Young's modulus (psi) E10.0
11-20 PR, Poisson’s ratio (-) E10.0
21-30 T, initial temperature (°R) E10.0
31-40 HC, heat generation coefficient (*R/ps) E10.0
1-10 Card4 C1(ps) E10.0
11-20 Cs (°R) E10.0
21-30 Cz (psi) E10.0
31-40 C4 (°R) E10.0
1-10 Cad5 Cs(Ys E10.0
11-20 Cs (°R) E10.0
21-30 C7 (Ypsi) E10.0
31-40 Cg (°R) E10.0
41-50 C13 (Yps) E10.0
51-60 C14 (°R) E10.0
1-10 Cad6 Cg(psi) E10.0
11-20 C10 (°R) E10.0
21-30 Ci15 (psi) E10.0
31-40 C16 (°R) E10.0
41-50 C11 Ypsi-s) E10.0
51-60 C12 °R) E10.0
61-70 C17 Ypsi-s) E10.0
71-80 C1g (°R) E10.0
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Columns Quantity Format
1-10 Cad7 o4, initial value of internal state variable 1 E10.0
11-20 oip, initia value of internal state variable 2 E10.0
21-30 o4, initial value of internal state variable 3 E10.0
31-40 os, initia value of interna state variable 4 E10.0
41-50 o, initia value of interna state variable 5 E10.0
51-60 K, initial value of internal state variable 6 E10.0

Card8 Blank

sec-psi-°R sec-MPa-°R sec-MPA-9K
C1 *1145 *1145
Co — *Y9
Cs *1145 *1145
Ca — *Y9
Cs — —
Cs — *3/g
Cy *145 *145
Cs — *Y9
Co *1145 *1145
Cio — *Y9
Ci1 *145 *145
Cio — *Y9
C13 *145 *145
Cua — *Y9
Cis *1145 *1145
Ci6 — *Y9
C17 *145 *145
Cis — *Y9
CO=HC *145 *145* 59
E *1145 *1145
’l) —_— —_—
T — *99
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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 [Hill 1948].

With the assumption of linear elasticity we can write,
o = 2tr(D°)L+ 2uD"
where the Cauchy stress ¢ is convected with the elastic spin W€ as,

o .
o=0-W°+ oW¢®

Thisis equivaent to writing the constitutive model with respect to a set of directors whose
direction is defined by the plastic deformation [Bammann and Aifantis 1987, Bammann and
Johnson 1987]. Decomposing both the skew symmetric and symmetric parts of the

velocity gradient into elastic and plastic parts we write for the elastic stretching D€ and the
elastic spin WE,

D®*=D-DP-D" We=W=WP".

Within this structure it is now necessary to prescribe an equation for the plastic spin W P in

addition to the normally prescribed flow rule for D P and the stretching due to the thermal
expansion D . As proposed, we assume a flow rule of the form,

o t(Tyanp | Elm K=Y | &
D_f(T)smh[ V) ]5,.

Where T isthe temperate, x isthe scalar hardening variable, &’ is the difference between the
deviatoric Cauchy stress 6" and the tensor variable o,

5/2 G/_a/

and f(T),Y(T),V(T) are scalar functions whose specific dependence upon the temperature
is given below. Assuming isotropic thermal expansion, and introducing the expansion

coefficient A the thermal stretching can be written,
D" = AT1.

The evolution of theinternal variables o and x are prescribed in a hardening minus
recovery format as,

o= h(T)DP = [r, (T)|D?|+ 1, (T)]led e,
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k= H(T)D? - [R,(T)|D°|- R (T)]x?

where h and H are the hardening moduli, rs(T) and Rs(T) are scalar functions describing
the diffusion controlled ‘static’ or ‘thermal’ recovery, and rq (T) and Rq (T) are the
functions describing dynamic recovery.

If we assumethat WP = 0, we recover the Jaumann stress rate which results in the
prediction of an oscillatory shear stress response in simple shear when coupled with a
Prager kinematic hardening assumption [Johnson and Bammann 1984]. Alternatively we
can choose,

WP =R UU 'R,

which recovers the Green-Naghdi rate of Cauchy stress and has been shown to be
equivalent to Mandel’ sisoclinic state [Bammann and Aifantis 1987]. The model employing
this rate allows a reasonable prediction of directional softening for some materials but in
genera 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 thermomechanical 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
T:p—c\/(o' Dp),

where p isthe density of the material and C,, the specific heat.

In terms of the input parameters the functions defined above become:

V(T) = C1exp(-C2/T) h(T) = C9 exp(C10/T)
Y(T) = C3 exp(C4/T) r(T) = Cllexp(-C12/T)
f(T) = C5 exp(-C6/T) RD(T) = C13exp(-C14/T)
rd(T) = C7 exp(-C8/T) H(T) = C15exp(C16/T)
RS(T) = C17exp(-C18/T)

and the heat generation coefficient is

HC=—>-.
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Material Type 52 (Sandia’'s Damage Model)

Columns Quantity Format
1-10 Card3 E, Young's modulus E10.0
11-20 PR, Poisson’s ratio E10.0
21-30 T, initial temperature E10.0
31-40 HC, heat generation coefficient E10.0
1-10 Cad4 Cp E10.0
11-20 Co E10.0
21-30 C3 E10.0
31-40 Cy E10.0
1-10 Cad5 Cs E10.0
11-20 Cs E10.0
21-30 Cy E10.0
31-40 Cs E10.0
41-50 Ci13 E10.0
51-60 C1a E10.0
1-10 Cad6 Co E10.0
11-20 C10 E10.0
21-30 Cis E10.0
31-40 Ci6 E10.0
41-50 Cn E10.0
51-60 C12 E10.0
61-70 C17 E10.0
71-80 Cis E10.0
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Columns Quantity Format
1-10 Card7 oy, initid value of internal state variable 1 E10.0
11-20 o, initial value of internal state variable 2 E10.0
21-30 o, initial value of internal state variable 3 E10.0
31-40 0.4, initial value of internal state variable 4 E10.0
41-50 o, initial value of internal state variable 5 E10.0
51-60 o, initial value of internal state variable 6 E10.0
51-60 N, exponent in damage evolution E10.0
61-70 Do initial damage (porosity) E10.0
1-10 Card8 Failurestrain for erosion E10.0

The evolution of the damage parameter, ¢, is defined by [Bammann, et al. 1990]

7]
6= ﬁ[%— (1-9)

(1-9) ]

in which
. J2eN-1)p]
e

where p isthepressureand ¢ isthe effective stress.
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Material Type 53 (Low Density Closed Cell Polyurethane Foam)

Columns Quantity Format
1-10 Card3 E, Young's modulus E10.0
11-20 a E10.0
21-30 b E10.0
31-40 C E10.0
41-50 Pg initial foam pressure E10.0
51-60 o, ratio of foam to polymer density E10.0
61-70 Yo Initial volumetric strain E10.0

Card4 Blank
Card8 Blank

A rigid, low density, closed cell, polyurethane foam model developed at Sandia
Laboratories [Neilsen et al. 1987] has been recently implemented for modeling impact
[imiters in automotive applications. A number of such foams were tested at Sandia and
reasonabl e 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

where oﬁ‘ isthe skeletal stressand o' isthe air pressure computed from the equation:

Gajr - _ poy
1+y-9¢

where pg is the initial foam pressure usually taken as the atmospheric pressure and y
definesthe volumetric strain

y=V-1+7,
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whereV isthe relative volume and yg is the initial volumetric strain which istypically zero.
The yield condition is applied to the principal skeletal stresses which are updated
independently of the air pressure. We first obtain the skeletal stresses:

c=0,+0,0"
and compute the trial stress, o™
o‘=0 +E¢g; At

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. Theyield conditionis
applied to the principal skeletal stresses such that if the magnitude of aprincipal trial stress

component, o™, exceeds the yield stress, Oy then
o= min(o,.|o*) %
Theyield stressis defined by
o, =a+b(l+cy)

where a, b, and c are user defined input constants. After scaling the principal stresses they
are transformed back into the global system and the final stress state is computed

_ sk air
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Material Type 54 and 55 (Enhanced Composite Damage Model)

Materia 54 usesthe Chang matrix failure criterion (as Material 22);
Material 55 uses the Tsay-Wu criterion for matrix failure.

Arbitrary orthothropic materials, e.g., unidirectional layersin composite shell structures
can be defined. Optionally, various types of failure can be specified following either the
suggestions of [Chang and Chang, 1984] or [Tsai and Wu, 1981]. In addition special
measures are taken for failure under compression. See [Matzenmiller and Schweizerhof,
1990]. Thismodel isonly valid for thin shell elements.

Columns Quantity Format
1-10 Card3 Eja Young smodulus - longitudinal direction E10.0
11-20 Ep, Young' s modulus - transverse direction E10.0
21-40 Blank E10.0
41-50 B, weighting factor for shear term in tensile fiber mode

(0.0 B <10 E10.0
51-60 Y CFAC, factor for the remainder longitudina E10.0

compressive strength after compressive matrix
matrix failure. Xc=YCFAC*Y

1-10 Cad4 vy E10.0
11-20 Vzx E10.0
21-30 Vzy E10.0
1-10 Cad5 Gyx E10.0
11-20 Gyx E10.0
21-30 Gzx E10.0
1-10 Card6 Materia axesoption, AOPT E10.0

EQ.0.0: Localy orthotropic with material axes
determined by element nodes ny, np, and ng, as
shown in Figure 3.5. The AOPT data on cards
7 and 8 below are blank with this option.
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Columns Quantity Format

EQ.1.0: Localy orthotropic with material axes
determined by apoint in space and the global
location of the element center. The AOPT data
on card 8 below is blank.

EQ.2.0: Globally orthotropic with material axes
determined by vectors defined on Card 7 and 8.

EQ.3.0: Applicableto shell elements only.
This option determines locally orthotropic
material axes by offsetting the material axes by
an angle (Card 12) from alinein the plane of
the shell determined by taking the cross product
of the vector defined on Card 7 with the shell
normal vector.

31-40 trail Time step size for eement deletion E10.0
< 0: no element deletion by time step size
The crashfront algorithm only worksif ts4|
is set to avalue above zero.

0 <tf5) <.1: element isdeleted, when itstime step
is smaller than the given value

>.1:. element is deleted, when the quotient of the
actua time step and the original time step drops
below the given value

41-50 Xc Longitudinal compressive strength E10.0
51-60 SOFT  Softening reduction factor for material E10.0

strength in crashfront elements (default = 1.0).
TFAIL must be greater than zero to activate this option.

61-70 FBRT  Softening for fiber tensile strength E10.0

EQ.0.0: tensile strength = Xt
GT:0.0: tensile strength = X{, reduced to
Xt*FBRT after failure has occurred in
compressive matrix mode.

Tension cutoff failure occurs when the tensile strength is reached

if DFAILT isequal to 0.0. If DFAILT isgreater than 0.0, the

tensile stressis maintained at the tensile strength and the element

does not fail.
1-10 Card7 xpdefinefor AOPT=1.0 E10.0
11-20 yp define for AOPT=1.0 E10.0
21-30 zp define for AOPT=1.0 E10.0
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Columns Quantity Format
1-10 Cad7 a1 definefor AOPT=2.0 E10.0
11-20 ap define for AOPT=2.0 E10.0
21-30 ag define for AOPT=2.0 E10.0
1-10 Cad7 v1definefor AOPT=3.0 E10.0
11-20 vo define for AOPT=3.0 E10.0
21-30 v3 define for AOPT=3.0 E10.0
31-40 DFAILT, failure strain for tensile fiber mode E10.0

EQ.0.0: fiber rupture with tension cutoff
GT.0.0: stress= FBRT * X; after failure,
tension cutoff if tensile strain > DFAILT

41-50 DFAILC, failure strain (<0) for compressive E10.0
fiber mode. Only activeif DFAILT.GT.0.0.

51-60 ERODS, erosion strain (>0). If the effective E10.0
strain in an e ement exceeds ERODS, the
element iseroded. Note that an element is
also eroded if each ply through the thickness
fails, however, this may fail to work and
excessive e ement stretching results.

61-70 DFAILM, Maximum strain for matrix straining in E10.0
tension or compression. The layer in the element is
completely removed after the maximum strain in the
matrix directionisreached. Theinput valueisaways
positive.

71-80 DFAILS, Maximum shear strain. The layer in the E10.0
element is completely removed after the maximum shear
strainisreached. Theinput value is always positive.

1-10 Card8 dj definefor AOPT=2.0 E10.0
11-20 d> define for AOPT=2.0 E10.0
21-30 d3 define for AOPT=2.0 E10.0
31-40 Sc shear strength, ab plane E10.0
41-50 xt longitudinal tensile strength, a-axis E10.0
51-60 yt transverse tensile strength, b-axis E10.0
61-70 Yc transverse compressive strength E10.0
71-80 o, Nonlinear shear stress parameter E10.0
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The Chang/Chang criteriais given asfollows:

for the tensile fiber mode,

’ > 0 failed
6,>0 then e=|Z=| 1p %= |_1 | L
X, S < Oelastic

E. =B =G4 = V=V =0,

for the compressive fiber mode,

, (oY . [>Ofailed
0,<0 then e€=|—2] -1 .
X, < Oelastic

E. = Vea= Ve =0.

for the tensile matrix mode,

2 > [>0failed
0 th 2 _ O Oa —14 ’
o0 = =S (\G)+(&) LOelaﬁiC

E,=v,=0. 5G,=0,

and for the compressive matrix mode,

2 2 2 .
o Y, 6. (o > 0 failed
Oy, <0 then ejz(z—g:) J{(ZSJ —1]7bb+(§ab) _1{<0elastic’
6= Voa =V, =0. =G, =0
X, =2Y, for 50% fiber volume

In the Tsay/Wu criteria the tensile and compressive fiber modes are treated asin the
Chang/Chang criteria.  The failure criterion for the tensile and compressive matrix mode is
given as.

2 .
eﬁﬂ=6—§b+ O +m_l ZOfa”eq
YCYt SC Yth <0€astic

For B =1 we get the original criterion of Hashin [1980] in the tensile fiber mode.
For B =0 we get the maximum stress criterion which is found to compare better to
experiments.

Failure can occur in any of four different ways:
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1. If DFAILT is zero, failure occursif the Chang/Chang failure criterion is satisfied in
thetensle fiber mode.

2. If DFAILT is greater than zero, failure occurs if the tensile fiber strain is greater
than DFAILT or lessthan DFAILC.

3. If EFSisgreater than zero, failure occursiif the effecive strain is greater than EFS.
4. If TFAIL is greater than zero, failure occurs according to the element timestep as

described in  the definition of TFAIL above.

When failure has occurred in all the composite layers (through-thickness integration
points), the 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.

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-TAURUS database is input by the
*DATABASE_BINARY definition as variable NEIPS. For Models 54 and 55 these
additional variables are tabulated below (i = shell integration point):

History Description Vaue LSTAURUS
Component

Variable
Lef(i) tensile fiber mode 81
2.ec(i) compressive fiber mode 1 - elastic 82
3.em(i) tensile matrix mode 0 - failed 83
4.ed(i) | compressive matrix mode 84
5. efail max| ef(ip)] 85

-1 - element intact
6.dam damage parameter 108 - element in crashfront 86

+1 - element failed

These variables can be plotted in LS-TAURUS as element components 81, 82, ...,
80+ NEIPS. 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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Examples:

a) Fringe of tensile fiber mode for integration point 3:

Description Integration point
L 1
— ) ef(i
nipgl‘ 0
1 nip ) 2
— > ec(i
nipgf )
L3 omiy 3
nip =

LS TAURUS commandsin Phasel: intg 3 frin 81
LS TAURUS commandsin Phasell: etime81lnel e2...en

b) Sum of failure indicator of compressive fiber mode:

LS TAURUS commandsin Phasel: intg 2 frin 7
LS TAURUS commandsin Phasell: etime 7 3eee (with e... element number)

¢) Visualization of crashfront via dam parameter
LS TAURUS commands: frin 86
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Material Type 57 (Low Density Urethane Foam)

Columns Quantity Format
1-10 Card3 E, Young's modulus E10.0
11-20 Curve number of nominal stress versus strain E10.0
21-30 Tension cut-off stress E10.0
31-40 Hysteretic unloading factor between 0 and 1 E10.0

(Default=1, i.e., no energy dissipation)
41-50 B, decay constant E10.0
(Default=0., i.e., no relaxation)
51-60 Viscous coefficient (.05<recommended value<.50) E10.0
for stress oscillations and shock waves.
61-70 Shape factor for unloading. Active for nonzero E10.0
values of the hysteretic unloading factor. Values
less than one reduces the energy dissipation and
greater than one increases dissipation.
71-80 Failure option after cutoff stressis reached. E10.0
EQ.O: tensile stressremains at cut-off value
EQ.1: tensile stressisreset to zero.
1-10 Card4  Bulk viscosity activation flag. E10.0
EQ.0.0: no bulk viscosity (recommended)
EQ.1.0: bulk viscosity active
11-20 Optional Y oung's relaxation modulus, E,, for rate E10.0
effects.
21-30 Optional decay constant, f3,. E10.0
1-10 Card5 Stiffness coefficient for contact interface stiffness. E10.0
EQ.0.0: Maximum slopein stressvs. strain
curveisused. When the maximum slopeis
taken for the contact, the time step size for this
material isreduced for stability. 1n some cases
At may be significantly smaller, and defining a
reasonabl e stiffness is recommended.
1-10 Card6  Usereference geometry to initial stresses. E10.0
EQ.0.0: off
EQ.1.0: on
Card7 Blank
Cad8 Blank
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This urethane foam model is available to model highly compressible foams such as
those used in seat cushions and as padding on the Side Impact Dummy (SID). The
compressive behavior isillustrated in Figure 3.18 where hysteresis on unloading is shown.
This behavior under uniaxial loading is assumed not to significantly couple in the
transverse directions. In tension the material behaves in a linear fashion until tearing
occurs. Although our implementation may be somewhat unusual, it was first motivated by
Shkolnikov [1991] and a paper by Storakers [1986]. The recent additions necessary to
model hysteretic unloading and rate effects are due to Chang, et. al. [1994]. These latter
additions have greatly expanded the usefulness of this model.

The model uses tabulated input data for the loading curve where the nominal
stresses are defined as afunction of the elongations, ¢, which are defined in terms of the

principal stretches, 4., as:
e=1-1

The stretch ratios are found by solving for the eigenvalues of the left stretch tensor, V;,
which is obtained viaa polar decomposition of the deformation gradient matrix, F;, Recall

that,
Fij = RkUkj :VikR<j

The update of V; followsthe numericaly stable approach of Taylor and Flanagan [1989].
After solving for the principal stretches, the elongations are computed and, if the
elongations are compressive, the corresponding values of the nominal stresses, t,, are
interpolated. If the elongations are tensile, the nominal stresses are given by

7, = Eg

The Cauchy stresses in the principal system become

The stresses are then transformed back into the global system for the nodal force
calculations.

When hysteretic unloading is used, the reloading will follow the unloading curve if
the decay constant, 3, is set to zero. If B is nonzero the decay to the original loading
curveis governed by the expression:

1-e Pt

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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Rate effects are accounted for through linear viscoelasticity by a convolution
integral of the form

— oe
Oy = Jogijkl (t - T)O-)_;ldT

where g, (t - 7) is the relaxation function. The stress tensor, o, augments the stresses

determined from the foam, O'ijf; consequently, the final stress, o,

summation of the two contributions;

is taken as the

_ f r
0, =0, + 0.

Since we wish to include only simple rate effects, the relaxation function is
represented by one term from the Prony series:

N
at) = o, + > o, e’

m=1

given by,
g(t) = Ee ™'

This model is effectively aMaxwell fluid which consists of adamper and spring in series.
We characterize thisin the input by a Y oung's modulus, E,, and decay constant, 3,. The
formulation is performed in the local system of principal stretches where only the principal
values of stress are computed and triaxial coupling is avoided. Consequently, the one-
dimensional nature of thisfoam material is unaffected by this addition of rate effects. The
addition of rate effects necessitates twelve additional history variables per integration point.
The cost and memory overhead of this model comes primarily from the need to “remember”
the local system of principa stretches.
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Typica unloading
curves determined by
the hysteretic unloadin
factor. With the shape
factor equal to unity.

Unloading
curves

Typical unloading for
alarge shape factor,

e.g. 5.-8., and asmall
hysteretic factor, e.g.,
.010.

strain

strain

Figure 3.18. Behavior of the low density urethane foam model.
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Material Type 58 (Laminated Composite/Fabric)

Depending on the type of failure surface, this model may be used to model
composite materials with unidirectional layers, complete laminates, and fabrics. This
model isimplemented only for shell elements

Columns Quantity Format
1-10 Card3 Ej longitudinal direction E10.0
11-20 Ep, transverse direction E10.0
21-30 Ec, normal direction which is currently not used. E10.0
1-10 Cad4 vpa E10.0
11-20 71, stresslimit of thefirst dightly nonlinear part of the  E10.0

of the shear stress versus shear strain curve. The values
71 and Y1 are used to define a curve of shear stress
versus shear strain. These values areinput if FS, defined
below, is set to avaue of -1.

21-30 v1, strain limit of the first dightly nonlinear part of the ~ E10.0
of the shear stress versus shear strain curve.

1-10 Cad5 Gg E10.0

11-20 Gpe E10.0

21-30 Gea E10.0

31-40 SLIMTZ, minimum stress limit after stress maximum. E10.0
(fiber tension) Thisisafactor between 0.0 and 1.0.
Default=1.0e-08.

41-50 SLIMC1, minimum stress limit after stress maximum. E10.0
(fiber compression) Thisisafactor between 0.0 and 1.0.
Default=1.0e-08.

51-60 SLIMT2, minimum stress limit after stress maximum. E10.0
(matrix tension) Thisis afactor between 0.0 and 1.0.
Default=1.0e-08.

61-70 SLIMC2, minimum stress limit after stress maximum. E10.0
(matrix compression) Thisisafactor between 0.0 and 1.0.
Default=1.0e-08.

71-80 SLIMS, minimum stress limit after stress maximum. E10.0
(shear) Thisisafactor between 0.0 and 1.0.
Default=1.0e-08.
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Columns Quantity Format

1-10 Cad6 Materia axesoption, AOPT
EQ.0.0: locally orthotropic with material axes
determined by element nodes ny, Ny, and ng as
shown in Figure 3.5. Cards 7 and 8 below are
blank with this option.

EQ.1.0:locally orthotropic with material axes
determine by a point in space and the global
location of the element center.Card 8 below is
blank.

EQ.2.0:globally orthotropic with material axes
determined by vectors defined on Cards 7 and
8.

EQ.3.0:applicable to shell elementsonly. This
option determines locally orthotropic material
axes by offsetting the material axes by an angle
(Card 8) from aline in the plane of the shell
determined by taking the cross product of the
vector defined on Card 7 with the shell normal

vector.
11-20 Blank E10.0
21-30 Blank E10.0
31-40 TSIZE, time step for automatic element deletion E10.0
41-50 ERODS, maximum effective strain for element layer E10.0
failure. A value of 1 = 100% strain.
51-60 SOFT, softening reduction factor for strength in crash E10.0
61-70 FS, Failure surface type: E10.0

EQ.1.0:smooth failure surface with a quadratic
criterion for both the fiber (a) and transverse
(b) directions.

EQ.0.0:smooth failure surface in the transverse
(b) direction with a limiting value in the fiber
(a) direction. This model is appropiate for
unidirectional (UD) layered composites.
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.
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Columns Quantity Format
1-10 Card7 xp definefor AOPT=1.0 E10.0
11-20 yp define for AOPT=1.0 E10.0
21-30 Zp define for AOPT=1.0 E10.0
1-10 Cad7 & definefor AOPT=2.0 E10.0
11-20 ap definefor AOPT=2.0 E10.0
21-30 ag define for AOPT=2.0 E10.0
1-10 Cad7 v1definefor AOPT=3.0 E10.0
11-20 vo define for AOPT=3.0 E10.0
21-30 v3 define for AOPT=3.0 E10.0
31-40 Card7 eq1c, strain at longitudinal compressive strength, a-axis. E10.0
41-50 e11t, strain at longitudinal tensile strength, a-axis. E10.0
51-60 eoc, Strain at transverse compressive strength, b-axis. E10.0
61-70 et , Strain at transverse tensile strength, b-axis. E10.0
71-80 eg, Strain at shear strength, ab plane. E10.0
1-10 Card8 dj definefor AOPT=2.0 E10.0
11-20 do definefor AOPT=2.0 E10.0
21-30 dz define for AOPT=2.0 E10.0
31-40 X¢ longitudinal compressive strength, a-axis E10.0
41-50 xt longitudinal tensile strength, a-axis E10.0
51-60 Yc transverse compressive strength, b-axis E10.0
61-70 yt transverse tensile strength, b-axis E10.0
71-80 S shear strength, ab plane E10.0
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Material Type 59 (Composite Failure Model - Plasticity Based)

Columns Quantity Format
1-10 Card3 Ej, longitudina direction E10.0
11-20 Ep, transverse direction E10.0
21-30 Ec, normal direction E10.0
31-40 K¢, bulk modulus of failed material E10.0

The following parameters (cols. 41-60) apply to shell elements only.
41-50 Sr, reduction factor(default=0.447) E10.0
51-60 sf, softening factor(default=0.0) E10.0
1-10 Cad4 vpa E10.0
11-20 Vca E10.0
21-30 Vch E10.0

The following parameters (cols. 31-60) apply to brick elements only.
31-40 Card4 gy, in plane shear strength E10.0
41-50 Sca, transverse shear strength E10.0
51-60 Sch, transverse shear strength E10.0
1-10 Cad5 Gy E10.0
11-20 Gbe E10.0
21-30 Gea E10.0

The following parameters (cols. 31-60) apply to brick elements only.
31-40 Card5 Xc, longitudinal compressive strength, a-axis E10.0
41-50 Ye, transverse compressive strength, b-axis E10.0
51-60 Zc, normal compressive strength, c-axis E10.0
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Columns Quantity Format

1-10 Cad6 Materia axesoption, AOPT
EQ.0.0: locally orthotropic with material axes
determined by element nodes ny, Ny, and ng as
shown in Figure 3.5. The AOPT data on cards
7 and 8 below are blank with this option.

EQ.1.0: locally orthotropic with material axes
determine by a point in space and the global loca-
tion of the element center. The AOPT data on card
8 below is blank.

EQ.2.0: globally orthotropic with material axes
determined by vectors defined on Cards 7 and 8.

EQ.3.0: applicableto shell elementsonly. This
option determines locally orthotropic material axes
by offsetting the material axes by an angle (Card 8)
from alinein the plane of the shell determined by
taking the cross product of the vector defined on
Card 7 with the shell normal vector.

11-20 Materia axes change flag for brick elements E10.0
EQ.1.0: default
EQ.2.0: switch materia axesaand b
EQ.3.0: switch material axesaand ¢

21-30 E10.0
31-40 tsize, time step for automatic el ement deletion E10.0
41-50 alp, nonlinear shear stress parameter E10.0
51-60 soft, softening reduction factor for strength in crash E10.0
61-70 fbrt, softening of fiber tensile strength E10.0
1-10 Card7 xp definefor AOPT=1.0 E10.0
11-20 yp define for AOPT=1.0 E10.0
21-30 Zp define for AOPT=1.0 E10.0
1-10 Cad7 a1 definefor AOPT=2.0 E10.0
11-20 ap definefor AOPT=2.0 E10.0
21-30 ag define for AOPT=2.0 E10.0
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Columns Quantity Format
1-10 Cad7 v1definefor AOPT=3.0 E10.0
11-20 vo define for AOPT=3.0 E10.0
21-30 v3 define for AOPT=3.0 E10.0
1-10 Card8 dj definefor AOPT=2.0 E10.0
11-20 dz definefor AOPT=2.0 E10.0
21-30 dz define for AOPT=2.0 E10.0

The following parameters (cols. 31-60) apply to brick elements only.
31-40 xt longitudinal tensile strength, a-axis E10.0
41-50 yt transverse tensile strength, b-axis E10.0
51-60 z normal tensile strength, c-axis E10.0

The following parameters (cols. 31-80) apply to shell elements only.
31-40 X¢ longitudinal compressive strength, a-axis E10.0
41-50 xt longitudinal tensile strength, a-axis E10.0
51-60 Yc transverse compressive strength, b-axis E10.0
61-70 yt transverse tensile strength, b-axis E10.0
71-80 S shear strength, ab plane E10.0

if So>0 => faceted failure surface theory
If Sc< 0 ==> ellipsoidal failure surface theory.
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Material Type 60 (Elastic With Viscosity)

Card 3
Columns Quantity Format
1-10 Y oung's modulus (ignored if Card 7 is not blank) E10.0
11-20 Viscosity V (see note below) E10.0
21-30 Viscosity coefficient A (see note below) E10.0
31-40 Viscosity coefficient B E10.0
41-50 Viscosity coefficient C E10.0
51-60 Load curve defining factor on viscosity versustime E10.0
(default: factor = 1.0)
21-30 Viscosity coefficient A (see note below) E10.0
Card 4

If only one value is defined Poisson’ sratio is independent of temperature.

Columns Quantity Format
1-10 Poisson’sratio at Tq E10.0
71-80 Poisson’sratio at Tg E10.0
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Card 5

Temperature dependence is optional. If this card is blank the material is not

temperature dependent.

Columns Quantity Format
1-10 Temperature at T1 E10.0
71-80 Temperature at Tg E10.0

Card 6

Columns Quantity Format
1-10 Viscosity at T (see note below) E10.0
71-80 Viscosity at Tg E10.0

Card 7

Columns Quantity Format
1-10 Young'smodulusat Tq E10.0
71-80 Young'smodulusat Tg E10.0
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Card 8
Columns Quantity Format
1-10 Coefficient of thermal expansion at T1 E10.0
71-80 Coefficient of thermal expansion at Tg E10.0

In this material model, the strain has both elastic and viscous components. The
model was developed to represent glass at temperatures around 600°C, to allow glass
forming processed to be smulated.

Any or all of the properties can vary with temperature. Temperatures can be input
by nay of the methods available on Control Card 5.

Viscosity is not active during dynamic relaxation, i.e., the material becomes linear
eladstic.

Notes:
1. Thevariation of viscosity with temperature can be defined in any of the 3 ways.

(1) Constant, V =V, (usecard 3, columns 11-20).

(i) V=V,x10**(A/(T-B)+C) (use card 3, columns 11-20, 21-30, 31-40
and 41-50; leave card 6 blank).

(iii) Piecewise-linear: usecard 6, and leave card 3 columns 11-50 blank.
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Material Type 61 (Maxwell/Kelvin Viscoelastic with Maximum Strain)

Thismodel outputs strain data, see Bandak [1991], that is used to predict damagein
special types of viscoelastic material behavior.

Columns Quantity Format
1-10 Card3 Bulk modulus (elastic) E10.0
1-10 Card4 Short-time shear modulus, Gg E10.0
1-10 Card5 Long-time shear modulus, Ge. E10.0
1-10 Card6 Maxwell decay constant, B [FOPT=0.0] or E10.0

Kelvin relaxation constant, T [FOPT=1.0]
1-10 Card7 Formulation option, FOPT E10.0
EQ.0.0: Maxwell
EQ.1.0: Kelvin
1-10 Card8 Strain output option to be plotted as component 7 E10.0

in LS TAURUS which isthe effective plastic strain
component. The maximum values are updated for
each element each time step.
EQ.0.0: maximum principa strain that occurs
during the calculation.
EQ.1.0: maximum magnitude of the principal
strain that occurs during the calculation. Both
positive and negative values are examined..

EQ.2.0: maximum effective strain that occurs
during the calculation.

The shear relaxation behavior is described for the Maxwell model by:
G(t)=G_+(G,-G.)e™.
A Jaumann rate formulation is used
v t -,
g =2 jo G(t - 7) & (7)dt
v .
where the prime denotes the deviatoric part of the stressrate, 5, and & isthe deviatoric the
strain rate.

For the Kelvin model the stress evolution equation is defined as:

-1 -, G. ,
St = (1+6;)Gyé; + (1+ 5”-)78”
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where §; isthe Kronecker delta, G, is the instantaneous shear modulus, G_is the long
term shear modulus, and 7 isthe decay constant.

The pressure is determined from the bulk modulus and the volumetric strain:

p=-Ke

Vv

Vv
e, =Inf —
(VOJ

defines the logrithmic volumetric strain from the relative volume.

where

Bandak’s [1991] calculation of the total strain tensor, &jj, for output uses an
incremental update based on Jaumann rate:

et =€l +1) + g/ At
where

. n+k
AS:;WZ =g; A"

n+1

and rj givesthe rotation of the stain tensor at timett" to the configuration at t

n_ n_ .n+% n n+% n+%
rf = (ehoy™ + efop™ )At"
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Material Type 62 (Viscous Foam, Ove Arup & Partners Model )

Columns Quantity Format
1-10 Card 3 Initia Young's modulus (E,) E10.0
11-20 Power law for Y oung’s modulus (n,) E10.0
21-30 Viscous coefficient (Vo) E10.0
31-40 Elastic modulus for viscosity (E,) E10.0
41-50 Power law for viscosity (n,) E10.0
1-10 Card4 Posson'srétio, v

Card5 Blank
Card8 Blank

This model was written to represent the energy absorbing foam found on certain
crash dummies. This model was added to model the *Confor Foam’ on the ribs of the
Eurosid.

The model consists of anonlinear elastic stiffnessin parallel with a viscous damper.
The elastic stiffnessisintended to limit total crush while the viscosity absorbs energy. The
stiffness E, existsto prevent timestep problems.

Figure 3.19. Schematic of material model 62.

Both E; and V2 are nonlinear with crush as follows:
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E=E(V™)

V= Vz(abs(l_ V))nz

where V isthe relative volume defined by the ratio of the current to initial volume. Typica
values are (units of N, mm, )

E, = 0.0036

n=4.0

V, =0.0015

E, =100.0

n,=0.2

v=0.05
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Material Type 63 (Isotropic Crushable Foam)

Columns Quantity Format
1-10 Card3 Young's modulus (E) E10.0
11-20 Poisson’ s ratio (generally 0, but <.50) E10.0
21-30 Load curve number defining yield stress versus E10.0

volumetric strain, vy, see Figure 3.20.
31-40 Cutoff value for tensile stress.(> 0.0) E10.0
41-50 Viscous coefficient (.05<recommended value <.50) E10.0
Cad4 Blank
Cad8 Blank

The volumetric strain is defined in terms of the relative volume, V, as;

y=1-V .
A

M
A
X
S
T
R .

Stress increases at
E higher strain rates
S
S

VOLUMETRIC STRAIN

Figure 3.20. Behavior of strainrate sensitive crushable foam. Unloading is elastic to the

tension cutoff. Subsequent reloading follows the unloading curve.
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Material Type 64 (Strain Rate Sensitive Power-Law Plasticity)

Columns Quantity Format
1-10 Card3 Modulus of easticity E10.0
11-20 Poisson’s ratio E10.0
21-30 Material constant, k. If k<O the absolute value of k E10.0

is taken as the load curve number that defines k as
afunction of plastic strain.

31-40 Strain hardening coefficient, m. 1f m<0 the absolute E10.0
value of mistaken asthe load curve number that
defines mas afunction of plastic strain

41-50 Strain rate sensitivity coefficient, n. If n<0 the E10.0
absolute value of nistaken asthe load curve
number that defines n as afunction of plastic strain

51-60 Initial strain rate (0.0002) E10.0
61-70 Formulation for rate effects: E10.0
EQ.0.0: Scaleyield stress (default)

EQ.1.0: Viscoplastic formulation
71-80 Factor to normalize strain rate E10.0

EQ.1.0: Time units of seconds (default)
EQ.1.E-3: Time units of milliseconds
EQ.1.E-6: Time units of microseconds

Cad4 Blank

Cad5 Blank

Card6 Blank

Cad7 Blank

Card8 Blank

Thismaterial model follows a constitutive relationship of the form:
o =ke"e"

where o isthe yield stress, € isthe effective plastic strain, € isthe normalized effective
plastic strain rate, and the constants k, m, and n can be expressed as functions of effective
plastic strain or can be constant with respect to the plastic strain. The case of no strain
hardening can be obtained by setting the exponent of the plastic strain equal to avery small
positive value, i.e. 0.0001.
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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 moded.

A fully viscoplastic formulation is optional. An additional cost isincurred but the
improvement is results can be dramatic.
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Material Type 65 (Modified Zerilli/Armstrong)

Columns Quantity Format
1-10 Card3 G, shear modulus E10.0
11-20 éo, factor to normalize strain rate E10.0
21-30 n, exponent for bcc metals E10.0
31-40 Ty, room temperature E10.0
41-50 pc, pressure cutoff E10.0
51-60 Spall Type E10.0

EQ.0.0: default setto“2.0"

EQ.1.0: minimum pressure limit

EQ.2.0: maximum principal stress

EQ.3.0: minimum pressure cutoff
61-70 Failure strain for erosion E10.0
61-70 Formulation for rate effects: E10.0

EQ.0.0: Scaleyield stress (default)

EQ.1.0: Viscoplastic formulation
1-10 Cad4 C1 E10.0
11-20 C2 E10.0
21-30 C3 E10.0
31-40 C4 E10.0
41-50 Cs E10.0
51-60 Ce E10.0
1-10 Cad5 B; E10.0
11-20 B2 E10.0
21-30 B3 E10.0
1-10 Cad6 G E10.0
11-20 Go E10.0
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Columns Quantity Format
21-30 G3 E10.0
31-40 G4 E10.0
41-50 BULK, bulk modulus defined for shell elements E10.0

only. Do not input for solid elements.

The Armstrong-Zerilli Material Model expresses the flow stress as follows.

For fcc metals (n=0),

ool el )

eP = effective plagtic strain

g = i effective plastic strain rate where g0 = 1, 1e-3, 1e-6 for time units
Eo
of seconds, milliseconds, and microseconds, respectively.

For bce metals (n>0),

o=C+ Cze(—c3+c4|n(g;* )T N [C5<8p)n N Cs]( w(T) ]
where

u(T) | _ 2
Fe Rt

The relationship between heat capacity (specific heat) and temperature may be characterized
by a cubic polynomia equation as follows:

C,=G+GT+GT’+G,T*

A fully viscoplastic formulation isoptional. An additional cost isincurred but the
improvement in results can be dramatic.
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Material Type 66 (Linear Stiffness/Linear Viscous 3D Discrete Beam)

The formulation of the discrete beam (type 6) assumes that the beam is of zero
length and requires no orientation node. A small distance between the nodes joined by the
beam is permitted. The local coordinate system which determines (r,s;t) is given by the
coordinate ID in the cross sectional input where the global system is the default. The local
coordinate system axes rotate with the average of the rotations of the two nodes that define
the beam.

Columns Quantity Format
1-10 Card3 Trandational stiffness about local r-axis E10.0
11-20 Trandational stiffness about local s-axis E10.0
21-30 Trandationa stiffness about local t-axis E10.0
31-40 Rotational stiffness about the local r-axis E10.0
41-50 Rotational stiffness about the local s-axis E10.0
51-60 Rotational stiffness about the local t-axis E10.0
1-10 Card4 Trandational viscous damper about local r-axis E10.0
11-20 Trandationa viscous damper about local s-axis E10.0
21-30 Trandational viscous damper about local t-axis E10.0
31-40 Rotational viscous damper about the local r-axis E10.0
41-50 Rotational viscous damper about the local s-axis E10.0
51-60 Rotational viscous damper about the local t-axis E10.0

Card5 Blank

Card6 Blank

Card7 Blank
1-10 Card8 Preload force aong local r-axis E10.0
11-20 Preload force along local s-axis E10.0
21-30 Preload force along local t-axis E10.0
31-40 Preload moment about the local r-axis E10.0
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Columns Quantity Format
41-50 Preload moment about the local s-axis E10.0
51-60 Preload moment about the local t-axis E10.0

For null stiffness coefficients, no forces corresponding to these null values will
develop. The viscous damping coefficients are optional .
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Material Type 67 (Nonlinear Stiffness/Viscous 3D Discrete Beam)

The formulation of the discrete beam (type 6) assumes that the beam is of zero
length and requires no orientation node. A small distance between the nodes joined by the
beam is permitted. The local coordinate system which determines (r,s;t) is given by the
coordinate ID in the cross sectional input where the global system is the default. The local
coordinate system axes rotate with the average of the rotations of the two nodes that define

the beam.
Columns Quantity Format

1-10 Card3 Load curve ID-trandational force along the local E10.0
r-axis versus relative r-displacement. See Figure 3.21
for an explanation on how to define the load curve.

11-20 Load curve |D-trandational force along the local E10.0
s-axis versus relative s-displacement.

21-30 Load curve |D-trandational force along the local E10.0
t-axis versus rel ative t-displacement.

31-40 Load curve ID-rotational moment about the local E10.0
r-axis versus relative r-rotation.

41-50 Load curve ID-rotational moment about the local E10.0
S-axis versus relative s-rotation.

51-60 Load curve ID-rotational moment about the local E10.0
t-axis versus rel ative t-rotation.

1-10 Card4 Load curve|D-trandational viscous damping force E10.0
along the r-axis versus relative r-rotational velocity.

11-20 Load curve | D-trandational viscous damping force E10.0
along the s-axis versus relative s-rotational velocity.

21-30 Load curve ID-trandational viscous damping force E10.0
along the t-axis versus relative t-rotational velocity.

31-40 Load curve | D-rotational viscous damping moment E10.0
about the r-axis versus relative r-rotational velocity.

41-50 Load curve | D-rotational viscous damping moment E10.0
about the s-axis versus relative s-rotational velocity.

51-60 Load curve | D-rotational viscous damping moment E10.0
about the t-axis versus relative t-rotational velocity.
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Columns Quantity Format

Cad5 Blank

Cad6 Blank

Cad7 Blank
1-10 Card8 Preload forceaong local r-axis E10.0
11-20 Preload force along local s-axis E10.0
21-30 Preload force along local t-axis E10.0
31-40 Preload moment about the local r-axis E10.0
41-50 Preload moment about the local s-axis E10.0
51-60 Preload moment about the local t-axis E10.0

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 requires no orientation node. A small distance between the nodes joined by the
beam is permitted. The local coordinate system which determines (r,st) is given by the
coordinate ID, in the cross sectional input where the global system isthe default. The local
coordinate system axes can rotate with either node of the beam or an average rotation of
both nodes (see the beam section definition).

If different behavior in tension and compression is desired in the calculation of the
force resultants, the load curve(s) must be defined in the negative quadrant starting with the
most negative displacement then increasing monotonically to the most positive. |If the load
curve behaves similarly in tension and compression, define only the positive quadrant.
Whenever displacement values fall outside of the defined range, the resultant forces will be
extrapolated. Figure 3.21 depicts atypical load curve for aforce 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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(a)

—zZz>drrcouvmxm

o
|

DISPLACEMENT

—z>»-d4r-cunmxm

| DISPLACEMENT |

Figure 3.21. The resultant forces and moments are determined by atable lookup. If the
origin of theload curveisat [0,0] asin (b.) and tension and compression
responses are symmetric.
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Material Type 68 (Nonlinear Plastic/Linear Viscous 3D Discrete Beam)

The formulation of the discrete beam (type 6) assumes that the beam is of zero
length and requires no orientation node. A small distance between the nodes joined by the
beam is permitted. The local coordinate system which determines (r,s,t) is given by the
coordinate ID in the cross sectional input where the global system is the default. The local
coordinate system axes rotate with the average of the rotations of the two nodes that define

the beam.

Columns Quantity Format
1-10 Card3 Trandational stiffnessaong loca r-axis E10.0
11-20 Trandationa stiffness along local s-axis E10.0
21-30 Trandationa stiffness along local t-axis E10.0
31-40 Rotational stiffness about the local r-axis E10.0
41-50 Rotational stiffness about the local s-axis E10.0
51-60 Rotational stiffness about the local t-axis E10.0
1-10 Card4 Trandationa viscous damper aong local r-axis E10.0
11-20 Trandationa viscous damper along local s-axis E10.0
21-30 Trandational viscous damper aong local t-axis E10.0
31-40 Rotational viscous damper about the local r-axis E10.0
41-50 Rotational viscous damper about the local s-axis E10.0
51-60 Rotational viscous damper about the local t-axis E10.0
1-10 Card5 Load curveID-yield force versus plastic displacement E10.0

r-axis. See Figure 3.22 for an explanation on how to
define the load curve. If the curve ID zero, and if the
r-axis stiffness value is nonzero, then nonlinear elastic
behavior is obtained
' 11-20 Load curve ID-yield force versus plastic displacement E10.0

s-axis If thecurvelD zero, and if the s-axis stiffness
vaue is nonzero, then nonlinear dastic behavior is

obtained
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Columns Quantity Format

21-30 Load curve ID-yield force versus plastic displacement E10.0
t-axis If the curve ID zero, and if the t-axis stiffness
value is nonzero, then nonlinear elastic behavior is
obtained

31-40 Load curve ID-yield moment versus plastic rotation E10.0
r-axis If the curve ID zero, and if the r-axis rotational
stiffness value is nonzero, then nonlinear elastic
behavior is obtained

41-50 Load curve ID-yield moment versus plastic rotation E10.0
s-axis If the curveID zero, and if the s-axis rotational
stiffness value is nonzero, then nonlinear elastic
behavior is obtained

51-60 Load curve ID-yield moment versus plastic rotation E10.0
t-axis If the curve ID zero, and if the t-axis rotational
stiffness value is nonzero, then nonlinear elastic
behavior is obtained

If Card 6 below is blank failure based on force resultantsis not included. If any parameter
below is nonzero, failure will be considered.

Columns Quantity Format

1-10 Cad6 F™, optional failure parameter. If zero, the E10.0
corresponding force, Fy, is not considered in the
failure calculation.

11-20 F.' optional failure parameter. If zero, the E10.0

corresponding force, Fg, is not considered in the
failure calculation.

21-30 F@', optional failure parameter. If zero, the E10.0

corresponding force, Fy, is not considered in the
failure calculation.

31-40 M, optional failure parameter. If zero, the E10.0
corresponding force, My, isnot considered in the
failure calculation.

41-50 M/ optional failure parameter. If zero, the E10.0

corresponding force, Mg, is not considered in the
failure calculation.

51-60 M, optional failure parameter. If zero, the E10.0

corresponding force, M, is not considered in the
failure calculation.
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If Card 7 (below) is blank failure based on displacementsis not included. If any parameter
below is nonzero, failure will be considered.

Columns Quantity Format

1-10 Cad7 u™, optiond failure parameter. If zero, the E10.0
corresponding displacement, uy, isnot considered in
thefailure calculation.

11-20 u’  optional failure parameter. If zero, the E10.0

S 1
corresponding displacement, us, isnot considered in
the failure calculation.

21-30 u"™', optional failure parameter. If zero, the E10.0

corresponding displacement, u, isnot considered in
thefailure calculation.

31-40 6, optional failure parameter. If zero, the E10.0
corresponding rotation, Oy, is not considered in the
failure calculation.

41-50 6, optional failure parameter. If zero, the E10.0

corresponding rotation, B, is not considered in the
failure calculation.

51-60 6,*', optional failure parameter. If zero, the E10.0

corresponding rotation, 6, is not considered in the
failure calculation.

1-10 Card8 Preload forceaong local r-axis E10.0
11-20 Preload force along local s-axis E10.0
21-30 Preload force along local t-axis E10.0
31-40 Preload moment about the local r-axis E10.0
41-50 Preload moment about the local s-axis E10.0
51-60 Preload moment about the local t-axis E10.0

For the trandational and rotational degrees of freedom where elastic behavior is
desired, set the load curve ID to zero.

Catastrophic failure based on force resultants occurs if the following inequality is
satisfied.

F

E 2 E 2 2 M 2 M 2 M 2
(Ff;ﬂ) +(Ff2jl] +(Ff;ﬂ] +(M—f;l] +(Mf;|] +(Mf;'] -1>0.
r S t r S t
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After failure the discrete element is deleted. Likewise, catastrophic failure based on
displacement resultants occursiif the following inequality is satisfied:

2 2 2 0 2 9 2 9 2
(UL:;H] +(ulﬂ:j|) +(utl;l;j|) +(9f;jl) +[9f§|) +[ef;|) -120.
r S r S t

After failure the discrete element is deleted. If failureisincluded either one or both of the
criteriamay be used.

—zZz>Hdr-rcCcuvmaxn

-

PLASTIC DISPLACEMENT
Figure 3.22. 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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Material Type 69 (Side Impact Dummy Damper, SID Damper)

The side impact dummy uses a damper that is not adequately treated by the
nonlinear force versus relative velocity curves since the force characteristics are dependent
on the displacement of the piston.

Columns Quantity Format
1-10 Cad3 S, pistonstroke. § must equal or exceed the E10.0
length of the beam element. (See Figure 3.23 below)
11-20 d, piston diameter E10.0
21-30 R, default orifice radius E10.0
31-40 h, orifice controller position E10.0
41-50 n, number of orifices, not to exceed 15. E10.0
51-60 K, damping constant E10.0

LT.0.0: |K| isthe load curve number 1D
defining the damping coefficient as afunction
of the absolute value of the relative velocity

61-70 C, discharge coefficient E10.0
71-80 k, stiffness coefficient if piston bottoms out E10.0
1-10 Card4 d, orificelocation relative to fixed end E10.0
11-20 d,, orifice location relative to fixed end E10.0
21-30 ds, orifice location relative to fixed end E10.0
31-40 dy, orifice location relative to fixed end E10.0
1-10 Card5 dy, orificelocation relative to fixed end E10.0
11-20 dy, orifice location relative to fixed end E10.0
21-30 d4, orifice location relative to fixed end E10.0
31-40 dy, orifice location relative to fixed end E10.0
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Columns Quantity Format
71-80 Cad5 SF, scaefactor on calculated force. E10.0
EQ.0.0: default isset to 1.0
1-10 Cad6 Ry, orificeradius corresponding to dq E10.0
11-20 Ry, orifice radius corresponding to do E10.0
21-30 Rs, orifice radius corresponding to ds E10.0
31-40 Ry, orifice radius corresponding to dg E10.0
1-10 Card7 Ry, orificeradius corresponding to dg E10.0
11-20 Ry, orifice radius corresponding to dq E10.0
21-30 Ry, orifice radius corresponding to dq E10.0
31-40 Ry, orifice radius corresponding to dq5 E10.0
71-80 Card7 ¢, linear viscous damping coefficient used after E10.0
damper bottoms out either in tension or compression.
1-10 Cad8 py,q, fluid density E10.0
11-20 C1, coefficient for linear velocity term E10.0
21-30 Co, coefficient for quadratic velocity term E10.0
31-40 Load curve number ID defining force versus E10.0

piston displacement, s, i.e., term f(s+s,).
Compressive behavior is defined in the positive
quadrant of the force displacement curve.
Displacements falling outside of the defined force
displacement curve are extrapolated. Care must
be taken to ensure that extrapolated values are
reasonable.

41-50 Load curve number ID defining damping coefficient E10.0
versus piston displacement, 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.
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Columns Quantity Format

51-60 Initial displacement sy, typically set to zero. A positive  E10.0
displacement corresponds to compressive behavior.

61-70 C3, coefficient for fluid inertiaterm E10.0

Cards 4-5 give the n (<16) orifice locations dq, dp, dg, dy, ..., d, relative to the fixed end
using a (8e10.0) format. Cards 6-7 gives the corresponding radii for each orifice: if zero,
the default radius, R, is used. If necessary insert blank cards.

As the damper moves, the fluid flows through the open orifices to provide the
necessary damping resistance. While moving as shown in Figure 3.23, the piston
gradually blocks off and effectively closesthe orifices. The number of orifices and the size
of their opening control the damper resistance and performance. The damping force is
computed from

F- S:{K'%Vp{% ; cz\vp\pﬂuid{(c%)z - ]}— f(s+)+V,0(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, Ay isthe piston

area, A isthe total open areas of orifices at time t, pfjuiq is the fluid density, Cq 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. Asthe piston closes, the closure of the orificeisgradual. Thisgradua
closure is properly taken into account to insure a smooth response. If the piston stroke is
exceeded, the stiffness value, k, limits further movement, i.e., if the damper bottoms out in
tension or compression the damper forces are calculated by replacing the damper by a
bottoming out spring and damper, k and c, respectively. The piston stroke must exceed the
initial length of the beam element. The time step calculation is based in part on the stiffness
value of the bottoming out spring. A typical force versus displacement curve at constant
relative velocity is shown in Figure 3.24.

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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orifice opening controller
. 2R-h

Figure 3.23. Mathematical model for the Side Impact Dummy damper.

A

linear loading
after orifices
close

o0 =0~

last orifice
closes

A force increases as orifice

isgradually covered

displacement

Figure 3.24. Force versus displacement as orifices are covered at a constant relative

velocity. Only thelinear velocity term is active.
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Material Type 70 (Hydraulic/Gas Damper)

This specia 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
3.25. 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 el ement.

Columns Quantity Format
1-10 Card3 Cp, length of gas column. E10.0
11-20 n, adiabatic constant E10.0
21-30 Po, initial gas pressure E10.0
31-40 P, atmospheric pressure E10.0
41-50 Ap, piston cross sectiona area E10.0
51-60 Ky, hydraulic constant E10.0
61-70 N, load curve number defining the orifice E10.0

area, ag, versus element deflection.

71-80 F., return factor on orifice force. Thisactsasa E10.0
factor on the hydraulic force only and is applied when

unloading. Itisintended to represent avalve that
opens when the piston unloads to relieve hydraulic
pressure. Set it to 1.0 for no such relief.
1-10 Card4 SCLF, scalefactor onforce. (Default = 1.0) E10.0
11-20 Clearance (if nonzero, no tensile force develops for E10.0
positive displacements and negative forces develop
only after the clearance is closed.
Card5 Blank
Cad6 Blank
Card7 Blank

Card8 Blank
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Figure 3.25. Schematic of Hydraulic/Gas damper.

As the damper is compressed two actions contribute to the force developed. First,
the gasis adiabatically compressed into a smaller volume. Secondly, oil isforced 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 propor-
tional to the square of the velocity and inversely proportional to the available area.

The equation for thiselement is.

SC{(_)[( ]H

where Sisthe element deflection and V is the relative velocity across the element.
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Material Type 71 (Cable)

Thismaterial can be used only as a discrete beam element.

Columns Quantity Format
1-10 Cad3 GT.0.0: E, Young's modulus E10.0
LT. 0.0 : Stiffness
11-20 n, optional load curve ID giving stress versus strain E10.0
1-10 Card4 FO, initia tensileforce. If FOisdefined, an offsetis E10.0
not needed for an initial tensile force.
Card5 Blank
Cad6 Blank
Card7 Blank
Card8 Blank

The force, F, generated by the cable is nonzero if and only if the cable is tension.
Theforceisgiven by:

F = max(F, + KAL,O0.)
where AL isthe changein length
AL = current length — (initial length — offset)
and the stiffness (E > 0.0 only) is defined as:

E-area
(initial length — offset)

Note that a constant force element can be obtained by setting:
FF>0 and K=0

although the application of such an element is unknown.

The area and offset are defined on either the cross section or element cards. For a
slack cable the offset should be input as a negative length. For an initial tensile force the
offset should be positive.

If aload curveis specified the Y oung’ 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, i.e., the change in lenght over theinitial length. The unloading behavior
follows the loading.
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Material Type 72 (Concrete Damage Model)

Columns Quantity Format
1-10 Card3 v (constant Poisson’ sratio model) E10.0
11-20 Maximum principal stressfailure, sigf E10.0
21-30 Cohesion (&) E10.0
31-40 Pressure hardening coefficient (ap) E10.0
41-50 Pressure hardening coefficient (ap) E10.0
51-60 Damage scaling factor by E10.0
61-70 Blank 10X
71-80 Pressure hardening coefficient for failed materia (af) E10.0
1-10 Card4 Percent reinforcement (0 - 100%) E10.0
11-20 Elastic modulus for reinforcement, Ey E10.0
21-30 Poisson’ s ratio for reinforcement, vr E10.0
31-40 Initial yield stress for reinforcement E10.0
41-50 Tangent modulus for reinforcement E10.0
51-60 Load curve giving rate sensitivity for principa material E10.0
61-70 Load curve giving rate sengitivity for reinforcement E10.0
1-10 Card5 1t tabulated value for damage function A1 E10.0

11-20 A2
71-80 A8 E10.0
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Columns Quantity Format
1-10 Cad6 A9 E10.0
41-50 A3 E10.0

51-60 Damage scaling factor for triaxial tensile path, b3 E10.0

61-70 Cohesion for yield limit, agy E10.0

71-80 Pressure hardening coefficient for yield limit agy E10.0
1-10 Card7 1dt tabulated value of scale factor n1 E10.0
71-80 ns E10.0
1-10 Cad8 mg E10.0
41-50 n13 E10.0
51-60 Damage scaling factor for triaxial tensile path, b2 E10.0

61-70 Pressure hardening coefficient for failed material apf E10.0

71-80 Pressure hardening coefficient for yield limit ay E10.0

Notes: Cohesion for failed material agf = 0.0

b3 must be positive or zero.

An < An+1 . Thefirst point must be zero.
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Material Type 73 (Low Density Viscoelastic Foam)

Columns Quantity Format
1-10 Card3 E, Young's modulus E10.0
11-20 Curve number of nominal stress versus strain E10.0
21-30 Tension cut-off stress E10.0
31-40 Blank
41-50 Blank
51-60 Viscous coefficient (.05<recommended value<.50) E10.0

for stress oscillations and shock waves.
61-70 Blank
71-80 Failure option after cutoff stressis reached. E10.0

EQ.O: tensile stressremains at cut-off value
EQ.1: tensile stressisreset to zero.

1-10 Card4  Bulk viscosity activation flag. E10.0
EQ.0.0: no bulk viscosity (recommended)
EQ.1.0: bulk viscosity active

1-10 Card5 Stiffness coefficient for contact interface stiffness. E10.0
EQ.0.0: Maximum slope in stressvs. strain
curveisused. When the maximum slopeis
taken for the contact, the time step size for this
material isreduced for stability. 1n some cases
At may be significantly smaller, and defining a
reasonabl e stiffness is recommended.

11-20 Load curve ID if constants Bt are determined E10.0
viaaleast squaresfit. Thisrelaxation curveisshown
in Figure 3.27. Thismodel ignores the constant
stress

21-30 BSTART. Inthefit, B1 issetto zero, B2 isset E10.0
to BKSTART, 3 is10times k2 , B4 is 100 times
greater than B3, and so on. If zero, BSTART=.01.

31-40 TRAMP, optional ramp time for loading. E10.0
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Columns Quantity Format

41-50 Number of termsin fit. If zero, the default is 6. E10.0
Currently, the maximum number is set to 6.
Values of 2 are 3 are recommended, since each
term used adds significantly to the cost. Caution
should be exercised when taking the results from
the fit. Preferably, all generated coefficients
should be positive. Negative values may lead to
unstable results. Once a satisfactory fit has been
achieved it is recommended that the coefficients
which are written into the output file be input in
future runs.

1-10 Card6 Usereference geometry to initial stresses. E10.0
EQ.0.0: off
EQ.1.0: on

If the viscous effects are active and if aload curve ID is not defined on card 4 giving the
relaxation data, then define the following input on cards 7 and 8. |If not leave cards 7 and 8
blank. Up to 6 pairs may be defined.

1-10 Cad7 G1, Maxwell consant, optional E10.0
11-20 B1, decay constant, optional E10.0
21-30 G2, Maxwell consant E10.0
31-40 B2, decay constant E10.0
41-50 G3, Maxwell consant E10.0
51-60 B3, decay constant E10.0
61-70 Gy, Maxwell consant E10.0
71-80 Ba, decay constant E10.0
1-10 Card8 Gs, Maxwell consant, optional E10.0
11-20 Bs, decay constant, optional E10.0
21-30 Gg , Maxwell consant E10.0
31-40 Be, decay constant E10.0

This viscoelastic foam model is available to model highly compressible viscous
foams. The hyperelastic formulation of this models follows that of material 57.
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Rate effects are accounted for through linear viscoelasticity by a convolution
integral of the form

— oe
Oy = Jogijkl (t - T)O-)_;ldT

where g, (t - 7) is the relaxation function. The stress tensor, o, augments the stresses

determined from the foam, O'ijf; consequently, the final stress, o,

summation of the two contributions;

is taken as the

_ f r
0, =0, + 0.

Since we wish to include only simple rate effects, the relaxation function is
represented by up to six terms of the Prony series:

N
at) = o, + > o, e’

m=1

This model is effectively a Maxwell fluid which consists of a dampers and springs in
series. The formulation is performed in the local system of principal stretches where only
the principal values of stress are computed and triaxial coupling is avoided. Consequently,
the one-dimensional nature of this foam material is unaffected by this addition of rate
effects. The addition of rate effects necessitates 42 additional history variables per
integration point. The cost and memory overhead of this model comes primarily from the
need to “remember” the local system of principa stretches and the evaluation of the viscous
stress components..
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*MMAT_ELASTIC_SPRING_DISCRETE_BEAM *MAT

Material Type 74 (Elastic Spring Discrete Beam)

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, aforce versus deflection and force versus rate curves
can be used. Displacement based failure and an initial force are optional

Columns

Quantity Format

1-10
11-20

21-30
31-40

41-50

1-10

11-20

21-30

31-40

41-50

Card 3

Card4

Cad5
Card 6
Cad7
Card 8

K, stiffness coefficient. E10.0

Fo, optional initial force. Thisoptionisinactiveif E10.0
this materia isreferenced in a part referenced by
material type 94.

D, viscous damping coefficient. E10.0
CDF, compressive displacement at failure. Input E10.0

asapositive number. After failure, no forces are
carried. This option does not apply to zero length
springs.

EQ.0.0: inactive.

TDF, tensile displacement at faillure.  After failure, E10.0
no forces are carried.

FLCID, load curve ID defining force versus deflection E10.0
for nonlinear behavior.

HLCID, load curve ID defining force versus relative E10.0
velocity for nonlinear behavior (optional). If the

origin of the curveisat (0,0) the force magnitudeis

identical for agiven magnitude of the relative velocity,

i.e., only the sign changes.

C1, damping coefficient for nonlinear behavior
(optional).

C2, damping coefficien for nonlinear behavior
(optional).

DLE, factor to scale time units. The default is unity.
Blank
Blank
Blank
Blank
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If the linear spring stiffnessis used, the force, F, is given by:

F = F, + KAL + DAL

but if the load curve ID is specified, the force is then given by:
. . AL : .
F=F,+K f(AL){ 1+ C1- AL+ C2-sgn(AL ) In| max Lo (| [ DAL+ h(AL)

In these equations, AL isthe changein length
AL = current length —initial length

The cross sectional area is defined on the section card for the discrete beam
elements, See *SECTION_BEAM. The square root of this area is used as the contact
thickness offset if these eements are included in the contact treatment.
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Material Type 75 (Bilkhu/Dubois Foam M odel)

This model uses uniaxial and triaxial test data to provide a more realistic treatment

of crushable foam. The Poisson’sratio is set to zero for the elastic response.

Columns Quantity Format
1-10 Card3 Young's modulus (E) E10.0
11-20 Load curve ID giving pressure for plastic yielding E10.0
versus volumetric strain. See Figure 3.26.

21-30 Load curve ID giving uniaxia yield stress E10.0
versus volumetric strain. See Figure 3.26.

31-40 Viscous coefficient (.05<recommended value <.50) E10.0

41-50 Pressure cutoff. If zero, the default is set to one- E10.0
tenth of po, the yield pressure corresponding to a
volumetric strain of zero.

51-60 Pressure cutoff as afraction of pressureyield value E10.0
thedefaultisset to 0.1
if non-zero thiswill override the pressure cutoff
value given in colums 41-50

61-70 Cutoff value for uniaxial tensile stress E10.0
if non-zero thiswill override the pressure cutoff
values in columns 41-60

71-80 Cutoff value for uniaxia tensile stress as afraction E10.0
of the uniaxial compressive yield strength, if non-zero
this overrides pressure cutoff valuesin colums 41-60

1-10 Card4 Load curvelD giving ascale factor for the previous E10.0
yield curves, dependent upon the volumetric plastic
strain.

1-10 Card5 Poisson coefficient, E10.0
will apply to both elastic and plastic deformation.

Cad6 Blank
Card8 Blank
The volumetric strain is defined in terms of the relative volume, V, as:
y=-In(V)
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Material Type 75 (Bilhku/Dubois Foam)

In defining the curves the stress and strain pairs should be positive values starting with a
volumetric strain value of zero.

A

Y Uniaxial yield stress
Y Pressureyield

VOLUMETRIC STRAIN
Figure 3.26. Behavior of crushable foam. Unloading is elastic.
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Material Type 76 (General Viscoelastic)

Columns Quantity Format
1-10 Card3 K, constant eastic bulk modulus. If the bulk E10.0
behavior is viscoe astic, then thismodulusis used
in determining the contact interface stiffnesses only.
1-10 Cad4 Gj, Maxwell consant. If arelaxation curveisgiven E10.0
on card 6 below, cards 4 and 5 may be blank.
11-20 B1, decay constant E10.0
21-30 G2 , Maxwell consant E10.0
31-40 B2, decay constant E10.0
41-50 G3, Maxwell consant E10.0
51-60 B3, decay constant E10.0
61-70 G4, Maxwell consant E10.0
71-80 Ba, decay constant E10.0
1-10 Cad5 Gsg, Maxwell consant E10.0
11-20 Bs, decay constant E10.0
21-30 Gg , Maxwell consant E10.0
31-40 Pe, decay constant E10.0
1-10 Card6 Load curvelD if constants, Gj, and 5; are determined E10.0
viaaleast squaresfit. Thisrelaxation curveisshown
in Figure 3.27.
11-20 Number of termsin fit. If zero the default is 6. E10.0
Currently, the maximum number is set to 6.
21-30 BSTART. Inthefit, B1 issetto zero, B2 isset E10.0
to BSTART, 3 is10times 32, B4 is100 times
greater than B3 and so on. If zero, BSTART is
Is determined by an iterative trial and error scheme.
31-40 TRAMP, optional ramp time for loading. E10.0
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Columns Quantity Format

If thereis no volumetric relaxation then insert two blank cards:
Card7 Blank

Card8 Blank

For volumetric relaxation define the following information:

41-50 Card6 Load curve D if constants, Kj, and Bx; aredetermined  E10.0
viaaleast squaresfit. Thisrelaxation curveisshown
in Figure 3.27.

51-60 Number of termsin fit. If zero, the default is 6. E10.0

Currently, the maximum number is 6. Vauesless
than 6, possibly 3-5 are recommended, since each
term used adds significantly to the cost. Caution
should be exercised when taking the results from
the fit. Always check the results of the fit in the
output file. Preferably, all generated coefficients
should be positive-they generally will be. Negative
values may lead to unstable results. Once a
satisfactory fit has been achieved it is
recommended that the coefficients which are
written into the output file be input in future runs.

61-70 BSTARTK. Inthefit, k1 issetto zero, P2 is set E10.0
to BSTARTK, Bk3is10times k2, Bk4 is 100 times
greater than Bk3  and so on. If zero, BSTARTK is
is determined by an iterative trial and error scheme.

71-80 TRAMP, optional ramp time for loading. E10.0
1-10 Cad7 Kjp, Maxwell consant. If arelaxation curveisgiven E10.0
on card 6 above, cards 7 and 8 may be blank.
11-20 Bk, decay constant E10.0
21-30 Ko, Maxwell consant E10.0
31-40 Bx>, decay constant E10.0
41-50 K3, Maxwell consant E10.0
51-60 Bxs3 , decay constant E10.0
61-70 Ks, Maxwell consant E10.0
71-80 Bxa, decay constant E10.0
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Columns Quantity Format
1-10 Cad8 Ksg, Maxwell consant E10.0
11-20 Bxs, decay constant E10.0
21-30 Ke , Maxwell consant E10.0
31-40 Bxe, decay constant E10.0

Rate effects are taken into accounted through linear viscoel asticity by a convolution
integral of the form:

t Je
Oy = Jogijkl (t - T)O-)_;ldT

where g, (t—7) istherelaxation function.

If we wish to include only simple rate effects for the deviatoric stresses, the
relaxation function is represented by six terms from the Prony series:

N
g(t) =Y Ge "
m=1

We characterize this in the input by shear modulii, G, and decay constants, 3. An
arbitrary number of terms, up to 6, may be used when applying the viscoelastic model.

For volumetric relaxation, the relaxation function is also represented by the Prony
seriesin terms of bulk modulii:

N
k(t)= Y K& "'
m=1
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| Stress Relaxation Curve

n+1 n+2

I

I

i
n

| 10 10 10

|<—>| Optional ramp time for loading.

time

Figure 3.27. Relaxation curve. This curve defines stress versus time where time is
defined on alogarithmic scale. For best results, the points defined in the load curve should
be equally spaced on the logarithmic scale. Furthermore, the load curve should be smooth
and defined in the positive quadrant. If nonphysical values are determined by least squares
fit, LS-DYNA will terminate with an error message after the initialization phase is
completed. If the ramp time for loading is included, then the relaxation which occurs
during the loading phase is taken into account. This effect may or may not be important.

3.76.4m

LS-DYNA Version 960



(Hyperviscoelastic Rubber) M aterial Type 77

Material Type 77 (Hyperviscoelastic Rubber)

This material model provides a general hyperelastic or Ogden rubber model
combined with linear viscoelasticity as outlined by Christensen [1980]

Columns Quantity Format

1-10 Card3 v, Poisson’sratio (> .49 is recommended-smaller E10.0
values may not work.and should not be used)

11-20 n, order of fit to experimental data defined asload E10.0
curve. Currently, for Ogden n<5. For the strain
enrgy functionalal, n=1 for C1g and Cop1, n=2 for
C10, Co1, C11, Co0, and Cq2, and n=3 for C1p,
Co1, C11, C20, Co2, and Czo.

21-30 Formumlation E10.0
EQ.0.0: strain energy functional
EQ.1.0: Ogden model.

41-50 Number of Prony seriestermsin fit. If zero, the E10.0
default is6. Currently, the maximum number is 6.
Valueslessthan 6, possibly 3-5 are recommended,
since each term used adds significantly to the cost.
Caution should be exercised when taking the
results from the fit. Always check the results of
the fit in the output file. Preferably, al generated
coefficients should be positive. Negative values
may lead to unstable results. Once a satisfactory fit
has been achieved it is recommended that the
coefficients which are written into the output file be
input in future runs.
If n>0 then a least square fit is computed with uniaxial data. Card 4 should contain the
following information. Also see Figure 3.12.

1-10 Card4 Specimen gauge length E10.0
11-20 Specimen width E10.0
21-30 Specimen thickness E10.0
31-40 Load curve ID giving the force versus actual change E10.0

in the gauge length.

41-50 Type of experimental data. E10.0
EQ.0.0: uniaxia data
EQ.1.0: biaxia data (Ogden only.)

51-60 Load curve ID if constants 1 are determined E10.0
viaaleast squaresfit. Thisrelaxation curveisshown
in Figure 3.27. Thismodel ignores the constant
stress
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Columns Quantity Format

61-70 Card4 BSTART. Inthefit, B1 issetto zero, B isset E10.0
to BSTART, B3 is10times 82, B4 is 100 times
greater than B3 and so on. If zero, BSTART is
is determined by an iterative trial and error scheme.
71-80 TRAMP, optional ramp time for loading. E10.0
For the general hyperelastic model define the following input on cards 5 and 6:
Theinput on card 5 isrequired if and only if n=0.

1-10 Cad5 Cqp, seedefinition below E10.0
11-20 Cop E10.0
21-30 Cn1 E10.0
31-40 Cxo E10.0
41-50 Co2 E10.0
51-60 Czo E10.0

Card6 Blank E10.0

For the quen'model define the follbwi ng input on cards 5 and 6. Up to eight pai 'rs of
constants may be defined (required if and only if n=0).

1-10 Card5 1, seedefinition below E10.0
11-20 1o E10.0
21-30 s E10.0
31-40 la E10.0
41-50 s E10.0
51-60 e E10.0
61-70 17 E10.0
71-80 lg E10.0
1-10 Cad6 oy, see definition below E10.0
11-20 (V%) E10.0
21-30 03 E10.0
31-40 04 E10.0
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Columns Quantity Format
41-50 o5 E10.0
51-60 (075 E10.0
61-70 o7 E10.0
71-80 og E10.0

If the viscous effects are active and if aload curve ID is not defined on card 4 giving the
rel axation data, then define the following input on cards 7 and 8. |If not leave cards 7 and 8
blank. Up to 6 pairs may be defined.

1-10 Cad7 G1, Maxwell consant, optiona E10.0
11-20 B1, decay constant, optional E10.0
21-30 G2, Maxwell consant E10.0
31-40 B2, decay constant E10.0
41-50 G3, Maxwell consant E10.0
51-60 B3, decay constant E10.0
61-70 Gy, Maxwell consant E10.0
71-80 Ba, decay constant E10.0
1-10 Card8 Gs, Maxwell consant, optional E10.0
11-20 Bs, decay constant, optional E10.0
21-30 Gg , Maxwell consant E10.0
31-40 Be, decay constant E10.0

Rubber is generally considered to be fully incompressible since the bulk modulus
greatly exceeds the shear modulus in magnitude. To model the rubber as an unconstrained

material ahydrostatic work term, W, (J), isincluded in the strain energy functional which
isfunction of the relative volume, J, [Ogden, 1984]:

W(J,,3,,3) = D Ct(9,-3)°(J,-3)" + W, (J)
p.q=0
3 =10

&
J, =1Ll 3
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In order to prevent volumetric work from contributing to the hydrostatic work the first and
second invarients are modified as shown. This procedure is described in more detail by
Sussman and Bathe [1987]. For the Ogden model the energy equation is given as.

W = ijz’;—( )+;K(J 1)?

where the asterisk (*) indicates that the volumetric effects have be eliminated from the
principal stretches, /’L] See Ogden [1984] for more details.

Rate effects are taken into accounted through linear viscoel asticity by a convolution
integral of the form:

o, = [ gt k' de

or in terms of the second Piola-Kirchhoff stress, §, and Green's strain tensor, E;,
J. (t—=7 aEk' dr

where g, (t—17) and Gy (t—17) are the relaxation functions for the different stress

measures. This stress is addedto the stress tensor determined from the strain energy
functional.

If we wish to include only simple rate effects, the relaxation function is represented
by six terms from the Prony series:

N
a(t) = oty + Y 0, €
m=1

given by,

o) = Y. Ge "

This model is effectively a Maxwell fluid which consists of a dampers and springs in
series. We characterize thisin the input by shear modulii, G, and decay constants, f,.
The viscoelastic behavior is optional and an arbitrary number of terms may be used.

The Mooney-Rivlin rubber model is obtained by specifying n=1. In spite of the
differences in formulations with Model 27, we find that the results obtained with this model
are nearly identical with those of 27 aslong as large values of Poisson’ sratio are used.
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Material Type 78 (Soil/Concrete)

Columns Quantity Format
1-10 Card3 Shear modulus E10.0
11-20 Bulk modulus E10.0
21-30 Load curve ID for pressure versus volumetric strain E10.0

The pressure versus volumetric strain curve is defined
for 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 logrithm of
the relative volume.

31-40 Load curve ID for deviatoric yield versus pressure E10.0
GT.0: Von Mises stress versus pressure
LT.0: second stressinvarient, Jo, versus pressure
This curve must be defined.

41-50 Load curve ID for plastic strain at which fracture E10.0
begins versus pressure. Defineif b>0.

51-60 Load curve ID for plastic strain at which residual E10.0
strength is reached versus pressure. Defineif b>0.

61-70 Pressure cutoff for tensile fracture E10.0

71-80 Output option for plastic strain E10.0

EQ.O: volumetric plastic strain
EQ.1: deviatoric plastic strain

1-10 Card4 Residua strength factor after cracking, b E10.0
11-20 Flag to specify failure of element E10.0
EQ.O: nofailure
EQ.1: after cut-off isreached tensionisno
longer carried.
Cad5 Blank
Cad6 Blank
Cad7 Blank
Card8 Blank
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, isthe
ratio of the current volume to the initial volume. The tabulated data should be given in
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order of increasing compression. If the pressure drops below the cutoff value specified, it
isreset to that value and the deviatoric stress state is eliminated.

If the load curve ID is provided as a positive number, the deviatoric perfectly plastic
pressure dependent yield function ¢, is described in terms of the second invariant, Jo, the
pressure, p, and the tabulated load curve, F(p), as

¢ =133, -F(p)= 0, - F(p)

where Jo is defined in terms of the deviatoric stress tensor as.

%=389
assuming that. If the ID isgiven as negative then the yield function becomes:
¢=J,-F(p)
being the deviatoric stress tensor.
If cracking is invoked by setting the residual strength factor on card 4 to a value

between 0.0 and 1.0, the yield stress is multiplied by afactor f which reduces with plastic
stain according to atrilinear law as shown in Figure 3.28.
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Figure 3.28. Strength reduction factor.

b = resdua strength factor
€1 = plastic stain a which cracking begins.
€2 = plastic stain a which residua strength is reached.

€1 and e are tabulated function of pressure that are defined by load curves (see Figure 3.29).
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.
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By properly defining the load curves, it is possible to obtain the desired strength
and ductility over arange of pressures. See Figure 3.28.
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Figure 3.29. Cracking strain versus pressure.
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Figure 3.30.
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Material Type 79 (Hysteretic Soil)

This model is a nested surface model with five superposed “layers’ of elasto-
perfectly plastic material, each with its own elastic modulii and yield values. Nested
surface models give hysteretic behavior, asthe different “layers’ yield at different stresses.

Columns Quantity Format

1-10 Card3 Kg, bulk modulus at the reference pressure E10.0
(this should give a sensible Poisson’s ratio with G)

11-20 Po, cut-off/datum pressure (must be 0< i.e. tensile). E10.0
Below this pressure, stiffness and strength disappears,
thisisalso the “zero” pressure for pressure-varying
properties.

21-30 b, exponent for pressure-sensitive moduli: E10.0
G= GO( p - po)b
K= KO(p_ po)b

b, must liein therange 0<b<1. Valuescloseto 1 are
not recommended because the pressure becomes

indeterminate.
31-40 Yield function constant ag (Default = 1.0) E10.0
41-50 Yield function constant a; (Default = 0.0) E10.0
51-60 Yield function constant ap (Default = 0.0) E10.0
61-70 fd, damping factor. Must be in the range 0<fd<1 E10.0

EQ.O: no damping
EQ.1: maximum damping

71-80 Reference pressure for input data. Pref. E10.0
Cards 4 and 5 define a shear strain, shear stress curve.

1-10 Card4 11, shear strain E10.0

11-20 Y2, shear strain E10.0

21-30 v3, shear strain E10.0

31-40 Y4, Shear strain E10.0
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Columns Quantity Format
41-50 vs, Shear strain E10.0
1-10 Card5 711, shear stress at y1 E10.0
11-20 T2, shear stress at y» E10.0
21-30 13, shear stress at y3 E10.0
31-40 T4, Shear stress at y4 E10.0
41-50 s, shear stress at ys E10.0

Cad6 Blank

Cad7 Blank

Cad8 Blank

The constants ag, a1, ap govern the pressure sensitivity of the yield stress. Only
the ratios between these values are important - the absol ute stress values are take from the
stress-strain curve.

The stress strain pairs (y1, t1), -.- (Y5, T5) define a shear stress versus shear strain
curve. Thefirst 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. Not all five points need be
to be defined. This curves applies at the reference pressure; at other pressures the curve
varies according to ag, a1, and ap asin the soil and crushable foam model, Material 5.

The eastic moduli G and K are pressure sensitive.

b
G= GO( P- po)
b
K =Ko(p— po)
where Gg and Kg are the input values, p is the current pressure, pg the cut-off or reference
pressure (must be zero or negative). If p attemptsto fall below pg (i.e., more tensile) the

shear stresses are set to zero and the pressure is set to pg. Thus, the material has no
stiffness or strength in tension. The pressure in compression is calculated as follows:

p=[~KoIn(V)]' 1

where V isthe relative volume, i.e., the ratio between the original and current volume.
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Material Type 80 (Ramberg-Osgood Plasticity)

Columns Quantity Format
1-10 Card3 Reference shear strain (yy) E10.0
1-10 Card4 Reference shear stress (ty) E10.0
1-10 Card5 Stress coefficient (o) E10.0
1-10 Card6 Stress exponent (r) E10.0
1-10 Card 7 Elastic bulk modulus E10.0

The Ramberg-Osgood equation is an empirical constitutive relation to represent the
one-dimensional elastic-plastic behavior of many materials, including soils. This model
allows a simple rate independent representation of the hysteretic energy dissipation
observed in soils subjected to cyclic shear deformation. For monotonic loading, the stress-
strain relationship is given by:

Y oT ot if y=0
yy TV TV
LT ot i y <0
yy TV Ty

where y isthe shear and 7 isthe stress. The model approaches perfect plasticity as the
stress exponent r — . These equations must be augmented to correctly model unloading
and reloading material behavior. The first load reversal is detected by yy < 0. After the
first reversal, the stress-strain relationship is modified to

(Y—Yo):(f—fo)+a(7_70) if y>0
2fyy 2Ty ZTY

(7"70):(7_70)_&(1_70) if y<O
2f}/y 2’[y 2Ty

where y, and 7, represetn the values of strain and stress at the point of load reversal.
Subsequent |oad reversals are detected by (y —y,)y <O.

The Ramberg-Osgood equations are inherently one-dimensiona and are assumed to apply
to shear components. To generalize this theory to the multidimensional case, it is assumed
that each component of the deviatoric stress and deviatoric tensorial strain is independently
related by the one-dimensional stress-strain equations. A projection is used to map the
result back into deviatoric stress space if required. The volumetric behavior is elastic, and,
therefore, the pressure p is found by
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p=-Ke

\

where ¢, isthe volumetric strain.
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Material Type 81 (Plastic With Damage)

Columns Quantity Format
1-10 Card3 Young s modulus E10.0
11-20 Strain rate parameter, C E10.0
21-30 Strain rate parameter, p E10.0
31-40 Formulation for rate effects: E10.0

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

1-10 Card4 Poisson’'sratio E10.0
1-10 Card5 Yidd stress E10.0
11-20 Load curve D or TableID. Theload curve D E10.0

defines effective stress versus effective plastic
strain. Cards 7 and 8 are ignored with this option.
The table ID, see Figure 3.9, defines for each
strain rate value a load curve 1D giving the stress
versus effectiveplastic strain for that rate. 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 on card 3, the curve ID on card 6, and
cards 7 and 8 areignored if aTable ID is defined.

1-10 Card6 Tangent modulus, ignored if the stress-strain curveis E10.0
defined below

11-20 Plastic strain at failure E10.0

21-30 Time step size for automatic element deletion E10.0

31-40 Load curve number to scale yield stress to account for E10.0
strain rate effects.

41-50 Plastic strain at rupture E10.0

1-80 Card7 Effective plastic strain values (define up to 8 points) 8E10.0

1-80 Card8 Corresponding yield stress values 8E10.0
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The stress strain behavior may be treated by a bilinear stress strain curve by
defining the tangent modulus. Alternately, a stress versus effective plastic strain curve
(Card 5, Columns 11-20) similar to that shown in Figure 3.8 can be used. If eight point
are insufficient, aload curve may be used with an arbitrary number of points. The cost is
roughly the same for either approach. The most general approach is to used the table
definition, (Card 5, Columns 11-20) discussed below.

Three options to account for strain rate effects are possible.

. Strain rate may be accounted for using the Cowper and Symonds model which
scales the yield stress with the factor
SV
1+ {E]
C

. For complete generality aload curve (Card 5) to scale the yield stress may be input
instead. In this curve the scale factor versus strain rate is defined.

where s isthe strain rate.

1. If different stress versus strain curves can be provided for various strain rates, the
option using the reference to atable (Card 5, Columns 11-20) can be used. Then the table
input in Section 22 (Load Curve/Table Definitions) hasto be used. See Figure 3.9.

A fully viscoplastic formulation is optional which incorporates the different options above
within theyield surface. An additiona cost isincurred over the simple scaling but the
improvement is results can be dramatic.
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Material Type 83 (Fu-Chang's Foam with Rate Effects)

This model allows rate effects to be modelled in low and medium density foams,
see Figure 3.31. Hysteretic unloading behavior in this model is a function of the rate
sensitivity with the most rate sensitive foams providing the largest hystersis and visa versa.
The unified constitutive equations for foam materials by Fu-Chang [1995] provides 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, achoice of principa or volumetric strain rates, load curvesto
be defined in tension, and the volumetric behavior to be specified by aload curve.

Columns Quantity Format
1-10 Card3 E, Young smodulusfor tensile strains E10.0
11-20 Stiffness coefficient for contact interface stiffness. E10.0

EQ.0.0: Maximum slope in stressvs. strain
curveisused. When the maximum slopeis
taken for the contact, the time step size for this
material isreduced for stability. 1n some cases
At may be significantly smaller, and defining a
reasonabl e stiffness is recommended.

21-30 Tension cut-off stress E10.0

31-40 Failure option after cutoff stressis reached. E10.0
EQ.O: tensile stress remains at cut-off value
EQ.1: tensile stressis reset to zero.

41-50 Viscous coefficient (.05<recommended value<.50) E10.0
for stress oscillations and shock waves.

51-60 Optional table ID providing stress-strain data as E10.0
afunction of strain rate. If thetable ID is provided,
cards 5 and 6 may be left blank and the fit will be
done internally.

1-10 Card4 Bulk viscosity activation flag. E10.0
EQ.0.0: no bulk viscosity (recommended)
EQ.1.0: bulk viscosity active

11-20 Strain rate flag (see comment below): E10.0
EQ.0.0: true constant strain rate,
EQ.1.0: engineering strain rate.
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Columns Quantity Format

21-30 Strain rate evaluation flag: E10.0

EQ.0.0: first principal direction,

EQ.1.0: principal strain rates for each principal

direction,

EQ.2.0: volumetric strain rate.
31-40 Tensile stress evaluation: E10.0

EQ.0.0: linear in tension.

EQ.1.0: input viaload curves with the tensile

response corresponds to negative values of

stress and strain.
41-50 Optional load curve ID defining pressure versus E10.0

volumetric strain.
1-10 Card5 D, material constant, see equations below. E10.0
11-20 np, material constant, see equations below. E10.0
21-30 Ny, material constant, see equations below. E10.0
31-40 Ny, material constant, see equations below. E10.0
41-50 nz, material constant, see equations below. E10.0
51-60 Co, material constant, see equations below. E10.0
61-70 1, material constant, see equations below. E10.0
71-80 Cp, material constant, see equations below. E10.0
1-10 Card6 c3, material constant, see equations below. E10.0
11-20 C4, material constant, see equations below. E10.0
21-30 Cs, material constant, see equations below. E10.0
31-40 gjj, material constant, see equations below. E10.0
41-50 Sj, material constant, see equations below. E10.0
51-60 Ratemin, minimum strain rate of interest. E10.0
61-70 Ratemax, maximum strain rate of interest. E10.0
Cad7 Blank
Card8 Blank
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Dynamic compression tests at the strain rates of interest in vehicle crash are usually
performed with adrop tower. In thistest the loading velocity is nearly constant but the true
strain rate, which depends on the instantaneous specimen thickness, isnot. Therefore, the
engineering strain rate input is optional so that the stress strain curves obtained at constant
velocity loading can be used directly.

Correlation under triaxial loading is achieved by directly inputting the results of
hydrostatic testing in addition to the uniaxial data. Without this additional information
which isfully optional, triaxial response tends to be underestimated. 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.

The strain is divided into two parts: alinear part and anon-linear part of the strain
E(t)=E"(t)+ E(t)
and the strain rate become
E(t)= E*(t) + EN (1)

EVisan expression for the past history of EN. A postulated constitutive equation may be
written as.

o= [[EM(@)S]dr

where S(t) isthe state variable and _[ isafunctional of all valuesof 7 in T.:0<7<eo
.7=0
and

E'(r)=E"(t-7)
where 7 isthe history parameter:
E" (7 = ) < thevirgin material

It is assumed that the material remembers only its immediate past, i.e., a
neighborhood about 7=0. Therefore, an expansion of E"(7) in a Taylor series about
7 =0 yidds

N(g) = EN(O) 4 OB
EN(1)= E"(0)+ 2 - (O)ct

Hence, the postulated congtitutive equation becomes:

o(t)=o"(EN(t).E"(t), (1))
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N -
where we have replaced &o’?Et[ by EV, and ¢” isafunction of its arguments.

For a special case,
o(t)=o"(EN(1),S(1))
we may write

E" = f(S(t),5(1))

which states that the nonlinear strain rate is the function of stress and a state variable which
represents the history of loading. Therefore, the proposed kinetic equation for foam

materiasis:
2ng
: tr(c 9
EN =9 D, exp| ¢
ol [ ( (o) ] ]

where Do, cg, and ng are material constants, and S is the overall state variable. If either
D, =0 or ¢, — oo then the nonlinear strain rate vanishes.

EN

)”Zlij]R

§ =|alaR-c§ )P+ ow(
R=1+ C{H —1]
cs

P= tr(c; EN)
W = [tr(o dE)

where cy, ¢, €3, Ca, Cs, N1, N2, N3, and g are materia constants and:

1
”O'” = (Gijoij )2

HEH - (Eu E\l )5
[E¥]=(EME)?

In the implementation by Fu Chang the model was simplified such that the input constants
a; and the state variables §, are scalars.
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Ine

Figure 3.31. Rate effectsin Fu Chang’'s foam model.
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Material Type 84, 85 (Winfrith Concrete Model)

The Winfrith concrete model is a smeared crack (sometimes known as pseudo
crack), smeared rebar model, implement in the 8-node single integration point continuum
element. Thismodel was developed by Broadhouse [1995] over many years and has been
validated against experiments. The FORTRAN subroutines were provided to LSTC by the
Winfrith Technology Center. Material 84 includes rate effects and is recommended over
Material 85 which does not consider rate effects.

Columns Quantity Format
1-10 Card3 Tangent modulus (concrete) E10.0
11-20 Poisson's ratio E10.0
21-30 Uniaxial compressive strength E10.0
31-40 Uniaxia tensle strength E10.0
41-50 Fracture energy per unit area (mat 84) E10.0

Fully-open crack width (mat 85)

51-60 Aggregate size (radius) E10.0
1-10 Card4 Young's modulus (rebar) E10.0
11-20 Yield stress (rebar) E10.0
21-30 Hardening modulus (rebar) E10.0
31-40 Ultimate elongation (rebar) E10.0
41-50 CONM E10.0

GT.0.: Mass conversion factor to kg.

EQ.-1.: System of unitsin model are Ibf*sec?/in - inch -
Sec.

EQ -2.: System of unitsin model are g - cm - microsec.

EQ.-3.: System of unitsin model are g - mm - msec.

EQ.-4.: System of unitsin model are metric ton - mm -
Sec.

EQ.-5.: System of unitsin model are kg - mm - msec.

51-60 Length conversion factor to m (used if CONM.GT.0) E10.0
61-70 Time conversion factor to sec (used if CONM.GT.0) E10.0
1-10 Card5 Volumetric strain (concrete) E10.0
11-20 Pressure E10.0
21-30 Volumetric strain E10.0

LS-DYNA Version 960 3.84.1m



Material Type 84 (winfirth Concrete Model)

31-40 Pressure E10.0
1-10 Card6 Volumetric strain (concrete) E10.0
11-20 Pressure E10.0
21-30 Volumetric strain E10.0
31-40 Pressure E10.0
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Columns Quantity Format
1-10 Card7 Volumetric strain (concrete) E10.0
11-20 Pressure E10.0
21-30 Volumetric strain E10.0
31-40 Pressure E10.0
1-10 Card8 Volumetric strain (concrete) E10.0
11-20 Pressure E10.0
21-30 Volumetric strain E10.0
31-40 Pressure E10.0

Pressureis positive in compression; volumetric strain is given by the natural log of
the relative volume and is negative in compression. The tabulated data are given in order of
increasing compression, with no initial zero point.

If the volume compaction curve is omitted, the following scaled curveis
automatically used where p, isthe pressure at uniaxial compressive failure from:

_ %
R 3
and K isthe bulk unloading modulus computed from

__E
“= 3(1-2v)

where E, isone-half the input tangent modulus for concrete and v is Poisson's ratio.
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Volumetric Strain Pressure (MPa)

-p1/K 1.00xp1
-0.002 1.50xp1
-0.004 3.00xp1
-0.010 4.80xp1
-0.020 6.00xp1
-0.030 7.50xp1
-0.041 9.45xp1
-0.051 11.55xp1
-0.062 14.25xp1
-0.094 25.05Xp1

Table3.1. Default pressure versus volumetric strain curve for concrete if the curve is not
defined.

The Winfrith concrete model generates an additional binary output file containing
information on crack locations, directions, and widths. In order to invoke the model and
generate thisfile, the execution line is modified by adding:

g=crf where crf isthe name of acrack file (e.g., g=DY NCRCK).
The graphical post-processing code LS-TAURUS has been modified to read the crack file
and display the cracks on the deformed mesh plots. The execution line is again modified
by adding:

g=crf

where crf isthe name of acrack file (e.g., g=DY NCRCK).
Then the command:

cracks w
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entered after a"time" or "state" command will cause the crack information to be read at that
time and all subsequent "view" or "draw" commands will cause cracks to be superimposed
on the mesh plot. The parameter "w" causes all cracks greater than width=w to be plotted;
thereby, permitting selective crack plotting and estimation of crack sizes. If w=1 then all
cracks are plotted regardless of size.
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Material Type 86 (Orthotropic-Viscoelastic)

Columns Quantity Format
1-10 Card3 E;(seeFigure3.5) E10.0
11-20 Ep E10.0
21-30 Ec E10.0
31-40 Volume fraction of viscoelastic material E10.0
41-50 K, elastic bulk modulus. E10.0
51-60 Go, short-time shear modulus. E10.0
61-70 G-, long-time shear modulus. E10.0
71-80 B, decay constant. E10.0
1-10 Cad4 vpa E10.0
11-20 Vea E10.0
21-30 Veb E10.0
1-10 Cad5 Gy E10.0
11-20 Gbe E10.0
21-30 Gea E10.0
1-10 Card6 Materia axesoption, AOPT E10.0

EQ.0.0: locally orthotropic with material axes
determined by element nodes as shown in Figure
3.5. Cards 7 and 8 are blank with this option.

EQ.1.0: locally orthotropic with material axes determined
by a point in space and the global location of the
element center. Card 8 below is blank.

EQ.2.0: globally orthotropic with material axes
determined by vectors defined on Cards 7 and 8

LS-DYNA Version 960 3.86.1m




Material Type 86 (orthotropic-Viscoelastic Soil)

Columns Quantity Format
EQ.3.0: Thisoption determineslocally orthotropic

material axes by offsetting the material axes by an

angle (Card 8) from aline in the plane of the shell

determined by taking the cross product of the vector

defined on Card 7 with the shell normal vector. In

solid elements the normal vector isnormal to the

plane of 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 material axes determined by the

vector defined on Card 7 and the originating

point, P, on Card 8.
1-10 Card7  Xp, definefor AOPT = 1.0 E10.0
11-20 yp, define for AOPT = 1.0 E10.0
21-30 zp, definefor AOPT = 1.0 E10.0
1-10 Cad7 @&, definefor AOPT =2.0 E10.0
11-20 ap, define for AOPT = 2.0 E10.0
21-30 ag, define for AOPT = 2.0 E10.0
1-10 Card7 v, definefor AOPT =3.0& 4.0 E10.0
11-20 vo, define for AOPT =3.0& 4.0 E10.0
21-30 v3, definefor AOPT =3.0& 4.0 E10.0
1-10 Card8 dj, definefor AOPT = 2.0 E10.0
11-20 do, define for AOPT = 2.0 E10.0
21-30 ds, define for AOPT = 2.0 E10.0
1-10 Card8 Materia angle beta, may be overridden on the E10.0

element card

1-10 Card8 P, definefor AOPT = 4.0 E10.0
11-20 Py, define for AOPT = 4.0 E10.0
21-30 P3, define for AOPT = 4.0 E10.0

3.86.2m
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Material Type 87 (Cellular Rubber)

This material model provides a cellular rubber model combined with linear
viscoelasticity as outlined by Christensen [1980]. See Figure 3.32.

Columns Quantity Format
1-10 Card3 v, Poisson’sratio, typical values are between .0 to .2. E10.0
Due to the large compressibility of air, large values of
Poisson’ s ratio generates physically meaningless
results.
11-20 n, order of fit, (currently <3)

If n>0 then aleast square fit is computed with uniaxial data. Card 4 should contain the
following information. Also see Figure 3.12. A Poisson’sratio of .5 is assumed for the
void free rubber during the fit. The Poisson’s ratio defined on Card 3 is for the cellular
rubber. A void fraction formulation is used.

Columns Quantity Format
1-10 Card4 Specimen gauge length E10.0
11-20 Specimen width E10.0
21-30 Specimen thickness E10.0
31-40 Load curve ID giving the force versus actual change E10.0

in the gauge length.
Theinput on card 5 isrequired if and only if n=0

Columns Quantity Format
1-10 Cad5 Cqp, seedefinition below E10.0
11-20 Cor E10.0
21-30 Cn E10.0
31-40 Cxo E10.0
41-50 Coz E10.0

Cad6 Blank
LS-DYNA Version 960 3.87.1m



Material Type 87 (cCellular Rubber)

Columns Quantity Format
1-10 Card7 py, initia air pressure E10.0
11-20 ¢, ratio of cellular rubber to rubber density E10.0
21-30 Yo Initial volumetric strain E10.0
1-10 Card8 Optiona shear relaxation modulus, G, for rate E10.0

effects.
11-20 Optional decay constant, ;. E10.0

Rubber is generally considered to be fully incompressible since the bulk modulus
greatly exceeds the shear modulus in magnitude. To model the rubber as an unconstrained

material a hydrostatic work term, W, (J), isincluded in the strain energy functional which
isfunction of the relative volume, J, [Ogden, 1984]:

W(J,,J,,J) = icm(J1 -3)°(3,-3)" +W,,(J)

%
=11

&
J, =1Ll 3

In order to prevent volumetric work from contributing to the hydrostatic work the first and
second invarients are modified as shown. This procedure is described in more detail by
Sussman and Bathe [1987].

The effects of confined air pressurein its overall response characteristics isincluded
by augmenting the stress state within the element by the air pressure.

sk air

where o is the bulk skeletal stress and ¢ is the air pressure computed from the
equation:

O_ajr - _ poy
1+y-9¢

where pg is the initial foam pressure usually taken as the atmospheric pressure and y
defines the volumetric strain

y=V-1+y,

where V is the relative volume of the voids and yg is the initial volumetric strain which is
typicaly zero. The rubber skeletal material is assumed to be incompressible.

Rate effects are taken into accounted through linear viscoe asticity by a convolution
integral of the form:
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t oe
O = Jogijkl (t - T)a_:dT

or in terms of the second Piola-Kirchhoff stress, §, and Green's strain tensor, E;,
t d
S = J‘OG‘ljkl (t— T)a—li_kldf

where g, (t—17) and Gy (t—17) are the relaxation functions for the different stress

measures. This stress is addedto the stress tensor determined from the strain energy
functional.

Since we wish to include only simple rate effects, the relaxation function is
represented by one term from the Prony series:

N
gty = o, + Y o "
m=1

given by,

g(t) = E,e ™'

This model is effectively aMaxwell fluid which consists of a damper and spring in series.
We characterize thisin the input by a shear modulus, G, and decay constant, f3; .

The Mooney-Rivlin rubber model is obtained by specifying n=1. In spite of the
differences in formulations with Model 27, we find that the results obtained with this model
are nearly identical with those of 27 aslong as large values of Poisson’ sratio are used.

Rubber Block With Entrapped Air

Figure 3.32. Cellular rubber with entrapped air. By setting the initial air pressure to zero,
an open cell, cellular rubber can be simulated.
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Material Type 88 (MTS Model)

The MTS model is due to Maudlin, Davidson, and Henninger [1990] and is
available for applications involving large strains, high pressures and strain rates. As
described in the foregoing reference, this model is based on dislocation mechanics and
provides a better understanding of the plastic deformation process for ductile materials by
using an internal state variable call the mechanical threshold stress. This kinematic quantity
tracks the evolution of the material’ s microstructure along some arbitrary strain, strain rate,
and temperature-dependent path using a differential form that balances dislocation
generation and recovery processes. Given avalure for the mechanical threshold stress, the
flow stressis determined using either a thermal-activation-controlled or a drag-controlled
kinetics relationship.. An equation-of-state is required for solid elements and a bulk
modulus must be defined below for shell elements.

Columns Quantity Format
1-10 Cad3 SIGA, o, , disocation interactions with long-range E10.0
barriers (force/area).
11-20 SIGI, o, dislocation interactions with intertitial E10.0
atoms (force/areq).
21-30 SIGS, ¢, didocation interactions with solute E10.0
atoms (force/areq).
31-40 SIGO, o, initial valueof ¢ at zero plastic strain E10.0
(forcelared). NOT USED.
41-50 HFO a,, didocation generation material constant E10.0
(forcelarea).
51-60 HF1, a, didocation generation material constant E10.0
(force/area).
61-70 HF2, a,, didocation generation material constant E10.0
(force/area).
71-80 SIGSO, o,,, saturation threshold stressat 0° K E10.0
(force/area).
1-10 Cad4 EDOTS0, ¢, , reference strain-rate (time ™). E10.0
11-20 BURG, b, magnitude of Burgers vector E10.0
(interatomic dlip distance), (distance)
21-30 CAPA, A, materia constant. E10.0
31-40 BOLTZ, k, Boltzmann’s constant (energy/degree). E10.0
41-50 SMO, Go, shear modulus at zero degrees Kelvin E10.0
(force/area).

LS-DYNA Version 960 3.88.1m



Material Type 88 (Mechanical Threshold Stress)

Columns Quantity Format
51-60 SM1, by, shear modulus constant (force/area). E10.0
61-70 SM2, b,, shear modulus constant (degree). E10.0
71-80 EDOTO, &, , reference strain-rate (time ™). E10.0

1-10 Cad5 GO, g,, normalized activation energy for a. E10.0
didlocation/disl ocation interaction.
11-20 PINV, % material constant. E10.0
21-30 QINV, é material constant. E10.0
31-40 EDOTI, &, , reference strain-rate (time ™). E10.0
41-50 GOI, g,,; , normalized activation energy for a. E10.0
didocation/interstitia interaction.
51-60 PINVI, i, material constant. E10.0
61-70 QINVI, qi material constant. E10.0
71-80 EDOTS, ¢, , reference strain-rate (time ™). E10.0
1-10 Cad6 GOS, g, , normalized activation energy for a E10.0
didocation/solute interaction.
11-20 PINVS, i material constant. E10.0
21-30 QINVS, qi material constant. E10.0
31-40 RHOCPR, pc,, product of density and specific heat E10.0
41-50 TEMPRF, T, initial element temperaturein degreesK. E10.0
51-60 BULK, bulk modulus defined for shell elements E10.0
only. Do not input for solid elements.
1-10 Cad7 ALPHA, o, materia constant (typica valueis E10.0
between 0 and 2).
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Columns Quantity Format

11-20 EPSO, eo, factor to normalize strain rate in the E10.0

cdculationof ©,. (Use 1., 107, or 10°° for time
units of seconds, milliseconds, or microseconds,
respectively.)

Theflow stress o isgiven by:

c=0 +E[st 6+ 50, + Sp<0%)
a Go h h,i ~i h,s“'s

The first product in the equation for ¢ contains a micro-structure evolution variable,
i.e,.o, caled the Mechanical Threshold Stress (MTS), that is multiplied by a constant-
structure deformation variable s, : s, is a function of absolute temperature T and the

plastic strain-rates £”. The evolution equation for ¢ is a differential hardening law
representing dig ocation-did ocation interactions:

2% tanh(a F )
O- @ GES

oe?  ° tanh( )

A

The term, %, represents the hardening due to dislocation generation and the stress ratio,
'3
AG , represents softening due to dislocation recovery. The threshold stress at zero strain-
o

£S

hardening o iscalled the saturation threshold stress. Relationshipsfor @, &, are:

£v /?
= Inf =— .
0,=a,+a n(80)+a2\ o

which contains the material constants a,, a,, and a,. The constant, &

£s?
‘b KT/Gb3A
~ A E
Gss - Ggso .

8893

isgiven as.

which contains the input constants: 6., €., b, A, and k. The shear modulus G

appearing in these equations is assumed to be a function of temperature and is given by the
correlation.

G=Go—b /(e>"-1)
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which contains the constants: Go, b, and b,. For thermal-activation controlled
deformation s, is evaluated viaan Arrhenius rate equation of the form:

1

£

len(?O) !
gp

Gb’g,

S = 1-

The absolute temperature is given as.
T=T, +pcE

where E in the internal energy density per unit initial volume.
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*MAT_PLASTICITY_POLYMER

Thisis Material Type 89. An elasto-plastic material with an arbitrary stress versus strain
curve and arbitrary strain rate dependency can be defined. It isintended for applications
where the elastic and plastic sections of the response are not so clearly distinguishable as
they are for metals. Rate dependency of failure strain isincluded. Many polymers show a
more brittle response at high rates of strain. The material model is currently available only
for shell elements.

Card Format

Cad1 1 2 3 4 5 6 7
Variable MID RO E PR
Type I F F F
Default none none none none
Cad2

Variable C P LCSS LCSR
Type F F F F
Default 0 0 0 0
Cad 3

Variable EFTX DAMP | RATEFAC| LCFAIL
Type F F F F
Default 0 0 0 0
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VARIABLE DESCRIPTION
MID Material identification. A unigue number has to be chosen.
RO Mass density.
E Y oung’'s modulus.
PR Poisson’ s ratio.
C Strain rate parameter, C, ( Cowper Symonds).
P Strain rate parameter, P, ( Cowper Symonds).
LCSS Load curve ID defining effective stress versus total effective
strain.
LCSR Load curve ID defining strain rate scaling effect on yield stress.
EFTX Failure flag.
EQ.0.0: failure determined by maximum tensile strain
(default),
EQ.1.0: failure determined only by tensile strainin local
x direction,
EQ.2.0: failure determined only by tensile strainin local
y direction.
DAMP Stiffness-propotional damping ratio. Typical values are 1e-3 or

le-4. If set too high instabilites can result.

RATEFAC Filtering factor for strain rate effects. Must be between 0 (no
filtering) and 1 (infinitefiltering) Thefilter isasimple low pass
filter to remove high frequency oscillation from the strain rates
before they are used in rate effect calculations. The cut off
frequency of thefilter is[(1 - RATEFAC) / timestep] rad/sec.

LCFAIL Load curve ID giving variation of failure strain with strain rate.
The points on the x-axis should be natural log of strain rate, the
y-axis should be the true strain to failure. Typically this is
measured by uniaxial tensile test, and the strain values converted
to true strain.

Remarks:

1. Unlike other LS-DYNA material models, both the input stress-strain curve and the
strain to failure are defined as total true strain, not plastic strain. The input can be
defined from uniaxial tensile tests;, nominal stress and nominal strain from the tests
must be converted to true stress and true strain. The elastic component of strain must
not be subtracted out.

2. The stress-strain curve is permitted to have sections steeper (i.e. stiffer) than the
elastic modulus. When these are encountered the elastic modulus is increased to
prevent spurious energy generation.
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3.  Sixty-four bit precision is recommended when using this material model, especially
if the strains become high.

4. Invarient shell numbering is recommended when using this material model. See
*CONTROL_ ACCURACY.
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*MAT_SOFT_TISSUE

Material Type 90 (Acoustic)

This model is appropiate for tracking low pressure stress waves in an acoustic
media such as air or water and can be used only with the acoustic pressure element
formulation. The acoustic pressure element requires only one unknown per node. This
element isvery cost effective.

Columns Quantity Format
1-10 Card3 Sound speed E10.0
11-20 B, damping factor. Recommend values are between E10.0

0.1 and 1.0.
21-30 Cavitation flag E10.0
EQ.0.0: off
EQ.1.0: on
31-40 Atmospheric pressure (optional) E10.0
1-10 Card4 Gravitational acceleration constant (optional) E10.0
11-20 x-coordinate of free surface point E10.0
21-30 y-coordinate of free surface point E10.0
31-40 z-coordinate of free surface point E10.0
41-50 x-direction cosine of free surface normal vector E10.0
51-60 y-direction cosine of free surface normal vector E10.0
61-70 z-direction cosine of free surface normal vector E10.0
Card5 Blank
Cad6 Blank
Card7 Blank
Card8 Blank

4 (MAT)
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Material Type 91 (Soft Tissue {Option})

Optionsinclude:

<BLANK>
VISCO

Thisis Material Type 91 (OPTION=<BLANK>) or Materia Type 92 (OPTION=VISCO).
This material is atransversely isotropic hyperelastic model for representing biological soft
tissues such as ligaments, tendons, and fascia. The representation provides an isotropic
Mooney-Rivlin matrix reinforced by fibers having a strain energy contribution with the
qualitative material behavior of collagen. The model has a viscoelasticity option which
activates a six-term Prony series kernel for the relaxation function. In this case, the
hyperelastic strain energy represents the elastic (long-time) response. See Weiss et al.
[1996] and Puso and Weiss [1998] for additional details. The material is available for use
with brick and shell elements. When used with shell elements, the Belytschko-Tsay
formulation (#2) must be selected.

Columns Quantity Format
1-10 Card1l C1 Hyperelastic coefficients (see equations below) E10.0
11-21 C2 Hyperelastic coefficients E10.0
21-30 C3 Hyperelastic coefficients E10.0
31-40 C4 Hyperelastic coefficients E10.0
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Columns Quantity Format
41-50 C5 Hyperdadtic coefficients E10.0
1-10 Cad2 XK,bulk Modulus E10.0
11-20 XLAM, stretch ratio at which fibers are straightened E10.0
21-30 FANG, fiber anglein local shell coordinate system E10.0

(shells only)
31-40 XLAMO, initia fiber stretch (optional) E10.0
1-10 Card3 Blank
1-10 Card4 Blank
AOPT Material axes option, see Figure 20.1 (bricks only):

EQ. 0.0: locally orthotropic with material axes determined by element
nodes as shown in Figure 20.1. Nodes 1, 2, and 4 of an element are identical to the Nodes
used for the definition of a coordinate system as by * DEFINE_COORDINATE_NODES.

EQ. 1.0: localy orthotropic with material axes determined by apoint in
gpace and the global location of the element center, thisisthe a-direction.

EQ. 2.0: globally orthotropic with material axes determined by vectors
defined below, aswith *DEFINE_COORDINATE_VECTOR.

1-10 Cad5 AX, first material axis point or vector (bricks only) E10.0
11-20 AY, first materia axis point or vector (bricks only) E10.0
21-30 AZ, first materia axis point or vector (bricks only) E10.0
31-40 BX, second material axis point or vector (bricks only) E10.0
41-50 BY, second material axis point or vector (bricks only) E10.0
51-60 BZ, second material axis point or vector (bricks only) E10.0

LAX, LAY, LAZ Local fiber orientation vector (bricks only)
S1-S6 Spectral strengths for Prony series relaxation kernel (OPTION=VISCO)
T1-T6 Characteristic times for Prony series relaxation kernel (OPTION=VISCO)
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Remarks on Formulation:

The overall strain energy W is "uncoupled”" and includes two isotropic deviatoric matrix
terms, afiber term F, and a bulk term:

W= Cl( I, 3)+ c2(|2—3)+ F(2)+3K[InQ)f

Here, I~1 and I~2 are the deviatoric invariants of the right Cauchy deformation tensor, A is
the deviatoric part of the stretch along the current fiber direction, and J=detF is the

volume ratio. The material coefficients C, and C, are the Mooney-Rivlin coefficients,
while K isthe effective bulk modulus of the materia (input parameter XK).

The derivatives of thefiber term F are defined to capture the behavior of crimped collagen.
The fibers are assumed to be unable to resist compressive loading - thus the model is
isotropic when A <1. An exponentia function describes the straightening of the fibers,
while alinear function describes the behavior of the fibers once they are straightened past a

critical fiber strestch level 4 > A4 (input parameter XLAM):

5 0 1<1
F *
87 = %[exp(CAl —1)) —1] l < }1,

1(CA+Cy) Az X

Coefficients C;, C,, and C, must be defined by the user. C; is determined by LS-DY NA
to ensure stress continuity at A=A . Sample values for the material coefficients C, - C,

and A for ligament tissue can be found in Quapp and Weiss[1998]. The bulk modulus K
should be at least 3 orders of magnitude larger than C, to ensure near-incompressible
material behavior.

Viscoelasticity isincluded viaa convolution integral representation for the time-dependent
second Piola-Kirchoff stress S(C,t):

t

S(C.)=S(C)+ [ 26(t— 92

) (9 ®

Here, S° isthe elastic part of the second PK stress as derived from the strain energy, and
G(t —s) isthe reduced relaxation function, represented by a Prony series:

0-$ser5)

Puso and Weiss [1998] describe a graphical method to fit the Prony series coefficeints to
relaxation data tha tapproximates the behavior of the continuous relaxation function
proposed by Y -C. Fung as quasilinear viscoelasticity.
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Remarks on Input Parameters:

Cards 1 through 4 must be included for both shell and brick elements, although for shells
cards 3 and 4 areignored and may be blank lines.

For shell elements, the fiber direction lies in the plane of the element. The local axisis
defined by a vector between nodes n1 and n2, and the fiber direction may be offset from
this axis by an angle FANG.

For brick elements, the local coordinate system is defined using the convention described
previoudly for *MAT_ORTHOTROPIC_ELASTIC. Thefiber direction is oriented in the
local system using input parameters LAX, LAY, and LAZ. By default, (LAX,LAY,LAZ)
=(1,0,0) and the fiber is aligned with the local x-direction.

An optiond initial fiber stretch can be specified using XLAMO. Theinitia stretch isapplied
during the first time step. This creates preload in the model as soft tissue contracts and
equilibrium is established. For example, aligament tissue "uncrimping strain” of 3% can
be represented with initial stretch value of 1.03.

If the VISCO option is selected, at least one Prony series term (S1,T1) must be defined.

LS-DYNA Version 960
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Material Type 93 (Elastic 6DOF Spring Discrete Beam)

This material model is defined for simulating the effects of nonlinear elastic and
nonlinear viscous beams by using six springs each acting about one of the six local
degrees-of-freedom. The input consists of part ID's that reference material type 74 above.
Generally, these referenced parts are used only for the definition of this material model and
are not referenced by any elements. The two nodes defining a beam may be coincident to
give a zero length beam, or offset to give afinite length beam. For finite length discrete
beams the absolute value of the variable SCOOR in the beam section input should be set to
avalue 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
directiona springs.

Columns Quantity Format

1-10 TPIDR, trandational motion in the local r-direction is governed E10.0
by part ID TPIDR. If zero, no force is computed in this direction.

11-20 TPIDS, trandational motion in the local s-direction is governed E10.0
by part ID TPIDS. If zero, no force is computed in this direction.

21-30 TPIDT, trandational motion in the local t-direction is governed E10.0
by part ID TRIDT. If zero, no force is computed in this direction.

31-40 RPIDR, rotational motion about the local r-axisis governed E10.0
by part ID RPIDR. If zero, no moment is computed about this axis.

41-50 RPIDS, rotational motion about the local s-axisis governed E10.0
by part ID RPIDS. If zero, no moment is computed about this axis.

51-60 RPIDT, rotational motion about the local t-axisis governed E10.0
by part ID RPIDT. If zero, no moment is computed about this axis.

Cad4 Blank
Cad5 Blank
Cad6 Blank
Card7 Blank
Cad8 Blank
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Material Type 94 (Inelastic Spring Discrete Beam)

This model permits elastoplastic springs with damping to be represented with a discrete
beam element type 6. A yield force versus deflection curve is used which can vary in
tension and compression..

Columns Quantity Format
1-10 Card3 K, stiffness coefficient. E10.0
11-20 Fo, optional initial force. Thisoptionisinactiveif E10.0

this materia isreferenced in a part referenced by
material type 95.

21-30 D, viscous damping coefficient. E10.0
31-40 CDF, compressive displacement at failure. Input E10.0

asapositive number. After failure, no forces are
carried. This option does not apply to zero length

springs.
EQ.0.0: inactive.
41-50 TDF, tensile displacement at failure.  After failure, E10.0

no forces are carried.

1-10 Card4 FLCID, load curve ID defining force versus deflection E10.0
for nonlinear behavior.

11-20 HLCID, load curve ID defining the yield force versus E10.0
plastic deflection.  If the origin of the curveisat (0,0)
the force magnitude isidentical in tension and
compression, i.e., only the sign changes. If not, the
yield stress in the compression is used when the spring
forceisnegative. The plastic displacement increases
monotonicaly in thisimplementation. The load curve
Isrequired input.

21-30 C1, damping coefficient for nonlinear behavior E10.0
(optional).

31-40 c2, damping coefficien for nonlinear behavior E10.0
(optional).

41-50 DLE, factor to scale time units. The default is unity. E10.0
Card5 Blank
Card6 Blank
Card7 Blank
Card8 Blank
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Theyield forceistaken from the load cuve:

FY —F (ALpIastic)

y
where L"** jsthe plastic deflection. A tria force is computed as:
FT = F" + KAL(At)
and is checked against the yield force to determine F:
F:{FY if FT>FY
Flif FT<F"

Thefinal force, which includes rate effects and damping, is given by:
. . . ‘AI'_‘ . .
F™' =F.|1+Cl- AL+ C2-sgn(AL)Inf max{1,, -t ||+ DAL +h(AL)
DLE

Unlessthe origin of the curve starts at (0,0), the negative part of the curveis used when the
spring force is negative where the negative of the plastic displacement is used to interpolate,

F,. The positive part of the curve is used whenever the force is positive. In these
equations, AL isthe changeinlength

AL = current length—initial length
The cross sectional areais defined on the section card for the discrete beam

elements, See * SECTION_BEAM. The squareroot of thisareais used as the contact
thickness offset if these elements are included in the contact treatment.
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Material Type 95 (Inelastic 6DOF Spring Discrete Beam)

This material model is defined for simulating the effects of nonlinear inelastic and
nonlinear viscous beams by using six springs each acting about one of the six local
degrees-of-freedom. The input consists of part ID's that reference material type 94.
Generally, these referenced parts are used only for the definition of this material model and
are not referenced by any elements. The two nodes defining a beam may be coincident to
give a zero length beam, or offset to give afinite length beam. For finite length discrete
beams the absolute value of the variable SCOOR in the beam section input should be set to
avalue of 2.0, which causesthe local r-axisto be aligned along the two nodes of the beam
to give physically correct behavior. The distance between the nodes of a beam should not
affect the behavior of this material model. A triad must be used to orient the beam for zero
length beams.

Columns Quantity Format

1-10 TPIDR, trandational motion in the local r-direction is governed E10.0
by part ID TPIDR. If zero, no force is computed in this direction.

11-20 TPIDS, trandational motion in the local s-direction is governed E10.0
by part ID TPIDS. If zero, no force is computed in this direction.

21-30 TPIDT, trandational motion in the local t-direction is governed E10.0
by part ID TRIDT. If zero, no force is computed in this direction.

31-40 RPIDR, rotational motion about the local r-axisis governed E10.0
by part ID RPIDR. If zero, no moment is computed about this axis.

41-50 RPIDS, rotational motion about the local s-axisis governed E10.0
by part ID RPIDS. If zero, no moment is computed about this axis.

51-60 RPIDT, rotational motion about the local t-axisis governed E10.0
by part ID RPIDT. If zero, no moment is computed about this axis.

Cad4 Blank
Cad5 Blank
Cad6 Blank
Card7 Blank
Cad8 Blank
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Material Type 96 (Brittle Damage M odel)

This model, implemented into LS-DYNA by Govindjee simulates the cracking
behavior of concrete. Rebar effects may be included.

Columns Quantity Format
1-10 Card3 Young's modulus, E. E10.0
11-20 Fraction of reinforcement in section. E10.0
21-30 Y oung's modulus of reinforcement. E10.0
31-40 Yield stress of reinforcement. E10.0
41-50 Hardening modulus of reinforcement. E10.0
51-60 Truefailure strain of reinforcement. E10.0
1-10 Card4 Poisson's ratio v E10.0
1-10 Card5 Tenslelimit, fig E10.0
11-20 Shear limit, fgp E10.0
21-30 Compressive yield stress E10.0

EQ.O: no compressiveyield
1-10 Card6 Fracture toughness, gc E10.0
1-10 Card 7  Shear retention,3 E10.0
1-10 Card8 Viscosity,n E10.0

A full description of the tensile and shear damage parts of this material model is
given in Govindjee, Kay and Simo[1994,1995]. It isan anisotropic brittle damage model
designed primarily for concrete though it can be applied to a wide variety of brittle
materials. It admits progressive degradation of tensile and shear strengths across smeared
cracks that are initiated under tensile loadings. Compressive failure is governed by a
simplistic J2 flow correction that can be disabled if not desired. Damage is handled by
treating the rank 4 elastic stiffness tensor as an evolving interna variable for the material.
Softening induced mesh dependencies are handled by a characteristic length method (Oliver
[1989]).

Description of properties:

1. E is the Young's modulus of the undamaged material also known as the virgin
modulus.
2. v is the Poisson's ratio of the undamaged material also known as the virgin

Poisson's ratio.
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3.

f. istheinitial principal tensile strength (stress) of the material. Once this stress
has been reached at a point in the body a smeared crack is initiated there with a
normal that is co-linear with the 1st principal direction. Once initiated, the crack is
fixed at that location, though it will convect with the motion of the body. Asthe
loading progresses the allowed tensile traction normal to the crack plane is
progressively degraded to a small machine dependent constant.

The degradation is implemented by reducing the material's modulus normal to the
smeared crack plane according to a maximum dissipation law that incorporates
exponential softening. The restriction on the normal tractionsis given by

¢, =(nen)o—f +(1-¢)f, (1-exp[-Ha]) <0

where n isthe smeared crack normal, ¢ isthe small constant, H is the softening
modulus, and ¢ isaninterna variable. H isset automatically by the program; see
0. below. o measures the crack field intensity and is output in the equivalent

plastic strain field, £°, in anormalized fashion.

The evolution of aphais governed by a maximum dissipation argument. When the
normalized value reaches unity it means that the material's strength has been
reduced to 2% of its original value in the normal and parallel directions to the
smeared crack. Note that for plotting purposes it is never output greater than 5.

f, istheinitial shear traction that may be transmitted across a smeared crack plane.

The shear traction is limited to be less than or equal to f (1- 8)(1-exp[-Ha]),
through the use of two orthogonal shear damage surfaces. Note that the shear
degradation is coupled to the tensile degradation through the internal variable alpha
which measures the intensity of the crack field. S is the shear retention factor
defined below. The shear degradation is taken care of by reducing the material's
shear stiffness paralléel to the smeared crack plane.

0. isthe fracture toughness of the material. 1t should be entered as fracture energy

per unit area crack advance. Once entered the softening modulus is automatically
calculated based on element and crack geometries.

B is the shear retention factor. As the damage progresses the shear tractions
alowed across the smeared crack plane asymptote to the product ff .

n represents the viscosity of the material. Viscous behavior isimplemented as a
simple Perzynaregularization method. This alows for the inclusion of first order
rate effects. The use of some viscosity is recommend as it serves as regularizing
parameter that increases the stability of caculations.

o, isauniaxial compressive yield stress. A check on compressive stresses is made

using the J2 yield function Ss—\;‘%oy <0, where s is the stress deviator. If
violated, a J2 return mapping correction is executed. This check is executed when
(1) no damage has taken place at an integration point yet, (2) when damage has
taken place at a point but the crack is currently closed, and (3) during active damage

3.14.2m
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after the damage integration (ie. as an operator split). Notethat if the crack is open
the plasticity correction is done in the plane-stress subspace of the crack plane.

Remark: A variety of experimental data has been replicated using this model from quasi-
static to explosive situations. Reasonable properties for a standard grade concrete would be

E=3.15x10"6 psi, f,=450 psi, f.=2100 psi, v = 0.2, g, = 0.8Ibs/in, B =0.03, n = 0.0
psi-sec, o, = 4200 psi. For stability, values of n between 104 to 106 psi/sec are

recommended. Our limited experience thus far has shown that many problems require
nonzero valuies of 1 to runto avoid error terminations.

Remark: Various other internal variables such as crack orientations and degraded stiffness
tensors areinternally calculated but currently not available for output.
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Material Type 97 (Generalize Joint-Discrete Beam)

Thismodel is used to define agenera joint constraining any combination of degrees
of freedom between two nodes. The nodes may belong to rigid or deformable bodies. In
most applications the end nodes of the beam are coincident and the local coordinate system
(r,st axes) isdefined by CID (see * SECTION_BEAM).

Columns Quantity Format

1-10 Card1l Trandationa constraint code along the r-axis E10.0
EQ.0.0: unconstrained
EQ.1.0: constrained

11-20 Trandationa constraint code along the s-axis E10.0
EQ.0.0: unconstrained
EQ.1.0: constrained

21-30 Trandational constraint code along the t-axis E10.0
EQ.0.0: unconstrained
EQ.1.0: constrained

31-40 Rotational constraint code about the r-axis E10.0
EQ.0.0: unconstrained
EQ.1.0: constrained

41-50 Rotationa constraint code about the s-axis E10.0
EQ.0.0: unconstrained
EQ.1.0: constrained

51-60 Rotational constraint code about the t-axis E10.0
EQ.0.0: unconstrained
EQ.1.0: constrained

1-10 Card2 Penalty stiffness scale factor for trandlational constraints E10.0
11-20 Penalty stiffness scale factor for rotational constraints E10.0
21-30 Optional stiffnessfor trandational constraints E10.0
31-40 Optional stiffness for rotational constraints E10.0
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Material Type 98 (Simplified Johnson/Cook Strain Sensitive
Plasticity)

The Johnson/Cook strain sensitive plasticity is used for problems where the strain
rates vary over alarge range. In this simplified model, thermal effects and damage are
ignored, and the maximum stress is directly limited since thermal softening, whichisvery
significant in reducing the yield stress under adiabatic loading, isnot available. An iterative
plane stress update is used for the shell elements, but due to the smplifications related to
thermal softening and damage, this model is 50% faster than the full Johnson/Cook
implementation. To compensate for the lack of thermal softening, limiting stress values are
used to keep the stresses within reasonable limits. A resultant formulation for the
Belytschko-Tsay, the CO Triangle, and the fully integrated type 16 shell elements is
activated by specifying either zero or one through thickness integration points on the
section card. This latter option is less accurate than through thickness integration but is
somewhat faster. Since the stresses are not computed in the resultant formulation, the
stress output to the databases for the resultant elements are zero. This model is also
available for the Hughes-Liu beam, the Belytschko-Schwer beam, and the truss element.
For the resultant beam formulation, the rate effects are approximated by the axial rate since
the thickness of the beam about it bending axes is unknown. The linear bulk modulusis
used to determine the pressure in the elements, since the use of thismodel is primarily for
structural analysis.

Columns Quantity Format
1-10 Cad3 G E10.0
11-20 A E10.0
21-30 B E10.0
31-40 n E10.0
41-50 C E10.0
51-60 ep, effective plastic strain at failure E10.0
61-70 Omax, Maximum stress obtainable from work E10.0

hardening before rate effects are added.
71-80 O, Saturation stress which limits the maximum E10.0
value of effective stress which can develop after rate
effects are added.
1-10 Cad4 ¢o E10.0
11-20 Formulation for rate effects (Version 970 only) E10.0

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

Cad5 Blank
Cad6 Blank
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Columns Quantity Format
Cad7 Blank
1-10 Card8 E, Young's Modulus E10.0
11-20 v, Poisson’sratio E10.0
21-30 tf, time step size for automatic element deletion E10.0

(Shell elements only)

Johnson and Cook express the flow stress as
oy:(A+ Be" )(1+c Iné*)

where

A, B, C and n are input constants

e’ effective plastic strain

g = i effective strain rate for €0 =15
€0

The maximum stressis limited by sigmax and sigsat by:
o, = min{min[A+ Be" ,sigmax] (1+c Iné*),sigsat}

Failure occurs when the effective plastic strain exceeds psfail.
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Material Type 99 (Simplified Johnson/Cook Strain Sensitive

Plasticity with orthotropic damage)

This model, which is implemented only for shell elements with multiple through
thickness integration points, is an extension of material type 98 to include orthotropic
damage as ameans of treating failure in aluminum panels. Directional damage begins after
adefined failure strain is reached in tension and continues to evolve until atensile rupture
strain is reached in either one of the two orthogonal directions. After rupture is detected at
all integration points, the element is deleted.

Columns Quantity Format
1-10 Cad3 G E10.0
11-20 A E10.0
21-30 B E10.0
31-40 n E10.0
41-50 C E10.0
51-60 ep, effective plastic strain at failure E10.0
61-70 Omax, Maximum stress obtainable from work E10.0
hardening before rate effects are added.

71-80 O, Saturation stress which limits the maximum E10.0
value of effective stress which can develop after rate
effects are added.

1-10 Cad4 ¢ E10.0
11-20 Formulation for rate effects (Version 970 only) E10.0
EQ.0.0: Scaleyield stress (default)

EQ.1.0: Viscoplastic formulation
21-30 EPPFR, plastic strain at which material ruptures E10.0

(logrithmic).
31-40 LCDM, optional load curve ID defining nonlinear E10.0
damage curve.
Cad5 Blank
Cad6 Blank
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Columns Quantity Format
Cad7 Blank
1-10 Card8 E, Young's Modulus E10.0
11-20 v, Poisson’s ratio E10.0
21-30 tf, time step size for automatic element deletion E10.0

(Shell elements only)

Johnson and Cook express the flow stress as
cy:(A+ Be" )(1+c Iné*)

where

A, B, C and n are input constants

g effectiveplagtic strain

g = i effective strain ratefor g0 =15
o

The maximum stressis limited by sigmax and sigsat by:
o, = min{min[A+ Bg" ,sigmax] (1+c Iné*),sigsat}

Failure occurs when the effective plastic strain exceeds psfail.

3.96.2m LS-DYNA3D Version 960



(spotweld) M aterial Type 100

Material Type 100 (Spot weld)

This material model applies to beam element type 9 for spot welds. These beam
elements may be placed between any two deformable shell surfaces and tied with type 7
constraint contact which eliminates the need to have adjacent nodes at spotweld locations.
Beam spot welds may be placed between rigid bodies and rigid/deformable bodies by
making the node on one end of the spot weld arigid body node which can be an extra node
for the rigid body. In the same way, rigid bodies may also be tied together with this
spotweld option.

It is advisable to include al spotwelds, which provide the slave nodes, and spot
welded materials, which define the master segments, within a single type 7 tied interface.
As a constraint method, multiple type 7 interfaces are treated independently which can lead
to significant problems if such interfaces share common nodal points. The offset option,
“0 77, should not be used with spotwelds. If the torsional forces are deemed to be
important the s 7" contact will carry and transmit the torsional forces to and from the shell
surfaces. This contact option is also recommended for deformable solid elements and
thick, 8-node shells which lack rotational degrees-of-freedom.

Columns Quantity Format
1-10 Card3 Young s modulus E10.0
1-10 Card4 Poisson’sratio E10.0
1-10 Card5 Yieldstress E10.0
1-10 Card6 Hardening modulus, Et E10.0
1-10 Card7 Time step size for mass scaling, At E10.0
11-20 Failure timeif nonzero. If zero thisoption isignored. E10.0
1-10 Card8 Failurestrain for eroding elements. E10.0
11-20 Force resultant N, a falure E10.0
21-30 Forceresultant N, a failure E10.0
31-40 Forceresultant N, at failure E10.0
41-50 Moment resultant M, at failure E10.0
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Columns Quantity Format
51-60 Moment resultant M at failure E10.0
61-70 Moment resultent T, at failure E10.0
71-80 Number of force vectors stored for filtering. The E10.0

default valueis set to zero which is generally
recommended unless oscillatory resultant forces are
observed in the time history databases. Even though
these welds should not oscillate significantly, this
option was added for consistency with the other spot
weld options. NF affectsthe storage sinceit is
necessary to store the resultant forces as history
variables. When NF is nonzero, the resultantsin the
output databases are filtered.

The weld material is modeled with isotropic hardening plasticity coupled coupled to
two failure models. The first model specifies a failure strain which fails each integration
point in the spot weld indepedently. The second mode fails the entire weld if the resultants
are outside of the failure surface defined by:

N O 2 2 2 2 2 2
maX( m? ) + Nrs + Nrt + Mrr + Mss + L ~-1=0
Nrr,: NrsF Nrt,: |\/lrr,: M& Trr,:
where the numerators in the equation are the resultants calculated in the local coordinates
of the cross section, and the denominator s are the values specified in the input.

If the failure strain is set to zero, the failure strain model is not used. In a similar
manner, when the value of aresultant at failure is set to zero, the corresponding term in the

failure surface is ignored. For example, if only N, is nonzero, the failure surface is

reduced to [N, [=N, . None, either, or both of the failure models may be active
depending on the specified input values.

Theinertias of the spot welds are scaled during the first time step so that their stable
time step sizeisAt. A strong compressive load on the spot weld at alater time may reduce
the length of the spot weld so that stable time step size drops below At. If the value of At is
zero, mass scaling is not performed, and the spot welds will probably limit the time step
size. Under most circumstances, the inertias of the spot welds are small enough that
scaling them will have a negligible effect on the structural response and the use of this
option is encouraged.
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Material Type 103 (Anisotropic Viscoplastic)

This anisotropic-viscoplastic material model applies to shell and brick elements.
The material constants may be fit directly or, if desired, stress versus strain data may be
input and a least squares fit will be performed by LS-DY NA to determine the constants.
Kinematic or isotopic or a combination of kinematic and isotropic hardening may be used..
A detailed describtion of this model can be found in the following references. Berstad,
Langseth, and Hopperstad [1994]; Hopperstad and Remseth [1995]; and Berstad [1996].

Columns Quantity Format
1-10 Card3 Young's modulus E10.0
11-20 Poissons's ratio E10.0
21-30 Initial yield stress E10.0
31-40 Flag E10.0

EQ.0 Give adl material parameters

EQ.1 Materia parametersarefitin LS DYNA
to Load curve or Table given below. The
parameters Q.,, C.,, Q.,, and C,, for isotropic
hardening are determined by the fit and those
for kinematic hardening are found by scaling
those for isotropic hardening by (1- o) where
o isdefined below in columns 51-60.

CHECK THE FIT IN THE PRINTED
OUTPUT FILE BEFORE RUNNING THE
CALCULATION.

41-50 Load curve ID or TableID. Theload curve D E10.0
defines effective stress versus effective plastic strain.
Card 4 isignored with thisoption. Thetable ID, see
Figure 3.9, defines for each strain rate value aload
curve ID giving the stress versus effectiveplastic strain
for that rate. If theload curve only isused, then the

coefficients V, and V., must be given if viscoplastice
behavior isdesired. If aTableID isgiven these
coefficients are determined internally during
initialization.
51-60 o distribution of hardening used in the curve-fitting E10.0
o = 0 pure kinematic hardening
o =1 pureisotropic hardening

1-10 Card 4 Isotropic hardening parameter Q,, E10.0
11-20 Isotropic hardening parameter C E10.0
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Columns Quantity Format
21-30 I sotropic hardening parameter Q,, E10.0
31-40 I sotropic hardening parameter C, E10.0
41-50 Kinematic hardening parameter Q,, E10.0
51-60 Kinematic hardening parameter C , E10.0
61-70 Kinematic hardening parameter Q,, E10.0
71-80 Kinematic hardening parameter C,, E10.0
1-10 Card5 Viscous material parameter V, E10.0
11-20 Viscous material parameter V| E10.0
21-30 Ry, for shell (Default=1.0) E10.0
31-40 R, for shell (Default=1.0) E10.0
41-50 R,, for shell (Default=1.0) E10.0
21-30 F for brick (Default =1/2) E10.0
31-40 G for brick (Default =1/2) E10.0
41-50 H for brick (Default =1/2) E10.0
51-60 L for brick (Default =3/2) E10.0
61-70 M for brick (Default =3/2) E10.0
71-80 N for brick (Default =3/2) E10.0
1-10 Cad6 Materia axesoption, AOPT E10.0

EQ.0.0: locally orthotropic with material axes
determined by element nodes as shownin
Figure 3.5. Cards 7 and 8 are blank with this
option.

EQ.1.0: locally orthotropic with material axes
determined by apoint in space and the global
location of the element center. Card 8 below is
blank.

EQ.2.0: globally orthotropic with material axes
determined by vectors defined on Cards 7 and 8
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Columns Quantity Format

EQ.3.0: applicableto shell elements only.

This option determines locally orthotropic

material axes by offsetting the material axes by

an angle (Card 8) from aline in the plane of the

shell determined by taking the cross product of

the vector defined on Card 7 with the shell

normal vector.
1-10 Card7 Xp, define for AOPT = 1.0 E10.0
11-20 yp, define for AOPT = 1.0 E10.0
21-30 zp, definefor AOPT = 1.0 E10.0
1-10 Cad7 @&, definefor AOPT =2.0 E10.0
11-20 ap, definefor AOPT = 2.0 E10.0
21-30 ag, define for AOPT = 2.0 E10.0
1-10 Cad7 v1,definefor AOPT =3.0 E10.0
11-20 vo, define for AOPT = 3.0 E10.0
21-30 v3, define for AOPT = 3.0 E10.0
1-10 Card8 dj, definefor AOPT = 2.0 E10.0
11-20 do, define for AOPT = 2.0 E10.0
21-30 ds, define for AOPT = 2.0 E10.0

The uniaxia stress-strain curve is given on the following form

o(p. p) = 05+ Q;(1-exp(-C,,p)) + Q,(1—exp(-C,p))
+Q,,(1-exp(=C,;1p)) + Q,.(1- exp(-C,, p))

+V, p'

For bricks the following yield criteriais used

F(oy, — 0'33)2 +G(0y — O'11)2 +H(oy, - 622)2

+2Lo5, + 2MoZ + 2No?, = o(p, p)

where p isthe effective plastic strain and p is the effectiv plastic strain ratee. For shells
the anisotropic behavior isgivenby R,,, R and R,,. The model will work when the
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three first parameters in card 3 are given values. When V, =0 the material will behave
elasto-plastically. Default values are given by:

F=G=H=1
2
L:M:N:§
2
Ro=Rs=Rp=1

Strain rate of accounted for using the Cowper and Symonds model which, e.g.,
model 3, scalestheyield stress with the factor:

A\
1+[£]
C

To convert these constants set the viscoelastic constants, V, and V,,, to the following
values:

This model properly treats rate effects and should provide superior results to models 3 and
24,
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Material Type 104 (Anisotropic Viscoplastic Damage)

This anisotropic-viscopl astic-damage material model appliesto shell and brick elements.
The material constants may be fit directly or, if desired, stress versus strain data may be
input and aleast squaresfit will be performed by LS-DY NA to determine the constants.

Columns

Quantity Format

1-10

11-20
21-30
31-40

41-50

1-10
11-20

Card 3

Card 4

Young's modulus E10.0
Poissons's ratio E10.0
Initial yield stress E10.0

Flag E10.0
EQ.O0 Giveal material parameters
EQ.1 Material parametersarefitin LS-DYNA
to Load curve or Table given below. The
parameters Q, C,, Q,, and C, for isotropicp
isotropic hardening are determined by the fit
CHECK THE FIT IN THE PRINTED
OUTPUT FILE BEFORE RUNNING THE
CALCULATION.

Load curve ID or TableID. Theload curve ID E10.0
defines effective stress versus effective plastic strain.

Card 4 isignored with thisoption. ThetableID, see

Figure 3.9, defines for each strain rate value aload

curve ID giving the stress versus effectiveplastic strain

for that rate. If the load curve only is used, then the

coefficients V, and V,, must be given if viscoplastice

behavior isdesired. If aTableID isgiven these

coefficients are determined internally during

initialization.

I sotropic hardening parameter Q E10.0
I sotropic hardening parameter C, E10.0
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Columns Quantity Format
21-30 I sotropic hardening parameter Q, E10.0
31-40 I sotropic hardening parameter C, E10.0
41-50 Effective plastic strain when damage start p, E10.0
51-60 Resistance against damage s E10.0
61-70 Critical damage D, E10.0
1-10 Card5 Viscous material parameter V, E10.0
11-20 Viscous materia parameter V| E10.0
21-30 Ry, for shell (Default=1.0) E10.0
31-40 R, for shell (Default=1.0) E10.0
41-50 R,, for shell (Default=1.0) E10.0
21-30 F for brick (Default =1/2) E10.0
31-40 G for brick (Default =1/2) E10.0
41-50 H for brick (Default =1/2) E10.0
51-60 L for brick (Default =3/2) E10.0
61-70 M for brick (Default =3/2) E10.0
71-80 N for brick (Default =3/2) E10.0
1-10 Cad6 Materia axesoption, AOPT E10.0

EQ.0.0: locally orthotropic with material axes
determined by element nodes as shownin
Figure 3.5. Cards 7 and 8 are blank with this
option.

EQ.1.0: locally orthotropic with material axes
determined by apoint in space and the global
location of the element center. Card 8 below is
blank.

EQ.2.0: globally orthotropic with material axes
determined by vectors defined on Cards 7 and 8
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Columns Quantity Format

EQ.3.0: applicableto shell elements only.
This option determines locally orthotropic
material axes by offsetting the material axes by
an angle (Card 8) from aline in the plane of the
shell determined by taking the cross product of
the vector defined on Card 7 with the shell
normal vector.

1-10 Card7 Xp, define for AOPT = 1.0 E10.0
11-20 Yp, define for AOPT = 1.0 E10.0
21-30 zp, define for AOPT = 1.0 E10.0
1-10 Cad7 @&, definefor AOPT =2.0 E10.0
11-20 ap, define for AOPT = 2.0 E10.0
21-30 ag, definefor AOPT = 2.0 E10.0
1-10 Cad7 v1,definefor AOPT =3.0 E10.0
11-20 Vo, define for AOPT = 3.0 E10.0
21-30 v3, define for AOPT = 3.0 E10.0
1-10 Card8 d, definefor AOPT = 2.0 E10.0
11-20 dp, define for AOPT = 2.0 E10.0
21-30 dz, define for AOPT = 2.0 E10.0

The uniaxial stress-strain curveis given on the following form
o(p,p) =0, +Q(1-exp(-C,p)) + Q,(1-exp(-C,p))
+\, p*
For bricks the following yield criteriais used
F(oy, - 633)2 +G(0y - 011)2 +H(oy, - O-22)2
+2L0o%, +2MoZ +2No2, = o(p, p)
where p isthe effective plastic strain and p is the effectiv plastic strain rateo. For shells
the anisotropic behavior isgivenby Ry, R, and R,. The model will work when the

three first parametersin card 3 are given values. When V, =0 the material will behave
elasto-plastically. Default values are given by:
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F=G=H=l
2
L:M:N:§
2
R)o:ths:Rao:l

Strain rate of accounted for using the Cowper and Symonds model which, e.g.,
model 3, scalestheyield stresswith the factor:

A\
1+(£}
C

To convert these constants set the viscoelastic constants, V, and V,,, to the following
values:

Evolution of damage
, 0,p<pp
D=1{0ir, .
5Es P.P=Pp

where

2
r, = 2(1+ v)+3(1- ZV)(&} 0,y =(0,+0,+0,)/3
o

eq

and where o, isthe effective stress. When critical damage D the element will fail and be
eroded.
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Material Type 105 (Piecewise Linear Isotropic Plasticity Damage)

Columns Quantity Format
1-10 Card3 Young s modulus E10.0
11-20 Strain rate parameter, C E10.0
21-30 Strain rate parameter, p E10.0
1-10 Card4 Poisson’sratio E10.0
11-20 Effective plastic strain when damage start p, E10.0
21-30 Resistance against damage s E10.0
31-40 Critica damage D, E10.0
1-10 Card5 Yieldstress E10.0
11-20 Load curve D or TableID. Theload curve D E10.0

defines effective stress versus effective plastic strain.
Cards 7 and 8 are ignored with this option.

Thetable ID, see Figure 3.9, defines for each strain rate
value aload curve ID giving the stress versus effectiveplastic
strain for that rate. 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 rateis
used if the strain rate exceeds the maximum value. The strain
rate parameters on card 3, the curve ID on card 6, and cards 7
and 8 areignored if aTable ID is defined.

1-10 Card6 Tangent modulus, ignored if the stress-strain curveis E10.0
defined below
11-20 Failureflag: E10.0

EQ.0.0: Failureisnot considered. Thisoptionis
recommended if failure is not of interest since
many caluculationswill be saved.

GT.0.0: Plastic strainto failure. When the plastic strain
reaches this value, the element is deleted from the

calculation.
21-30 Time step size for automatic element deletion E10.0
31-40 Load curve number to scale yield stress to account for E10.0

strain rate effects.
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Columns Quantity Format
1-80 Card7 Effective plagtic strain values (define up to 8 points) E10.0
1-80 Card8 Corresponding yield stress values E10.0

The stress strain behavior may be treated by a bilinear stress strain curve by
defining the tangent modulus. Alternately, a stress versus effective plastic strain curve
(Card 5, Columns 11-20) similar to that shown in Figure 3.8 can be used. If eight point
are insufficient, aload curve may be used with an arbitrary number of points. The cost is
roughly the same for either approach. The most general approach is to used the table
definition, (Card 5, Columns 11-20) 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
S\
1+ [B)
C

. For complete generality aload curve (Card 5) to scale the yield stress may be input
instead. In this curve the scale factor versus strain rate is defined.

where p isthe strain rate.

1. If different stress versus strain curves can be provided for various strain rates, the
option using the reference to atable (Card 5, Columns 11-20) can be used. Then the table
input in Section 22 (Load Curve/Table Definitions) has to be used. See Figure 3.9.

Evolution of damage

—==p,p=pp

, 0, p<pp
D={02r, -
2Es

where

2
r, = %(1+ v)+3(1- ZV)(&] 0y =(0,+0,+0,)/3
o

eq

and where o, isthe effective stress. When critical damage D the element will fail and be
eroded.
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Material Type 106 (Elastic Viscoplastic Thermal)

Thisis Materia Type 106. Thisisan eastic viscoplastic material with thermal effects.

Columns Quantity Format
1-10 Card1 E, Young s modulus E10.0
11-20 PR, Poisson’s ratio E10.0
21-30 SIGY, Initia yield stress E10.0
31-40 LCSS, Load curve ID. Theload curve ID defines E10.0

effective stress versus effective plastic strain.
Card 2 isignored with this option.

41-50 ALPHA, Coefficient of thermal expansion. E10.0
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Columns Quantity Format
1-10 Card2 QRU, isotropic hardening parameter Q,, E10.0
11-20 CR1, isotropic hardening parameter C,, E10.0
21-30 QR2, isotropic hardening parameter Q,, E10.0
31-40 CR2, isotropic hardening parameter C., E10.0
41-50 QX1, kinematic hardening parameter Q,, E10.0
51-60 CX1, kinematic hardening parameter C E10.0
61-70 Qx2, kinematic hardening parameter Q,, E10.0
71-80 CX2, kinematic hardening parameter C,, E10.0
1-10 Card 3 VK, viscous material parameter V, E10.0
11-20 VM, viscous material parameter V,, E10.0
21-30 LCE, |oad curve defining Y oung's modulus as a E10.0

function of temperature. E oncard 1isignored
with this option.
31-40 LCPR, load curve defining Poisson's ratio as a E10.0

function of temperature. PR on card 1isignored
with this option.

41-50 LCSIGY, |oad curve defining theinitial yield stress E10.0
as afunction of temperature. SIGY oncard1is
ignored with this option.

51-60 LCR, |0ad curve for scali ng the isotropic hardening
parameters QR1 and QR2 or the stress given by the
load curve LCSS as a function of temperature.

E10.0

61-70 E10.0

LCX. 1oad curve for scaling the isotropic hardening
parameters QX1 and QX2 as afunction of temperature.

71-80 LCALPH, |oad curve defining the coefficient of E10.0
thermal expansion as a function of temperature.
ALPHA on card 1 isignored with this option.

Card4 Blank
Card5 Blank
Card6 Blank
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Remarks:
The uniaxial stress-strain curve hasthe form
O-(ge’;f ’ng'f) = GO + er(l_ exp(_crlger;f )) + QrZ(l_ exp(_CrZEEF!)ff ))
+ Q;(l(l_ exp(_Cllge‘?f )) + sz(l_ eXp(—Cﬁng ))
+V.ekl ¥

Strain rate of accounted for using the Cowper and Symonds model, which, scales
the yield stress with the factor:
‘b IA
1+ (ﬁ)
C

To convert from these constants, set the viscoelastic constants, V, and V,, to the
following values:
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Material Type 110 (Johnson Holmquist Ceramics)

ThisisMateria Type 110. This Johnson-Holmquist Plasticity Damage Model is useful for
modeling ceramics, glass and other brittle materials. A more detailed description can be
found in a paper by Johnson and Holmquist [1993].

Columns Quantity Format
1-10 Card1 MID, material identification. E10.0
A unique number has to be chosen.
11-20 RO, density E10.0
21-30 G, shear modulus E10.0
31-40 A, intact normalized strength parameter E10.0
41-50 B, fractured normalized strength parameter E10.0
51-60 C, strength parameter (for strain rate dependence) E10.0
61-70 M, fractured strength parameter (pressure exponent) E10.0
71-80 N, intact strength parameter (pressure exponent). E10.0

6 (MAT) LSDYNA Version 960



*MAT_JOHNSON_HOLMQUIST_CERAMICS

*MAT

Columns Quantity Format
1-10 Card2 EPSI, reference strain rate. E10.0
11-20 T, maximum tensile strength. E10.0
21-30 SFMAX, maximum normalized fractured strength E10.0

(if Eq.0, defaults to 1€20).
31-40 HEL, hugoniot elastic limit. E10.0
41-50 PHEL, pressure component at the Hugoniot elastic E10.0
limit.
51-60 BETA, fraction of elastic energy loss converted to E10.0
hydrostatic energy.
1-10 Card3 D1, parameter for plastic strain to fracture. E10.0
11-20 D2, parameter for plastic strain to fracture (exponent). E10.0
21-30 K1, first pressure coefficient E10.0
(equivalent to the bulk modulus).
31-40 K2, second pressure coefficient. E10.0
41-50 K3, elastic constants (k1 is the bulk modulus). E10.0
51-60 FS, failure criteria E10.0
FS<O0 O fail if p* +t* <0 (tensilefailure).
FS = 0 no failure (default).
FS> 0 fail if thestrain > FS.
Cad4 Blank
Card5 Blank
Cad6 Blank
Remarks:

The equivalent stress for a ceramic-type material is given by

where

o 