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Models and Implementations

Definition:
A material model implementationis a
material model that has been algorithmized
and coded in a programming language as a
subroutine (typically) that a code (either a
driver or a parent analysis code like ABAQUS/
Explicit, ABAQUS/Standard, Adagio, ALE3D, or

ParaDyn) can call to update the relevant state
variables. ﬁ

A model implementation depends on the
calling code’s arguments (variables), o)
dimensionality, and kinematics (how are finite
deformations and rotations handled?)
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PBX 9502 Deviatoric Compression at 40 C

e SpEC338 (30 MPa, 0.01 1/5) e SpeC336 (30 MPa, 0.01 1/5) e Spec337 (30 MPa cyclic, 0.01 1/5) e====Spec339 (30 MPa, 0.001 1/s)
e Sp@C345 (30 MP3a, 0.001 1/5) Spec349 (30 MPa cyclic, 0.001 1/s) = Spec340 (15 MPa, 0.01 1/s) ~Spec344 (15 MPa, 0.01 1/s)
e Spec343 (15 MPa cyclic, 0.01 1/s) ==m==Spec346 (15 MPa, 0.001 1/s) Spec348 (15 MPa cyclic, 0.001 1/5) s====Spec341 (Amb., 0.01 1/s)

s Spec342 (Amb., 0.001 1/5)

35

Axial Radial

30 = —
25 L £

1 |

15 = ™

Axial Sress (MPa)

. \\ | B\

/| \ I

-0.17 -0.12 -0.07 -0.02 0.03 0.08

Strain




Relevant Mechanical

Characterization Tests

 Dynamic Mechanical Analysis (DMA) Tests at
different temperatures, strain ranges, and
frequencies:

— Measure magnitude and phase of modulus as a function of
frequency and temperature (and, when asked for, strain
range)

— Usually used to |dent|fy glass transition, crystallinity
changes, and phase changes

— Can be used to fit viscoelastic properties and time-
temperature shift functions if material behaves linearly over
strain'range tested

— Can be used to identify damage and plasticity effects if raw
data is accessible
— Vel limited dataset so far
g hgg Iamos_ VU pum : NYSE,
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Verification and Validation

Definition:
Verification is proving that the coded version of a
model is operating as it is intended.
Requires known solutions and proof that the model
as coded converges to the known solution when called
with the right argument history and smaller increments
are taken.
Should be done with all element types expected to
be used and with a large number of elements to make
sure that memory management is proper.

A metric is some measure of the error between the
known solution and the code solution.

“Solving the equations correctly”
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Verification and Validation

Definition:
Validation is proving that a model captures the right
physics for a given material and relevant applications.

Requires well-characterized and controlled
experiments (preferably repeats) that have not been
used to tune the model parameters.

A metric is some measure of the difference between

the model predictions and the range of measured
response. A more sophisticated take on this identifies
model parameter uncertainties and prediction
sensitivities to the parameters.

“Solving the correct equations”
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Verification and Validation

We further specialize this concept to calculation
validation, where the model as implemented in the
analysis code is validated along with the solution
approach of the analysis code.

Point: It is possible to validate a material model on its
own only for cases where the stress or strain is known
and controlled (typically uniform). In order to validate
In cases where there are gradients in these quantities
requires validation of the model implementation.

In all of our applications, gradients exist. For this reason,
it is appropriate to focus our validation efforts on
calculation validation of the material model
implementation.
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Roles and Responsibilities

MODEL DEVELOPER MODEL IMPLEMENTER MODEL USER

Model Developer
Develop model
Document model

Words describing model (basis of model, data from

which a first fit for a material was developed,
parameters, fitting procedure)

Relevant equations
List of state variables and appropriate initial values
Verification problems and solutions

Best estimated range of applicability of the model
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Roles and Responsibilities

MODEL DEVELOPER MODEL IMPLEMENTER MODEL USER

Model Implementer
Implement model
Verify implemented model response
Developer supplied problems + arbitrary rotations

User-specified element types and dimensionalities,
different numbers of elements

Document model implementation
Initial equations and their incremental form
Solution algorithm

Verification problems 'and results, list of elements
used and numbers of elements (input files and
graphical and numerical comparisons to known solutions)

User guide (parameters, known issues, caveats)
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Roles and Responsibilities

MODEL DEVELOPER MODEL IMPLEMENTER MODEL USER

Model User
Provide target code to implementer
Provide list of element types and dimensionalities to implementer

Provide information about neighboring materials and element

types, contact types, and other relevant analysis information to
implementer so that these can be tested with implementation

Provide information about target application to developer and
implementer (anticipated strain rates, strain ranges, temperatures,
pressures if known)

Define appropriate validation problems not already performed but
necessary as part of analysis process

Perform calculations of validation problems and compare to
experimental data
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Issues

* There are a wide variety of issues that need
to be addressed in the model development

Extreme differences in material properties

Anistropic phase properties

Complex rate and temperature dependent constituent behaviors
Damage (cracking) in constituents

Debonding at the interfaces and associated frictional sliding
Computational issues (numerical schemes/implementation)
Stochastic microstructures (arrangements, sizes, orientations, etc)
Coupled (thermo-mechanical-diffusional) field effects

Aging effects

Phase transformations
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Issues

Nonshock initiation
— Thermal localization

— Chemical kinetics

— Uncertainty quantification
* Model parameters

— Experimental data
« Suitability of the experimental data for characterization
« Tomography and the translation into model input

« Non-uniqueness of unidirectional testing

— Unified multiscale modeling capable of coupling different modeling
approaches effectively

« Micro-modeling of phases
« DNS

« Various homogenization models
- &pplicable to a variety of different types of HEs
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Differences in the Approaches

* Micromechanically based models
— Directly account for microphysics
— More computationally demanding
« Continuum level models
— Don't directly account for microphysics

— Computationally very efficient. More easily implemented into
large analysis codes

» |deal : Use micromechanical models in large analyses when
possible and/or use micromechanical modeling to develop more
accurate and predictive continuum level models
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Thermomechanical Tests with Best
“Bang for the Buck”

« Uniaxial compression and tension with enough instrumentation to
get lateral response, too

— Relevant rates and temperatures
— Cyclic for highest information content
« Triaxial compression at relevant pressures
— Relevant rates and temperatures (can we go faster and colder?)
— Cyclic for highest information content
« DMA for viscoelasticity properties
— Relevant temperatures, determine if TTS can expand time scale of

response
« Uniaxial Creep
« Others?

« What are the most useful ways to measure strain?
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Minisymposium

11" U.S. National Congress on Computational Mechanics
Minisymposium Proposal Submission
Title Mechanical Constitutive Modeling of Energetic Materials

Description :
Developing realistic mechanical constitutive models for practical energetic materials (solid propellants and explosives) is
a significant challenge. These materials typically are particulate composites. They also include large volume fractions
(usually greater than 80%) of particulate phases. These materials usually exhibit a very small (or possibly nonexistent)
range of linear mechanical response. These materials may contain more than one particulate phase. These phases
often have high contrast in their mechanical properties over relevant ranges of pressure, strain rate, and temperature.
This minisymposium will be focused on these materials and computational and theoretical methods for developing
mechanical constitutive models for them. Papers that incorporate mechanisms characterized experimentally either on a
composite system or a particular constituent are of particular interest. Modeling approaches that address the multiple
length scales seen in energetic materials are also desired.

Targeted themes

. Composites Modeling
Energetic Materials

Mechanical Constitutive Theories

Integration with Characterization Testing

Muiltiple Length Scales
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Use all available appropriate data (visiting with Bruce Cunningham
and lan Darnell on 9502 creep and ratchet growth data next week)

NNSA (and possible DoD) Workshop on appropriate characterization
tests for Energetic Materials model development (Winter/Spring
2010)

Re-baseline 9502 uniaxial response (similar to recent work) BUT

“include lateral strain measurement and/or densitometry and
unloading response
* Develop intermediate rate (0.1-100/sec) capability

Develop better triaxial testing capability

* Not a high pressure driver, but low temperature and better
measurement technology capability is needed
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