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Abstract

This is an addendum to the Presto 4.20 User’s Guide to document additional capabilities that are available
for use in the Presto_ITAR code that are not available for use in the standard version of Presto. Presto_ITAR
is an enhanced version of Presto that provides capabilities that make it regulated under the U.S. Department
of State’s International Traffic in Arms Regulations (ITAR) export-control rules. This code is part of the
Vivace product, and is only distributed to entities that comply with ITAR regulations. The enhancements
primarily focus on material models that include an energy-dependent pressure response, appropriate for very
large deformations and strain rates. Since this is an addendum to the standard Presto User’s Guide, please
refer to that document first for general descriptions of code capability and use. This addendum documents
material models and element features that support energy-dependent material models.
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Presto ITAR 4.20 Release Notes

Following is a list of new features and syntax changes made to Presto_ITAR since the 4.18 release.

The documentation for the ConWep blast pressure boundary condition has been moved from the
standard Presto User’s Guide to this manual. See Section 4.1






Chapter 1

Introduction

This document is an addendum to the Presto 4.20 User’s Guide. The standard Presto user’s guide
describes the general input structure and most of the commands that are permissible in Presto.
This addendum describes the additional capabilities that are available only in Presto_ITAR, an
enhanced version of Presto that includes additional capabilities that make it regulated under the
U.S. Department of State’s International Traffic in Arms Regulations (ITAR) rules. This code is
compiled as part of the Vivace product, and is only distributed to entities that comply with the
ITAR export-control requirements.

The capabilities in the Sierra solid mechanics codes that have been indicated as being ITAR re-
stricted are, in general, only applicable to explicit transient dynamics (Presto). They deal with
material response under very high rates of loading and/or deformation. Most of these capabilities
have been adopted from other export-controlled codes, such as EPIC and CTH. Some capabilities,
such as the ideal gas material model, are not explicitly export controlled, but are similar in structure
to the export-controlled capabilities. These capabilities are only available in the ITAR-controlled
version of Presto, and are thus documented here.

Most of the documentation of how to use the Sierra solid mechanics codes is not included in this
document. For that information, refer to the standard user’s guides for Adagio [1] and Presto [2].

1.1 Document Overview

This document describes the ITAR restricted capabilities within the Sierra Solid Mechanics codes.
Highlights of the document contents are as follows:

e Chapter 2 presents material models that are included in the ITAR versions of the codes.
These include materials from the MMM interface (from EPIC) and CTH, as well as native
implementations. These materials models have a pressure response that is dependent on the
energy within the element. This chapter also describes how energy deposition is enabled
within the code.

e Chapter 3 describes element features that support the energy dependent material models,
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such as internal iterations to resolve nonlinear energy-pressure relations.

e Chapter 4 describes a specialized boundary condition based on the ConWep code to simulate
the blast pressure from an explosive.

1.2 Obtaining Support

Support for all SIERRA Mechanics codes, including Presto_ITAR, can be obtained by contacting
the SIERRA Mechanics user support hotline by email at sierra-help @sandia.gov.
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1.3 References

1. SIERRA Solid Mechanics Team. Adagio 4.20 User’s Guide, SAND2011-1825, Albu-
querque, NM: Sandia National Laboratories, March 2011.

2. SIERRA Solid Mechanics Team. Presto 4.20 User’s Guide, SAND2011-1824, Albuquerque,
NM: Sandia National Laboratories, March 2011.
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Chapter 2

Materials

This chapter describes material models that exist only in Presto_ITAR and not in Presto. In general,
all material models that have an explicit pressure dependence on energy are available only in the
ITAR export-controlled version of the code. The material models documented in this manual are
broken into three groups:

e Modular Material Models (MMM): The MMM models are a select set of models extracted
from the EPIC code and put into a common interface. They include a range of models that
are widely used in modeling materials in the mild shock regime in a Lagrangian framework.
See Reference 2 for more information.

e CTH models: These are material models that exist within the CTH code base. This does
not include all of the models in CTH; only those that directly compute a stress are included.
These models include the ability to reference SESAME equation-of-state models to handle
some level of phase change under very large deformations.

e Standard Equation-of-State (EOS) Models: These are implementations of standard EOS
models within the LAME material model package [1].

All material models documented here are only available in Presto_ITAR and not in the standard
Presto executable. Only the commands specific to these models are provided here. General infor-
mation about conventions and commands for usage of material models is provided in the Presto
and Adagio User’s Guides.

Additional information in this section describes how to deposit energy into the elements. Only
energy-dependent materials such as those described in this document have the capability to respond
to deposited energy.
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2.1

Modular Material Model (MMM) Specifications

A set of material models known as Modular Material Model (MMM) subroutines has been devel-
oped to be portable across a variety of codes, as described in Reference 2. These models have been
made available in Presto_ITAR.

The following MMM models are provided in Presto_ITAR:

Bodner-Partom strength model with Mie-Gruneisen EOS

Holmquist-Johnson-Cook concrete model

Hull concrete model

Johnson-Cook strength model with Mie-Gruneisen EOS and Johnson-Cook failure model
Johnson-Holmquist ceramic model

Johnson-Holmquist-Beissel ceramic model

Mechanical Threshold Stress (MTS) strength model with Mie-Gruneisen EOS

Mechanical Threshold Stress (MTS) strength model with Mie-Gruneisen EOS and the
TEPLA continuum level damage model

Zerilli-Armstrong strength model for BCC metals with Mie-Gruneisen EOS

Zerilli-Armstrong strength model for FCC metals with Mie-Gruneisen EOS

The inputs for these models are documented in the subsections below. A full description of the
theory and implementation of the models is available in Reference 2.
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2.1.1 Bodner-Partom strength model with Mie-Gruneisen EOS

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name

DENSITY = <real>density_value

#

BEGIN PARAMETERS FOR MODEL BPSTRESS_MMM
TWO MU =<REAL>two_mu
YOUNGS MODULUS = <REAL>youngs_modulus
BULK MODULUS =<REAL> bulk_modulus
POISSONS RATIO =<REAL> poissons_ratio
SHEAR MODULUS =<REAL>shear_ modulus
LAMBDA =<REAL>lambda
YIELD STRESS =<REAL>yield_stress
INIT DENSITY = <REAL>init_density
ABS ZERO TEMP = <REAL>ABS_ZERO_TEMP
INIT TEMPERATURE = <REAL>INIT_TEMPERATURE
SPECIFIC HEAT = <REAL>SPECIFIC_HEAT
INIT STATE VAR Z0 = <REAL>INIT_STATE_VAR_ZO
MAX RATE DO = <REAL>MAX_RATE_DO
MAX STATE VAR 7Z1 = <REAL>MAX_STATE_VAR_Z1
STRAIN HARD PAR ALPHA = <REAL>STRAIN_HARD_PAR_ALPHA
STRAIN HARD PAR MO <REAL>STRAIN_HARD_PAR_ MO
STRAIN HARD PAR Ml <REAL>STRAIN_HARD_PAR M1
STRAIN RATE EXP NO <REAL>STRAIN_RATE_EXP_NO
THERM SOFT PAR N1 = <REAL>THERM_SOFT_PAR_NI1
GRUN COEF = <REAL>GRUN_COEF
MIEGRU COEF K2 <REAL>MIEGRU_COEF_K?2
MIEGRU COEF K3 = <REAL>MIEGRU_COEF_K3
MAX TENS PRESS <REAL>MAX_TENS_PRESS

END [PARAMETERS FOR MODEL BPSTRESS_MMM]

END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

This specification activates the Bodner-Partom Stress model with a Mie-Gruneisen EOS. The ex-
pression for the yield function of this model is:

1
2n V3€ o
=7 - i P 2.1
© (n+1) "\ 2p, @1)

where n, Z, and m are defined by

n=no+n /T 2.2)

Z=271—(Z1—Zp)exp(m—mo—my)/ct —moW, (2.3)
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m = mgy~+mexp(—oW,) (2.4)

and where €, is the equivalent plastic strain rate, Dy is the maximum allowable equivalent plastic
strain rate, T is the absolute temperature, and W), is the plastic work per initial volume. Zy, Zi, no,
ni, mp, m, A, and Dg are all material constants.

The pressure response is described by a cubic Mie-Gruneisen model:

I
P=(Kiu+Kp® +Ksu?) ( — 7#) +TE;(1+pu) (2.5)

where u = Vp/V — 1, I' is the Gruneisen coefficient, Vj and V are the initial and current volumes,
respectively, K is the elastic bulk modulus and K3, and K3 are material constants.

The Bodner-Partom command block starts with the input line:
BEGIN PARAMETERS FOR MODEL BPSTRESS_MMM
and terminates with an input line of the following form:
END [PARAMETERS FOR MODEL BPSTRESS_MMM]
In the above command blocks:

- The density of the material is defined with the DENSITY command line.

- Only two of the following elastic constants are required to define the unscaled bulk behavior:
e Young’s modulus is defined with the YOUNGS MODULUS command line.
e Poisson’s ratio is defined with the POISSONS RATIO command line.
e The bulk modulus is defined with the BULK MODULUS command line.

e The shear modulus is defined with the SHEAR MODULUS command line.

e Lambda is defined with the LAMBDA command line.
- The following command lines are required:

e The yield stress of the material is defined with the YIELD STRESS command line.

The initial density of the material is defined with the INITIAL DENSITY command
line. Set this equal to the density specified withe DENSITY command line.

The temperature at absolute zero is defined with the ABS zERO TEMP command line.

The initial temperature is defined with the INIT TEMPERATURE command line.

The specific heat is defined with the SPECIFIC HEAT command line.

16



The material parameters Z0, DO, Z1, ALPHA, MO, M1, NO, and N1 are defined with
the corresponding command lines listed above.

The Gruneisen parameter Gamma is defined with the GRUN COEF command line.

The K2 parameter for the MMM cubic Mie-Gruneisen model is defined with the
MIEGRUN COEF K2 command line.

The K3 parameter for the MMM cubic Mie-Gruneisen model is defined with the
MIEGRUN COEF K3 command line.

The maximum permitted tensile pressure is defined with the MAX TENS PRESS com-
mand line.
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2.1.2 Holmquist-Johnson-Cook concrete model

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name

DENSITY = <real>density_value

#

BEGIN PARAMETERS FOR MODEL HJCCONCRETE_MMM
TWO MU =<REAL>two_mu
YOUNGS MODULUS = <REAL>youngs_modulus
BULK MODULUS =<REAL> bulk_modulus
POISSONS RATIO =<REAL> poissons_ratio
SHEAR MODULUS =<REAL>shear_modulus
LAMBDA =<REAL>lambda
YIELD STRESS =<REAL>yield_stress
INIT DENSITY = <REAL>init_density
COMP STREN FC = <real> COMP_STREN_FC
DAMAGE COEF D1 = <real> DAMAGE_COEF_DI1
DAMAGE EXP D2 = <real> DAMAGE_EXP_D2
INIT SHEAR MODULUS = <real> INIT_SHEAR_ MODULUS
MAX STRESS = <real> MAX_STRESS
MAX TENS PRESS T = <real> MAX_TENS_PRESS_T
MIN FAIL STRAIN = <real> MIN_FAIL_STRAIN
PCRUSH <real> PCRUSH
PLOCKI = <real> PLOCKI
PRESS COEF Kl = <real> PRESS_COEF_KI1
PRESS COEF K2 = <real> PRESS_COEF_K2
PRESS COEF K3 = <real> PRESS_COEF_K3
PRESS HARD COEF B = <real> PRESS_HARD_COEF_B
PRESS HARD EXP N = <real> PRESS_HARD_EXP_N
STRAIN RATE COEF C = <real> STRAIN_RATE_COEF_C
UCRUSH = <real> UCRUSH
ULOCK = <real> ULOCK
YIELD STRESS A = <real> YIELD_STRESS_A

END [PARAMETERS FOR MODEL HJCCONCRETE_MMM]

END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

This specification activates the Holmquist-Johnson-Cook concrete model. This model has a yield
surface defined by:

=[A(1=D)+BP"|[1+CIné"] (2.6)

where A,B, n, and C are material constants. Additionally, £€* = &/&j, where £ is the total equivalent
strain rate and & = 1.0s~!. P* is the pressure normalized by f’ (the uniaxial compressive strength
at £€* = 1.0). The value of o can be limited to 0, if specified in the input file. D is the damage
term, which is computed through the equation

_ Z Asp + A,u,, 2.7

—l—,up
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where € denotes equivalent plastic strain, it denotes plastic volumetric strain, / indicates values at
failure, and A indicates change over a step. The combined failure strain 81]; + /.L,J; is set to Dy (P* +
T*)P2, where Dy and D, are material constants, P* was defined previously, and T* = T/ f/, where
T is the maximum permitted tensile pressure.

The compressive pressure response is dependent upon the values of volumetric crush (L) and
lock (Woer), where L =Vy/V — 1, and V and Vj are the current and initial volumes. At strains below
Uerush» the bulk modulus is constant and equal to Ppyygp/ Uerush- At volume strains above Lo, the
material is considered to be fully compressed with no voids, and is described as P = K; i + K> 1% +
K3fi? where fl = (1 — Woek) /(1 + Wiock ). Between Ueyys, and Wyoer, voids are crushed out of the
material, and a linear fit is made between the states at U, and Uy ek

The tensile pressure response is defined as P = K before Ue,ygn, P = K[l after Wy, (note this
is different than W, ), and is linearly interpolated between the states at U, and Wpyjocc When
between these values. A limit is placed on the tensile pressure by the expression P, = T(1 — D),
using the 7" described previously.

The command block for this model starts with the input line:
BEGIN PARAMETERS FOR MODEL HJCCONCRETE_MMM
and terminates with an input line of the following form:
END [PARAMETERS FOR MODEL HJCCONRETE_MMM]
In the above command blocks:

- The density of the material is defined with the DENSITY command line.
- Only two of the following elastic constants are required to define the unscaled bulk behavior:
e Young’s modulus is defined with the YOUNGS MODULUS command line.

e Poisson’s ratio is defined with the POISSONS RATIO command line.

The bulk modulus is defined with the BULK MODULUS command line.

The shear modulus is defined with the SHEAR MODULUS command line.

Lambda is defined with the ZAMBDA command line.
- The following command lines are required:

e The yield stress of the material is defined with the YIELD STRESS A command line.

e The initial density of the material is defined with the INITIAL DENSITY command
line. Set this equal to the density specified with the DENSTITY command line.

e The line COMP STREN FC sets the value of f.

e The material constants D and D, are used in the damage evolution equation.
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e The initial shear modulus is set through the command INIT SHEAR MODULUS.

e The maximum permitted equivalent compressive stress is set by the command MAX
STRESS.

e The maximum permitted tensile stress (T) is set by the command MAX TEN PRESS T.
e The minimum failure strain is set with the command MIN FAIL STRAIN.

e The pressure and volumetric strain at crush are set with the commands PCRUSH and
UCRUSH, respectively.

e The pressure and volumetric strain at volumetric locking (fully dense material) are set
with the commands PLOCKI and ULOCK, respectively.

e The fully dense compressive pressure constants K, K, and K3 are specified through
the related command lines.

e The yield function material constants B, n, and C are specified through the related
command lines.

More information about this model is available in Reference 2.
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2.1.3 Hull Concrete Model

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name

DENSITY = <real>density_value

#

BEGIN PARAMETERS FOR MODEL HULLCONCRETE_MMM
TWO MU =<REAL>two_mu
YOUNGS MODULUS = <REAL>youngs_modulus
BULK MODULUS =<REAL> bulk_modulus
POISSONS RATIO =<REAL> poissons_ratio
SHEAR MODULUS =<REAL>shear_modulus
LAMBDA =<REAL>lambda
YIELD STRESS =<REAL>yield_stress
INIT DENSITY = <REAL>init_density
KLOCK = <real> KLOCK
MAX STRESS = <real> MAX_STRESS
MAX TENS PRESS T = <real> MAX TENS_PRESS_T
PCRUSH = <real> PCRUSH
PRESS COEF K1 <real> PRESS_COEF_KI1
PRESS COEF K2 = <real> PRESS_COEF_K2
PRESS COEF K3 <real> PRESS_COEF_K3
PRESS HARD COEF B = <real> PRESS_HARD_COEF_B
STRAIN RATE COEF C = <real> STRAIN_RATE_COEF_C
UCRUSH = <real> UCRUSH
ULOCK = <real> ULOCK
YIELD STRESS A = <real> YIELD_STRESS_A

END [PARAMETERS FOR MODEL HULLCONCRETE_MMM ]

END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

This specification activates the Hull concrete model. This model has a yield surface defined by:

0 =[A+BP|[1+ClIné"] (2.8)
where A,B, and C are material constants. Additionally, £* = &€/&, where ¢ is the total equivalent
strain rate and & = 1.0s~!. The value of ¢ can be limited to Gy if specified in the input file.

The compressive pressure response is dependent upon the values of volumetric crush (L) and
lock (Wyocr), where L =V, /V — 1, and V and Vj are the current and initial volumes. At strains below
Uerush, the bulk modulus is constant and equal to Prpyen/Uerush- Between Uepsp and lyper, P =
Pun+Kit +K2[L2 —|—K3[L3 where [l = [l — Uepysn. At volume strains above Uyoers P = Kjper (1L —
Lo) where L is the volumetric strain after unloading down to P = 0 from [ = L,ck-

The command block for this model starts with the input line:
BEGIN PARAMETERS FOR MODEL HULLCONCRETE_MMM

and terminates with an input line of the following form:
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END [PARAMETERS FOR MODEL HULLCONCRETE_MMM]

In the above command blocks:

- The density of the material is defined with the DENSITY command line.

- Only two of the following elastic constants are required to define the unscaled bulk behavior:

e Young’s modulus is defined with the YOUNGS MODULUS command line.
e Poisson’s ratio is defined with the POISSONS RATIO command line.
e The bulk modulus is defined with the BULK MODULUS command line.
e The shear modulus is defined with the SHEAR MODULUS command line.

e [Lambda is defined with the LAMBDA command line.
- The following command lines are required:

e The yield stress of the material is defined with the YIELD STRESS A command line.

e The initial density of the material is defined with the INITIAL DENSITY command
line. Set this equal to the density specified withe DENSITY command line.

e The maximum permitted equivalent compressive stress is set by the command MAX
STRESS.

e The maximum permitted tensile stress (T) is set by the command MAX TEN PRESS T.

e The pressure and volumetric strain at crush are set with the commands PCRUSH and
UCRUSH, respectively.

e The volumetric strain at volumetric locking (fully dense material) is set with the com-
mand ULOCK.

e The pressure constants K, K5, and K3 are specified through the related command lines.

e The yield function material constants B and C are specified through the related com-
mand lines.

More information about this model is available in Reference 2.
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2.1.4 Johnson-Cook strength model with Mie-Gruneisen EOS and Johnson-
Cook failure model

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name
DENSITY = <real>density_value
#
BEGIN PARAMETERS FOR MODEL JCSTRESS_MMM
TWO MU =<REAL>two_mu
YOUNGS MODULUS = <REAL>youngs_modulus
BULK MODULUS =<REAL> bulk_modulus
POISSONS RATIO =<REAL> poissons_ratio
SHEAR MODULUS =<REAL>shear_modulus
LAMBDA =<REAL>lambda
YIELD STRESS =<REAL>yield_stress
INIT DENSITY = <REAL>init_density
INIT TEMPERATURE <real> INIT_TEMPERATURE
MELT TEMPERATURE <real> MELT_TEMPERATURE
ROOM TEMPERATURE <real> ROOM_TEMPERATURE
SPECIFIC HEAT = <real> SPECIFIC_HEAT
JCF MODEL = ©NONE | ORIGINAL | MODIFIED
JCF D1 = <real> JCF_DI1
JCF D2 = <real> JCF_D2
JCF D3 = <real> JCF_D3
JCF D4 = <real> JCF_D4
JCF D5 = <real> JCF_D5
JCF EFMIN = <real> JCF_EFMIN
JCE KSTAR <real> KSTAR
JCF LAMBDA = <real> LAMBDA
JCF LFATL <real> JCF_LFAIL
JCF PFAIL = <real> JCF_PFAIL
JCF WM = <real> JCF_WM
JCF REFVOL = <real> JCF_REFVOL

JCF ICSEED = <integer> JCF_ICSEED
JCF ITSEED = <integer> JCF_ITSEED
MAX STRESS = <real> MAX_STRESS

PRESS HARD COEF = <real> PRESS_HARD_COEF
STRAIN HARD COEF = <real> STRAIN_HARD_COEF
STRAIN HARD EXP = <real> STRAIN_HARD_EXP
STRAIN RATE COEF = <real> STRAIN_RATE_COEF
STRAIN RATE MODEL = LOG | POWER

THERM SOFT EXP = <real> THERM_SOFT_EXP
MIEGRU FORM = CUBIC | USUP

GRUN COEF = <real> GRUN_COEF

MIEGRU COEF K2 = <real> MIEGRU_COEF_K2
MIEGRU COEF K3 = <real> MIEGRU_COEF_K3
MIEGRU CSBULK = <real> CSBULK

MIEGRU SLOPE = <real> SLOPE
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MAX TENS PRESS = <real> MAX_TENS_PRESS
END [PARAMETERS FOR MODEL JCSTRESS_MMM ]
END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

This specification activates the Johnson-Cook Stress model with a Mie-Gruneisen EOS and the
Johnson-Cook failure model. This is a widely used material model, and fits for a range of materials
can be found in the literature. Several options turn on and off slight modifications to the model, and
the failure portion can be used or turned off. The failure model also includes an option to randomly
perturb the failure strains for the model, permitting the adding of material non-heterogeneity into
analyses.

The Johnson-Cook Stress model has a yield function described by

o =[A+Be![l +Cine*][1 - T+ aP (2.9)

Where €, is the equivalent plastic strain, £* = €/1.0 sec™!, P is the hydrostatic pressure, T* =
(T — Troom) / (Tetr — Troom) Where T refers to temperature, and A, B, C, n, m, and o are material
constants. The stress can be capped to user-specified maximum.

The strain rate dependence can also take on a power-law form, where the expression [1 4 C In €*]
is replaced with [£*C].

The Johnson-Cook Stress model also has the capability to compute material failure. Once failed,
the model provides resistance only to hydrostatic pressure. Material failure occurs when the dam-
age D is greater than 1.0. Note that a value of D less than 1.0 has no effect on the computed stresses
in the model. D accumulates according to the equation

D=Y (Agy/e)) (2.10)

where Ag,, is the increment of plastic strain over a time step, and 8;:

strain is described by the expression

18 the failure strain. The failure

e] = [D1 + Dyexp(D36™)][1 + Dy In€,][1 4+ DsT*] (2.11)

where ¢* is the mean pressure divided by the von Mises equivalent stress, 7" is the normalized
temperature described earlier, &, is the plastic strain rate, and Dy through Ds are material constants.
Note that the failure strain for a material point changes if the loading or temperature changes.

For high tensile stresses, the failure strain is handled differently. In the original J-C failure model,
the failure strain is capped at sr{u-n once the stress reaches G;;mll, which is defined as the user-
specified O, normalized by the von Mises stress. The transition to this cap starts at a normalized
tensile stress of ¢* > 1.5, at which point it varies linearly to the cap values. Alternatively, a

modified version accumulates damage for tensile pressures as

Y(o* —1)*Ar
K*

D= (2.12)
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where A and K* are material constants. This is activated once the mean tensile pressure exceeds
the threshold o;,,.

Statistical variation of the failure parameters can also be added through this model. See below for
the commands which activate this.

The command block starts with the input line:

BEGIN PARAMETERS FOR MODEL JCSTRESS_MMM

and terminates with an input line of the following form:

END

[PARAMETERS FOR MODEL JCSTRESS_MMM]

In the above command blocks:

- The density of the material is defined with the DENSITY command line.

- Only two of the following elastic constants are required to define the unscaled bulk behavior:

Young’s modulus is defined with the YOUNGS MODULUS command line.
Poisson’s ratio is defined with the POISSONS RATIO command line.
The bulk modulus is defined with the BULK MODULUS command line.
The shear modulus is defined with the SHEAR MODULUS command line.

Lambda is defined with the LAMBDA command line.

- The following command lines are required:

The yield stress of the material, shown as A in the equations above, is defined with the
YIELD STRESS command line.

The initial density of the material is defined with the INITIAL DENSITY command
line. Set this equal to the density specified withe DENSITY command line.

The initial temperature is defined with the INIT TEMPERATURE command line.

The room temperature is defined with the ROOM TEMPERATURE command line.

The melt temperature is defined with the MELT TEMPERATURE command line.

The specific heat is defined with the SPECIFIC HEAT command line.

The hardening constant B is specified with the command STRAIN HARD COEF

The hardening exponent 7 is specified with the command STRAIN HARD EXP

The exponent on the temperature m is specified with the command THERM SOFT EXP
The term « is specified with the command PRESS HARD COEF

A limit on the yield stress can be specified using the MAX STRESS command line.
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The form of the rate dependence is chosen with the command STRAIN RATE MODEL
— choose LOG for the traditional form, and POWER for the power law version. In
both cases, the material parameter C which controls the rate effect is specified with the
command line STRAIN RATE COEF.

The type of failure model is defined with the JCF MODEL command line. If the value is
NONE, then no failure model is used. The original version of the Johnson-Cook Failure
model with it’s original treatment of spall is chosen with the ORIGINAL keyword. The
MODIFIED value chooses the modified version of the spall model.

The Johnson-Cook failure model parameters Dy, D>, D3, D4, and D5 are defined with
their corresponding commands, each of which begin with the JCF command word.

The spall cap for the original Johnson-Cook Failure model is specified with the com-
mands JCF PFAIL and JCF EFMIN for the spall stress (O,q) and minimum failure

strain (8,{11.”
The spall behavior for the modified Johnson-Cook Failure model is specified with the
commands JCF KSTAR and JCF LAMBDA for K* and A, respectively. The command
JCF PFAIL specifies the threshold mean tensile pressure (0,,0) after which the spall

model is used for failure.

), respectively.

The command JCF LFAIL controls whether the stress will be decayed if a damage >
1.0 is reached. If this value is set to zero, no failure will occur, though damage will still
be computed. A value of 1 will cause the stress to go to zero once damage > 1.0.

A Weibull modulus based variability is available through the JCSTRESS_MMM
model. This capability is activated if the value given for the Weibull modulus using
the command JCF WM is a value greater than zero. JCF REFVOL defines a represen-
tative element size, such as the average size of elements where failure is expected.
The commands JCF ICSEED and JCF ITSEED serve as seeds for the random number
generator.

JCSTRESS_MMM permits the choice of two different implementations of the Mie-
Gruneisen model. The command MIEGRU FORM chooses the version.

e The Gruneisen parameter Gamma is defined with the GRUN COEF command line.
e If MIEGRU FORM is chosen as CUBIC, then the cubic version of Mie-Gruneisen is
chosen. The following commands are active:
e The K, parameter for the MMM cubic Mie-Gruneisen model is defined with
the MIEGRUN COEF K2 command line.
e The K3 parameter for the MMM cubic Mie-Gruneisen model is defined with
the MIEGRUN COEF K3 command line.
e If MIEGRU FORM is chosen as USUP, then the linear Uy — U, version of Mie-
Gruneisen is chosen. The following commands are active:
e The initial bulk sound speed is defined with the MIEGRUN CSBULK command
line.

e The slope of the Us — U, relation (S) is defined with the MIEGRUN SLOPE
command line.
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e The maximum permitted tensile pressure is defined with the MAX TENS PRESS com-
mand line.

More information about this model is available in Reference 2.
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2.1.5 Johnson-Holmquist Ceramic Models

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name

DENSITY = <real>density_value

#

BEGIN PARAMETERS FOR MODEL JHICERAMIC_MMM
TWO MU =<REAL>two_mu
YOUNGS MODULUS = <REAL>youngs_modulus
BULK MODULUS =<REAL> bulk_modulus
POISSONS RATIO =<REAL> poissons_ratio
SHEAR MODULUS =<REAL>shear_ modulus
LAMBDA =<REAL>lambda
YIELD STRESS =<REAL>yield_stress
INIT DENSITY = <REAL>init_density
BULKING CNST = <real> BULKING_CNST
DAMAGE CNST DP1l = <real> DAMAGE_CNST_DP1
FSTRENGTH MAX = <real> FSTRENGTH_MAX
FSTRENGTH SLOPE = <real> FSTRENGTH_SLOPE
MAX FAIL STRAIN = <real> MAX_FAIL_STRAIN
PRESS COEF K2 = <real> PRESS_COEF_K2
PRESS COEF K3 <real> PRESS_COEF_K3
STRAIN RATE COEF = <real> STRAIN_RATE_COEF
STRENGTH CNST Pl = <real> STRENGTH_CNST_P1
STRENGTH CNST P2 = <real> STRENGTH_CNST_P2
STRENGTH CNST S1 = <real> STRENGTH_CNST_S1
STRENGTH CNST S2 = <real> STRENGTH_CNST_S2
MAX TENS PRESS = <real> MAX_TENS_PRESS

END [PARAMETERS FOR MODEL JHICERAMIC_MMM]

BEGIN PARAMETERS FOR MODEL JH2CERAMIC_MMM
TWO MU =<REAL>two_mu
YOUNGS MODULUS = <REAL>youngs_modulus
BULK MODULUS =<REAL> bulk_modulus
POISSONS RATIO =<REAL> poissons_ratio
SHEAR MODULUS =<REAL>shear_modulus
LAMBDA =<REAL>lambda
YIELD STRESS =<REAL>yield_stress
INIT DENSITY = <REAL>init_density
BULKING CNST = <real> BULKING_CNST
DAMAGE COEF D1 = <real> DAMAGE_COEF_DI1
DAMAGE EXP D2 = <real> DAMAGE_EXP_D2
FSTRENGTH COEF B = <real> FSTRENGTH_COEF_B
FSTRENGTH EXP M = <real> FSTRENGTH_EXP_M
FSTRENGTH MAX NORM = <real> FSTRENGTH_MAX_ NORM
HEL = <real> HEL
MIN FAIL STRAIN = <real> MIN_FAIL_STRAIN
PRESS COEF K2 = <real> PRESS_COEF_K2
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PRESS COEF K3 = <real> PRESS_COEF_K3
STRAIN RATE COEF = <real> STRAIN_RATE_COEF
STRENGTH COEF A = <real> STRENGTH_COEF_A
STRENGTH EXP N = <real> STRENGTH_EXP_N
MAX TENS PRESS = <real> MAX_TENS_PRESS

END [PARAMETERS FOR MODEL JH2CERAMIC_MMM]

BEGIN PARAMETERS FOR MODEL JH3CERAMIC_MMM

TWO MU =<REAL>two_mu

YOUNGS MODULUS = <REAL>youngs_modulus

BULK MODULUS =<REAL> bulk_modulus

POISSONS RATIO =<REAL> poissons_ratio
SHEAR MODULUS =<REAL>shear_modulus

LAMBDA =<REAL>lambda

YIELD STRESS =<REAL>yield_stress

INIT DENSITY = <REAL>init_density

BULKING CNST = <real> BULKING_CNST

DAMAGE COEF D1 = <real> DAMAGE_COEF_DI1
DAMAGE EXP D2 = <real> DAMAGE_EXP_D2
FSTRENGTH COEF B = <real> FSTRENGTH_COEF_B
FSTRENGTH EXP M = <real> FSTRENGTH_EXP_M
FSTRENGTH MAX NORM = <real> FSTRENGTH_MAX_NORM
HEL = <real> HEL

MIN FAIL STRAIN = <real> MIN_FAIL_STRAIN
PRESS COEF K2 <real> PRESS_COEF_K?2

PRESS COEF K3 <real> PRESS_COEF_K3
STRAIN RATE COEF = <real> STRAIN_RATE_COEF
STRENGTH COEF A = <real> STRENGTH_COEF_A
STRENGTH EXP N <real> STRENGTH_EXP_N

MAX TENS PRESS <real> MAX_TENS_PRESS
END [PARAMETERS FOR MODEL JH3CERAMIC_MMM ]

END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

This specification activates the Johnson-Holmquist Ceramic models 1 through 3. The three models

differ slightly in how they handle failure. More information is available in Reference 2

The command block starts with the input line:

BEGIN PARAMETERS FOR MODEL JH#CERAMIC_MMM
and terminates with an input line of the following form:

END [PARAMETERS FOR MODEL JH#CERAMIC_MMM]

where #1s 1, 2, or 3.

In the above command blocks:
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- The density of the material is defined with the DENSITY command line.
- Only two of the following elastic constants are required to define the unscaled bulk behavior:
e Young’s modulus is defined with the YOUNGS MODULUS command line.

e Poisson’s ratio is defined with the POISSONS RATIO command line.

The bulk modulus is defined with the BULK MODULUS command line.

The shear modulus is defined with the SHEAR MODULUS command line.

Lambda is defined with the LAMBDA command line.

- The following command lines are required:

e The yield stress of the material is defined with the YIELD STRESS command line.

e The initial density of the material is defined with the INITIAL DENSITY command
line. Set this equal to the density specified withe DENSITY command line.

e The maximum permitted tensile pressure is defined with the MAX TENS PRESS com-
mand line.
e The remaining command lines are described in Reference 2.

More information about this model is available in Reference 2.
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2.1.6 Johnson-Holmquist-Beissel ceramic model

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name

DENSITY = <real>density_value

#

BEGIN PARAMETERS FOR MODEL JHB1CERAMIC_MMM
TWO MU =<REAL>two_mu
YOUNGS MODULUS = <REAL>youngs_modulus
BULK MODULUS =<REAL> bulk_modulus
POISSONS RATIO =<REAL> poissons_ratio
SHEAR MODULUS =<REAL>shear_ modulus
LAMBDA =<REAL>lambda
YIELD STRESS =<REAL>yield_stress
INIT DENSITY = <REAL>init_density
BULKING CNST = <real> BULKING_CNST
DAMAGE COEF D1 = <real> DAMAGE_COEF_DI1
DAMAGE EXP N = <real> DAMAGE_EXP_N
FSTRENGTH CNST PF = <real> FSTRENGTH_CNST_PF
FSTRENGTH CNST SF = <real> FSTRENGTH_CNST_SF
FSTRENGTH MAX = <real> FSTRENGTH_MAX
MAX FAIL STRAIN = <real> MAX_FAIL_STRAIN
PRESS COEF K2 = <real> PRESS_COEF_K2
PRESS COEF K3 <real> PRESS_COEF_K3
STRAIN RATE COEF = <real> STRAIN_RATE_COEF
STRENGTH CNST PI = <real> STRENGTH_CNST_PI
STRENGTH CNST SI = <real> STRENGTH_CNST_SI
STRENGTH MAX = <real> STRENGTH_MAX
MAX TENS PRESS = <real> MAX_TENS_PRESS

END [PARAMETERS FOR MODEL JHB1CERAMIC_MMM ]

BEGIN PARAMETERS FOR MODEL JHB2CERAMIC_MMM
TWO MU =<REAL>two_mu
YOUNGS MODULUS = <REAL>youngs_modulus
BULK MODULUS =<REAL> bulk_modulus
POISSONS RATIO =<REAL> poissons_ratio
SHEAR MODULUS =<REAL>shear_modulus
LAMBDA =<REAL>lambda
YIELD STRESS =<REAL>yield_stress
INIT DENSITY <REAL>init_density
BULKING CNST <real> BULKING_CNST
DAMAGE COEF D1 = <real> DAMAGE_COEF_DI1
DAMAGE EXP N = <real> DAMAGE_EXP_N
FSTRENGTH CNST PF = <real> FSTRENGTH_CNST_PF
FSTRENGTH CNST SF = <real> FSTRENGTH_CNST_SF
FSTRENGTH MAX = <real> FSTRENGTH_MAX
HYSTERESIS CNST = <real> HYSTERESIS_CNST
MAX FAIL STRAIN = <real> MAX_FAIL_STRAIN
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PHASE TRAN Pl = <real> PHASE_TRAN_PI1
PHASE TRAN P2 = <real> PHASE_TRAN_P2
PHASE2 KP1 <real> PHASEZ2_KP1
PHASE2 KP2 = <real> PHASE2_KP2
PHASE2 KP3 = <real> PHASE2_KP3
PHASE2 UPZERO = <real> PHASE2_UPZERO
PRESS COEF K2 <real> PRESS_COEF_K2
PRESS COEF K3 <real> PRESS_COEF_K3
STRAIN RATE COEF = <real> STRAIN_RATE_COEF
STRENGTH CNST PI = <real> STRENGTH_CNST_PI
STRENGTH CNST SI = <real> STRENGTH_CNST_SI
STRENGTH MAX = <real> STRENGTH_MAX
MAX TENS PRESS = <real> MAX_TENS_PRESS
END [PARAMETERS FOR MODEL JHB2CERAMIC_MMM]
END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

This specification activates the Johnson-Holmquist-Beissel Ceramic models 1 and 2. The two
models differ slightly in how they handle failure. More information is available in Reference 2

The command block starts with the input line:

BEGIN PARAMETERS FOR MODEL JHB#CERAMIC_MMM
and terminates with an input line of the following form:

END [PARAMETERS FOR MODEL JHB#CERAMIC_MMM]

where # is either 1 or 2.

In the above command blocks:

- The density of the material is defined with the DENSITY command line.

- Only two of the following elastic constants are required to define the unscaled bulk behavior:

e Young’s modulus is defined with the YOUNGS MODULUS command line.

Poisson’s ratio is defined with the POISSONS RATIO command line.

The bulk modulus is defined with the BULK MODULUS command line.

The shear modulus is defined with the SHEAR MODULUS command line.

Lambda is defined with the LAMBDA command line.

- The following command lines are required:
e The yield stress of the material is defined with the YIELD STRESS command line.
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e The initial density of the material is defined with the INITIAL DENSITY command
line. Set this equal to the density specified withe DENSITY command line.

e The maximum permitted tensile pressure is defined with the MAX TENS PRESS com-
mand line.
e The remaining command lines are described in Reference 2.

More information about this model is available in Reference 2.
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2.1.7 Mechanical Threshold Stress (MTS) strength model with Mie-
Gruneisen EOS

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name

DENSITY = <real>density_value

#

BEGIN PARAMETERS FOR MODEL MTSSTRESS_MMM
TWO MU =<REAL>two_mu
YOUNGS MODULUS = <REAL>youngs_modulus
BULK MODULUS =<REAL> bulk_modulus
POISSONS RATIO =<REAL> poissons_ratio
SHEAR MODULUS =<REAL>shear_modulus
LAMBDA =<REAL>lambda
YIELD STRESS =<REAL>yield_stress
INIT DENSITY = <REAL>init_density
ABS ZERO TEMP = <real> ABS_ZERO_TEMP
INIT TEMPERATURE = <real> INIT_TEMPERATURE
MELT TEMPERATURE = <real> MELT_TEMPERATURE
SPECIFIC HEAT = <real> SPECIFIC_HEAT
ABS ZERO SHRMOD SMO = <real> ABS_ZERO_SHRMOD_SMO
BURGVEC MAG = <real> BURGVEC_MAG
CNST ALPHA = <real> CNST_ALPHA
CNST BOLTZ = <real> CNST_BOLTZ
CNST CAPA = <real> CNST_CAPA
CNST PINV = <real> CNST_PINV
CNST PINVI = <real> CNST_PINVI
CNST PINVS = <real> CNST_PINVS
CNST QINV = <real> CNST_QINV
CNST QINVI <real> CNST_QINVI
CNST QINVS <real> CNST_QINVS
DISLOC CNST HFO = <real> DISLOC_CNST_HFO
DISLOC CNST HF1l = <real> DISLOC_CNST_HF1
DISLOC CNST HF2 = <real> DISLOC_CNST_HF2
DISLOC CNST SIGA = <real> DISLOC_CNST_SIGA
DISLOC CNST SIGI = <real> DISLOC_CNST_SIGI
DISLOC CNST SIGS = <real> DISLOC_CNST_SIGS
INIT STATE VAR SIGO = <real> INIT_STATE_VAR SIGO
NORM ACT ENRGY GO = <real> NORM_ACT_ENRGY_GO
NORM ACT ENRGY GOI = <real> NORM_ACT_ENRGY_GOTI
NORM ACT ENRGY GOS <real> NORM_ACT_ENRGY_GOS
REF STN RAT EDOTO = <real> REF_STN_RAT_EDOTO
REF STN RAT EDOTI = <real> REF_STN_RAT_EDOTI
REF STN RAT EDOTS = <real> REF_STN_RAT_EDOTS
REF STN RAT EDOTSO = <real> REF_STN_RAT_EDOTSO
SAT TH STS SIGSO0 = <real> SAT_TH_STS_SIGSO
SHRMOD CNST SM1 = <real> SHRMOD_CNST_SMI1
SHRMOD CNST SM2 = <real> SHRMOD_CNST_SM2
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GRUN COEF = <real> GRUN_COEF

MIEGRU COEF K2 <real> MIEGRU_COEF_K2

MIEGRU COEF K3 <real> MIEGRU_COEF_K3

MAX TENS PRESS <real> MAX_TENS_PRESS
END [PARAMETERS FOR MODEL MTSSTRESS_MMM]

END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

This specification activates the Mechanical Threshold Stress (MTS) model with a cubic Mie-
Gruneisen EOS. The MTS model has a yield function defined by

., G . A
O =0y + G_()(SthG + Sth,iOi + Sth,scs) (2.13)

where 6 is the mechanical threshold stress (defined below), 6,, 6;, and Gy are constants repre-
senting dislocation interactions corresponding to long-range barriers, interstitial atoms, and solute
atoms, and Gy is the shear modulus at absolute zero. The shear modulus at other temperatures
are defined as G = Gy — by /(exp(b2/T) — 1), where by and b, are material constants and 7 is the
absolute temperature.

The s, terms have the general form
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where k is the Boltzmann constant, b is the magnitude of the Burger’s vector, g is a normalized
activation energy, & is a reference strain rate, and p and g are exponential constants. For s;;, ; and
Sth,s» the equation is identical but with different constants.

The update of the mechanical threshold stress 6 is governed by
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where A, o, ag, a;, and a, are material constants, 6y, is the saturation threshold stress, and &, is a
reference strain rate.

The command block starts with the input line:

BEGIN PARAMETERS FOR MODEL MTSSTRESS_MMM

and terminates with an input line of the following form:

END

[PARAMETERS FOR MODEL MTSSTRESS_MMM]

In the above command blocks:

- The density of the material is defined with the DENSITY command line.

- Only two of the following elastic constants are required to define the unscaled bulk behavior:

Young’s modulus is defined with the YOUNGS MODULUS command line.
Poisson’s ratio is defined with the POTSSONS RATIO command line.
The bulk modulus is defined with the BULK MODULUS command line.
The shear modulus is defined with the SHEAR MODULUS command line.

Lambda is defined with the LAMBDA command line.

- The following command lines are required:

The yield stress of the material is defined with the YIELD STRESS command line.

The initial density of the material is defined with the INITIAL DENSITY command
line. Set this equal to the density specified withe DENSITY command line.

The temperature at absolute zero is defined with the ABS zERO TEMP command line.
The initial temperature is defined with the INIT TEMPERATURE command line.

The melt temperature is defined with the MELT TEMPERATURE command line.

The specific heat is defined with the SPECIFIC HEAT command line.

The shear modulus at absolute zero (Gy) is defined with the ABS ZERO SHRMOD SMO
command line.

The magnitude of the Burgers vector (b) is defined with the BURGVEC MAG command
line.

The material constant « is defined with the CNST ALPHA command line.
The material constant A is defined with the CNST CAPA command line.
The material constant aq is defined with the DISLOC CNST HF0 command line.

The material constant a; is defined with the DISLOC CNST HF1 command line.
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The material constant a; is defined with the DISLOC CNST HF2 command line.
The Boltzmann constant & is defined with the CNST BOLTZ command line.

The dislocation interaction constant 6, is defined with the DISLOC CNST SIGA com-
mand line.

The dislocation interaction constant &; is defined with the DISLOC CNST SIGI com-
mand line.

The dislocation interaction constant &; is defined with the DISLOC CNST SIGS com-
mand line.

The 1/p exponent in the equation for s, is defined with the CNST PINV command
line.

The 1/p exponent in the equation for sy ; is defined with the CNST PINVI command
line.

The 1/p exponent in the equation for s, ; is defined with the CNST PINVS command
line.

The 1/g exponent in the equation for s, is defined with the CNST QINV command line.

The 1/q exponent in the equation for s, ; is defined with the CNST QINVI command
line.

The 1/¢ exponent in the equation for s, s is defined with the CNST QINVS command
line.

The go value in the equation for s;;, is defined with the NORM ACT ENRGY GO com-
mand line.

The gg value in the equation for s, ; is defined with the NORM ACT ENRGY GOI com-
mand line.

The go value in the equation for s, ; is defined with the NORM ACT ENRGY GOS com-
mand line.

The &g value in the equation for sy, is defined with the REF STN RAT EDOTO0 command
line.

The & value in the equation for s, ; is defined with the REF STN RAT EDOTI com-
mand line.

The &) value in the equation for s, ; is defined with the REF STN RAT EDOTS com-
mand line.

The initial value for the mechanical threshold stress & is defined with the INIT STATE
VAR SIGO command line.

The value for 65, in the equation for the saturation stress 6; is defined with the SAT TH
STS SIGSO command line.

The value for &, in the equation for the saturation stress G is defined with the REF
STN RAT EDOTSO command line.

The material constant b in the temperature shear modulus equation is defined with the
SHRMOD CNST SM1 command line.
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e The material constant b, in the temperature shear modulus equation is defined with the
SHRMOD CNST SM2 command line.

e The Gruneisen parameter Gamma is defined with the GRUN COEF command line.

e The K2 parameter for the MMM cubic Mie-Gruneisen model is defined with the
MIEGRUN COEF K2 command line.

e The K3 parameter for the MMM cubic Mie-Gruneisen model is defined with the
MIEGRUN COEF K3 command line.

e The maximum permitted tensile pressure is defined with the MAX TENS PRESS com-
mand line.

More information about this model is available in Reference 2.
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2.1.8 Mechanical Threshold Stress strength model with Mie-Gruneisen
EOS and the TEPLA continuum level damage model

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name
DENSITY = <real>density_value
#
BEGIN PARAMETERS FOR MODEL TEPLA_MTSSTRESS_MMM
TWO MU =<REAL>two_mu
YOUNGS MODULUS = <REAL>youngs_modulus
BULK MODULUS =<REAL> bulk_modulus
POISSONS RATIO =<REAL> poissons_ratio
SHEAR MODULUS =<REAL>shear_modulus
LAMBDA =<REAL>lambda
YIELD STRESS =<REAL>yield_stress
INIT DENSITY = <REAL>init_density
ABS ZERO TEMP = <real> ABS_ZERO_TEMP
INIT TEMPERATURE = <real> INIT_TEMPERATURE
MELT TEMPERATURE = <real> MELT_TEMPERATURE
SPECIFIC HEAT = <real> SPECIFIC_HEAT
ABS ZERO SHRMOD SMO = <real> ABS_ZERO_SHRMOD_SMO
ALPHA11 <real> ALPHAll
ALPHA21 = <real> ALPHA21
ALPHA22 = <real> ALPHA22
ALPHA31 = <real> ALPHA31l
ALPHA32 = <real> ALPHA32
ALPHA33 = <real> ALPHA33
ALPHA41l = <real> ALPHA41
ALPHA42 = <real> ALPHA42
ALPHA43 = <real> ALPHA43
ALPHA44 = <real> ALPHA44
ALPHAS51 = <real> ALPHAS51
ALPHAS52 = <real> ALPHAS52
ALPHAS3 = <real> ALPHAS3
ALPHAS54 = <real> ALPHAbL4
ALPHAS5 = <real> ALPHAS55
BURGVEC MAG = <real> BURGVEC_MAG
CNST ALPHA = <real> CNST_ALPHA
CNST BOLTZ = <real> CNST_BOLTZ
CNST CAPA = <real> CNST_CAPA
CNST PINV = <real> CNST_PINV
CNST PINVI = <real> CNST_PINVI
CNST PINVS = <real> CNST_PINVS
CNST QINV = <real> CNST_QINV
CNST QINVI = <real> CNST_QINVI
CNST QINVS = <real> CNST_QINVS
DISLOC CNST HFO = <real> DISLOC_CNST_HFO
DISLOC CNST HF1l = <real> DISLOC_CNST_HF1
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DISLOC CNST HF2 = <real> DISLOC_CNST_HF2
DISLOC CNST SIGA <real> DISLOC_CNST_SIGA
DISLOC CNST SIGI <real> DISLOC_CNST_SIGI
DISLOC CNST SIGS <real> DISLOC_CNST_SIGS
E1l = <real> E11

E21 = <real> E21

E22 = <real> E22

E31 = <real> E31

E32 = <real> E32

E33 = <real> E33

E4l = <real> E41

E42 = <real> E42

E43 = <real> E43

E44 = <real> E44

E51 = <real> E51

E52 = <real> E52

E53 = <real> Eb53

E54 = <real> EbL4

E55 = <real> EbL5

E6l = <real> E61

E62 = <real> E62

E63 = <real> E63

E64 = <real> E64

E65 = <real> EG65

E66 = <real> E66

FAIL POR PHIF = <real> FAIL_POR_PHIF

FAIL SURF GAMAO = <real> FAIL_SURF_GAMAO
FAIL SURF GAMAl <real> FAIL_SURF_GAMAl
FAIL SURF GAMA2 <real> FAIL_SURF_GAMA2
ICOMP = <real> ICOMP

INIT POR PHIO = <real> INIT_POR_PHIO

INIT STATE VAR SIGO = <real> INIT_STATE_VAR_ SIGO
LENGTH SCALE = <real> LENGTH_SCALE

NORM ACT ENRGY GO = <real> NORM_ACT_ENRGY_GO
NORM ACT ENRGY GOI = <real> NORM_ACT_ENRGY_GOI
NORM ACT ENRGY GOS = <real> NORM_ACT_ENRGY_GO0S
ORTHO = <real> ORTHO

REF STN RAT EDOTO = <real> REF_STN_RAT_EDOTO
REF STN RAT EDOTI <real> REF_STN_RAT_EDOTI
REF STN RAT EDOTS <real> REF_STN_RAT_EDOTS
REF STN RAT EDOTSO = <real> REF_STN_RAT_EDOTSO
RODRIGUES ANGLE = <real> RODRIGUES_ANGLE
RODRIGUES X = <real> RODRIGUES_X

RODRIGUES Y = <real> RODRIGUES_Y

RODRIGUES 7Z = <real> RODRIGUES_Z

SAT TH STS SIGS0O = <real> SAT_TH_STS_SIGSO
SHRMOD CNST SM1 = <real> SHRMOD_CNST_SMI1
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SHRMOD CNST SM2 = <real> SHRMOD_CNST_SM2

VOID GROW PAR QGl = <real> VOID_GROW_PAR_QGI1

VOID GROW PAR QG2 <real> VOID_GROW_PAR_QG2

VOID GROW PAR QG3 <real> VOID_GROW_PAR_QG3

GRUN COEF = <real> GRUN_COEF

MIEGRU COEF K2 = <real> MIEGRU_COEF_K2

MIEGRU COEF K3 <real> MIEGRU_COEF_K3

END [PARAMETERS FOR MODEL TEPLA_MTSSTRESS_MMM ]

END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

This specification activates the Mechanical Threshold Stress (MTS) strength model with a cubic
Mie-Gruneisen EOS and the TEPLA continuum level damage model. This model is an extension
of the standard MTS model, as described in section 2.1.7. The extensions provide an ability to
initialize th porosity, pressure, failure porosity, flow stress, rotation, and stretch arrays and the
specification of an orthotropic yield function. They also modify the MTS model to include the
effect of evolving porosity (void growth) through an extended Gurson model. More information
on this model is available in References 2 and 9.

The command block starts with the input line:
BEGIN PARAMETERS FOR MODEL TEPLA_MTSSTRESS_MMM
and terminates with an input line of the following form:
END [PARAMETERS FOR MODEL TEPLA_MTSSTRESS_MMM]
Most of the commands for this material are identical to those defined in section 2.1.7. In addition:

e The command ORTHO specifies that the material is orthotropic if set to 1, or isotropic if set
to 0.

e The terms described by the commands ALPHA11 through APLHASS define the plastic shape
tensor components.

e The terms described by the commands E11 through E66 represent the elastic stiffness tensor
for an orthotropic material.

e The Rodrigues vector for the orthotropic yield surface is defined by the commands
RODRIGUES [X|Y|Z].

e The Rodrigues angle is the angle of rotation around the Rodrigues vector, and is defined by
the command RODRIGUES ANGLE.

e The initial porosity is defined by the command INIT POR PHIO.

e The final porosity at failure is given by the command FAIL POR PHIF.

41



e The command 1coMP toggles pore growth; if it is 0, then pores can grow, whereas if it is 1,
pores do not grow.

e The commands VOID GROW PAR QG[1]|2|3] define the coefficients for the Tvergaard
porosity evolution equation.

e The length scale for the over-stress formulation is specified by the command LENGTH
SCALE.

e The commands FATL SURF GAMA[0]|1|2] define the material constants in the expression
for the failure strain.

More information about this model is available in Reference 2.
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2.1.9 Zerilli-Armstrong strength model for BCC metals with Mie-
Gruneisen EOS

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name

DENSITY = <real>density_value

#

BEGIN PARAMETERS FOR MODEL ZABCCSTRESS_MMM
TWO MU =<REAL>two_mu
YOUNGS MODULUS = <REAL>youngs_modulus
BULK MODULUS =<REAL> bulk_modulus
POISSONS RATIO =<REAL> poissons_ratio
SHEAR MODULUS =<REAL>shear_modulus
LAMBDA =<REAL>lambda
YIELD STRESS =<REAL>yield_stress
INIT DENSITY = <REAL>init_density
ABS ZERO TEMP = <real> ABS_ZERO_TEMP
INIT TEMPERATURE = <real> INIT_TEMPERATURE
SPECIFIC HEAT = <real> SPECIFIC_HEAT
STRAIN HARD COEF C5 = <real> STRAIN_HARD_COEF_C5
STRAIN HARD EXP N = <real> STRAIN_HARD_EXP_N
STRAIN RATE COEF Cl = <real> STRAIN_RATE_COEF_C1
STRAIN RATE COEF C4 = <real> STRAIN_RATE_COEF_C4
THERM SOFT COEF C3 = <real> THERM_SOFT_COEF_C3
YIELD STRESS CO = <real> YIELD_STRESS_CO
GRUN COEF = <real> GRUN_COEF
MIEGRU COEF K2 = <real> MIEGRU_COEF_K2
MIEGRU COEF K3 <real> MIEGRU_COEF_K3
MAX TENS PRESS <real> MAX_TENS_PRESS

END [PARAMETERS FOR MODEL ZABCCSTRESS_MMM]

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name

This specification activates the Zerilli-Armstrong strength model for BCC metals with a Mie-
Gruneisen EOS. The expression for the yield function of this model is:

6 = Co+Crexp(—CT +CyT Iné) +Csel! (2.19)

where €, is the equivalent plastic strain, T is the absolute temperature, € is the equivalent total
strain rate, and Cy, C;, C3, C4, Cs, and n are material constants.

The pressure response is described by a cubit Mie-Gruneisen model — see equation (2.5) for more
details.

The command block starts with the input line:
BEGIN PARAMETERS FOR MODEL ZABCCSTRESS_MMM

and terminates with an input line of the following form:
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END [PARAMETERS FOR MODEL ZABCCSTRESS_MMM]

In the above command blocks:

- The density of the material is defined with the DENSITY command line.

- Only two of the following elastic constants are required to define the unscaled bulk behavior:

e Young’s modulus is defined with the YOUNGS MODULUS command line.
e Poisson’s ratio is defined with the POISSONS RATIO command line.
e The bulk modulus is defined with the BULK MODULUS command line.
e The shear modulus is defined with the SHEAR MODULUS command line.

e [Lambda is defined with the LAMBDA command line.
- The following command lines are required:

e The yield stress of the material is defined with the YIELD STRESS command line.

e The initial density of the material is defined with the INITIAL DENSITY command
line. Set this equal to the density specified withe DENSITY command line.

e The temperature at absolute zero is defined with the ABS ZERO TEMP command line.
e The initial temperature is defined with the INIT TEMPERATURE command line.
e The specific heat is defined with the SPECIFIC HEAT command line.

e The material constants Cy, Cy, C3, C4, Cs, and n are defined with the corresponding
command lines above.

e The Gruneisen parameter Gamma is defined with the GRUN COEF command line.

e The K2 parameter for the MMM cubic Mie-Gruneisen model is defined with the
MIEGRUN COEF K2 command line.

e The K3 parameter for the MMM cubic Mie-Gruneisen model is defined with the
MIEGRUN COEF K3 command line.

e The maximum permitted tensile pressure is defined with the MAX TENS PRESS com-

mand line.

More information about this model is available in Reference 2.

44



2.1.10 Zerilli-Armstrong strength model for FCC metals with Mie-
Gruneisen EOS

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name
DENSITY = <real>density_value
#

BEGIN PARAMETERS FOR MODEL ZAFCCSTRESS_MMM
TWO MU =<REAL>two_mu
YOUNGS MODULUS = <REAL>youngs_modulus
BULK MODULUS =<REAL> bulk_modulus
POISSONS RATIO =<REAL> poissons_ratio
SHEAR MODULUS =<REAL>shear_modulus
LAMBDA =<REAL>lambda
YIELD STRESS =<REAL>yield_stress
INIT DENSITY = <REAL>init_density
ABS ZERO TEMP = <real> ABS_ZERO_TEMP
INIT TEMPERATURE = <real> INIT_TEMPERATURE
SPECIFIC HEAT = <real> SPECIFIC_HEAT
STRAIN HARD COEF C2 = <real> STRAIN_HARD_COEF_C2
STRAIN HARD EXP N = <real> STRAIN_HARD_ EXP_N
STRAIN RATE COEF C4 = <real> STRAIN_RATE_COEF_C4
THERM SOFT COEF C3 = <real> THERM_SOFT_COEF_C3
YIELD STRESS CO = <real> YIELD_STRESS_CO
GRUN COEF = <real> GRUN_COEF
MIEGRU COEF K2 = <real> MIEGRU_COEF_K2
MIEGRU COEF K3 = <real> MIEGRU_COEF_K3
MAX TENS PRESS = <real> MAX_TENS_PRESS

END [ PARAMETERS FOR MODEL ZAFCCSTRESS_MMM ]

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name

This specification activates the Zerilli-Armstrong strength model for FCC metals with a Mie-
Gruneisen EOS. The expression for the yield function of this model is:

(o :C()—|—C28; exp(—CgT + C4T ll’lé) (2.20)

where g, is the equivalent plastic strain, T is the absolute temperature, £ is the equivalent total
strain rate, and Cy, C;, Cs3, Cy4, and n are material constants.

The pressure response is described by a cubit Mie-Gruneisen model — see equation (2.5) for more
details.

The command block starts with the input line:

BEGIN PARAMETERS FOR MODEL ZAFCCSTRESS_MMM

and terminates with an input line of the following form:
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END [PARAMETERS FOR MODEL ZAFCCSTRESS_MMM]

In the above command blocks:

- The density of the material is defined with the DENSITY command line.

- Only two of the following elastic constants are required to define the unscaled bulk behavior:

e Young’s modulus is defined with the YOUNGS MODULUS command line.
e Poisson’s ratio is defined with the POISSONS RATIO command line.
e The bulk modulus is defined with the BULK MODULUS command line.
e The shear modulus is defined with the SHEAR MODULUS command line.

e [Lambda is defined with the LAMBDA command line.
- The following command lines are required:

e The yield stress of the material is defined with the YIELD STRESS command line.

e The initial density of the material is defined with the INITIAL DENSITY command
line. Set this equal to the density specified withe DENSITY command line.

e The temperature at absolute zero is defined with the ABS ZERO TEMP command line.
e The initial temperature is defined with the INIT TEMPERATURE command line.
e The specific heat is defined with the SPECIFIC HEAT command line.

e The material constants Cy, C2, C3, Cy4, and n are defined with the corresponding com-
mand lines above.

e The Gruneisen parameter Gamma is defined with the GRUN COEF command line.

e The K2 parameter for the MMM cubic Mie-Gruneisen model is defined with the
MIEGRUN COEF K2 command line.

e The K3 parameter for the MMM cubic Mie-Gruneisen model is defined with the
MIEGRUN COEF K3 command line.

e The maximum permitted tensile pressure is defined with the MAX TENS PRESS com-

mand line.

More information about this model is available in Reference 2.
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2.2 CTH Model Specifications

This section describes material models that have been ported from CTH to the LAME material
library[1]. Because of the ITAR export-control restrictions on these models, they are maintained
separately from the standard LAME material library and only linked in with Presto_ITAR.

experimental level. As such, not all features may be fully implemented or tested

Warning: Support for CTH material models in Presto_ITAR is currently at an
A and the analyst should use these models with caution.

Known Issue: The algorithms that apply when these energy-dependent models are
in use are currently in a state of flux as they are being upgraded to the state-of-the-

A art. This transformation has currently been applied only to the midpoint-increment
uniform-gradient hexahedron element. Attempting to use these models with any
other element will likely result in code failure.

Implementation of the CTH material models departs from the typical behavior found for other ma-
terial models present in Presto_ITAR. Generally, this allows the CTH models to be more flexible
in the material behaviors they can represent, particularly for high strain rate, energy dependent ma-
terials. The main differences are in the treatment of the energy update, modularity, and parameter
specification.

For energy dependent material models, such as those from this Section, Section 2.1, and Section
2.3, the internal energy is updated using a second order, implicit equation, see Reference 3. For
the traditional Presto_ITAR models of Sections 2.1 and 2.3, the energy update is performed as
part of the material model. Additionally, all the models assume materials behave under the Mie-
Griineisen assumption that pressure is linearly dependent upon the internal energy. This allows
these models to explicitly solve the implicit energy equation. While this provides for an easy
solution it limits the types of material behavior that can be modeled. The CTH models break from
the Mie-Griineisen assumption, allowing an arbitrary dependence of the pressure on the internal
energy. This motivates several changes in how the elements treat these materials.

The energy update equation is a function of the host code in that its form and method of solution are
code dependent. From a theoretical perspective, a material has no knowledge of such an equation.
Additionally, for portability between codes a material model should not solve such an equation
since it would possibly have to be different for every code in which it was used. For this reason
the energy equation update was not pushed into the CTH material models. Instead it is computed
in the element itself. In the future, other material models from Sections 2.1 and 2.3 may also have
the energy update extracted from them, leading to less code duplication, better consistency across
models, and better maintainability.

Not only was the energy update extracted from the material models for the CTH models, but the
assumption of a Mie-Griineisen form also had to be removed. This requires one to perform an
iterative solve of the energy equation to be self consistent, since the explicit solution is no longer
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viable. The initial guess to the solution is based upon a predictor method for the hydrodynamic
work. Later iterations include a fully implicit solve of the hydrodynamic and deviatoric work. For
information on controlling the iterative solution of the energy equation, see Section 3.1.1.2.

The CTH models also depart from the other Presto_ITAR material models in that they adopt the
concept of modularity. Typically, a solid might have an equation of state model and a yield model.
Models from Sections 2.1 and 2.3 explicitly couple these models together. Thus, if one want to
use an already implemented yield model with a new equation of state, then one has to write a new
material model which couples them together. On the other hand, the CTH models are modular
(although not completely) in that if a given model adheres to a certain interface, it may be used
as a drop in replacement for other models using the same interface. Thus only the new submodel
has to be implemented. Currently there is a single implementation of a CTH modular model in
Presto_ITAR, the cTH_EP model of Section 2.2.3.

One side effect of the modularity concept is that not all models compute a stress. Those that do
not cannot be called directly from an element, and hence cannot be used as the material model for
an element. See, for example, the cTH_J0 model of Section 2.2.4. On the other hand, equation of
state models, such as the CTH_MGR model of Section 2.2.1, do compute a stress and so they can not
only be used as a submodel in a modular model such as CTH_EP, but may also be used directly as
an element material model.

Parameter parsing behavior has also been modified from the standard Presto_ITAR practice in the
CTH models. Unlike most of the material models, which require all parameters to be specified,
the CTH models have default values for most parameters. Additionally, the CTH models intro-
duce the concept of material parameter libraries. These libraries are essentially look up tables for
the parameters of predefined materials. Thus one need only specify a material model, such as
CTH_KSES, and a material name like MATLABEL = ALUMINUM. All the parameters are then auto-
matically loaded. Note that if a predefined material is specified, one may override library values
by additionally specifying the desired properties. When no library material is specified, this is
essentially what occurs, as the entry MATLABEL = USER is implicitly specified to read the default
parameters from the material library.

Many models are unit independent, in that any set of parameters with a consistent set of units
will work correctly with such models. This is the case for most of the models in Presto_ITAR.
However, with the CTH models this assumption is broken for certain equation of state models as
well as by the use of material libraries. Thus, all CTH models must specify a system of units. Note
that while this is only required for full models and not submodels, submodel parameters should
be specified in units consistent with their parent model. In general, the unit declarations have the
form given by the following block.

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name
BEGIN PARAMETERS FOR MODEL <string>mod_name
UNIT SYSTEM = <string>SI|CGSK|CGSEV|SESAME |SSHOCK (ST)
LENGTH UNIT = <real>length_unit (1.0)
MASS UNIT <real>mass_unit (1.0)
TIME UNIT <real>time_unit (1.0)
TEMPERATURE UNIT = <real>temperature_unit (1.0)
AMOUNT UNIT = <real>amount_unit (1.0)
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CURRENT UNIT = <real>current_unit (1.0)
LUMINOSITY UNIT = <real>luminosity_unit (1.0)

END [PARAMETERS FOR MODEL <string>mod_name]
END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

The UNIT sYSTEM command line may be used to specify an overall system of units to use. The
values of that system may then be overridden for specific units by the other commands. The
. .. denotes all the other parameters of the model, which have been omitted here. The meaning
of a unit command is the value required to convert from SI to the desired unit system. Thus,
for example, if one has a problem where length is measured in centimeters, one would specify
LENGTH UNIT = 1.e2,since there are one hundred centimeters in a meter. Once the unit system
has been specified in this manner, all the model parameters must be entered in this system.

Paths to the material libraries, as well as certain tabular data required by the CTH SESAME mod-
els, must be specified in the user input as well. Specific parameters are available for setting the
names of data files in the model input. These may be relative or absolute paths. Additionally,
the models recognize the existence of the environment variable CTHPATH. When CTHPATH is un-
defined, the default path for all CTH data is relative to the current directory. When CTHPATH is
defined, then SESAME table data is searched for relative to the directory CTHPATH/data/. Also,
in this case material libraries are first searched for relative to the working directory and upon fail-
ure of that, relative to the directory CTHPATH/data/. If a model cannot find its material library
file, it will throw a fatal error.
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2.2.1 Mie-Griineisen Model (CTH_MGR)

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name
BEGIN PARAMETERS FOR MODEL CTH_MGR
{unit parameters}
MATLABEL = <string>material_label (USER)
EOS DATAFILE = <string>eos_data_file (EOS_data)
RO = <real>density

TO = <real>temperature(298.0)

CS = <real>sound_speed

S1 = <real>us_up_slope(0.0)

GO = <real>gruneisen_parameter (0.0)

CV = <real>heat_capacity
ESFT = <real>energy_shift (0.0)

RP = <real>porous_density (0.0)

PS = <real>crushup_pressure (1.e9)
PE = <real>elastic_pressure(0.0)

CE = <real>elastic_sound_speed(0.0)

NSUB = <real>num_subcycles (10.0)

S2 = <real>us_up_quadratic (0.0)

TYP = <real>model_type (1.0)

RO = <real>density_alias

TO = <real>temperature_alias

S = <real>sl_alias

GO = <real>g0_alias

B = <real>low_pressure_coefficient (0.0)
XB = <real>low_pressure_constant (1.e—-4)
NB = <real>low_pressure_power (1.0)

PWR = <real>alpha_power (2.0)
END [PARAMETERS FOR MODEL CTH_MGR]
END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

The Mie-Griineisen material model describes the nonlinear pressure-volume (or equivalently
pressure-density) response of solids or fluids in terms of a reference pressure-volume curve and
deviations from the reference curve in energy space. The reference curve is taken to be the experi-
mentally determined principal Hugoniot, which is the locus of end states that can be reached by a
shock transition from the ambient state. For details about this model, see Reference 4.

For Mie-Griineisen energy-dependent materials, the Mie-Griineisen command block begins with
the input line:
BEGIN PARAMETERS FOR MODEL CTH_MGR

and is terminated with an input line of the following form:

END [PARAMETERS FOR MODEL CTH_MGR]
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In the above command blocks:

- The {unit parameters} line is a placeholder for the unit block described in Section 2.2.

- The MATLABEL command line specifies the name of a material parameter library entry from
which to take default values for the other parameters. This name is searched for under the
model name MGR in the data file specified by the command line EOS DATAFILE.

- The command lines RO (or RO), CS, and CV are required inputs to this model. Alternatively,
one may specify a non-default MATLABEL command line. All other values are optional and
may be left unspecified if the defaults are acceptable.

- The initial density for the Hugoniot is defined with the RO command line. If the material is
porous, the RP command line defines the initial density and RO is the ambient density for the
nonporous material.

For information about the CTH Mie-Griineisen model, consult Reference 4.
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2.2.2 SESAME Tabular EOS Model (CTH_KSES)

Known Issue:

The SESAME tabular interface currently reads tables from a platform-specific bi-
nary table format. Production of this format from the ASCII tables requires use of
the bcat code, which is not built by default. If a current CTH installation is avail-
able, then one may use that installation’s data by setting the CTHPATH environment
variable, see Section 2.2.

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name
BEGIN PARAMETERS FOR MODEL CTH_KSES
{unit parameters}
MATLABEL = <string>material_label (USER)
EOS DATAFILE = <string>eos_data_file (EOS_data)

EOS = <real>eos_number

SR = <real>scaling_ factor (1.0)

RO = <real>density(table value)

TO = <real>temperature (table value)

RMIN = <real>min_tension_density (0.8%R0)
ZNUC = <real>avg_atomic_number (table wvalue)
ATWT = <real>avg_atomic_weight (table value)
RP = <real>porous_density (0.0)

PS = <real>crushup_pressure (1l.e9)

PE <real>elastic_pressure (0.0)
CE <real>elastic_sound_speed(0.0)
NSUB = <real>num_subcycles (10.0)
ESFT = <real>energy_shift (table specific)
TYP = <real>model_type (1.0)
RO = <real>density_alias
TO <real>temperature_alias
CLIP = <real>temperature_clip(0.0)
PWR = <real>alpha_power (2.0)
FEOS = <string>sesame_file

END [PARAMETERS FOR MODEL CTH_KSES]

END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

The SESAME tabular EOS model represents the thermodynamic state of a material through tab-
ular representations of the pressure and internal energy as functions of density and temperature.
Such tables may represent behavior as simple as an ideal gas to extremely complicated multi-
phase behaviors. For more information on the implementation of this model, consult Reference 4.
Information on the SESAME format may be obtained from Reference 5.

For SESAME materials, the SESAME command block begins with the input line:
BEGIN PARAMETERS FOR MODEL CTH_KSES
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and is terminated an input line of the following form:

END [PARAMETERS FOR MODEL CTH_KSES]

In the above command blocks:

- The {unit parameters} line is a placeholder for the unit block described in Section 2.2.

- The MATLABEL command line specifies the name of a material parameter library entry from
which to take default values for the other parameters. This name is searched for under the
model name SES in the data file specified by the command line EOS DATAFILE.

- The command lines EOS and FEOS are required inputs to this model. Alternatively, one may
specify a non-default MATLABEL command line. All other values are optional and may be
left unspecified if the defaults are acceptable.

- The command lines RO, TO, ZNUC, and ATWT default to the values given in the specified table.

- The command line ESFT defaults to a value such that the internal energy of the specified
table will be strictly positive for all states. Care should be taken if setting this to a non-
default value as one may break assumptions on the positivity of the internal energy present
in other areas of the code.

- For a porous material the RP command line defines the initial density and RO becomes the
ambient density for the nonporous material.

- The command line CLIP sets a delta in temperature from the edge of the table to which off-
table temperatures are returned. In this implementation, extrapolation off of the tabulated
region of a SESAME table can produce unphysical behavior. Thus, it is recommended to
set CLIP to a non-zero value. The default, CLIP = 0.0, is to not clip off-table tempera-
tures. The temperature delta is taken as the absolute value of CLIP. Setting a negative value
suppresses error messages generated by this process.

For information about the SESAME tabular EOS model, consult Reference 4.
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2.2.3 Elastic-Plastic Modular Model (CTH_EP)

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name
BEGIN PARAMETERS FOR MODEL CTH_EP
{unit parameters}
EOS MODEL = <string>CTH_KSES|CTH_MGR
{eos model parameters}
YIELD MODEL = <string>CTH_JO|CTH_ST|CTH_ZE |NONE (NONE)
{yield model parameters}
FRACTURE MODEL = <string>CTH_JFRAC |NONE (NONE)
{fracture model parameters}
RHOL = <real>lower_density (0.0)
RHOU = <real>upper_density (0.0)
END [PARAMETERS FOR MODEL CTH_EP]
END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

The Elastic-Plastic Modular model combines an EOS, yield, and fracture model in the manner that
CTH employs. In particular, the yield models are all of the “traditional” version which compute
a yield stress and shear modulus. The resultant stress is calculated from a radial return plasticity
model. Density degradation of the yield stress is applied when the density lies between the upper
and lower density limits.

For the Elastic-Plastic Modular model, the CTH_EP command block begins with the input line:
BEGIN PARAMETERS FOR MODEL CTH_EP
and is terminated an input line of the following form:

END [PARAMETERS FOR MODEL CTH_EP]

In the above command blocks:

- The {unit parameters} line is a placeholder for the unit block described in Section 2.2.

- The {eos model parameters}, {yield model parameters}, and {fracture
model parameters} lines are placeholders for all the parameters of the desired eos, yield,
and fracture models, respectively.

- An EOS model must be specified by the command line E0s MODEL. All other inputs are
optional.

- Density degradation of the yield stress is performed only when the command lines RHOL and
RHOU are specified and satisfy RHOU > RHOL > 0.
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Known Issue:
The cTH_EP model does not yet implement a failure model. Thus, while the avail-
able fracture model does compute the damage of the material, this information is
not acted upon.
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2.2.4 Johnson-Cook Viscoplastic Model (CTH_JO)

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name
BEGIN PARAMETERS FOR MODEL <string>combined_model
YIELD MODEL = CTH_JO
VP DATAFILE = <string>vp_data_file (VP_data)
YIELD MATLABEL = <string>yield_material_ label (USER)
AJO = <real>parameter_a(0.0)
BJO = <real>parameter_b (0.0)
CJO = <real>parameter_c (0.0)
MJO = <real>exponent_m(0.0)
NJO = <real>exponent_n (0.0)
TJO = <real>melt_temperature (0.0)
POISSON = <real>poissons_ratio(0.0)
END [PARAMETERS FOR MODEL <string>combined_model]
END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

The Johnson-Cook Viscoplastic model updates the material yield stress based upon the plastic
strain, plastic strain rate, and the temperature. For more details about this model, see Reference 6.

Since the Johnson-Cook model updates only the yield stress for a material, it must be used in
combination with a plasticity model and equation of state. Currently, this means it must be used as
a submodel of the Elastic-Plastic Modular model, see Section 2.2.3.

In the above command blocks:

- The combined_model must currently be CTH_EP.

- The YIELD MATLABEL command line specifies the name of a material parameter library
entry from which to take default values for the other parameters. This name is searched for
under the model name JO in the data file specified by the command line VP DATAFILE.

For information about the Johnson-Cook model, consult Reference 6.
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2.2.5 Zerilli-Armstrong Plasticity Model (CTH_ZE)

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name
BEGIN PARAMETERS FOR MODEL <string>combined_model
YIELD MODEL = CTH_ZE
VP DATAFILE = <string>vp_data_file (VP_data)
YIELD MATLABEL = <string>yield_material_ label (USER)
ClZE = <real>constant_cl (0.0)

C27ZE = <real>constant_c2 (0.0)
C3ZE = <real>constant_c¢3(0.0)
C47ZE = <real>constant_c4 (0.0)
C5ZE = <real>constant_c5(0.0)
AZE = <real>constant_a (0.0)
NZE = <real>constant n(0.0)

POISSON = <real>poissons_ratio(0.0)
END [PARAMETERS FOR MODEL <string>combined_model]
END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

The Zerilli-Armstrong Plasticity model updates the material yield stress based upon the plastic
strain, plastic strain rate, and the temperature. For more details about this model, see Reference 6.

Since the Zerilli-Armstrong model updates only the yield stress for a material, it must be used in
combination with a plasticity model and equation of state. Currently, this means it must be used as
a submodel of the Elastic-Plastic Modular model, see Section 2.2.3.

In the above command blocks:

- The combined_model must currently be CTH_EP.

- The YIELD MATLABEL command line specifies the name of a material parameter library
entry from which to take default values for the other parameters. This name is searched for
under the model name ZE in the data file specified by the command line VP DATAFILE.

For information about the Zerilli-Armstrong model, consult Reference 6.
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2.2.6 Steinberg-Guinan-Lund Plasticity Model (CTH_ST)

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name
BEGIN PARAMETERS FOR MODEL <string>combined_model
YIELD MODEL = CTH_ST
VP DATAFILE = <string>vp_data_file (VP_data)
YIELD MATLABEL = <string>yield_material_ label (USER)
ROST = <real>initial_density (0.0)
TMOST = <real>melt_temperature(0.0)

ATMST = <real>melt law_constant _a(0.0)
GMOST = <real>gruneisen_constant (0.0)

AST = <real>shear modulus_constant_a (0.0)
BST = <real>shear_modulus_constant_b(0.0)
NST = <real>work_hardening constant_n (0.0)
Cl1ST = <real>yield_stress_constant_cl (0.0)
C28T = <real>yield_stress_constant_c2(0.0)
GOST = <real>initial_shear_modulus (0.0)
BTST = <real>work_hardening_constant_b (0.0)
EIST = <real>initial_equivalent_plastic_strain(0.0)
YPST = <real>peierls_stress (0.0)

UKST = <real>activation_energy (0.0)

YSMST = <real>athermal_yield_stress(0.0)
YAST = <real>athermal_prefactor (0.0)
YOST <real>initial_yield_stress(0.0)
YMST <real>max_yield_stress (0.0)
POISSON = <real>poissons_ratio(0.0)
END [PARAMETERS FOR MODEL <string>combined_model]
END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

The Steinberg-Guinan-Lund Plasticity model updates the material yield stress and shear modulus
based upon the plastic strain, plastic strain rate, the density, and the temperature. For more details
about this model, see Reference 7.

Since the Steinberg-Guinan-Lund model updates only the yield stress and shear modulus for a
material, it must be used in combination with a plasticity model and equation of state. Currently,
this means it must be used as a submodel of the Elastic-Plastic Modular model, see Section 2.2.3.

In the above command blocks:

- The combined_model must currently be CTH_EP.

- The YIELD MATLABEL command line specifies the name of a material parameter library
entry from which to take default values for the other parameters. This name is searched for
under the model name ST in the data file specified by the command line VP DATAFILE.

For information about the Steinberg-Guinan-Lund model, consult Reference 7.
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2.2.7 Johnson-Cook Fracture Model (CTH_JFRAC)

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name
BEGIN PARAMETERS FOR MODEL <string>combined_model
FRACTURE MODEL = CTH_JFRAC
FRACTURE MATLABEL = <string>fracture_material_label (USER)
FRACTURE DATAFILE = <string>fracture_data_file (VP_data)
JFD1 = <real>parameter_dl (0.0)
JFD2 = <real>parameter_d2 (0.0)
JFD3 = <real>parameter_d3(0.0)
JFD4 = <real>parameter_d4(0.0)
JFD5 = <real>parameter_d5(0.0)
JFTM = <real>melt_temperature(0.0)
JFPF0 = <real> initial_fracture_pressure (0.0)
DYLDRD = <real>strength_degradation_damage (0.0)
DPFRD = <real>stress_degradation_damage (0.0)
YLDFLR = <real>minimum_yield_strength(0.0)

FRCFLR = <real>minimum_fracture_stress (0.0)
JFWM = <real>weibull_flag(0.0)
JFIC = <real>random_seed_one (0.0)

JFIT = <real>random_ seed_two (0.0)
JFVREF = <real>failure_volume (0.0)
JFOUT = <real>output_message_flag(0.0)
END [PARAMETERS FOR MODEL <string>combined_model]
END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

The Johnson-Cook Fracture model is a scalar damage model for predicting the failure of materials
based upon the plastic strain, plastic strain rate, and yield stress. This model is completely inde-
pendent of the similarly named Johnson-Cook Viscoplastic model, see Section 2.2.4. For details
about this model, see Reference 8.

Since the Johnson-Cook fracture model only calculates a damage, it must be used in combination
with a plasticity model, equation of state, and a failure model. Currently, this means it must be
used as a submodel of the Elastic-Plastic Modular model, see Section 2.2.3.

In the above command blocks:

- The combined_model must currently be CTH_EP.

- The FRACTURE MATLABEL command line specifies the name of a material parameter library
entry from which to take default values for the other parameters. This name is searched for
under the model name JFRAC in the data file specified by the command line FRACTURE
DATAFILE.

- The Weibull modulus capability is currently unimplemented.

For information about the Johnson-Cook Fracture model, consult Reference 8.
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2.3 Equation-of-State Model Specifications

This section describes material models that are applicable only for use in Presto_ITAR. The algo-
rithms that apply when these energy-dependent models are in use are currently in a state of flux
as they are being upgraded to the state-of-the-art. This transformation has currently been applied
only to the midpoint-increment uniform-gradient hexahedron element. When using this element
with EOS models, the new algorithms are chosen by default.
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2.3.1 Mie-Gruneisen Model

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name

#

thermal strain option

THERMAL STRAIN FUNCTION = <string>thermal_strain_function

#

or all three of the following

THERMAL STRAIN X FUNCTION =

<string>thermal_strain_x_function

THERMAL STRAIN Y FUNCTION =

<string>thermal_strain_y_ function

THERMAL STRAIN Z FUNCTION =

#

<string>thermal_strain_z_ function

BEGIN PARAMETERS FOR MODEL MIE_GRUNEISEN

RHO_0 = <real>density

C_0 = <real>sound_speed
SHUG = <real>const_shock_velocity
GAMMA_0O = <real>ambient_gruneisen_param

POISSR = <real>poissons_ratio
Y 0 = <real>yield_strength
PMIN = <real>mean_stress (REAL_ MAX)

END [PARAMETERS FOR MODEL MIE_GRUNEISEN]

END

The Mie-Gruneisen material model describes the nonlinear pressure-volume (or equivalently
pressure-density) response of solids or fluids in terms of a reference pressure-volume curve and
deviations from the reference curve in energy space. The reference curve is taken to be the experi-
mentally determined principal Hugoniot, which is the locus of end states that can be reached by a

[PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

shock transition from the ambient state. For details about this model, see Reference 3.

For Mie-Gruneisen energy-dependent materials, the Mie-Gruneisen command block begins with

the input line:

BEGIN PARAMETERS FOR MODEL MIE_GRUNEISEN

and is terminated with an input line of the following form:

END

[PARAMETERS FOR MODEL MIE_GRUNEISEN]

In the above command blocks:

- The thermal strain optionisused to define thermal strains. See the Adagio and Presto

User’s Guides for further information on defining and activating thermal strains.

- The ambient density, po, is defined with the RHO_0 command line. The ambient density is

the density at which the mean pressure is zero, not necessarily the initial density.
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- The ambient bulk sound speed, c, is defined by the C_0 command line. The ambient bulk
sound speed is also the first constant in the shock-velocity-versus-particle-velocity relation
D = ¢y + Su, where u is the particle velocity. (See the following description of the SHUG
command line for the definition of S.)

- The second constant in the shock-velocity-versus-particle-velocity equation, S, is defined by
the sHUG command line. The shock-velocity-versus-particle-velocity relation is D = ¢+ Su,
where u is the particle velocity. (See the previous description of the C_0 command line for
the definition of c¢.)

- The ambient Gruneisen parameter, [y, is defined by the GaMMA_ 0 command line.

- Poisson’s ratio, v, is defined by the POISSR command line. Poisson’s ratio is assumed
constant.

- The yield strength, yo, is defined by the Y_0 command line. The yield strength is zero for
the hydrodynamic case.

- The fracture stress is defined by the PMIN command line. The fracture stress is a mean stress
or pressure, so it must be negative or zero. This is an optional parameter; if not specified, the
parameter defaults to REAL_MAX (no fracture).

For information about the Mie-Gruneisen model, consult Reference 3.
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2.3.2 Mie-Gruneisen Power-Series Model

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name

# thermal strain option

THERMAL STRAIN FUNCTION = <string>thermal_strain_function

# or all three of the following

THERMAL STRAIN X FUNCTION =
<string>thermal_strain_x_function

THERMAL STRAIN Y FUNCTION =
<string>thermal_strain_y_function

THERMAL STRAIN Z FUNCTION =
<string>thermal_strain_z_function

#

BEGIN PARAMETERS FOR MODEL MIE_GRUNEISEN_POWER_SERTIES
RHO_0 = <real>density

C_0 = <real>sound_speed

K1l = <real>power_series_coeffl

K2 = <real>power_series_coeff2

K3 = <real>power_series_coeff3

K4 = <real>power_series_coeff4

K5 = <real>power_series_coeffb

GAMMA_ (0 = <real>»ambient_gruneisen_param

POISSR = <real>poissons_ratio
Y_ 0 = <real>yield strength
PMIN = <real>mean_stress (REAL_MAX)
END [PARAMETERS FOR MODEL MIE_GRUNEISEN_POWER_SERIES]
END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

The Mie-Gruneisen power-series model describes the nonlinear pressure-volume (or equivalently
pressure-density) response of solids or fluids in terms of a reference pressure-volume curve and
deviations from the reference curve in energy space. The reference curve is taken to be the exper-
imentally determined principal Hugoniot, which is the locus of end states that can be reached by
a shock transition from the ambient state. The Mie-Gruneisen power-series model is very similar
to the Mie-Gruneisen model, except that the Mie-Gruneisen model bases the Hugoniot pressure-
volume response on the assumption of a linear shock-velocity-versus-particle-velocity relation,
while the Mie-Gruneisen power-series model uses a power-series expression. For details about
this model, see Reference 3.

For Mie-Gruneisen power-series energy-dependent materials, the Mie-Gruneisen power-series
command block begins with the input line:

BEGIN PARAMETERS FOR MODEL MIE_GRUNEISEN_POWER_SERIES

and is terminated an input line of the following form:

END [PARAMETERS FOR MODEL MIE_GRUNEISEN_POWER_SERIES]

63



In the above command blocks:
- The thermal strain optionisused to define thermal strains. See the Adagio and Presto
User’s Guides for further information on defining and activating thermal strains.

- The ambient density, po, is defined with the RHO_0 command line. The ambient density is
the density at which the mean pressure is zero, not necessarily the initial density.

- The ambient bulk sound speed, cy, is defined by the c_0 command line.

- The power-series coefficients &y, ky, k3, k4, and ks are defined by the command lines K1, K2,
K3, K4, and K5, respectively. Only the nonzero power-series coefficients need be input, since
coefficients not specified will default to zero.

- The ambient gruneisen parameter, Iy, is defined by the GAMMA_0 command line.

- Poisson’s ratio, v, is defined by the POISSR command line. Poisson’s ratio is assumed
constant.

- The yield strength, yg, is defined by the Y_0 command line. The yield strength is zero for
the hydrodynamic case.

- The fracture stress is defined by the PMIN command line. The fracture stress is a mean stress
or pressure, so it must be negative or zero. This is an optional parameter; if not specified, the
parameter defaults to REAL_MAX (no fracture).

For information about the Mie-Gruneisen power-series model, consult Reference 3.
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2.3.3 JWL (Jones-Wilkins-Lee) Model

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name

# thermal strain option

THERMAL STRAIN FUNCTION = <string>thermal_strain_function

# or all three of the following

THERMAL STRAIN X FUNCTION =
<string>thermal_strain_x_function

THERMAL STRAIN Y FUNCTION =
<string>thermal_strain_y_ function

THERMAL STRAIN Z FUNCTION =
<string>thermal_strain_z_ function

#

BEGIN PARAMETERS FOR MODEL JWL
RHO_0 = <real>initial_density

D = <real>detonation_velocity
E_0 = <real>init_chem_energy

A = <real>jwl_const_pressurel

B = <real>]jwl_const_pressure?2
R1 = <real>jwl_const_nondiml

R2 = <real>jwl_const_nondim?2
OMEGA = <real>jwl_const_nondim3
XDET = <real>x_detonation_point
YDET = <real>y_detonation_point
ZDET = <real>z_detonation_point
TDET = <real>time_of_ detonation
B5 = <real>burn_width_const (2.5)

END [PARAMETERS FOR MODEL JWL]
END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

The JWL model describes the pressure-volume-energy response of the gaseous detonation products
of HE (High Explosive). For details about this model, see Reference 3.

For JWL energy-dependent materials, the JwL command block begins with the input line:
BEGIN PARAMETERS FOR MODEL JWL

and is terminated an input line of the following form:
END [PARAMETERS FOR MODEL JWL]

In the above command blocks:

- The thermal strain optionisused todefine thermal strains. See the Adagio and Presto
User’s Guides for further information on defining and activating thermal strains.

- The initial density of the unburned explosive, py, is given by the RHO_0 command line.
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- The detonation velocity, D, is given by the D command line.

- The initial chemical energy per unit mass in the explosive, Ey, is given by the £_0 command
line. Most compilations of JWL parameters give Ey in units of energy per unit volume,
rather than energy per unit mass. Thus, the tabulated value must be divided by pg, the initial
density of the unburned explosive.

- The JWL constants with units of pressure, A and B, are given by the A and B command lines,
respectively.

- The dimensionless JWL constants, Ry, R, and @, are given by the R1, R2, and OMEGA
command lines, respectively.

- The x-coordinate of the detonation point, xp, is given by the XDET command line.
- The y-coordinate of the detonation point, yp, is given by the YDET command line.
- The z-coordinate of the detonation point, zp, is given by the zZDET command line.
- The time of detonation, #p, is given by the TDET command line.

- The burn-width constant, Bs, is given by the B5 command line. The burn-width constant has
a default value of 2.5.

For information about the JWL model, consult Reference 3.
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2.3.4 Ideal Gas Model

BEGIN PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name

# thermal strain option

THERMAL STRAIN FUNCTION = <string>thermal_strain_function

# or all three of the following

THERMAL STRAIN X FUNCTION =
<string>thermal_strain_x_function

THERMAL STRAIN Y FUNCTION =
<string>thermal_strain_y_ function

THERMAL STRAIN Z FUNCTION =
<string>thermal_strain_z_ function

#

BEGIN PARAMETERS FOR MODEL IDEAL_GAS
RHO_0 = <real>initial_density
C_0 = <real>initial_sound_speed
GAMMA = <real>ratio_specific_heats

END [PARAMETERS FOR MODEL IDEAL_GAS]

END [PROPERTY SPECIFICATION FOR MATERIAL <string>mat_name]

The ideal gas model provides a material description based on the ideal gas law. For details about
this model, see Reference 3.

For ideal gas materials, the ideal gas command block begins with the input line:

BEGIN PARAMETERS FOR MODEL IDEAL_GAS

and is terminated with an input line of the following form:

END [PARAMETERS FOR MODEL IDEAL_GAS]

In the above command blocks:

The thermal strain optionisused todefine thermal strains. See the Adagio and Presto
User’s Guides for further information on defining and activating thermal strains.

The initial density, Py, is given by the RHO_0 command line.
The initial sound speed, cy, is given by the C_0 command line.

The ratio of specific heats, 7, is given by the GAMMA command line.

For information about the ideal gas model, consult Reference 3.
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2.4 Energy Deposition

BEGIN PRESCRIBED ENERGY DEPOSITION
#
# block set commands
BLOCK = <string_list>block_names
INCLUDE ALL BLOCKS
REMOVE BLOCK

#
# function commands

T FUNCTION = <string>t_func_name
X FUNCTION = <string>x_func_name
Y
Z
#
#

FUNCTION <string>y_func_name
FUNCTION <string>z_func_name

input mesh command
READ VARIABLE = <string>mesh_var_name
#
# user subroutine commands
ELEMENT BLOCK SUBROUTINE = <string>subroutine_name
# other user subroutine command lines
SUBROUTINE DERBUGGING OFF | SUBROUTINE DEBUGGING ON
SUBROUTINE REAL PARAMETER: <string>param_name
= <real>param_value
SUBROUTINE INTEGER PARAMETER: <string>param_name
= <integer>param_value
SUBROUTINE STRING PARAMETER: <string>param_name
= <string>param_value
END [PRESCRIBED ENERGY DEPOSITION]

The PRESCRIBED ENERGY DEPOSITION command block applies a set quantity of energy to
energy-dependent material models for a given set of element blocks. Energy deposition repre-
sents a particular type of boundary condition, and thus this command block follows the gen-
eral specification of command blocks used to specify boundary conditions. See the Adagio and
Presto User’s Guides for more information on general boundary condition specification. The
PRESCRIBED ENERGY DEPOSITION command block must appear in the region scope.

There are three options for defining the energy deposition for a set of elements: with standard
SIERRA functions, with a mesh variable in the input mesh file, and by a user subroutine. If the
energy deposition is a reasonably simple description and can be defined using the standard SIERRA
functions, the function option is recommended. If the energy deposition requires a more complex
description, it is necessary to use either the input mesh option or the user subroutine option. Only
one of the three options can be specified in the command block.

The PRESCRIBED ENERGY DEPOSITION command block contains four groups of commands:
block set, function, input mesh, and user subroutine. Each of these command groups, with the
exception of the T FUNCTION command line, is basically independent of the others. Following
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are descriptions of the different command groups.

2.4.1 Block Set Commands

The block set commands portion of the PRESCRIBED ENERGY DEPOSITION command
block defines a set of element blocks associated with the prescribed energy deposition and can
include some combination of the following command lines:

BLOCK = <string_ list>block_names
INCLUDE ALL BLOCKS
REMOVE BLOCK

These command lines, taken collectively, constitute a set of Boolean operators for constructing a
set of blocks. See the Adagio and Presto User’s Guides for more information about the use of these
command lines for creating a set of blocks used in the command block. Either the BLOCK command
line or the INCLUDE ALL BLOCKS command line must be present in the command block.

2.4.2 Function Commands

If the function option is used, all four function-type command lines, each referencing a user-defined
function, must be included in the command block.

Following are the command lines related to the function option:

T FUNCTION = <string>t_func_name
X FUNCTION = <string>x_func_name
Y FUNCTION = <string>y_func_name
Z FUNCTION = <string>z_func_name

Each of the above command lines references a function name (defined in the SIERRA scope in a
DEFINITION FOR FUNCTION command block). All the functions referenced in these four com-
mand lines must appear in the SIERRA scope.

The T FUNCTION command line gives the name of the user-defined 7" function. The 7" function
describes how the applied input energy dose is integrated over time t. The 7" function should be
0 at the start time and 1 at the time at which all energy is deposited. The T function must be
monotonically increasing over the time it is defined. The 7" function describes the total percentage
of energy that is deposited at a given time.

The X FUNCTION, Y FUNCTION, and z FUNCTION command lines define three functions, which
we will denote as X, Y, and Z, respectively. The X, Y, and Z functions describe the total amount of
energy to be deposited in an element as a function of position. Suppose we have element A with
centroid (Ay, Ay, and Ay). The total energy that will have been deposited in element A at time ¢ is
given by:
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Ex=X(A)Y (A)Z(A)T (1), (2.21)

where E4 is the total energy deposited.

2.4.3 Input Mesh Command

If the input mesh option is used, the quantity of energy deposited for each element will be read
from an element variable defined in the mesh file.

Following is the command line related to the input mesh option:

READ VARIABLE = <string>mesh_var_name

The string mesh_var_name must match the name of an element variable in the mesh file that
defines the energy deposition. Suppose that the total energy to be deposited for element A is V(A).
The quantity of energy deposited at time 7 is then given by:

Ex = v(A)T(1). (2.22)

The T function in Equation (2.22) is the same as that described in Section 2.4.2.

2.4.4 User Subroutine Commands

The user subroutine option allows for a very general description of the energy deposition, but this
option requires that you write a user subroutine to implement this capability. The subroutine will
be called by Presto at the appropriate time to generate the energy deposition.

Energy deposition uses an element subroutine signature. The subroutine returns one value per
element for all the elements selected by use of the block set commands. The returned value is
the current energy flux at an element at a given time. The output flags array is ignored. The total
energy deposited in an element is found by a time integration of the returned subroutine fluxes.
See the Adagio and Presto User’s Guides for more information about user subroutines.

Following are the command lines related to the user subroutine option:

ELEMENT BLOCK SUBROUTINE = <string>subroutine_name
SUBROUTINE DEBUGGING OFF | SUBROUTINE DEBUGGING ON
SUBROUTINE REAL PARAMETER: <string>param_name

= <real>param_value
SUBROUTINE INTEGER PARAMETER: <string>param_name

= <integer>param_value
SUBROUTINE STRING PARAMETER: <string>param_name

= <string>param_value
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The user subroutine option is invoked by using the ELEMENT BLOCK SUBROUTINE command
line. The string subroutine_name is the name of a FORTRAN subroutine written by the
user. The other command lines listed here (SUBROUTINE DEBUGGING OFF, SUBROUTINE
DEBUGGING ON, SUBROUTINE REAL PARAMETER, SUBROUTINE INTEGER PARAMETER, and
SUBROUTINE STRING PARAMETER) are described in the Adagio and Presto User’s Guides.
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Chapter 3

Elements

This chapter describes additional information in the elements that are relevant to the energy-
dependent material models described in this document. General information about the elements
used in the SIERRA Solid Mechanics codes can be found in the Adagio and Presto User’s Guides.

3.1 Finite Element Model

BEGIN FINITE ELEMENT MODEL <string>mesh_descriptor

BEGIN PARAMETERS FOR BLOCK [<string list>block_names]

END [PARAMETERS FOR BLOCK <string list>block_names]
END [FINITE ELEMENT MODEL <string>mesh_descriptor]

Not all of the elements in the SIERRA Solid Mechanics codes support energy-dependent material
models. The status of the current element library with respect to these materials is as follows:

- Eight-node, uniform-gradient hexahedron: Only the midpoint-increment formulation [1]
supports equation of state (EOS) models. This element is the most heavily tested with EOS
models, and is the one currently recommended for use in this regime. This element is the
only one that currently supports the use of CTH material models.

- Eight-node, selective-deviatoric hexahedron: this element cannot be used with the EOS mod-
els.

- Four-node tetrahedron: The regular element-based formulation and the node-based formu-
lation for the four-node tetrahedron both support EOS models (but not the CTH models).
However, both of these element formulations have problems with EOS models. The regular
4-node tetrahedral element is subject to volumetric and shear locking, which can lead to er-
roneous results. Recent investigations using the node-based tetrahedral element have shown
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problems with the computation of pressure, which is vital to the EOS computations. Thus
it is recommended to avoid using either of these elements with EOS materials. Remeshing
with the node-based tetrahedral further disturbs the quality of the solution, so much so that
remeshing has been de-activated for EOS materials.

- Eight-node and ten-node tetrahedron: These elements support limited use of the EOS mate-
rial models at this time (but not the CTH models).

- Smoothed particle hydrodynamics (SPH) elements: These are one-dimensional elements.
These elements can be used with EOS models (but not the CTH models). These elements
are subject to numerical (non physics-based) failure in tension for all materials, so should be
used with caution. Some analyses using SPH for explosives have shown marked deviation
from expected behavior, so close comparisons should be made to other approaches, such as
using uniform-gradient hexahedral elements.

- None of the structural elements (membranes, shells, beams, trusses, or dampers) currently
operate with EOS materials.

3.1.1 Descriptors of Element Blocks

BEGIN PARAMETERS FOR BLOCK [<string list>block_names]
LINEAR BULK VISCOSITY =
<real>linear_bulk_viscosity_value (0.06)
QUADRATIC BULK VISCOSITY =
<real>quad_bulk_viscosity_value (1.20)
MAX ENERGY ITERATIONS = <integer>max_energy_iterations (1)
ENERGY ITERATION TOLERANCE = <real>energy_iteration_tolerance(l.0e-5)
END [PARAMETERS FOR BLOCK <string list>block_names]

The finite element model consists of one or more element blocks. Associated with an element
block or group of element blocks will be a PARAMETERS FOR BLOCK command block, which is
also referred to in this document as an element-block command block. The basic information about
the element blocks (number of elements, topology, connectivity, etc.) is contained in a mesh file.
Specific attributes for an element block must be specified in the input file. The general commands
for this block are described in the Adagio and Presto User’s Guides, but several commands are of
particular use when employing EOS models.

3.1.1.1 Linear and Quadratic Bulk Viscosity

LINEAR BULK VISCOSITY =
<real>linear_bulk_viscosity_value (0.06)

QUADRATIC BULK VISCOSITY =
<real>quad_bulk_viscosity_value (1.20)
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The linear and quadratic bulk viscosity are set with these two command lines. These terms assist
with the handling of strong discontinuities in stress, such as those found in a shock front. Set-
ting these parameters to a level that is too low will cause the simulation to exhibit excess noise
(“ringing”) in the simulation. Setting these too large, however, can cause excessive smearing of
the discontinuity.

For more information, consult the documentation for the elements [2] for a description of the bulk
viscosity parameters.

3.1.1.2 Energy Iterations

MAX ENERGY ITERATIONS =
<integer>max_energy_iterations (1)

ENERGY ITERATION TOLERANCE =
<real>energy_iteration_tolerance (1.0e-5)

When using an energy-dependent material model, the internal energy is updated using a second-
order, implicit equation that includes terms for pressure-volume, entropic, and deposited work.
The pressure-volume work is broken into hydrodynamic and deviatoric parts. Historically,
Presto_ITAR has solved this equation under the assumption of a Mie-Griineisen material, where
the pressure is linearly dependent upon the internal energy, see Reference 3. Sections 2.3 and 2.1
contain examples of materials which use this assumption. In these models, the energy equation is
solved explicitly inside of the material model itself. However, the recent addition of more general
material models (see Section 2.2) resulted in the need to remove this dependency. Also, for gen-
eral portability of material models, the energy update was extracted from the material models and
placed into the element for these general models.

Due to the implicit nature of the energy equation used by Presto_ITAR, an iteration is required to
make the new state self-consistent. The MAX ENERGY ITERATIONS setting controls the maximum
number of iterations performed in the self-consistent loop. When using a legacy material model,
or a model from Section 2.2 that is purely hydrodynamic, the default value of 1 is sufficient. For
the former models, this recovers the legacy behavior. In the case of the latter models, an isentropic
predictor method is used that allows for an explicit solution of the implicit energy equation. For
more general models from Section 2.2, one should set MAX ENERGY ITERATIONS to a value of
at least 2. This provides for a minimal amount of convergence in the energy equation.

The convergence criteria for exiting the self-consistent loop which calculates the implicit energy
update may be set via the command ENERGY ITERATION TOLERANCE. For planar shock prob-
lems, the default value is typically reached after two or three iterations. Convergence to full double
precision tolerance typically takes up to six or seven iterations. A warning message will be printed
if the self consistent loop fails to converge to the desired tolerance within the maximum allowed
number of iterations.
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3.2 Element Sections

Element sections are defined by section command blocks. There are currently nine different types
of section command blocks. The section command blocks appear in the SIERRA scope, at the same
level as the FINITE ELEMENT MODEL command block. No special parameters in the sections are
required for the use of EOS models. However, there are some inputs in the SPH section that can
be useful for explosives computations. The relevant section from the standard user’s guides is
duplicated here, with a few additional comments.

3.2.1 SPH Section

BEGIN SPH SECTION <string>sph_section_name
DENSITY FORMULATION = <string>MATERIAL|KERNEL (MATERIAL)
END [SPH SECTION <string>sph_section_name]

SPH (smoothed particle hydrodynamics) is useful for modeling fluids or for modeling materials
that undergo extremely large distortions. One must be careful when using SPH for modeling. SPH
tends to exhibit both accuracy and stability problems, particularly in tension. An SPH particle in-
teracts with other nearest-neighbor SPH particles based on radius properties of all the elements in-
volved; SPH particles react with other elements, such as tetrahedra, hexahedra, and shells, through
contact. You should consult Reference 4 regarding the theoretical background for SPH. The full
set of commands for the SPH section are listed in the SIERRA Solid Mechanics user’s guides.

The DENSITY FORMULATION command can be used to define the way in which the particle radii
are updated. For the default option MATERIAL the material densities and nodal masses are used
to compute a volume associated with a particle at a given time. The radius is then updated to be
the cube root of that volume. The alternative option KERNEL computes the particle densities based
off of the SPH particles masses and the SPH kernel density function. The KERNEL option may be
necessary if large expansion of particles is expected (for example, modeling large density changes
in gases). The MATERIAL option is generally changes particle densities and thus radii less than
the KERNEL option so is appropriate for analysis that do not have large density fluctuations. The
KERNEL option is often necessary for EOS models for explosives (such as JWL) or for shocks in
gaseous materials.
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3.3 Remeshing

BEGIN REMESH
#

# Inputs to control remeshing

#
END [REMESH]

The REMESH command block, which is used within the region scope, sets parameters for remeshing
a portion of the mesh. Remeshing involves removing badly shaped elements and inserting new
elements of better quality that occupy the same volume. Depending on the degree to which the
original elements are deformed, the new elements may occupy slightly more or slightly less volume
than the original mesh. If regions of the mesh cannot be meshed with well-shaped elements having
reasonable time steps, they may be removed entirely, potentially changing the topology. Examples
of such regions include exterior slivers or very thin parts.

Due to problems with EOS materials and node-based tetrahedrons, remeshing has been deactivated
for EOS materials.
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Chapter 4

Boundary Conditions

This chapter documents a specialized boundary condition that is available only in the ITAR ver-
sions of the codes. Refer to the Adagio and Presto User’s Guides for documentation of other
boundary conditions.

4.1 Blast Pressure

BEGIN BLAST PRESSURE
SURFACE = <string list>surface_ids
REMOVE SURFACE = <string list>surface_ids
BURST TYPE = <string>SURFACE|AIR
TNT MASS IN LBS = <real>tnt_mass_1lbs
BLAST TIME = <real>blast_time
BLAST LOCATION = <real>loc_x <real>loc_y <real>loc_z
ATMOSPHERIC PRESSURE IN PSI = <real>atmospheric_press
AMBTIENT TEMPERATURE IN FAHRENHEIT = <real>temperature
FEET PER MODEL UNITS = <real>feet
MILLISECONDS PER MODEL UNITS = <real>milliseconds
PSI PER MODEL UNITS = <real>psi
PRESSURE SCALE FACTOR = <real>pressure_scale(1.0)
IMPULSE SCALE FACTOR = <real>impulse_scale(1.0)
POSITIVE DURATION SCALE FACTOR = <real>duration_scale(1.0)
ACTIVE PERIODS = <string list>period_names
INACTIVE PERIODS = <string list>period_names

END [BLAST PRESSURE]

The BLAST PRESSURE command block is used to apply a pressure load resulting from a con-
ventional explosive blast. This boundary condition is based on Reference 1 and Reference 2, and
Sachs scaling is implemented to match the ConWep code (Reference 3). Angle of incidence is
accounted for by transitioning from reflected pressure to incident pressure according to:

Protal = Pref % €080 + Pipe % (1 — cos@) 4.1)
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where 0 is the angle between the face normal vector and the direction to the blast from the face,
P, orar 18 the total pressure, Py, is the reflected portion of the pressure, and P, is the incident portion
of the pressure. P, s and P, are based on Friedlander’s equation, as described in Reference 2.

If 6 is greater than 90 degrees (i.e. the face is pointing away from the blast), only P, is applied to
the face. In this case, the face variable cosa, which contains cos@, is set to zero.

This boundary condition is applied to the surfaces in the finite element model specified by the
SURFACE command line. (Any surface specified on the SURFACE command line can be removed
from the list of surfaces by using a REMOVE SURFACE command line.)

Warning: Multiple BLAST PRESSURE command blocks may be used in an analy-
sis to apply blast loads at different locations. However, only one should be applied
to a given element face. Each instance of this boundary condition should be applied

A to a different set of surfaces, and those surfaces should not overlap surfaces used by
other instances of this boundary condition. This is because face variables are used
to store information used by this boundary condition, and those variables would be
over-written by another instance of the boundary condition.

Table 4.1 lists the face variables used by the BLAST PRESSURE boundary condition. These can
be requested for output in the standard manner, and can be useful for verifying that this boundary
condition is correctly applied.

The type of burst load is specified with the BURST TYPE command, which can be SURFACE or
AIR. The SURFACE option is used to define a hemispherical burst, while the ATR option is used for
a spherical burst.

The equivalent TNT mass (in pounds) is defined with the TNT MASS IN LBS command. The time
of the explosion is defined using the BLAST TIME command. This can be negative, and can be
used to start the analysis at the time when the blast reaches the structure, saving computational
time. The location of the blast is defined with the BLAST LOCATION command.

The current ambient pressure and temperature are defined using the ATMOSPHERIC PRESSURE
IN PSI and AMBIENT TEMPERATURE IN FAHRENHEIT commands, respectively. As implied
by the command names, these must be supplied in units of pounds per square inch and degrees
Fahrenheit.

Because of the empirical nature of this method for computing an explosive load, appropriate con-
version factors for the unit system used in the model must be supplied. The commands FEET PER
MODEL UNITS, MILLISECONDS PER MODEL UNITS, and PSI PER MODEL UNITS are used to
specify the magnitude of one foot, one millisecond, and one pound per square inch in the unit
system of the model.

All of the commands listed above are required. Scaling factors can optionally be applied to modify
the peak pressure, the impulse, and the duration of the loading. The PRESSURE SCALE FACTOR
command scales the the peak value of both the reflected and incident portions of the applied pres-
sure. The IMPULSE SCALE FACTOR command scales the impulse of the reflected and incident
portions of the applied pressure. The POSITIVE DURATION SCALE FACTOR command scales
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the duration of the reflected and incident portions of the applied pressure. Each of these scaling
factors only affects the quantity that it modifies, for example, scaling the pressure does not affect
the impulse or duration.

The ACTIVE PERIODS and INACTIVE PERIODS command lines can optionally be used to acti-
vate or deactivate this boundary condition for certain time periods.

Table 4.1: Face Variables for Blast Pressure Boundary Condition

Variable Name Type Comments

pressure Real Current total pressure. This is the only field
for this boundary condition that varies in
time.

normal Vector_3D | Face normal vector

incident_pressure Real Peak incident pressure

reflected_pressure Real Peak reflected pressure

alpha Real Decay coefficient o

beta Real Decay coefficient 8

cosa Real Cosine of 6

arrival_time Real Time for arrival of blast at face

positive_duration Real Duration of blast at face
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