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1
Abstract

LS-DYNA is a general purpose finite element code for analyzing the large
deformation static and dynamic response of structures including structures coupled to
fluids. The main solution methodology is based on explicit time integration. An
implicit solver is currently available with somewhat limited capabilities including
structural analysis and heat transfer. A contact-impact algorithm allows difficult
contact problems to be easily treated with heat transfer included across the contact
interfaces. By a specialization of this algorithm, such interfaces can be rigidly tied to
admit variable zoning without the need of mesh transition regions. Other specializa-
tions, allow draw beads in metal stamping applications to be easily modeled simply by
defining a line of nodes along the draw bead. Spatial discretization is achieved by the
use of four node tetrahedron and eight node solid elements, two node beam elements,
three and four node shell elements, eight node solid shell elements, truss elements,
membrane elements, discrete elements, and rigid bodies. A variety of element
formulations are available for each element type. Specialized capabilities for airbags,
sensors, and seatbelts have tailored LS-DYNA for applications in the automotive
industry. Adaptive remeshing is available for shell elements and is widely used in
sheet metal stamping applications. LS-DYNA currently contains approximately one-
hundred constitutive models and ten equations-of-state to cover a wide range of
material behavior. This theoretical manual has been written to provide users and
potential users with insight into the mathematical and physical basis of the code.
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2
History of LS-DYNA

The origin of LS-DYNA dates back to the public domain software, DYNA3D,
which was developed in the mid-seventies at the Lawrence Livermore National
Laboratory. The first version of DYNA3D [Hallquist 1976a] was released in 1976 with
constant stress 4- or 8-node solid elements, 16- and 20-node solid elements with 2 x 2 x
2 Gaussian quadrature, 3, 4, and 8-node membrane elements, and a 2-node cable
element. A nodal constraint contact-impact interface algorithm [Hallquist 1977] was
available. On the Control Data CDC-7600, a supercomputer in 1976, the speed of the
code varied from 36 minutes per 106 mesh cycles with 4-8 node solids to 180 minutes
per 106 mesh cycles with 16 and 20 node solids. Without hourglass control to prevent
formation of non-physical zero energy deformation modes, constant stress solids were
processed at 12 minutes per 106 mesh cycles. A moderate number of very costly
solutions were obtained with this version of DYNA3D using 16- and 20-node solids.
Hourglass modes combined with the procedure for computing the time step size
prevented us from obtaining solutions with constant stress elements.

In this early development, several things became apparent. Hourglass
deformation modes of the constant stress elements were invariably excited by the
contact-impact algorithm, showing that a new sliding interface algorithm was needed.
Higher order elements seemed to be impractical for shock wave propagation because of
numerical noise resulting from the ad hoc mass lumping necessary to generate a
diagonal mass matrix. Although the lower frequency structural response was
accurately computed with these elements, their high computer cost made analysis so
expensive as to be impractical. It was obvious that realistic three-dimensional structural
calculations were possible, if and only if the under-integrated eight node constant stress
solid element could be made to function. This implied a need for a much better sliding
interface algorithm, a more cost-effective hourglass control, more optimal program-
ming, and a machine much faster than the CDC-7600. This latter need was fulfilled
several years later when LLNL took deliver of its first CRAY-1. At this time, DYNA3D
was completely rewritten.
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The next version, released in 1979, achieved the aforementioned goals. On the
CRAY the vectorized speed was 50 times faster, 0.67 minutes per million mesh cycles.
A symmetric, penalty-based, contact-impact algorithm was considerably faster in
execution speed and exceedingly reliable. Due to lack of use, the membrane and cable
elements were stripped and all higher order elements were eliminated as well. Wilkins’
tinite difference equations [Wilkins et al. 1974] were implemented in unvectorized form
in an overlay to compare their performance with the finite element method. The finite
difference algorithm proved to be nearly two times more expensive than the finite
element approach (apart from vectorization) with no compensating increase in
accuracy, and was removed in the next code update.

The 1981 version [Hallquist 1981a] evolved from the 1979 version. Nine
additional material models were added to allow a much broader range of problems to
be modeled including explosive-structure and soil-structure interactions. Body force
loads were implemented for angular velocities and base accelerations. A link was also
established from the 3D Eulerian code JOY [Couch, et. al.,, 1983] for studying the
structural response to impacts by penetrating projectiles. An option was provided for
storing element data on disk thereby doubling the capacity of DYNA3D.

The 1982 version of DYNA3D [Hallquist 1982] accepted DYNA2D [Hallquist
1980] material input directly. The new organization was such that equations of state
and constitutive models of any complexity could be easily added. Complete
vectorization of the material models had been nearly achieved with about a 10 percent
increase in execution speed over the 1981 version.

In the 1986 version of DYNA3D [Hallquist and Benson 1986], many new features
were added, including beams, shells, rigid bodies, single surface contact, interface
friction, discrete springs and dampers, optional hourglass treatments, optional exact
volume integration, and VAX/VMS, IBM, UNIX, COS operating systems compatibility,
that greatly expanded its range of applications. DYNAS3D thus became the first code to
have a general single surface contact algorithm.

In the 1987 version of DYNA3D [Hallquist and Benson 1987] metal forming
simulations and composite analysis became a reality. This version included shell
thickness changes, the Belytschko-Tsay shell element [Belytschko and Tsay, 1981], and
dynamic relaxation. Also included were non-reflecting boundaries, user specified
integration rules for shell and beam elements, a layered composite damage model, and
single point constraints.

New capabilities added in the 1988 DYNA3D [Hallquist 1988] version included a
cost effective resultant beam element, a truss element, a CO triangular shell, the BCIZ
triangular shell [Bazeley et al., 1965], mixing of element formulations in calculations,
composite failure modeling for solids, noniterative plane stress plasticity, contact
surfaces with spot welds, tiebreak sliding surfaces, beam surface contact, finite
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stonewalls, stonewall reaction forces, energy calculations for all elements, a crushable
foam constitutive model, comment cards in the input, and one-dimensional slidelines.

In 1988 the Hallquist began working half-time at LLNL to devote more time to
the development and support of LS-DYNA for automotive applications. By the end of
1988 it was obvious that a much more concentrated effort would be required in the
development of LS-DYNA if problems in crashworthiness were to be properly solved;
therefore, at the start of 1989 the Hallquist resigned from LLNL to continue code
development full time at Livermore Software Technology Corporation. The 1989
version introduced many enhanced capabilities including a one-way treatment of slide
surfaces with voids and friction; cross-sectional forces for structural elements; an
optional user specified minimum time step size for shell elements using elastic and
elastoplastic material models; nodal accelerations in the time history database; a
compressible Mooney-Rivlin material model; a closed-form update shell plasticity
model; a general rubber material model; unique penalty specifications for each slide
surface; external work tracking; optional time step criterion for 4-node shell elements;
and internal element sorting to allow full vectorization of right-hand-side force
assembly.

2.1 Features add in 1989-1990

Throughout the past decade, considerable progress has been made as may be
seen in the chronology of the developments which follows. During 1989 many
extensions and developments were completed, and in 1990 the following capabilities
were delivered to users:

* arbitrary node and element numbers,

e fabric model for seat belts and airbags,

* composite glass model,

* vectorized type 3 contact and single surface contact,

* many more I/O options,

e all shell materials available for 8 node brick shell,

* strain rate dependent plasticity for beams,

o fully vectorized iterative plasticity,

* interactive graphics on some computers,

e nodal damping,

* shell thickness taken into account in shell type 3 contact,
¢ shell thinning accounted for in type 3 and type 4 contact,

e soft stonewalls,
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2.2

print suppression option for node and element data,
massless truss elements, rivets — based on equations of rigid body dynamics,

massless beam elements, spot welds — based on equations of rigid body
dynamics,

expanded databases with more history variables and integration points,
force limited resultant beam,

rotational spring and dampers, local coordinate systems for discrete elements,
resultant plasticity for CO triangular element,

energy dissipation calculations for stonewalls,

hourglass energy calculations for solid and shell elements,

viscous and Coulomb friction with arbitrary variation over surface,
distributed loads on beam elements,

Cowper and Symonds strain rate model,

segmented stonewalls,

stonewall Coulomb friction,

stonewall energy dissipation,

airbags (1990),

nodal rigid bodies,

automatic sorting of triangular shells into CO groups,

mass scaling for quasi static analyses,

user defined subroutines,

warpage checks on shell elements,

thickness consideration in all contact types,

automatic orientation of contact segments,

sliding interface energy dissipation calculations,

nodal force and energy database for applied boundary conditions,

defined stonewall velocity with input energy calculations,

Options added in 1991-1992

rigid /deformable material switching,

rigid bodies impacting rigid walls,
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2.3

strain-rate effects in metallic honeycomb model 26,

shells and beams interfaces included for subsequent component analyses,
external work computed for prescribed displacement/velocity/accelerations,
linear constraint equations,

MPGS database,

MOVIE database,

Slideline interface file,

automated contact input for all input types,

automatic single surface contact without element orientation,
constraint technique for contact,

cut planes for resultant forces,

crushable cellular foams,

urethane foam model with hysteresis,

subcycling,

friction in the contact entities,

strains computed and written for the 8 node thick shells,

“good” 4 node tetrahedron solid element with nodal rotations,

8 node solid element with nodal rotations,

2 x 2 integration for the membrane element,

Belytschko-Schwer integrated beam,

thin-walled Belytschko-Schwer integrated beam,

improved LS-DYNA database control,

null material for beams to display springs and seatbelts in TAURUS,
parallel implementation on Cray and SGI computers,

coupling to rigid body codes,

seat belt capability.

Options added in 1993-1994

Arbitrary Lagrangian Eulerian brick elements,
Belytschko-Wong-Chiang quadrilateral shell element,
Warping stiffness in the Belytschko-Tsay shell element,
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* Fast Hughes-Liu shell element,

* Fully integrated brick shell element,

e Discrete 3D beam element,

* Generalized dampers,

¢ (Cable modeling,

* Airbag reference geometry,

* Multiple jet model,

* Generalized joint stiffnesses,

* Enhanced rigid body to rigid body contact,

* Orthotropic rigid walls,

¢ Time zero mass scaling,

* Coupling with USA (Underwater Shock Analysis),

e Layered spot welds with failure based on resultants or plastic strain,
¢ Fillet welds with failure,

e Butt welds with failure,

e Automatic eroding contact,

* Edge-to-edge contact,

e Automatic mesh generation with contact entities,

* Drawbead modeling,

e Shells constrained inside brick elements,

e NIKE3D coupling for springback,

* Barlat’s anisotropic plasticity,

* Superplastic forming option,

* Rigid body stoppers,

* Keyword input,

e Adaptivity,

* First MPP (Massively Parallel) version with limited capabilities.
* Built in least squares fit for rubber model constitutive constants,
* Large hystersis in hyperelastic foam,

e Bilhku/Dubois foam model,

e Generalized rubber model,
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2.4 Version 936

New options added to version 936 in 1995 include:

Belytschko - Leviathan Shell
Automatic switching between rigid and deformable bodies.

Accuracy on SMP machines to give identical answers on one, two or more
processors.

Local coordinate systems for cross-section output can now be specified.
Null material for shell elements.

Global body force loads now may be applied to a subset of materials.
User defined loading subroutine.

Improved interactive graphics.

New initial velocity options for specifying rotational velocities.

Geometry changes after dynamic relaxation can be considered for initial
velocities.

Velocities may also be specified by using material or part ID’s.

Improved speed of brick element hourglass force and energy calculations.
Pressure outflow boundary conditions have been added for the ALE options.
More user control for hourglass control constants for shell elements.

Full vectorization in constitutive models for foam, models 57 and 63.
Damage mechanics plasticity model, material 81,

General linear viscoelasticity with 6 term prony series.

Least squares fit for viscoelastic material constants.

Table definitions for strain rate effects in material type 24.

Improved treatment of free flying nodes after element failure.

Automatic projection of nodes in CONTACT_TIED to eliminate gaps in the
surface.

More user control over contact defaults.
Improved interpenetration warnings printed in automatic contact.

Flag for using actual shell thickness in single surface contact logic rather than the
default.

Definition by exempted part ID’s.

Airbag to Airbag venting/segmented airbags are now supported.
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Airbag reference geometry speed improvements by using the reference geometry
for the time step size calculation.

Isotropic airbag material may now be directly for cost efficiency.
Airbag fabric material damping is now specified as the ratio of critical damping.

Ability to attach jets to the structure so the airbag, jets, and structure to move
together.

PVM 5.1 Madymo coupling is available.
Meshes are generated within LS-DYNA3D for all standard contact entities.
Joint damping for translational motion.

Angular displacements, rates of displacements, damping forces, etc. in
JNTFORC file.

Link between LS-NIKE3D to LS-DYNAS3D via *INITIAL_STRESS keywords.
Trim curves for metal forming springback.
Sparse equation solver for springback.

Improved mesh generation for IGES and VDA provides a mesh that can directly
be used to model tooling in metal stamping analyses.

2.5 Version 940

New options added to Version 940 in 1996 and 1997:

Part/Material ID’s may be specified with 8 digits.

Rigid body motion can be prescribed in a local system fixed to the rigid body.
Nonlinear least squares fit available for the Ogden rubber model.

Lease squares fit to the relaxation curves for the viscoelasticity in rubber.
Fu-Chang rate sensitive foam.

6 term Prony series expansion for rate effects in model 57-now 73
Viscoelastic material model 76 implemented for shell elements.
Mechanical threshold stress (MTS) plasticity model for rate effects.
Thermoelastic-plastic material model for Hughes-Liu beam element.
Ramberg-Osgood soil model

Invariant local coordinate systems for shell elements are optional.
Second order accurate stress updates.

Four-noded, linear, tetrahedron element.
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* Co-rotational solid element for foam that can invert without stability problems.
* Improved speed in rigid body to rigid body contacts.
e Improved searching for the a_3, a_5 and al0 contact types.
* Invariant results on shared memory parallel machines with the a_n contact types.
e Thickness offsets in type 8 and 9 tie break contact algorithms.
* Bucket sort frequency can be controlled by a load curve for airbag applications.
* In automatic contact each part ID in the definition may have unique:

o Static coefficient of friction

o Dynamic coefficient of friction

o Exponential decay coefficient

o Viscous friction coefficient

o Optional contact thickness

o Optional thickness scale factor

o Local penalty scale factor

* Automatic beam-to-beam, shell edge-to-beam, shell edge-to-shell edge and single
surface contact algorithm.

* Release criteria may be a multiple of the shell thickness in types a_3, a_5, al0, 13,
and 26 contact.

e Force transducers to obtain reaction forces in automatic contact definitions.
Defined manually via segments, or automatically via part ID’s.

* Searching depth can be defined as a function of time.

* Bucket sort frequency can be defined as a function of time.

* Interior contact for solid (foam) elements to prevent "negative volumes."

* Locking joint

* Temperature dependent heat capacity added to Wang-Nefske inflator models.

* Wang Hybrid inflator model [Wang, 1996] with jetting options and bag-to-bag
venting.

* Aspiration included in Wang’s hybrid model [Nucholtz, Wang, Wylie, 1996].

e Extended Wang’s hybrid inflator with a quadratic temperature variation for heat
capacities [Nusholtz, 1996].

* Fabric porosity added as part of the airbag constitutive model.

* Blockage of vent holes and fabric in contact with structure or itself considered in
venting with leakage of gas.
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Option to delay airbag liner with using the reference geometry until the reference
area is reached.

Birth time for the reference geometry.
Multi-material Euler/ALE fluids,

o 2nd order accurate formulations.

o Automatic coupling to shell, brick, or beam elements

o Coupling using LS-DYNA contact options.

o Element with fluid + void and void material

o Element with multi-materials and pressure equilibrium
Nodal inertia tensors.
2D plane stress, plane strain, rigid, and axisymmetric elements
2D plane strain shell element
2D axisymmetric shell element.
Full contact support in 2D, tied, sliding only, penalty and constraint techniques.
Most material types supported for 2D elements.
Interactive remeshing and graphics options available for 2D.

Subsystem definitions for energy and momentum output. and many more
enhancements not mentioned above.

2.6 Version 950

Capabilities added during 1997-1998 in Version 950 include:

Adaptive refinement can be based on tooling curvature with FORMING contact.

The display of draw beads is now possible since the draw bead data is output
into the d3plot database.

An adaptive box option, *DEFINE_BOX_ADAPTIVE, allows control over the
refinement level and location of elements to be adapted.

A root identification file, adapt.rid, gives the parent element ID for adapted
elements.

Draw bead box option, *DEFINE_BOX_DRAWBEAD, simplifies draw bead
input.

The new control option, CONTROL_IMPLICIT, activates an implicit solution
scheme.

2D Arbitrary-Lagrangian-Eulerian elements.
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e 2D automatic contact is defined by listing part ID's.

e 2D r-adaptivity for plane strain and axisymmetric forging simulations is
available.

* 2D automatic non-interactive rezoning as in LS-DYNA2D.

e 2D plane strain and axisymmetric element with 2 x 2 selective-reduced
integration are implemented.

e Implicit 2D solid and plane strain elements are available.
* Implicit 2D contact is available.

* The new keyword, *DELETE_CONTACT_2DAUTO, allows the deletion of 2D
automatic contact definitions.

* The keyword, *LOAD_BEAM is added for pressure boundary conditions on 2D
elements.

* A viscoplastic strain rate option is available for materials:
o *MAT_PLASTIC_KINEMATIC
o *MAT_JOHNSON_COOK
o *MAT_POWER_LAW_PLASTICITY
o *MAT_STRAIN_RATE_DEPENDENT_PLASTICITY
o *MAT_PIECEWISE_LINEAR_PLASTICITY
o *MAT_RATE_SENSITIVE_POWERLAW_PLASTICITY
o *MAT_ZERILLI-ARMSTRONG
o *MAT_PLASTICITY_WITH_DAMAGE
o *MAT_PLASTICITY_COMPRESSION_TENSION

* Material model, *MAT_PLASTICITY_WITH_DAMAGE, has a piecewise linear
damage curve given by a load curve ID.

* The Arruda-Boyce hyper-viscoelastic rubber model is available, see *MAT_AR-
RUDA_BOYCE.

* Transverse-anisotropic-viscoelastic material for heart tissue, see “MAT_HEART_-
TISSUE.

* Lung hyper-viscoelastic material, see *MAT_LUNG_TISSUE.

e Compression/tension plasticity model, see *MAT_PLASTICITY_COMPRES-
SION_TENSION.

* The Lund strain rate model, *MAT_STEINBERG_LUND, is added to Steinberg-
Guinan plasticity model.

e Rate sensitive foam model, *MAT_FU_CHANG_FOAM, has been extended to
include engineering strain rates, etc.
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* Model, *MAT_MODIFIED_PIECEWISE_LINEAR_PLASTICITY, is added for
modeling the failure of aluminum.

e Material model, *"MAT_SPECIAL_ORTHOTROPIC, added for television shadow
mask problems.

* Erosion strain is implemented for material type, *“MAT_BAMMAN_DAMAGE.

* The equation of state, *YEOS_JWLB, is available for modeling the expansion of
explosive gases.

e The reference geometry option is extended for foam and rubber materials and
can be used for stress initialization, see *INITIAL_ FOAM_REFERENCE_GEOM-
ETRY.

* A vehicle positioning option is available for setting the initial orientation and
velocities, see *INITIAL_VEHICLE_KINEMATICS.

* A boundary element method is available for incompressible fluid dynamics
problems.

* The thermal materials work with instantaneous coefficients of thermal expan-
sion:

o *MAT_ELASTIC_PLASTIC_THERMAL
o *MAT_ORTHOTROPIC_THERMAL
o *MAT_TEMPERATURE_DEPENDENT_ORTHOTROPIC
o *MAT_ELASTIC_WITH_VISCOSITY.
* Airbag interaction flow rate versus pressure differences.
* Contact segment search option, [bricks first optional]

e A through thickness Gauss integration rule with 1-10 points is available for shell
elements. Previously, 5 were available.

* Shell element formulations can be changed in a full deck restart.

* The tied interface which is based on constraint equations, TIED_SURFACE_TO_-
SURFACE, can now fail with FAILURE option.

* A general failure criteria for solid elements is independent of the material type,
see *‘MAT_ADD_EROSION

* Load curve control can be based on thinning and a flow limit diagram, see *DE-
FINE_CURVE_FEEDBACK.

* An option to filter the spotweld resultant forces prior to checking for failure has
been added the option, *CONSTRAINED_SPOTWELD, by appending, FIL-
TERED_FORCE, to the keyword.

* Bulk viscosity is available for shell types 1, 2, 10, and 16.
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¢ When defining the local coordinate system for the rigid body inertia tensor a
local coordinate system ID can be used. This simplifies dummy positioning.

e Prescribing displacements, velocities, and accelerations is now possible for rigid
body nodes.

* One-way flow is optional for segmented airbag interactions.
* Pressure time history input for airbag type, LINEAR_FLUID, can be used.

* An option is available to independently scale system damping by part ID in each
of the global directions.

e An option is available to independently scale global system damping in each of
the global directions.

* Added option to constrain global DOF along lines parallel with the global axes.
The keyword is *CONSTRAINED_GLOBAL. This option is useful for adaptive
remeshing.

e Beam end code releases are available, see * ELEMENT_BEAM.

* An initial force can be directly defined for the cable material, *MAT_CABLE_-
DISCRETE_BEAM. The specification of slack is not required if this option is
used.

* Airbag pop pressure can be activated by accelerometers.

¢ Termination may now be controlled by contact, via *TERMINATION_CON-
TACT.

* Modified shell elements types 8, 10 and the warping stiffness option in the
Belytschko-Tsay shell to ensure orthogonality with rigid body motions in the
event that the shell is badly warped. This is optional in the Belytschko-Tsay shell
and the type 10 shell.

* A one point quadrature brick element with an exact hourglass stiffness matrix
has been implemented for implicit and explicit calculations.

e Automatic file length determination for d3plot binary database is now imple-
mented. This insures that at least a single state is contained in each d3plot file
and eliminates the problem with the states being split between files.

* The dump files, which can be very large, can be placed in another directory by
specifying d=/home/user /test/d3dump on the execution line.

* A print flag controls the output of data into the MATSUM and RBDOUT files by
part ID's. The option, PRINT, has been added as an option to the *PART key-
word.

e Flag has been added to delete material data from the d3thdt file. See *DATA-
BASE_EXTENT_BINARY and column 25 of the 19th control card in the struc-
tured input.
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* After dynamic relaxation completes, a file is written giving the displaced state
which can be used for stress initialization in later runs.

2.7 Version 960

Capabilities added during 1998-2000 in Version 960. Most new capabilities work on
both the MPP and SMP versions; however, the capabilities that are implemented for the
SMP version only, which were not considered critical for this release, are flagged below.
These SMP unique capabilities are being extended for MPP calculations and will be
available in the near future. The implicit capabilities for MPP require the development
of a scalable eigenvalue solver, which is under development for a later release of LS-
DYNA.

* Incompressible flow solver is available. Structural coupling is not yet imple-
mented.

e Adaptive mesh coarsening can be done before the implicit spring back calcula-
tion in metal forming applications.

e Two-dimensional adaptivity can be activated in both implicit and explicit
calculations. (SMP version only)

* An internally generated smooth load curve for metal forming tool motion can be
activated with the keyword: *DEFINE_CURVE_SMOOTH.

* Torsional forces can be carried through the deformable spot welds by using the
contact type: *CONTACT_SPOTWELD_WITH_TORSION (SMP version only
with a high priority for the MPP version if this option proves to be stable.)

e Tie break automatic contact is now available via the *CONTACT _AUTOMAT-
IC_..._TIEBREAK options. This option can be used for glued panels. (SMP only)

e *CONTACT_RIGID_SURFACE option is now available for modeling road
surfaces (SMP version only).

* Fixed rigid walls PLANAR and PLANAR_FINITE are represented in the binary
output file by a single shell element.

* Interference fits can be modeled with the INTERFERENCE option in contact.

* A layered shell theory is implemented for several constitutive models including
the composite models to more accurately represent the shear stiffness of laminat-
ed shells.

* Damage mechanics is available to smooth the post-failure reduction of the
resultant forces in the constitutive model *MAT_SPOTWELD_DAMAGE.

* Finite elastic strain isotropic plasticity model is available for solid elements.
*MAT_FINITE_ELASTIC_STRAIN_PLASTICITY.

* A shape memory alloy material is available: *“MAT_SHAPE_MEMORY.
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Reference geometry for material, “MAT_MODIFIED_HONEYCOMB, can be set
at arbitrary relative volumes or when the time step size reaches a limiting value.
This option is now available for all element types including the fully integrated
solid element.

Non orthogonal material axes are available in the airbag fabric model. See
*MAT_FABRIC.

Other new constitutive models include for the beam elements:
o *MAT_MODIFIED_FORCE_LIMITED
o *MAT_SEISMIC_BEAM
o *MAT_CONCRETE_BEAM
for shell and solid elements:
o *MAT_ELASTIC_VISCOPLASTIC_THERMAL
for the shell elements:
o *MAT_GURSON
o *MAT_GEPLASTIC_SRATE2000
o *MAT_ELASTIC_VISCOPLASTIC_THERMAL
o *MAT_COMPOSITE_LAYUP
o *MAT_COMPOSITE_LAYUP
o *MAT_COMPOSITE_direct
for the solid elements:
o *MAT_JOHNSON_HOLMQUIST _CERAMICS
o *MAT_JOHNSON_HOLMQUIST_CONCRETE
o *MAT_INV_HYPERBOLIC_SIN
o *MAT_UNIFIED_CREEP
o *MAT_SOIL_BRICK
o *MAT_DRUCKER_PRAGER
o *MAT_RC_SHEAR_WALL

and for all element options a very fast and efficient version of the Johnson-Cook
plasticity model is available:

o *MAT_SIMPLIFIED_JOHNSON_COOK

A fully integrated version of the type 16 shell element is available for the
resultant constitutive models.
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A nonlocal failure theory is implemented for predicting failure in metallic
materials. The keyword *MAT_NONLOCAL activates this option for a subset of
elastoplastic constitutive models.

e A discrete Kirchhoff triangular shell element (DKT) for explicit analysis with
three in plane integration points is flagged as a type 17 shell element. This
element has much better bending behavior than the CO triangular element.

* A discrete Kirchhoff linear triangular and quadrilaterial shell element is available
as a type 18 shell. This shell is for extracting normal modes and static analysis.

e A C0 linear 4-node quadrilaterial shell element is implemented as element type
20 with drilling stiffness for normal modes and static analysis.

e An assumed strain linear brick element is available for normal modes and statics.

e The fully integrated thick shell element has been extended for use in implicit
calculations.

e A fully integrated thick shell element based on an assumed strain formulation is
now available. This element uses a full 3D constitutive model which includes the
normal stress component and, therefore, does not use the plane stress assump-
tion.

e The 4-node constant strain tetrahedron element has been extended for use in
implicit calculations.

* Relative damping between parts is available, see *DAMPING_RELATIVE (SMP
only).

* Preload forces are can be input for the discrete beam elements.

* Objective stress updates are implemented for the fully integrated brick shell
element.

* Acceleration time histories can be prescribed for rigid bodies.
* Prescribed motion for nodal rigid bodies is now possible.

* Generalized set definitions, i.e., SET_SHELL_GENERAL etc. provide much
flexibility in the set definitions.

e The command "sw4." will write a state into the dynamic relaxation file, D3DRLF,
during the dynamic relaxation phase if the d3drlf file is requested in the input.

¢ Added mass by PART ID is written into the matsum file when mass scaling is
used to maintain the time step size, (SMP version only).

e Upon termination due to a large mass increase during a mass scaled calculation a
print summary of 20 nodes with the maximum added mass is printed.

* FEigenvalue analysis of models containing rigid bodies is now available using
BCSLIB-EXT solvers from Boeing. (SMP version only).
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* Second order stress updates can be activated by part ID instead of globally on the
*CONTROL_ACCURACY input.

* Interface frictional energy is optionally computed for heat generation and is
output into the interface force file (SMP version only).

* The interface force binary database now includes the distance from the contact
surface for the FORMING contact options. This distance is given after the nodes
are detected as possible contact candidates. (SMP version only).

e Type 14 acoustic brick element is implemented. This element is a fully integrated
version of type 8, the acoustic element (SMP version only).

e A flooded surface option for acoustic applications is available (SMP version
only).

e Attachment nodes can be defined for rigid bodies. This option is useful for NVH
applications.

* CONSTRAINED_POINTS tie any two points together. These points must lie on
a shell element.

* Soft constraint is available for edge-to-edge contact in type 26 contact.

* CONSTAINED_INTERPOLATION option for beam to solid interfaces and for
spreading the mass and loads. (SMP version only).

* A database option has been added that allows the output of added mass for shell
elements instead of the time step size.

* A new contact option allows the inclusion of all internal shell edges in contact
type *CONTACT_GENERAL, type 26. This option is activated by adding INTE-
RIOR option.

* A new option allows the use deviatoric strain rates rather than total rates in
material model 24 for the Cowper-Symonds rate model.

e The CADFEM option for ASCII databases is now the default. Their option
includes more significant figures in the output files.

* When using deformable spot welds, the added mass for spot welds is now
printed for the case where global mass scaling is activated. This output is in the
log tile, d3hsp file, and the messag file.

* Initial penetration warnings for edge-to-edge contact are now written into the
MESSAG file and the D3HSP file.

e Each compilation of LS-DYNA is given a unique version number.

* Finite length discrete beams with various local axes options are now available for
material types 66, 67, 68, 93, and 95. In this implementation the absolute value of
SCOOR must be set to 2 or 3 in the *SECTION_BEAM input.

e New discrete element constitutive models are available:
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o *MAT_ELASTIC_SPRING_DISCRETE_BEAM
o *MAT_INELASTIC_SPRING_DISCRETE_BEAM
o *MAT_ELASTIC_6DOF_SPRING_DISCRETE_BEAM
o *MAT_INELASTIC_6DOF_SPRING_DISCRETE_BEAM
The latter two can be used as finite length beams with local coordinate systems.

* Moving SPC's are optional in that the constraints are applied in a local system
that rotates with the 3 defining nodes.

* A moving local coordinate system, CID, can be used to determine orientation of
discrete beam elements.

* Modal superposition analysis can be performed after an eigenvalue analysis.
Stress recovery is based on type 18 shell and brick (SMP only).

* Rayleigh damping input factor is now input as a fraction of critical damping, i.e.
0.10. The old method required the frequency of interest and could be highly
unstable for large input values.

* Airbag option "SIMPLE_PRESSURE_VOLUME" allows for the constant CN to be
replaced by a load curve for initialization. Also, another load curve can be
defined which allows CN to vary as a function of time during dynamic relaxa-
tion. After dynamic relaxation CN can be used as a fixed constant or load curve.

e Hybrid inflator model utilizing CHEMKIN and NIST databases is now available.
Up to ten gases can be mixed.

* Option to track initial penetrations has been added in the automatic SMP contact
types rather than moving the nodes back to the surface. This option has been
available in the MPP contact for some time. This input can be defined on the
fourth card of the *CONTROL_CONTACT input and on each contact definition
on the third optional card in the *CONTACT definitions.

o [f the average acceleration flag is active, the average acceleration for rigid body
nodes is now written into the d3thdt and nodout files. In previous versions of
LS-DYNA, the accelerations on rigid nodes were not averaged.

* A capability to initialize the thickness and plastic strain in the crash model is
available through the option *INCLUDE_STAMPED_PART, which takes the
results from the LS-DYNA stamping simulation and maps the thickness and
strain distribution onto the same part with a different mesh pattern.

* A capability to include finite element data from other models is available
through the option, *INCLUDE_TRANSFORM. This option will take the model
defined in an INCLUDE file: offset all ID's; translate, rotate, and scale the coordi-
nates; and transform the constitutive constants to another set of units.
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2.8 Version 970

Many new capabilities were added during 2001-2002 to create version 970 of LS-DYNA.
Some of the new features, which are also listed below, were also added to later releases
of version 960. Most new explicit capabilities work for both the MPP and SMP versions;
however, the implicit capabilities for MPP require the development of a scalable
eigenvalue solver and a parallel implementation of the constraint equations into the
global matrices. This work is underway. A later release of version 970 is planned that
will be scalable for implicit solutions.

MPP decomposition can be controlled using *CONTROL_MPP_DECOMPOSI-
TION commands in the input deck.

The MPP arbitrary Lagrangian-Eulerian fluid capability now works for airbag
deployment in both SMP and MPP calculations.

Euler-to-Euler coupling is now available through the keyword *CON-
STRAINED_EULER_TO_EULER.

Up to ten ALE multi-material groups may now be defined. The previous limit
was three groups.

Volume fractions can be automatically assigned during initialization of multi-
material cells. See the GEOMETRY option of *INITIAL_VOLUME_FRACTION.

A new ALE smoothing option is available to accurately predict shock fronts.

DATABASE_FSI activates output of fluid-structure interaction data to ASCII file
DBFSL

Point sources for airbag inflators are available. The origin and mass flow vector
of these inflators are permitted to vary with time.

A majority of the material models for solid materials are available for calcula-
tions using the SPH (Smooth Particle Hydrodynamics) option.

The Element Free Galerkin method (EFG or meshfree) is available for two-
dimensional and three-dimensional solids. This new capability is not yet imple-
mented for MPP applications.

A binary option for the ASCII files is now available. This option applies to all
ASCII files and results in one binary file that contains all the information normal-
ly spread between a large number of separate ASCII files.

Material models can now be defined by numbers rather than long names in the
keyword input. For example the keyword *MAT_PIECEWISE_LINEAR_PLAS-
TICITY can be replaced by the keyword: *MAT_024.

An embedded NASTRAN reader for direct reading of NASTRAN input files is
available. This option allows a typical input file for NASTRAN to be read direct-
ly and used without additional input. See the *INCLUDE_NASTRAN keyword.
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* Names in the keyword input can represent numbers if the *PARAMETER option
is used to relate the names and the corresponding numbers.

* Model documentation for the major ASCII output files is now optional. This
option allows descriptors to be included within the ASCII files that document the
contents of the file.

¢ [D’s have been added to the following keywords:
o *BOUNDARY_PRESCRIBED_MOTION
o *BOUNDARY_PRESCRIBED_SPC
o *CONSTRAINED_GENERALIZED_WELD
o *CONSTRAINED_JOINT
o *CONSTRAINED_NODE_SET
o *CONSTRAINED_RIVET
o *CONSTRAINED_SPOTWELD
o *DATABASE_CROSS_SECTION
o *ELEMENT_MASS

e The *DATABASE_ADAMS keyword is available to output a modal neutral file
d3mnf. This is available upon customer request since it requires linking to an
ADAMS library file.

* DPenetration warnings for the contact option, “ignore initial penetration,” are
added as an option. Previously, no penetration warnings were written when this
contact option was activated.

* Penetration warnings for nodes in-plane with shell mid-surface are printed for
the AUTOMATIC contact options. Previously, these nodes were ignored since it
was assumed that they belonged to a tied interface where an offset was not used;
consequently, they should not be treated in contact.

* For the arbitrary spot weld option, the spot welded nodes and their contact
segments are optionally written into the d3hsp file. See *CONTROL_CON-
TACT.

e For the arbitrary spot weld option, if a segment cannot be found for the spot
welded node, an option now exists to error terminate. See *CONTROL_CON-
TACT.

* Spot weld resultant forces are written into the swforc file for solid elements used
as spot welds.

* Solid materials have now been added to the failed element report and additional
information is written for the “node is deleted” messages.

* A new option for terminating a calculation is available, *TERMINATION_-
CURVE.
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A 10-noded tetrahedron solid element is available with either a 4 or 5 point
integration rule. This element can also be used for implicit solutions.

A new 4 node linear shell element is available that is based on Wilson’s plate
element combined with a Pian-Sumihara membrane element. This is shell type
21.

A shear panel element has been added for linear applications. This is shell type
22. This element can also be used for implicit solutions.

A null beam element for visualization is available. The keyword to define this
null beam is *YELEMENT_PLOTEL. This element is necessary for compatibility
with NASTRAN.

A scalar node can be defined for spring-mass systems. The keyword to define
this node is *NODE_SCALAR. This node can have from 1 to 6 scalar degrees-of-
freedom.

A thermal shell has been added for through-thickness heat conduction.
Internally, 8 additional nodes are created, four above and four below the mid-
surface of the shell element. A quadratic temperature field is modeled through
the shell thickness. Internally, the thermal shell is a 12 node solid element.

A beam OFFSET option is available for the *ELEMENT_BEAM definition to
permit the beam to be offset from its defining nodal points. This has the ad-
vantage that all beam formulations can now be used as shell stiffeners.

A beam ORIENTATION option for orienting the beams by a vector instead of the
third node is available in the *ELEMENT_BEAM definition for NASTRAN
compatibility.

Non-structural mass has been added to beam elements for modeling trim mass
and for NASTRAN compatibility.

An optional checking of shell elements to avoid abnormal terminations is
available. See *CONTROL_SHELL. If this option is active, every shell is checked
each time step to see if the distortion is so large that the element will invert,
which will result in an abnormal termination. If a bad shell is detected, either the
shell will be deleted or the calculation will terminate. The latter is controlled by
the input.

An offset option is added to the inertia definition. See *ELEMENT_INERTIA_-
OFFSET keyword. This allows the inertia tensor to be offset from the nodal
point.

Plastic strain and thickness initialization is added to the draw bead contact
option. See *CONTACT_DRAWBEAD_INITIALIZE.

Tied contact with offsets based on both constraint equations and beam elements
for solid elements and shell elements that have 3 and 6 degrees-of-freedom per
node, respectively. See BEAM_OFFSET and CONSTRAINED_OFFSET contact
options. These options will not cause problems for rigid body motions.
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* The segment-based (SOFT = 2) contact is implemented for MPP calculations.
This enables airbags to be easily deployed on the MPP version.

e Improvements are made to segment-based contact for edge-to-edge and sliding
conditions, and for contact conditions involving warped segments.

* An improved interior contact has been implemented to handle large shear
deformations in the solid elements. A special interior contact algorithm is avail-
able for tetrahedron elements.

¢ Coupling with MADYMO 6.0 uses an extended coupling that allows users to link
most MADYMO geometric entities with LS-DYNA FEM simulations. In this
coupling MADYMO contact algorithms are used to calculate interface forces
between the two models.

* Release flags for degrees-of-freedom for nodal points within nodal rigid bodies
are available. This makes the nodal rigid body option nearly compatible with the
RBE2 option in NASTRAN.

e Fast updates of rigid bodies for metal forming applications can now be
accomplished by ignoring the rotational degrees-of-freedom in the rigid bodies
that are typically inactive during sheet metal stamping simulations. See the
keyword: *CONTROL_RIGID.

* Center of mass constraints can be imposed on nodal rigid bodies with the SPC
option in either a local or a global coordinate system.

e Joint failure based on resultant forces and moments can now be used to simulate
the failure of joints.

e CONSTRAINED_JOINT_STIFENESS now has a TRANSLATIONAL option for
the translational and cylindrical joints.

* Joint friction has been added using table look-up so that the frictional moment
can now be a function of the resultant translational force.

* The nodal constraint options *CONSTRAINED_INTERPOLATION and *CON-
STRAINED_LINEAR now have a local option to allow these constraints to be
applied in a local coordinate system.

* Mesh coarsening can now be applied to automotive crash models at the
beginning of an analysis to reduce computation times. See the new keyword:
*CONTROL_COARSEN.

* Force versus time seatbelt pretensioner option has been added.

* Both static and dynamic coefficients of friction are available for seat belt slip
rings. Previously, only one friction constant could be defined.

o *MAT SPOTWELD now includes a new failure model with rate effects as well as
additional failure options.

o (Constitutive models added for the discrete beam elements:
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o

*MAT_1DOF_GENERALIZED_SPRING

o *MAT_GENERAL_NONLINEAR_6dof DISCRETE_BEAM
o *MAT_GENERAL_NONLINEAR_ 1dof DISCRETE_BEAM
o *MAT_GENERAL_SPRING_DISCRETE_BEAM

o *MAT_GENERAL_JOINT_DISCRETE_BEAM

o *MAT_SEISMIC_ISOLATOR

for shell and solid elements:

o *MAT_PLASTICITY_WITH_DAMAGE_ORTHO

o *MAT_SIMPLIFIED_JOHNSON_COOK_ORTHOTROPIC_DAMAGE
o *MAT_HILL_3R

o *MAT_GURSON_RCDC

for the solid elements:

o *MAT_SPOTWELD

o *MAT_HILL_FOAM

o *MAT_WOOD

o *MAT_VISCOELASTIC_HILL_FOAM

o *MAT_LOW_DENSITY_SYNTHETIC_FOAM
o *MAT_RATE_SENSITIVE_POLYMER

o *MAT_QUASILINEAR VISCOELASTIC

o *MAT_TRANSVERSELY_ANISOTROPIC_CRUSHABLE_FOAM
o *MAT_VACUUM

o *MAT_MODIFIED_CRUSHABLE_FOAM

o *MAT_PITZER _CRUSHABLE FOAM

o *MAT_JOINTED_ROCK

o *MAT_SIMPLIFIED_RUBBER

o *MAT_FHWA_SOIL

o *MAT_SCHWER_MURRAY_CAP_MODEL

Failure time added to MAT_EROSION for solid elements.

Damping in the material models *MAT_LOW_DENSITY_FOAM and *MAT_-
LOW_DENSITY_VISCOUS_FOAM can now be a tabulated function of the
smallest stretch ratio.

The material model *MAT_PLASTICITY WITH_DAMAGE allows the table
definitions for strain rate.
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* Improvements in the option *INCLUDE_STAMPED_PART now allow all history
data to be mapped to the crash part from the stamped part. Also, symmetry
planes can be used to allow the use of a single stamping to initialize symmetric
parts.

* Extensive improvements in trimming result in much better elements after the
trimming is completed. Also, trimming can be defined in either a local or global
coordinate system. This is a new option in *DEFINE_CURVE_TRIM.

* An option to move parts close before solving the contact problem is available, see
*CONTACT_AUTO_MOVE.

* An option to add or remove discrete beams during a calculation is available with
the new keyword: *PART_SENSOR.

* Multiple jetting is now available for the Hybrid and Chemkin airbag inflator
models.

* Nearly all constraint types are now handled for implicit solutions.

e Calculation of constraint and attachment modes can be easily done by using the
option: *CONTROL_IMPLICIT_MODES.

* Penalty option, see *CONTROL_CONTACT, now applies to all *RIGIDWALL
options and is always used when solving implicit problems.

e Solid elements types 3 and 4, the 4 and 8 node elements with 6 degrees-of-
freedom per node, are available for implicit solutions.

* The warping stiffness option for the Belytschko-Tsay shell is implemented for
implicit solutions. The Belytschko-Wong-Chang shell element is now available
for implicit applications. The full projection method is implemented due to it
accuracy over the drill projection.

* Rigid to deformable switching is implemented for implicit solutions.

* Automatic switching can be used to switch between implicit and explicit
calculations. See the keyword: *CONTROL_IMPLICIT_GENERAL.

e Implicit dynamics rigid bodies are now implemented. See the keyword *CON-
TROL_IMPLICIT_DYNAMIC.

* Eigenvalue solutions can be intermittently calculated during a transient analysis.

* A linear buckling option is implemented. See the new control input: *CON-
TROL_IMPLICIT_BUCKLE

e Implicit initialization can be used instead of dynamic relaxation. See the
keyword *CONTROL_DYNAMIC_RELAXATION where the parameter, IDFLG,
is set to 5.

* Superelements, i.e., *ELEMENT_DIRECT_MATRIX_INPUT, are now available
for implicit applications.
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* There is an extension of the option, “BOUNDARY_CYCLIC, to symmetry planes
in the global Cartesian system. Also, automatic sorting of nodes on symmetry
planes is now done by LS-DYNA.

* Modeling of wheel-rail contact for railway applications is now available, see
*RAIL_TRACK and *RAIL_TRAIN.

e A new, reduced CPU, element formulation is available for vibration studies
when elements are aligned with the global coordinate system. See *SECTION_-
SOLID and *SECTION_SHELL formulation 98.

* An option to provide approximately constant damping over a range of frequen-
cies is implemented, see “DAMPING_FREQUENCY_RANGE.
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3
Preliminaries

NOTE: Einstein summation convention is used. For each re-
peated index there is an implied summation.

Consider the body shown in Figure 3.1. We are interested in time-dependent
deformation for which a point in b initially at X, (x =1, 2, 3) in a fixed rectangular
Cartesian coordinate system moves to a point x; (i=1, 2, 3) in the same coordinate
system. Since a Lagrangian formulation is considered, the deformation can be
expressed in terms of the convected coordinates X, and time ¢

X; = xi(Xvu t) (31)
At time t = 0, we have the initial conditions
x(X,0) =X, (3.2)

xi(Xl 0) = Vi(X)

where V is the initial velocity.

3.1 Governing Equations

We seek a solution to the momentum equation

7y, + 0fi = p%; (3.3)
satisfying the traction boundary conditions,
oin; = £i(1), (3.4)
on boundary db,, the displacement boundary conditions,
X (X, 1) = Dy(h), (3.5)
on boundary db,, and the contact discontinuity condition,
((Ti}r - 0’1-]_->7’li =0, (3.6)
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along an interior boundary db; when x;* = x;~. Here o is the Cauchy stress, p is the
current density, £ is the body force density, and X is acceleration. The comma on 0y;;
denotes covariant differentiation, and #; is a unit outward normal to a boundary

element on db.

Mass conservation is trivially stated as

PV = po (3.7)

where V is the relative volume, i.e., the determinant of the deformation gradient matrix,

FZ]’

ox;
7
and p is the reference density. The energy equation
E= Vsyé — (p+ q)V (3.9)

is integrated in time and is used for evaluating equations of state and to track the global
energy balance. In Equation (3.9), s; and p represent the deviatoric stresses and

pressure,
Sij =0y + (P + )0 (3.10)
— 1 )
. _?Tij i (3.11)
= ~30%k 1

respectively, where g is the bulk viscosity, ¢;; is the Kronecker delta (6; =1 if i =;
otherwise ¢;; = 0), and ¢;; is the strain rate tensor. The strain rates and bulk viscosity are

discussed later.
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X

A

Figure 3.1. Notation.

We can write:
L(pjc'l- — 0y, — pf )ox;dv + jabl (oym; —t;)0x;ds + fabs(ag — 07 )1;0x;ds = 0 (3.12)

where Jx; satisfies all boundary conditions on db,, and the integrations are over the
current geometry. Application of the divergence theorem gives

f 0;;0;) dv = f 031;0x;ds + j — 03 )n;0xds (3.13)
and noting that

(00%;) = 031,10%; = 050, (3.14)

leads to the weak form of the equilibrium equation,
(Sﬂ,— = fvpjc'i(Sxidv + J;) U'i]-(Sxi,de - jvpﬁ5xidv - J;)bl tl-(SxidS = O, (315)
which is a statement of the principle of virtual work.

We superimpose a mesh of finite elements interconnected at nodal points on the
reference configuration and track particles through time, i.e.,

k .
X (X ) = %, (X (&, 0)1) = Y Ny(&,m,D)x) (1) (3.16)
=1
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where N; are shape (interpolation) functions in the parametric coordinates (¢, #,{), k is

the number of nodal points defining the element, and xij is the nodal coordinate of the j*
node in the i direction. Each shape function has a finite support that is limited to the
elements for which its associated node is a member (hence the name finite element
method). Consequently, within each element the interpolation only depends on the
nodal values for the nodes in that element, and hence expressions like Equation
(3.16)are meaningful.

The condition é7r = 0 holds for all variations, dx;, and, in particular, it holds for
variations along the shape functions. In each of the 3 Cartesian directions upon setting
the variation to one of the shape functions the weak form reduces to a necessary (but
not sufficient) condition that must be satisfied by any solution so that the

number of equations = 3 x number of nodes.

At this stage it is useful to introduce a vector space having dimension R (umber of nodes)

with a corresponding cartesian basis {e}}nber ofnodes - Gince the body is discretized into

n disjoint elements, the integral in (3.15) may be separated using the spatial additively
of integration into n terms, one for each element

sm=) ém, =0. (3.17)

The contribution from each element is

om, = L 0%;0x;dv + L 0;0%; jdv — L ofi0xdv — fa t;0x;ds. (3.18)

bl mazJm

Assembling the element contributions back into a system of equations leads to

miz“l {fvnlpjéi(ei®vm)dv + fvm O'gq(ei®vz7>dv - fvnzpﬁ(ei®vm)dv

(3.19)
— t:(e; "™dst = 0.
b, Ndv,, (&Qv™) S} 0
In which
k
vm = ZNie;/lm(i) (320)
i=1

where n,, (i) is the global node number.

Applying the approximation scheme of Equation (3.16) to the dependent
variables and substituting into Equation (3.19) yields

n

Z {L PN N,,adv + fvaz,crdv - meNg,bdv - jabl N;rntds} =0 (3.21)

m=1 m

where N is an interpolation matrix; ¢ is the stress vector

s 0 ); (3.22)

Yyzs ¥ zZX

T
0" = (Ous Oyys Oaz) Oy
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B is the strain-displacement matrix; a is the nodal acceleration vector

_a}c_
X1 2
X

ljc'z] =N|!|=Na (3.23)
jé3 a;;
| ak |

b is the body force load vector; and t is the applied traction load.

¢ ty
b= H, t= lty] (3.24)

t

z z
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4
Solid Elements

For a mesh of 8-node hexahedron solid elements, Equation ((3.16)) becomes:
8 .
(X)) = (X (G, )t = Y 9,(Em, Dl ). @.1)
=1
The shape function ¢; is defined for the 8-node hexahedron as

¢ =é(1+é’(§]’)(1+77’7j)(1 +27)), (4.2)

where éj, s C] take on their nodal values of (x1, 1, +1) and xf is the nodal coordinate of
the jth node in the ith direction (see Figure 4.1).

For a solid element, N is the 3 x 24 rectangular interpolation matrix given by

(0 0 ¢ 0 - 0 0
N(Cr’?zg)zlo $p1 0 0 ¢ - ¢g O J/ (4.3)
0 0 ¢ 0 0 - 0 ¢

o is the stress vector

ol = (Oxx Oy Oz Oxy Oy i), (4.4)
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Node| ¢ n ¢
1 -1 -1 -1
2 1 -1 -1
3 1 1 -1
4 -1 1 -1
5 -1 -1 1
6 1 -1 1
7 1 1 1
8 -1 1 1
3
Figure 4.1. Eight node solid hexahedron element.
B is the 6 x 24 strain-displacement matrix
-9 -
Y 0 O
9
0 3 0
9
0 0 35
B=|45 3 N. (4.5)
ay ox
2 0
0 % 3y
9 0
= U o

In order to achieve a diagonal mass matrix the rows are summed giving the k™ diagonal
term as

8
my = [ pgi Yy pidv = [ pydv, (4.6)
v i=1 v
since the basis functions sum to unity.

Terms in the strain-displacement matrix are readily calculated. Note that
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09, B 0¢; ox N ¢, Iy N 0¢; 9z
OF ~ 9x o Oy of ' 0z oF’
0¢; B 0¢; ox N 0¢; oy N 0¢; 0z

—_1 It - 4.7
dyn  0x dny dy Iy 9z Iy’ (4.7)
d¢; _ 9¢; dx + d¢; Ay " d¢; 9z
97  9x 9l 9y ol oz ol

which can be rewritten as

[99) [X 9y 92)1dgn (3¢
og 9 9& 9G || ox ox
0¢; B ox 0Jy 9z ||9¢; B 0¢;
ar |~ |an 3y an||av | T e | (49
o¢; ox dy 9z ||0¢; 9¢;
L o¢ 1 8z oz ocllaz!l Loz
Inverting the Jacobian matrix, J, we can solve for the desired terms
oo [y
ox a¢g
9p;| 1|99,
a_y —J 8_17 . (4.9)
9¢: 9¢i
L 0z - [ 9 |

4.1 Volume Integration

Volume integration is carried out with Gaussian quadrature. If g is some
function defined over the volume, and # is the number of integration points, then

1 1 1
= 4.10
[gto=[ [ [ smdzindc, (4.10)
is approximated by
n n n
-2 > Sllulwjwia, (4.11)
j=1k=11=1
where w;, wy, w; are the weighting factors,
8kt = 8(Gj: M G1)s (4.12)

and | is the determinant of the Jacobian matrix. For one-point quadrature

n=1
, 4.13
wi:w]-:wkzz’ ( )
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Flanagan Wilkins
DYNA3D  Belytschko FDM
Strain displacement matrix 94 357 843
Strain rates 87 156
Force 117 195 270
Subtotal 298 708 1113
Hourglass control 130 620 680
Total 428 1328 1793

Table 4.1. Operation counts for a constant stress hexahedron (includes adds,
subtracts, multiplies, and divides in major subroutines, and is independent of
vectorization). Material subroutines will add as little as 60 operations for the
bilinear elastic-plastic routine to ten times as much for multi-surface plasticity
and reactive flow models. Unvectorized material models will increase that
share of the cost a factor of four or more.

and we can write
f gdv = 8¢(0,0,0)[J(0,0,0)]. (4.14)

Note that 8//(0,0,0)| approximates the element volume.

Perhaps the biggest advantage to one-point integration is a substantial savings in
computer time. An anti-symmetry property of the strain matrix

0Py _ 99y dp3 _ 9¢s
dx;  ox;’ ox;  ox;’
dpy _ I¢g 0Py 99
dx;  ox;’ ox;  ox;

at { = n = ¢ = 0 reduces the amount of effort required to compute this matrix by more
than 25 times over an 8-point integration. This cost savings extends to strain and
element nodal force calculations where the number of multiplies is reduced by a factor
of 16. Because only one constitutive evaluation is needed, the time spent determining
stresses is reduced by a factor of 8. Operation counts for the constant stress hexahedron
are given in Table 4.1. Included are counts for the Flanagan and Belytschko [1981]
hexahedron and the hexahedron used by Wilkins [1974] in his integral finite difference
method, which was also implemented [Hallquist 1979].

(4.15)

It may be noted that 8-point integration has another disadvantage in addition to
cost. Fully integrated elements used in the solution of plasticity problems and other
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problems where Poisson’s ratio approaches 0.5 lock up in the constant volume bending
modes. To preclude locking, an average pressure must be used over the elements;
consequently, the zero energy modes are resisted by the deviatoric stresses. if the
deviatoric stresses are insignificant relative to the pressure or, even worse, if material
failure cause loss of this stress state component, hourglassing will still occur, but with
no means of resisting it. Sometimes, however, the cost of the fully integrated element
may be justified by increased reliability and if used sparingly may actually increase the
overall speed.

4.2 Solid Element 2

Solid element 2 is a selective reduced (S5/R) integrated element that in general is
regarded as too stiff. In particular this is the case when the elements exhibit poor aspect
ratio, i.e., when one element dimension is significantly smaller than the other(s). This
occurs for instance when modelling thin walled structures and the time for solving the
problem prevents using a sufficient number of elements for maintaining close to cubic
elements throughout the structure. The reason for the locking phenomenon is that the
element is not able to represent pure bending modes without introducing transverse
shear strains, and this may be bad enough to lock the element to a great extent. In an
attempt to solve this transverse shear locking problem, two new fully integrated solid
elements are introduced and documented herein that may become of practical use for
these types of applications.

4.2.1 Brief summary of solid element 2

Let x;; represent the nodal coordinate of dimension i and node I, and likewise v;; its
velocity. Furthermore denote

1
Ni (61,82, G3) = g (1+G16 + 88 + 8385 + G12018a + Gi5618s + 8236205 + $123816283) (4:2.16)
the shape functions for the standard isoparametric domain where

i=[-1 1 1 -1 -1 1 1 -1],

&=[-1 -1 1 1 -1 -1 1 1],

i=[-1 -1 -1 -1 1 1 1 1]

L=[1 -1 1 -1 1 -1 1 -1], (4.2.17)

Hh=[1 -1 -1 1 1 -1 1 =1],

=01 1 -1 -1 -1 -1 1 1],

&Gs=[-1 1 -1 1 1 -1 1 -1],

and let furthermore

621126112/
& = s (4.2.18)
51 = iz

LS-DYNA DEV 06/21/18 (r:10113) 4-5 (Solid Elements)



Solid Elements LS-DYNA Theory Manual

Figure 4.2.2. Bending mode for a fully integrated brick.

The isoparametric representation of the coordinates of a material point in the
element is then given as (wWhere the dependence on {3, {5, {5 is suppressed for brevity)

x; = x;Np, (4.2.19)
and its associated jacobian matrix is
ox; 1, . . .
Jij = % = xlig (51 + gjkgk + éjlél + §1Z3§k§z)/ (4.2.20)
j

where k =1+ mod(j,3) and I = 1 + mod(j + 1,3). For future reference let

1
]8’ = x1;(0) g éij, (4.2.21)

be the jacobian evaluated in the element center and in the beginning of the simulation
(i.e., at time zero). The velocity gradient computed directly from the shape functions
and velocity components is

ov

Ly = a—xl = Jilig' = BijicVrks (4.2.22)
]
where
ON;__4
ijlk 351 Ij Yik

is the gradient-displacement matrix and represents the element except for the

alleviation of volumetric locking. To do just that, let Bg-lk be defined by
Tikil:jl = By (4.2.24)

with J; being the element averaged jacobian matrix, and construct the gradient-
displacement matrix used for the element as

= 1
Bijie = Bijne + 3 (B?llk - BZZIk)5ij- (4.2.25)

This is what is often called the B-bar method.
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4.2.2 Transverse shear locking example

To get the idea of the modifications needed to alleviate transverse shear locking let’s
look at the parallelepiped of dimensions I; x I, x I3 in the Figure above. For this simple
geometry the jacobian matrix is diagonal and the velocity gradient is expressed as

2. 1
L= l_j]ij = le”li((fjl + g]'Ika + 97]'11971 + E1238k 1), (4.2.26)
where, again, k =1+ mod(j,3) and I =1+ mod(j + 1,3). Now let i # p # q # i, then a
pure bending mode in the plane with normal in direction g4 and about axis p is
represented by

U = C:v(ilql
Ulp = O, (4.227)
Ulq = O,

and thus the velocity gradient is given as

1
L= I, (GGl + ECila),

_ (4.2.28)
Ly =0,
forj =1,2,3. The nonzero expression above amounts to
1
L= 4_li§q/
L, =0, (4.2.29)
1
Liq = Egz

Notable here is that a pure bending mode gives arise to a transverse shear strain
represented by the last expression in the above. Assuming that [, is small compared to

I; this may actually lock the element.

4.2.3 Solid element -2

Given this insight the modifications in the expression of the jacobian matrix are as
follows. Let

(4.2.30)

Kmn

= min (1 \/]?m]%” + Jonlom +1 gm]gm)
VRIS + 18,03, + 18,13,

be the aspect ratio between dimensions m and n at time zero. The modified jacobian is
written

~ 1
Jij = Yiig (éI]I + gﬁcgki + érjllgli + 8123Gkiin)s (4.2.31)

where
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Ckkik 1% ]

4.2.32
& otherwise’ (42.32)

C:v(ki={

and

§ﬁ={éﬁ ' (4.2.33)

& otherwise

The velocity gradient is now given as
Lij = Julig' = Byuvue (4.2.34)

where Biﬂk is the gradient-displacement matrix used for solid element type -2 in LS-
DYNA. The B-bar method is used to prevent volumetric locking.

4.2.4 Transverse shear locking example revisited

Once again let’s look at the parallelepiped of dimensions I; x I, x I3. The jacobian matrix
is still diagonal and the velocity gradient is with the new element formulation
expressed as

2. 1
Ly = Z_j]z’j = 4—1]_011'(@]'1 + gjlkgki + gjllgli + 8123 Gkilin). (4.2.35)

where, again, k =1+ mod(j,3) and [ =1+ mod(j + 1,3). The velocity gradient for a
pure bending mode is now given as

Ly = g7 (Ghdhdu + Ehghi). 4236)
which amounts to (for the potential nonzero elements)
L= 4ili§q'
L, =0, (4.2.37)
Ly, = igﬂcqi'

If we assume that this is the geometry in the beginning of the simulation and that
1, is smaller than [; the transverse shear strain can be expressed as

1
LM=EQ, (4.2.38)

meaning that the transverse shear energy is not affected by poor aspect ratios, i.e., the
transverse shear strain does not grow with decreasing /.

4.2.5 Solid element -1

Working out the details in the expression of the gradient-displacement matrix for solid
element type -2 reveals that this matrix is dense, i.e., there are 216 nonzero elements in
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this matrix that needs to be processed compared to 72 for the standard solid element
type 2. A slight modification of the jacobian matrix will substantially reduce the
computational expense for this element. Simply substitute the expressions for ¢;; and ¢;;
by

ki = CkKjks (4.2.39)

Gii = G Kjp-

and
(4.2.40)

This will lead to a stiffness reduction for certain modes, in particular the out-of-
plane hourglass mode as can be seen by once again looking at the transverse shear
locking example. The velocity gradient for pure bending is now

1
L;= 4_li€inq,
Ly, =0, (4.2.41)
1
Ly, = Egquil
q
and if it turns out that [; is smaller than [, then this results in
1
%:ZE%' (4.2.42)

That is, if i represents the direction of the thinnest dimension, its corresponding
bending strain is inadequately reduced.

4.2.6 Example

A plate of dimensions 10 x 5 x 1 mm? is clamped at one end and subjected to a 1 Nm
torque at the other end. The Young’s modulus is 210 GPa and the analytical solution for
the end tip deflection is 0.57143 mm. In order to study the mesh convergence for the
three fully integrated bricks the plate is discretized into 2 x 1 x 1,4 x2 x 2,8 x4 x 4,16 x
8 x 8and finally 32 x 16 x 16 elements, all elements having the same aspect ratio of 5 x 1.
The table below shows the results for the different fully integrated elements, and
indicates an accuracy improvement for solid elements —1 and —2.

Discretization | Solid element type 2 | Solid element type -2 | Solid element type -1
2x1x1 0.0564 (90.1%) 0.6711 (17.4%) 0.6751 (18.1%)

4x2x2 0.1699 (70.3%) 0.5466 (4.3%) 0.5522 (3.4%)

8x4x4 0.3469 (39.3%) 0.5472 (4.2%) 0.5500 (3.8%)

16x8x8 0.4820 (15.7%) 0.5516 (3.5%) 0.5527 (3.3%)
32x16x16 0.5340 (6.6%) 0.5535 (3.1%) 0.5540 (3.1%)

4.3 Hourglass Control

The biggest disadvantage to one-point integration is the need to control the zero
energy modes, which arise, called hourglassing modes. Undesirable hourglass modes
tend to have periods that are typically much shorter than the periods of the structural
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response, and they are often observed to be oscillatory. However, hourglass modes that
have periods that are comparable to the structural response periods may be a stable
kinematic component of the global deformation modes and must be admissible. One
way of resisting undesirable hourglassing is with a viscous damping or small elastic
stiffness capable of stopping the formation of the anomalous modes but having a
negligible affect on the stable global modes. Two of the early three-dimensional
algorithms for controlling the hourglass modes were developed by Kosloff and Frazier
[1974] and Wilkins et al. [1974].

Since the hourglass deformation modes are orthogonal to the strain calculations,
work done by the hourglass resistance is neglected in the energy equation. This may
lead to a slight loss of energy; however, hourglass control is always recommended for
the under integrated solid elements. The energy dissipated by the hourglass forces
reacting against the formations of the hourglass modes is tracked and reported in the
output files matsum and glstat.

It is easy to understand the reasons for the formation of the hourglass modes.
Consider the following strain rate calculations for the 8-node solid element

.10k e Oy i
gij - = ( _x]' + _xi ) (443)
2\ /= ax; x;
Whenever diagonally opposite nodes have identical velocities, i.e.,
Y=, %=%, =i, =1 (4.44)
—]
1k 2k

L %

/

3k 4k

Figure 4.3. The hourglass modes of an eight-node element with one
integration point are shown [Flanagan and Belytschko 1981]. A total of twelve
modes exist.

L
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a=1 a=2 a=3 a=4
Iy 1 1 1 1
I 1 -1 -1 -1
I3 -1 -1 1 1
Iy -1 1 -1 -1
I's -1 -1 1 -1
I -1 1 -1 1
I'i7 1 1 1 -1
Ig 1 -1 -1 1

Table 4. Hourglass base vectors.

the strain rates are identically zero:
é; =0, (4.45)

due to the asymmetries in Equations (4.15). It is easy to prove the orthogonality of the
hourglass shape vectors, which are listed in Table 4 and shown in Figure 4.3 with the
derivatives of the shape functions:

8.9
kr =0, =123 a=1234 (4.46)
= ox;

The product of the base vectors with the nodal velocities is zero when the element
velocity field has no hourglass component,

8
hiw = ) 1Ty =0. (4.47)
k=1

are nonzero if hourglass modes are present. The 12 hourglass-resisting force vectors, ff
are

fiﬂlc( = ahhiocrpckl (448)
where
2/ ¢
ap = QHcpve/ T (4.49)

in which v, is the element volume, ¢ is the material sound speed, and Qyyg is a user-
defined constant usually set to a value between .05 and .15. Equation (1.21) is hourglass
control type 1 in the LS-DYNA User’s Manual.

A shortcoming of hourglass control type 1 is that the hourglass resisting forces of
Equation (1.21) are not orthogonal to linear velocity field when elements are not in the
shape of parallelpipeds. As a consequence, such elements can generate hourglass
energy with a constant strain field or rigid body rotation. Flanagan and Belytschko
[1981] developed an hourglass control that is orthogonal to all modes except the zero
energy hourglass modes. Instead of resisting components of the bilinear velocity field
that are orthogonal to the strain calculation, Flanagan and Belytschko resist components
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of the velocity field that are not part of a fully linear field. They call this field, defined
below, the hourglass velocity field

‘X"?HG — xf _ xi'cLIN (4.50)

7

where

and

1 8

JEI' = —in'(,
8k:1
8

- 1 .
xl' = g Z Xf.
k=1

Flanagan and Belytschko construct geometry-dependent hourglass shape vectors that
are orthogonal to the fully linear velocity field and the rigid body field. With these
vectors they resist the hourglass velocity deformations. Defining hourglass shape
vectors in terms of the base vectors as

(4.52)

8
Yak = Fuck - ¢k,i Z X? thnl (453)
n=1
the analogue for (4.47) is,
8
in =) MYk =0, (4.54)
k=1

with the 12 resisting force vectors being

ﬁ'l;c = Ap8inYaks (455)

where g, is a constant given in Equation (4.48). Equation (1.28) corresponds to
hourglass control type 2 in the LS-DYNA User’s Manual. The -y terms used of equation
of Equation (1.26) are used not only type hourglass control type 2, but are the basis for
all solid element hourglass control except for form 1.

A cost comparison in Table 4.1 shows that the default type 1 hourglass viscosity
requires approximately 130 adds or multiplies per hexahedron, compared to 620 and
680 for the algorithms of Flanagan-Belytschko and Wilkins. Therefore, for a very
regular mesh, type 1 hourglass control may provide a faster, sufficiently accurate
solution, but in general, any of the other hourglass options which are all based on the
Yax terms of Equation (1.26) will be a better choice.

Type 3 hourglass control is identical to type 2, except that the shape function
derivatives in Eq. (1.26) are evaluated at the centroid of the element rather than at the
origin of the referential coordinate system. With this method, Equation (1.14) produces
the exact element volume. However, the anti-symmetry property of Equation (1.15) is
not true, so there is some increased number of computations.
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The remaining hourglass control types calculated hourglass forces proportional
to total hourglass deformation rather than hourglass viscosity. A stiffness form of
hourglass control allows elements to spring back and will absorb less energy than the
viscous forms.

Types 4 and 5 hourglass control are similar to types 2 and 3, except that they
evaluate hourglass stiffness rather than viscosity. The hourglass rates of equation (1.27)
are multiplied by the solution time step to produce increments of hourglass
deformation. The hourglass stiffness is scaled by the element’s maximum frequency so
that stability can is maintained as long as the hourglass scale factor, a;, is sufficiently
small.

Type 6 hourglass control improves on type 5 by scaling the stiffness such that the
hourglass forces match those generated by a fully integrated element control by doing
closed form integration over the element volume scaling the hourglass stiffness by
matching the stabilization for the 3D hexahedral element is available for both implicit
and explicit solutions. Based on material properties and element geometry, this
stiffness type stabilization is developed by an assumed strain method [Belytschko and
Bindeman 1993] such that the element does not lock with nearly incompressible
material. When the user defined hourglass constant a;, is set to 1.0, accurate coarse
mesh bending stiffness is obtained for elastic material. For nonlinear material, a smaller
value of g, is suggested and the default value is set to 0.1. In the implicit form, the
assumed strain stabilization matrix is:

kip ki kg3
K¥% = 2y, [ ko kpp  kas|, (4.56)
ks kg kg3
where the 8 x 8 submatricies are calculated by:
1 1+v 1
k;; = H;; [(T) (’Yj’YjT + ’Yk’YE) + ( 3 )’Y4’YI] Ty (Hjj + Hkk)'Yi'Yir/
v 1 (4.57)
k,,:ﬂ..[(L) P Y .T]
=7 (\1 - ¢ YjYi 2’Yz’Y]
with,
Hy = () do = [()?do =3 [ () do,
v v v (4.58)
H;; = fhi’]-hjli do,
v
where,
hy=¢n hy=nl hy=00 hy=ani, (4.59)

Subscripts i, j, and k are permuted as in Table 44.2. A comma indicates a
derivative with respect to the spatial variable that follows. The hourglass vectors, vy,
are defined by equation (4.53). The stiffness matrix is evaluated in a corotational
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W W INDN P = =
N P, —~= W WPN|—=
NN WRFRL DN W

Table 44.2. Permutations of 7, j, and k.

coordinate system that is aligned with the referential axis of the element. The use of a
corotational system allows direct evaluation of integrals in equations (4.58) by
simplified equations that produce a more accurate element than full integration.

1 (A%) ()

== ik, 4.60

3 (AT i#j# (4.60)
1

Hij=§(A,Exk) i+j+k (4.61)

A,; are 8 x 1 matrices of the referential coordinates of the nodes as given in Figure 4.1,
and x; are 8 x 1 matrices of the nodal coordinates in the corotational system. For each
material type, a Poisson's ratio, v, and an effective shear modulus, y, is needed.

In the explicit form, the 12 hourglass force stabilization vectors are

4
£° =) angiva, (4.62)
a=1
where the 12 generalized stresses are calculated incrementally by
L1
Zin =8in | + DGy, 7, (169
and
i = W[ (Hjy + Hig )G + Hyjdjyy + Hylirac |,
. 1 . .
Qij = AU [mHiiqij + UHkkqii] (4.64)
) 1+v .
ia = 21 ( 3 )Hiiqi4
where,

i = (Ya%;).- (4.65)
Subscripts 7,j, and k are permuted as per Table 44.2. As with the implicit form,

calculations are done in a corotational coordinate system in order to use the simplified
equations (4.60) and (4.61).
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Type 7 hourglass control is very similar to type 6 hourglass control but with one
significant difference. As seen in Equation (1.36), type 6 obtains the current value of the
generalized stress from the previous value and the current increment. The incremental
method is nearly always sufficiently accurate, but it is possible for hourglass modes to
fail to spring back to the initial element geometry since the hourglass stiffness varies as
the H terms given by Equations (1.33) and (1.34) are recalculated in the deformed
configuration each cycle. Type 7 hourglass control eliminates this possible error by
calculating the total hourglass deformation in each cycle. For type 7 hourglass control,
Equations (1.37) are rewritten using ¢ and g in place of ¢ and 4, and Equation (1.38) is
replaced by (1.39).

Tia = (VaXi) = (Y0uX01)- (439)
In Equation (1.39), x,; and <y, are evaluated using the initial, undeformed nodal
coordinate values. Type 7 hourglass control is considerably slower than type 6, so it is
not generally recommended, but may be useful when the solution involves at least
several cycles of loading and unloading that involve large element deformation of
elastic or hyperelastic material.

Both type 6 and 7 hourglass control are stiffness type methods, but may have viscosity
added through the VDC parameter on the *HOURGLASS card. The VDC parameter
scales the added viscosity, and VDC =1.0 corresponds approximately to critical
damping. The primary motivation for damping is to reduce high frequency oscillations.
A small percentage of critical damping should be sufficient for this, but it is also
possible to add supercritical damping along with a small value of QM to simulate a
very viscous material that springs back slowly.

4.4 Puso Hourglass Control

Regarding the solid elements in LS-DYNA, the fully integrated brick uses
selective-reduced integration, which is known to alleviate volumetric locking but not
shear locking for elements with poor aspect ratio. The enhanced assumed strain
methods have been the most successful at providing coarse mesh accuracy for general
non-linear material models. In short, these elements tend to sacrifice computational
efficiency for accuracy and are hence of little interest in explicit analysis. Puso [2000]
developed an enhanced assumed strain element that combines coarse mesh accuracy
with computational efficiency. It is formulated as a single point integrated brick with
an enhanced assumed strain physical stabilization. In this project, we have
implemented this element in LS-DYNA and made comparisons with the assumed strain
element developed by Belytschko and Bindeman [1993] to see whether it brings
anything new to the existing LS-DYNA element library. This is hourglass control type
9.
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The element formulation is that of Puso [2000], and is essentially the mean strain
hexahedral element by Flanagan and Belytschko [1981] in which the perturbation

hourglass control is substituted for an enhanced assumed strain stabilization force.

Given the matrices

1 —1 -1 —17 -1
1 1 -1 -1 1
1 1 1 -1 -1
1 -_ -1 1 -1 -1
S‘1' I I e N H‘—1
1 1 -1 1 -1
1 1 1 1 1
1. L1 1 1 L1

we can define the vector of shape functions as

1
N(@) = gls+ EC+Hh(D)],

where
ne
- [i], ne- M
: 9/e
The position vector
x(8)
x(€) = l[y(i)]l,
[2(§)J

is for isoparametric finite elements given as

x(&) = X'N(D),

where

X1 Y1 217
X2 Yo 2o
X3 Ys Z3
Xg Ya 24
X5 Ys Zs|
X6 Yo Z6
X7 Y7 Zz
| Xg yg Zg |

—11
1

-1
1
1

-1
1

—1

(4.66)

(4.67)

(4.68)

(4.69)

(4.70)

(4.71)

is the matrix of nodal coordinates. The Jacobian matrix maps the isoparametric domain

to the physical domain as

_ax@)
J@ =~

and we find the Jabobian matrix at the element centroid to be

(4.72)
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Jo =J(0) = -X"E. (4.73)

We may use this to rewrite the vector of shape functions partially in terms of the
position vector as

x| —

N(€) = by + Byx + I'h(T), (4.74)
Where
b, é{l —ByX'}s, (4.75a)
I = é{l — BoX"}H, (4.75b)
[
B, = 8_, 5 _ (4.75¢)
The gradient-displacement matrix from this expression is given as
where
B@ =T 5210 @7
We have
ohE 0 ¢ 7
€ ¢ 0 ¢
% |y ¢ of (4.78)
s &6 &N

At this point we substitute the gradient-displacement matrix at the centroid of the
element B, with the mean gradient-displacement matrix B defined as

1
= ef B(&)dV,, (4.79)

where e refers to the element domain and V, is the volume of the element, in all of the
expressions above. That is

T = %{1 - BX"}H, (4.80)
and

B(%) = B + B,(2), (4.81)
where

B, (%) = (f) J(©). (4.82)

Proceeding, we write the expression for the rate-of-deformation as
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e = 3 [XTB@®) + B®X]
%(xTB+B X) + ;[XTE(E) +B,(®7X|
o 4.83
O e L I
L (XB+BX) + J@)—TIJ@)TXTFMS?)*[agg)] Pofie

where we substitute the occurrences of the jacobian matrix ](C)w1th the following
expressions

T—ah(g)
X'T Y:

(il
Jo = ||j2|| ’
[l

and j; is the i:th column in the matrix J,. This last approximation is the key to the mesh
distortion insensitivity that characterizes the element.

~ % (XTE + ETX) + %jg { i + [ah@] FTX]O} , (4.84)

g

where

(4.85)

Changing to Voigt notation, we define the stabilization portion of the strain rate

as
& =Jo'By(®)n, (4.86)
where now
Us
2l
ol = ljsll = , (4.87)
(RN 2
[ Y
™ sl
(Y26 + Y3l + Y461 0 0
0 Y16 + Y36 + V468 0
= 0 0 Y1 + Vo8 + 7481
B (F) = B _ V7T s ST 4.88
(® e T.c 0 (459
0 Y58 3¢
'7177 0 7377

and u is the vector of nodal velocities transformed to the isoparametric system

according to
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= Ju, (4.89)

where J is the 24 x 24 matrix that transforms the 8 nodal velocity vectors to the
isoparametric domain given by

Jo
J = perm . (4.90)
Jo
Moreover, ; is the i row of T'. We have deliberately neglected terms that cause
parallelepiped finite elements to lock in shear.

To eliminate Poisson type locking in bending and volumetric locking, an
enhanced isoparametric rate-of-strain field is introduced as

¢, =Jo G, (4.91)
with
¢ 0 0 én ng o6
0 n 0 ¢n ng o
Go=10 0 ¢ ¢&n 1 & (4.92)
0000 O O
0000 O O
0 000 0 0

Hence, the stabilized strain field becomes
& =J5'[Bs(@u+G@)a] =J5'é, (4.93)

where & is the enhanced strain vector that must be determined from an equilibrium
condition.

The virtual work equation can be written

Wi = f&s cdV, (4.94a)

- j 5T YyTSav,, (4.94b)
syt [ Festiae)
_ Tr—=14T E¥
- f 5e171y { J CSEEdT ) av,, (4.94¢)
t

- f el 1T ( f ]J-Tc%dr) v, (4.94d)
- j 5ej I8 ( j ]JOTc%dr) av,, (4.94e)
~ f 55T( f ‘TC‘Tj{,lEdT) v, (4.94f)

LS-DYNA DEV 06/21/18 (r:10113) 4-19 (Solid Elements)



Solid Elements LS-DYNA Theory Manual

where | is the determinant of the deformation gradient, J is the push-forward operator
of a symmetric 2" order tensor, jj, is the determinant of the jacobian matrix, ]_'O is the
determinant of the jacobian matrix at time 0, o is the true stress tensor, S is the 2" Piola-
Kirchhoff stress tensor, C°F is the material tangent modulus, C7 is the spatial tangent
modulus and V, is the volume of the element. In the above, we have used various
transformation formulae between different stress and constitutive tensors. At this point
we are only interested in how to handle the stabilization portion of the strain rate field,
the constant part is only used to update the midpoint stress as usual. Because of
orthogonality properties of the involved matrices, it turns out that we may just insert
the expression for the stabilization strain rate field to get

)

SWE , ~ f 08! ( f EA-T(:”j-l;é, dr\ dv 4.95
int ) 5\080 0 ©s pr (a)

~ T tVA A B B .
~taa a1 [ |8 | ([T B@ G@1[F]dr)av, @
P 0

The stabilization contribution to the internal force vector is given by

f ~T 53 T f V. . R N N ~ .

F]=1" U |ear] ([s0enme calf §e ), wmo
P 0

In a discretization, the condition f, = 0 is used to determine Aw, the increment of the

enhanced strain variables, from Au, the increment in displacements. This is inserted

back into the expression for the internal force vectors to determine £, the stabilization

contribution to the internal force vector.

The implementation of the element is very similar to the implementation of the
one point integrated mean strain hexahedral by Flanagan and Belytschko [1981]. The
hourglass forces are calculated in a different manner.

From the midpoint stress update we get a bulk and shear modulus characterizing
the material at this specific point in time. From this we form the isotropic spatial

tangent modulus C? to be used for computing the stabilization force from Equation
(4.96).

4.5 Fully Integrated Brick Elements and Mid-Step Strain
Evaluation

To avoid locking in the fully integrated brick elements strain increments at a
point in a constant pressure, solid element are defined by [see Nagtegaal, Parks,
anmmmmmd Rice 1974]
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JAv + JdAu
oAU o2 8y”+1/ 2
JAY:I —t ¢, Aexy = ,
JAw J0Av
N 2y a1 (4.97)
Aeyy=———+¢, Aoy = , '
JAu + JAw
E)Aw azn+1/2 axn+1/2
A822 - W + 47/ A‘(3zx - 7 ’

where ¢ modifies the normal strains to ensure that the total volumetric strain increment
at each integration point is identical

oAU n JAvD n oAw
n+1/, ax”+1/2 ay”+1/2 aZ”+1/2 (4.98)
¢ = Aeg, — 3 ’

1
and A£Z+ / 2is the average volumetric strain increment in the midpoint geometry

1 0Au 0Av dAw n+l/
) s + + do " /2

(4.99)

7

f n+1/, d?]n+1/2

Au,. Av, and Aw are displacement increments in the x, y, and z directions, respectively,
and

n n+1

Y = w (4.100a)
n n+1

i = +2y ) (4.100b)
n n+1

12 = (‘ZJ’Z—Z) (4.100¢)

To satisfy the condition that rigid body rotations cause zero straining, it is necessary to
use the geometry at the mid-step in the evaluation of the strain increments. As the
default, LS-DYNA currently uses the geometry at step n+1 to save operations;
however, for implicit calculations the mid-step strain calculation is always
recommended, and, for explicit calculations, which involve rotating parts, the mid-step
geometry should be used especially if the number of revolutions is large. The mid-step
geometry can be activated either globally or for a subset of parts in the model by using
the options on the control card, *CONTROL_ACCURACY.
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Figure 4.4. Four node tetrahedron.

Since the bulk modulus is constant in the plastic and viscoelastic material
models, constant pressure solid elements result. In the thermoelastoplastic material, a
constant temperature is assumed over the element. In the soil and crushable foam
material, an average relative volume is computed for the element at time step n + 1, and
the pressure and bulk modulus associated with this relative volume is used at each
integration point. For equations of state, one pressure evaluation is done per element
and is added to the deviatoric stress tensor at each integration point.

The foregoing procedure requires that the strain-displacement matrix
corresponding to Equations (4.66) and consistent with a constant volumetric strain, B,
be used in the nodal force calculations [Hughes 1980]. It is easy to show that:

F = (§n+1)T "y = J'

ohtl ohtl

(B oy, (4.101)

and avoid the needless complexities of computing B.

4.6 Four Node Tetrahedron Element

The four node tetrahedron element with one point integration, shown in Figure
4.4, is a simple, fast, solid element that has proven to be very useful in modeling low
density foams that have high compressibility. For most applications, however, this
element is too stiff to give reliable results and is primarily used for transitions in
meshes. The formulation follows the formulation for the one point solid element with
the difference that there are no kinematic modes, so hourglass control is not needed.
The basis functions are given by:

N1 (7‘, 5, t) =7, (4102&)
N, (r,s,t) =s, (4.102b)
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Nj(r,s,t) =1—r—s—1t, (4.102¢)
Ny(r,s, t) =t. (4.102d)

If a tetrahedron element is needed, this element should be used instead of the
collapsed solid element since it is, in general, considerably more stable in addition to
being much faster. Automatic sorting can be used, see *CONTROL_SOLID keyword, to
segregate these elements in a mesh of 8 node solids for treatment as tetrahedrons.

4.7 Nodal Pressure Tetrahedron

For applications requiring a tetrahedron mesh, the volume averaged tetrahedron
type 13 is an interesting alternative to the standard single point tetrahedron, also known
as the 1 point nodal pressure tetrahedron. The idea is to average the volumetric strain
over adjacent elements to smooth the pressure response. To this end, we assume that E
is the set of all such elements in a model, and likewise N is the set of all nodes
belonging to these elements. We introduce the indicator

o {1/4 if node n is connectipg to element e (4.103)
0 otherwise
The volume of a node 7 is defined as
Vi =2 erXe Ve (4.104)

where V, is the exact volume of element e. This allows us to define an average jacobian
], for element e as

=Y X {%} (4.105)

which is essentially the relative volume. Here V is the nodal volume in the reference
configuration. The element is completely defined by the assumed deformation gradient
given as

=1/3
P:G—) E, (4.106)

where F, is the deformation gradient from the isoparametric shape functions and J, =
detF,, also given as

V.
Jo = V—; (4.107)
The assumed rate of deformation, derived from F,, is given as
_ 109, ¢
68, =z =——-= ;! 4.10
& =3 ( 7T, )I + OF,F, (4.108)

meaning that the volumetric strain is replaced by that of the averaged one. Continuing,
the virtual work equation is given as

ZneN flox, = ZeeE 0, 08,],V0 (4.109)
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Figure 4.5. Six node Pentahedron.

which provides the equation for the nodal forces, f,,. An expression for the strain-
displacement matrix, By, is deduced from combining (4.108) and the relation 6¢, =
h eN B 6x,,. It turns out to be given as

er DH BN
! =Y e Len T B+ B @10

where B and B are the volumetric and deviatoric parts of the standard (derived from
isoparametric shape functions) strain displacement matrix. Noticable is that the
support for the assumed strain displacement is not restricted to the nodal connectivity
of a single element but is spread over a region of adjacent elements. This renders a less
sparse stiffness matrix, but also explains the smoothening effect of the pressure.

4.8 Six Node Pentahedron Element

The pentahedron element with two point Gauss integration along its length,
shown in Figure 4.5, is a solid element that has proven to be very useful in modeling
axisymmetric structures where wedge shaped elements are used along the axis-of-
revolution. The formulation follows the formulation for the one point solid element
with the difference that, like the tetrahedron element, there are no kinematic modes, so
hourglass control is not needed. The basis functions are given by:

1
Ny (r,s,t) = 5 (1-"tr, (4.111a)

Na(r,sh = 5 (1= (A~ 1 -5), (4.111b)
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Figure 4.6. The 20-node solid element is transformed to an 8-node solid with 6
degrees-of-freedom per node.

Ns(r,s,) = %(1 +H(1—r—s), (4.111¢)
Ny(r,s,t) = %(1 +B)r, (4.111d)
Ns(r,s,t) = %(1 — B)s, (4.111e)
Ng(r,s,1) = %(1 +1)s. (4.111f)

If a pentahedron element is needed, this element should be used instead of the
collapsed solid element since it is, in general, more stable and significantly faster.
Automatic sorting can be used, see *CONTROL_SOLID keyword, to segregate these
elements in a mesh of 8 node solids for treatment as pentahedrons. Selective-reduced
integration is used to prevent volumetric locking, i.e., a constant pressure over the
domain of the element is assumed.

4.9 Fully Integrated Brick Element With 48 Degrees-of-
Freedom

The forty-eight degree of freedom brick element is derived from the twenty node
solid element; see Figure 4.6, through a transformation of the nodal displacements and
rotations of the mid-side nodes [Yunus, Pawlak, and Cook, 1989]. This element has the
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Figure 4.7. A typical element edge is shown from [Yunus, Pawlak, and Cook,
1989].
advantage that shell nodes can be shared with brick nodes and that the faces have just
four nodes — a real advantage for the contact-impact logic. The accuracy of this

element is relatively good for problems in linear elasticity but degrades as Poisson’s
ratio approaches the incompressible limit. This can be remedied by using incompatible
modes in the element formulation, but such an approach seems impractical for explicit
computations.

The instantaneous velocity for a midside node k is given as a function of the
corner node velocities as (See Figure 4.7),

Yi—Yi . : 2 —Zi

_ 1, _ . .

Uy = E(l/li + u]) +T(Gz] - 92i> + ) (9]/1' - 9]/]')’

N Y7 Y . Y7 4112
O =5 (0 + ) + —5— (05 = Oui) + —5— (0 — 0), (4.112)
. 1, . . Xj—X; . : Yi—VYi,. :

Wy = E(wl + w]) +]T(0y — Qyi) +]T(9x1 — 9xj>/

where u, v, w, 0., Hy, and 6, are the translational and rotational displacements in the
global x, y, and z directions. The velocity field for the twenty-node hexahedron element

in terms of the nodal velocities is:

1ty
ling
{’U } = O O . O (Pl (Pz vee (PZO O O . O 3 Cy (4113)
ZZ) O 0 O 0 0 0 ¢1 ¢2 ¢20 Z')ZO
wq
Wao

where ¢; are given by [Bathe and Wilson 1976] as,
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DOF Uu;, 0 W; DOF Uu;, 0;, Wi, Gxi/ Qyi/ sz'

Figure 4.8. Twenty-four degrees of freedom tetrahedron element [Yunus,
Pawlak, and Cook, 1989].

¢1:g1_(g9+g122+g17)’ ¢5=85—(g13+g;6+g17),
¢2=g2_(89 +8120+818)’ 4)6=g6_(813 +8§4+818)’
bs = g5 — (810 +8;1 +819) =g (814 +8;5 +819) ,
by = g4 — (811 +8;2 + 820) ’ s = 25 — (815 +8;6 + &20) ’ (4.114)

¢, =g;forj=9,...,20
8i = G(gl gl)G(r]’ UZ)G(gl Ci)/

(

1

s+ for, B=+1 B=cn

G(B.B;) = {z .
1-p? for, B;=0

The standard formulation for the twenty node solid element is used with the above
trans-formations. The element is integrated with a fourteen point integration rule
[Cook 1974]:

J: f_i f_if(g 1 ,0)dédndl =

By [f(=b,0,0) +£(b,0,0) + £ (0, —b,0) + - + (6 terms)] + (4.115)
Cg [f(—c,—c,—c) + f(c,—c,—c) + f(c,c,—c) + -+ (8 terms) ],
where
B¢ = 0.8864265927977938, b = 0.7958224257542215, (4.116)

Cg = 0.3351800554016621, ¢ = 0.7587869106393281.

LS-DYNA DEV 06/21/18 (r:10113) 4-27 (Solid Elements)



Solid Elements LS-DYNA Theory Manual

Cook reports that this rule has nearly 