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ELASTODICT: EFFECTIVE ELASTIC PROPERTIES AND
LARGE DEFORMATION SIMULATIONS

The ElastoDict module helps in the development of new materials by providing better
understanding of their properties. The key to optimizing your materials are accurate
simulations on the 3D micro-structure. ElastoDict is mainly suited for structural
materials, these might be e.g., composite materials, ceramics, metals or foams.

As an example, composite materials play a crucial role for light weight applications,
but the analysis of their behavior is challenging due to the highly anisotropic behavior
and the complex damage mechanisms they exhibit. The expensive, time consuming
and often impracticable experimental tests for the study of composites can be
supplemented or replaced by simulation.

Using simulation to find answers to mechanical properties and deformation questions
is key in many application areas, where the target variables do not necessarily need
to be mechanical properties of the materials. For example, the ElastoDict module can
be used to simulate how the clamping pressure changes the structure of a gas
diffusion layer (GDL) in a PEM fuel cell, or how the properties of rock samples change
under in-situ conditions.

All these ElastoDict simulations run at high-speed and are extremely memory-efficient
thanks to the integrated FeelMath solver developed at the Fraunhofer ITWM.

ElastoDict contains three sub-modules:

B FeelMath-AF
AF computes analytic approximations and bounds for the linear elastic properties
of complex micro-structures. The computation is very fast, as no partial differential
equation is solved, and gives a first approximation of the material behavior.

B FeelMath-VOX

VOX accurately computes the linear elastic properties of complex micro-structures
by solving the corresponding partial differential equation on the 3D image or
model. The results include the local strains and stresses (revealing possible points
of material failure), the complete stiffness tensor, and the information on the
orthotropic, transversal isotropic or isotropic character of the material, indicative
of directionally dependent properties. Additionally, many post-processing steps
can be carried out on the VOX results.

B FeelMath-LD

LD simulates nonlinear large deformations. For example, a standard tensile
experiment in an arbitrary direction of the 3D micro-structure can be set up. The
models of the constituent materials might contain damage, failure, plastic
deformation, viscous effects, and many more. For linear elastic materials, new
material contacts in the structure can be detected during the simulation. To model
the constituent materials, Abaqus UMAT’s can be used to include all kinds of
possible effects in the nonlinear simulation. Results of the simulation are e.g., a
strain-stress curve and local information on the regions where damage sets in and
the material ends up failing
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ElastoDict workflow

ELASTODICT WORKFLOW

The computation of mechanical properties in ElastoDict usually follows these steps:

1. Import 3D image data in the form of a stack of (u)CT scan or FIB-SEM images of
an existing material or generate a new structure model in GeoDict.

2. Start ElastoDict and
B choose the adequate solver,
B set material parameters using the GeoDict material database,
B run the mechanical properties computations
B analyze the results

Solid and porous structures can be used as input for computations with ElastoDict.
The mechanical properties of all constituent materials must be given. Including the
pore/matrix material, GeoDict handles structures with up to 16 different constituent
materials.

As useful convention, for solid materials, the background (Material ID 0) contributes
to the computation and is referred to as matrix material. For porous media,
Material ID O is used for the pore space (void space).

SOLID MATERIALS

In the solid material case, all constituent materials have non-zero physical material
parameters (e.g., Poisson’s ratio and Young’s modulus for linear elastic materials; see
the Constituent Materials tab in page 9). In structures consisting of multiple solid
materials, like e.g., composite materials, ElastoDict applies perfect contact at the
interfaces between different materials.

Many different material models (Plasticity, viscoelasticity, damage, ...) are available
in GeoDict and you can implement your own Abaqus UMATS.

POROUS MATERIALS

Porous materials in GeoDict are materials where at least one constituent material is
selected as Pore (Fluid) material, this means its Youngs’s Modulus and Poisson’s ratio
are both set to zero. No stresses can occur in the pore space.

It is a requirement of all ElastoDict simulations that the solid materials (or more
precisely the materials with E>0) are connected. Free-floating objects cannot be
handled in a compression or tensile experiment - the movement of those objects
would be arbitrary. If no continuous load path exists through the structure, an error
message below is shown, and the simulation cannot be started.

[ ElastoDict:SalveFeelMathL D

Mo (periodic) through path for materials with E>0 exists.

e Error while executing command "ElastoDict:SolveFeelMathLD":
To compute a deformed geometry you can apply a soft matrix material.

((Click in dialog stops countdown. )

oK
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Effective elastic properties and large deformation simulations with ElastoDict

For materials in the pore space, a pore pressure can be set which leads to stresses in
the surrounding solid materials. This pore pressure is applied in the first step of the
simulation.

Some structures whose mechanical properties can be calculated with ElastoDict are:

Isotropic fibrous microstructure model Nickel Foam microstructure model
generated using FiberGeo generated using FoamGeo

Berea Sandstone Glass fiber reinforced polymer model
modeled from imported 3D data generated using FiberGeo
using ImportGeo
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ElastoDict workflow

STARTING ELASTODICT

Start ElastoDict by selecting Predict —» ElastoDict in the menu bar.

m - GeoDict 2022 Standard Edition = O X
File Import Model Analyze PUGsled Export View Settings Macro GeoApp Help

= DiffuDict fal| gl G o
—| 0, Ly E‘a _ LI VIR IR A ¢
- ConductoDict
Status and Modules FlowDict «
-
ElastoDict g
-l W FitterDict E
= 260, AddDict 5
L & SatuDict «
» = . PSR/Documents/MyFir AcoustaDict g
+ @ Structure (—) BatteryDict ;
-
» @ GAD Objects () .. : &
. The Digital Material Laboratory =
T, Open Result Files () =
Volurme Fields () «
Standard Edition 5
© 2012 - 2021 Math2Market GmbH %
© 2001 - 2012 Fraunhofer ITWM =
: All rights reserved 5
stoDict info@math2market.de ff,
www.geodict.com =
Defosggtions (FeelMath-LD) - o
=
Solver OpMRas Edit . ftw.arc Development: . . ) a
Continue ElastoDict irgen Becker, Dr. nglan Biebl, Marc Ju|.|an Boettcher, "
g Cheng PhD, Dr. Erik Glatt, Andreas GrieBer, o
Deformations (FeelMath-LD) M| Deformations (FeelMath-LD) ) Sl e
Flexural Test (FeelMath-LD) and Andreas Wiegmann PhD
Solver Options Edit ... Effective Stiffness (FeelMath-VOX) «
Effective Stiffness (FeelMath-AF) =
Continue interrupted simulation . =)
Help fen Schwichow
Browse
«
=
=
Estimate Memory Recent Project Folders g_'
:] Size last modified Name Size last modified =

Help Record Run
= . DictProject 03 Mowv 2021

2 INTHATITYWTZNE T

B

Console

In the ElastoDict section located on the left side of the GUI, the solvers are selectable
from the pull-down menu:

1. Deformations (FeelMath-LD) for the computation of large deformations.

2. Effective Stiffness (FeelMath-VOX) for the computation of effective
stiffness based on numeric computations.

3. Effective Stiffness (FeelMath-AF) for the computation of effective stiffness
based on analytic formulas.

The settings for Solver Options can be modified through the Edit... button. The
default parameters can be changed to user-defined parameters for the computation
of interest.

For FeelMath-VOX and FeelMath-LD, the Estimate Memory button is present in
the ElastoDict section. When the structure model of interest is shown in the
Visualization area, clicking Estimate Memory calculates the memory needed for the
computations based on the size of the structure and the parameters entered in the
solver options.
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Effective elastic properties and large deformation simulations with ElastoDict

After entering the Solver Options, click the Run button in the ElastoDict section to
start the computations. A progress dialog opens to follow the computations.

When recording a macro, the Record button

ElastoDict .
becomes active and the Run button changes to
Deformations (FeelMath-LD) = Run & Record.
Solver Options Edit ...

Continue interrupted simulation

Browse
_ Clicking Help gives direct access to this
Estimate Memory ElastoDict2022 handbook through our web page
Help Record R\ij (https://www.geodict.com).
Record Run & Record

During the computation, the ElastoDict solver process can be cancelled or stopped by
clicking Cancel or Stop button in the progress dialog. With Cancel, the computation
is terminated, and no further action is taken. With Stop, the computation is
terminated, and the results file is updated to the current state of the computation.
Then, the result file is loaded and shown in the Result Viewer. With the | » |

button, the console is opened which shows additional information about the solver

run.

FeelMath - LD:

Large thermoelastic deformation
Version 2022

& FeelMath  authors:

Dr. Matthias Kabel, PD Dr. Heiko Andra,

=] Dr. Hannes Grimm-Strele
= Fraunholl:ﬂ wwww.itwmn. fraunhofer.de

GeoDict 2022, Rewision 53129,
© 2013-2021 Math2Market GmbH.
All rights reserved.

Executing ElastoDict:SolveFeelMathLD ... Elapsed Time: 00:00:48 - Remaining Time: 00:14:57

~ s

Executing C:/GeoDict_Current/Instaled/GeoDict 2022/GD2022_externa Remaining Time: 00:14:57

Computation Step Remaining Time: 00:00:18

X cancel B stop | » |

Depending on the solver’s internal processes and actual memory usage, terminating
the computation may not be instantaneous.
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Large Deformations (FeelMath-LD)

LARGE DEFORMATIONS (FEELMATH-LD)

Click the Solver Options Edit button to set the
simulations settings for large deformation
simulations. In the FeelMath Large Deformation
Options dialog, choose a Result File Name
(*.gdr) according to your current project.

m FeelMath Large Deformation Options

GeoDicT

Result File Name (*.gdr) FeelMathLDResult.gdr

+| | Material Mechanical Prop.
ID Name Material Law E / (GPa) v G/ (GPa) a/ (1/K)
00 Epoxy (3501-6) (Solid) ... Elastic ~ | 4.24 0.365 - 5.5e-05
01 Glass (Solid) ... Elastic-Fa ~ | 72 022 - 5e-06

@B@J@gg

ElastoDict

Deformations (FeelMath-LD)

Estimate Memory

Help Record

Solver Options Edit ...
Continue interrupted simulation

Browse

N

Run

Constituent Materlals | Macroscopic Load Case ~ Geometry Handling ~ Solver ~ Output  Equations & References

Edit Material Database

Plasticity Model Viscosity Model Damage Model Failure Model

None None None None

None None None

Failure Stress

OK Cancel

If a GeoDict results file (*.gdr) with the given name already exists in the project
folder, a warning message is shown at the start of the creation process. You can either
decide to back up the old file, to overwrite it, or to choose a new file name. If no
action is taken, the default option Back-Up is automatically chosen after a waiting
time. Then, the old results files are copied to the folder 00GeoDictBackUp in the

current project folder.

Additional to the results file with the given name, also a corresponding results folder
with the same name is written into the current GeoDict project folder. The results file
in combination with the results folder contains all information about the current run

and allows to reproduce the simulation.
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Effective elastic properties and large deformation simulations with ElastoDict

RESTARTING A SIMULATION

Large deformation simulations can contain many steps, and therefore it may be
necessary to interrupt a simulation. Such simulations can be restarted with the option
Continue interrupted simulation. Click Browse to select the corresponding result
file and then Run to restart the simulation.

Elasto
For more information about the requirements for

restarting simulations, see page 28. If a simulation Deformations (FeelMath-LD)

cannot be restarted, a corresponding error message Solver Options Edit
is shown. N N
+/| Continue interrupted simulation
Br&wse
Estimate Memory
Help Record Run
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Large Deformations (FeelMath-LD)

CONSTITUENT MATERIALS

For the solver’s computations, the materials in the structure model need to be defined
under the Constituent Materials tab, so that their mechanical parameters, such as
the Young’s modulus (E) and the Poisson’s ratio (v), are taken into account.

For example, to model a porous material, the constituent material of the empty space
can be chosen as pore. To model a composite, it can be chosen to be Epoxy. Simply
click on the material name to open the Material Selector dialog.

The mechanical properties of the structure’s constituent materials are taken directly
from the GeoDict Material Database. To enter the material parameters for a linear
elastic material manually, choose Manual (Solid) as material. If you work with a
different set of material constants, transform them to (E, v) using the formulas given
for example, by the Wikipedia page on Hooke's Law.

ﬂ FeelMath Large Deformation Options O X
GeoDicT
Result File Name (*.gdr) FeelMathLDResult.gdr
Constituent Materials =~ Macroscopic Load Case = Geometry Handling Solver Output ~ Equations & References
Edit Material Database
+| | Material Mechanical Prop.
ID Name Material Law E / (GPa) v G/ (GPa) a/ (1/K) Plasticity Model Viscosit
00| { Air (Fluid) e | Pore ~ /|0 0o - 0 None None
01 Glass (Solid) |Click to choose another constituent material. }22 - 5e-06 None None
[ Material Selector O x
> Material Type Solid MNamea il
) Copper M
Solid Epoxy (3501-6) Cordierite c
- DamageFitTest
- Information DamageTect
o Dolomite M
@R e BE
Feldspar M
Glass (A-Glass Fiber) Fi
Glass (AR-Glass Fiber) Fi
Glass (C-Glass Fiber) Fi
Glass (E-Glass Fiber) Fi
Glass (R-Glass Fiber) Fi
Glass (52-Glass Fiber) Fi
Fi
B
E FeelMath Large Deformation Options -05-305) El
M
M
EODICT ,
Result File Name (*.gdr) FeelMathLDResult.gdr
Constituent Materials Macroscopic Load Case Solver Qutput
oK Cancel
Edit Material Database |4%‘
+ Material Mechanical Prop.
ID Name Material Law E/(GPa) v G/ (GPa) a/(1/K} Pl
oo Epoxy (3501-6) (Sold) ... Elastic v | 4,24 0.365 - 3.0e-3 Mor
: Elastic
01 Glass (Sold) ... Sr—T T 72 0.22 - Se-6 Nar
CORCIARN o ) < oK Cancel
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Effective elastic properties and large deformation simulations with ElastoDict

Any values entered manually e.g., those for a user-defined constituent material, can
also be added to the material database through the Edit Material Database...
button. Nonlinear materials can be also created in the GeoDict Material Database.

More information on editing, expanding, and using the GeoDict Material Database is
available in the Material Database handbook of this User Guide.

MACROSCOPIC LoAD CASE

The parameters which define the general conditions of the Macroscopic Load Case
are Experiment and Load Type. Their choice defines which other parameters are
available for the experiment.

ﬂ FeelMath Large Deformation Options 0 X

GeoDIcT

Result File Name (*.gdr) FeelMathLDResult.gdr

Constituent Materials Macroscopic Load Case | Geometry Handling Solver Output Equations & References

Experiment Uniaxial Experiment - Tensile ~ | Experiment Conditions
Load Type Path Controlled A In Tangential Direction Free =
Load Case X-Direction Free
Y-Direction Free
Direction z =

Fluid Pressure
Plane X v
Pressure Mode No Pressure v

H o
R AT Fluid Pressure / (GPa) 0

Load Table | Load Graph

Time / (s) Strain / (%) Temp. Change / (K) Predefined Shape

11 2 0 Shape Linear -
22 4 0 Magnitude / (%) 10
33 6 0 Temperature Change / (K) |0
44 8 0 Length / (s) 5

Number of Steps 5 =
55 10 0
Number of Rows 5 b=

Appl
Load... Save... L
Boundary Conditions
@) Periodic Symmetric Mixed
) o
@H @a & g !% OK Cancel

EXPERIMENT

B Uniaxial Experiment allows to set up experiments with one load direction
(Tensile, Compression or Shear Experiments). The load can be time-dependent,
e.g., cyclic. See more on Uniaxial Experiment starting on page 12.

B Complex Load Experiment allows to define more elaborate load scenarios, e.g.,
a tensile experiment followed by a shear load or multiple load directions at the
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Large Deformations (FeelMath-LD)

same time. The load directions can be defined freely as a combination of normal
and shear loads. See more on Complex Load Experiment starting on page 14.

LoAD TYPE

H Path Controlled:

specify the mean strain in the geometry (for geometric linear experiments) or the
mean displacement gradient in the geometry (for geometric nonlinear
experiments) in the load direction.

B Force Controlled:

Specify the mean stress in the geometry (for geometric linear experiments) or the
mean nominal stress in the geometry (for geometric linear experiments) in the
load direction. It is important to note, that the mean stress is computed with
respect to the complete geometry. If a structure consists of solids and pore space,
this means that the average load on the solids is larger than the given mean stress,
since the load in the pore space is zero.

Generally, Path controlled should be preferred over Force Controlled if
possible. One of the challenges with Force Controlled is the fact that the Strain-
Stress curves for plastic materials are often very flat: This means that a small
change in stress can lead to a very large change in strain. On the other hand, a
small change in strain leads to an even smaller change in stress. Therefore, the
Path Controlled simulation is much easier to compute. For simulations with
damage, Force controlled may be even impossible to solve (because the given
stress might be higher than the maximal stress allowed by the material), while
Path Controlled can always be solved (see also page 81).

BoOUNDARY CONDITIONS

Here, the domain boundary conditions can be set to Periodic, Symmetric, or Mixed.

In general, periodic boundary conditions should be used for periodic structures,
whereas otherwise symmetric or mixed boundary conditions should be applied.

Mixed boundary conditions mean that symmetric boundary conditions apply in the
load direction, whereas periodic boundary conditions apply in the tangential
directions. Mixed boundary conditions can only be used for tensile or compression
loads along the coordinate directions. In the figure below, periodic and symmetric
boundary conditions are illustrated for a non-periodic structure.

The structure below is created only for illustration and does not have a real
counterpart.

Periodic Boundary Conditions Symmetric Boundary Conditions

Structure

GeoDict 2022 User Guide 11



Effective elastic properties and large deformation simulations with ElastoDict

When periodic boundary conditions are applied to non-periodic structures, it might
lead to stress peaks at the boundaries as illustrated below for a uniaxial load.

Load Direction

4

Color: von Mises Stress

Load Direction o | m
Low High

However, simulations with periodic boundary conditions are much faster and need
less memory than simulations with symmetric boundary conditions.

In many cases, for example for composite structures with low fiber percentage, the
results for periodic boundary conditions are comparable with the results for symmetric
boundary conditions even if the analyzed structure is not periodic.

Therefore, it is recommended to work with periodic boundary conditions until the best
simulation settings are found and use symmetric boundary conditions only for the
final simulation.

UNIAXIAL EXPERIMENT AND COMPLEX LOAD EXPERIMENT

Uniaxial Experiment

In a Uniaxial Experiment, the load is applied in one given direction. This direction
can be either given by one of the coordinate directions (X, Y, Z), a given angle to one
of the coordinate directions in a given coordinate plane (e.g., XZ or YZ), or a shear
experiment can be defined.

The available load types are Tensile, Compression or Shear. The choice of Tensile
or Compression only affects the sign of the loads, for example negative tension
equals compression.

Load Case

The choices available for the Load Case vary depending on whether Tensile,
Compression or Shear is selected. For Tensile and Compression experiments, a
direction, a Plane and an Angle in Plane must be defined. For Shear, the Shear
Load must be selected. If Without Geometric Nonlinearity is chosen, three
different shear loads are available: Here, the theory of small deformations applies,
therefore the Shear in XY direction corresponds the shear in YX direction. Thus, three
different shear options are available in this case: XY, XZ and YZ.

12 GeoDict 2022 User Guide



Large Deformations (FeelMath-LD)

When the theory of small deformations does not apply (With Geometric
Nonlinearity), there are three different cases for shear in X and Y directions: Shear
in XY direction, shear in YX direction (the deformation gradient is asymmetric in those
cases) and symmetric shear in X and Y directions (this is a superposition of the two
other cases, the deformation gradient is symmetric in this case). Thus, nine different
shear options are available for the geometric nonlinear case.

Experiment Conditions

The load conditions in the directions tangential to the load direction can be Free (zero
mean stress/nominal stress in the geometry), Confined (zero mean
strain/displacement gradient in the geometry) or Mixed. Free means that the
structure can expand or contract freely to the load direction, whereas there is no
expansion/contraction for confined boundary conditions. With Mixed tangential
boundary conditions, two different conditions (Free or Confined) can be selected for
the two tangential directions.

Fluid Pressure

When the structure for the simulation contains pores, a fluid pressure model can be
selected. With No Pressure, no pressure is applied (this is the default case). With
Fixed Pressure, a fixed pressure can be given. This fixed pressure is applied at the
start of the ElastoDict computations. With the third option, Pressure Per Step, the
applied pressure can be defined for each simulation step. These pressure steps must
be entered in the Load Table (see further explanation below).

The pressure is always applied to all fluids in the structure. This means that it is not
only applied to pores in the material, but also to the fluid which surrounds the
structure.

Fluid Pressure Fluid Pressure

Pressure Mode Mo Pressure - Pressure Mode Fixed Pressure -

Fluid Pressure [ (GPa) 0 Fluid Pressure / (GPa) |0

Fluid Pressure

Pressure Mode Pressure Per Step -

Load Table Load Graph

T A
Time / (s} Stress/ (GPa) Temp. Change / (K] Fluid Pressure [ (GPa)

11 1 0 1
22 2 0 2
33 3 0 3

4]4 4 0 4

55 5 0 5

Number of Rows 5

Load... Save...
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Effective elastic properties and large deformation simulations with ElastoDict

Load definition (Load Table and Predefined Shape)

The load steps to be computed need to be specified in the Load Table, where a plot
of the load curve can be seen under the Load Graph subtab. It is also possible to use
a load curve of Predefined Shape like Linear, Saw-Tooth, or Sine, by selecting it
from the pull-down menu on the right and clicking Apply, to set it in the Load Table.
The load table can be loaded from and saved to a *.txt file with the Load... and
Save... buttons.

Load... Save...

Alternatively, the data from the load table can be entered from other software like
Microsoft Excel® via copy and paste.

The time information from the load table is only used if the materials in the structure
have a time-dependent behavior. When working with UMATS, this time information is
passed to the UMAT.

Complex Load Experiment

For a Complex Load Experiment, the complete mean stress (nominal stress) or
strain (displacement gradient) tensor for the geometry can be defined.

In this way, combinations of multiple loads directions are possible (e.g., biaxial load,
triaxial load...). The load directions can be defined freely as a combination of normal
and shear loads. In the screenshot below, a tensile strain of 2 % in X-direction, a
shear load of 1 % in XY-direction and a tensile strain of 5 % in Z-direction is set.

ﬂ FeelMath Large Deformation Options O X

GeoDicT

Result Fle Name (*.gdr) FeelMathLDResult.gdr

Constituent Materials Macroscopic Load Case Geometry Handling Solver Output Equations & References

Experiment Complex Load Experiment v
Load Type Path Controlled v
Time Step Mode One Step v
Load
Load Scenario User Defined v
X/ (%) Y /(%) Z[ (%)
X [ (%) 2 1 0
Y [ (%) i 0 0
Z /(%) 0 0 |4
Temperature Change / (K) 0
Fluid Pressure / (GPa) 0
Boundary Conditions
@) Periodic Symmetric Mixed

o & BB

OK Cancel
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By selecting One Step or Time Series from the pull-down menu, time steps and
several load cases are specified in terms of a load sequence. With One Step, the load
is applied in one step.

Whereas One Step consists of a single load step, a Time Series may consist of
several load steps (Length of Load Sequence: 1, 2, 3...), where each load step (Load
1, Load 2, Load 3... tabs) is defined by a Load End Time, number of Time Steps per
Load and a Load Scenario. The Load Scenario can be Tensile, Compression,
Shear or User Defined.

The total time of the load is the difference of the current Load End Time and the
previous Load End Time; therefore, the load end time must be strictly increasing.
Each load is divided in a given number of Time Steps per Load. The concept is
illustrated in the following figure:

Load 1: Load 2: Load 3:

* LoadEnd Time: 10 s * LoadEnd Time: 20 s * LoadEnd Time: 25 s

* 10 Time Steps per Load * 5Time Steps per Load * 10 Time Steps per Load
4 Y Y A
illlllllllti | ] tiIIIIIIIII:I
Os 10s 20s 255

The load sequences can be combined as desired. The user can e.g., do a compression
in X-direction followed by a compression in Y-direction and a shear load.

In the example below, for the Load 3 tab, the load is subdivided into 10 timesteps
(Time Steps per Load) and the load scenario is Tensile.
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E] FeelMath Large Deformation Options

GeoDiIcT
Result File Name (*.gdr) |FeeIMathLDResuft.gdr |
Constituent Materials ‘ Macroscopic Load Case ‘ Geometry Handling Solver Qutput Equations & References
Experiment |Comp|ex Load Experiment A |
Load Type | Path Controlled v |
Time Step Mode |Time Series r |
Length of Load Sequence |3 |3
load1 load2  Load3 |
Load End Time / (s) |1 |
Time Steps per Load |10 |3
Load Scenario | Tensie v |
X-Direction / (%) |5 |
Y-Direction / (%) 0] |
Z-Direction / (%) o |
Temperature Change / (K) |0 |
Fluid Pressure / (GPa) |0 |
Boundary Conditions
(®) Periodic ) Symmetric () Mixed
E‘hﬂ Ell @ ﬂ !-‘ﬂ oK | | Cancel
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EXAMPLE: SETTINGS FOR UNIAXIAL COMPRESSION

In this example, we set a compression by 5% along the z-axis. Choose Uniaxial
Experiment - Compression as Experiment and Path Controlled as the Load Type
(to prescribe the compression ratio).

Keep the default settings for Load Case to compress along the Z-axis. The tangential
boundary condition should be chosen depending on the needs, here we set it to Free
to allow expansion in tangential direction.

Under Predefined Shape, choose Linear, set a Magnitude of 5%, a Length of 5 s,
and a Number of Steps of 5. Generally, the time and number of steps should be
chosen depending on the user needs. More steps always mean more computing time.
After the settings for the Predefined Shape are made, click Apply to update the
Load Table to these values.

m FeelMath Large Deformation Options O x

GeoDiIcT

Result File Name (*.qgdr) FeelMathLDResult.gdr

Constituent Materials Macroscopic Load Case Geometry Handling Solver Output Equations & References

Experment Uniaxial Experiment - Compression « | Experiment Conditions
Load Type Path Controlled = In Tangential Direction | Free -
Load Case X-Direction Free
Y-Direction Free
Direction Z b

Fluid Pressure

Plane X v
Pressure Mode No Pressure b

=}
bapsrooE B | Fluid Pressure / (GPa) 0

Load Table | Load Graph

Time / (s) Strain / (%) Temp. Change [ (K) “ | Predefined Shape

11 1 0 Shape Linear v
22 2 0 Magnitude / (%) 5
33 3 0 Temperature Change / (K) 0
44 4 0 Length / (s) 5
" Number of Steps 5 =
MNumber of Rows 5 >
Load... Save... | ol

Boundary Conditions

®) Periodic Symmetric Mixed

@E @; @ g !“E oK Cancel
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GEOMETRY HANDLING

The Geometry Handling tab contains all options relating to the geometry handling
during the simulation.

E] FeelMath Large Deformation Options | X
GeoDicT
Result File Name (*.gdr) FeelMathLDResult.gdr

Constituent Materials Macroscopic Load Case Geometry Handling Solver Output Equaticns & References

Geometry Update

Deformation Type Without Geometric Nonlinearity >
Calculate on Deformed Geometry

Keep Volume Fraction of Deformed Geometry

Geometry Update Size Control
Geometry Change [ (%) 2
Resampling Maintain Volume -

Enable Object Tracking (*.g32)

@B @J @ g E% OK Cancel

DEFORMATION TYPE

Under Deformation Type, the theory which is used for the structural mechanics is
selected:

B Without Geometric Nonlinearity: This approach is faster and more reliable than
the geometric nonlinear case. More material models are available in GeoDict for
this case (e.g., Plasticity and Damage models). The boundary conditions for this
experiment type are given as mean strains or mean stresses in the analyzed
volume.
® Here, the infinitesimal strain theory applies (see more information on

Wikipedia). This is the linearized form of the finite strain theory (which applies
to With Geometric Nonlinearity).

m It is assumed that only small deformations occur, for example it is assumed
that no rotations occur.

m This is the simpler theory, but it is much more robust and easier to solve and
is therefore preferable in most use cases. This means, one should always try
Without Geometric Nonlinearity first.

® The usual strain and stress definitions apply only here.

B With Geometric Nonlinearity: Should be used when the theory of small
deformations does not hold anymore. A nonlinear problem must be solved;
therefore, the computation might be considerably slower and less reliable than for
the geometric linear case. The boundary conditions for this experiment type are
given as mean displacement gradient or mean nominal stresses in the analyzed
volume.
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® Here, the finite strain theory applies (see more information on Wikipedia)

® Here, large deformations are considered, this means that also the effect of
rotations is considered correctly.

® This theory is more complete, but also much more complicated to solve (Finite
Strain Theory).

m Here, many different definitions for the stresses and strain are possible. The
usual strain and stress definitions do not apply here. Nevertheless, as long as
the deformations are small, the strains in the nonlinear definitions do not
deviate largely from the strains in the linear definition (e.g., for small strains,
the Green Lagrange Strain is close to the Strain for Without Geometric
Nonlinearity).

The difference between the geometric linear and nonlinear case is not special to
GeoDict. This concerns all structural mechanics simulations — one always needs to
choose between the simpler, but robust theory (Without Geometric Nonlinearity)
and the more general theory (With Geometric Nonlinearity), which is much more
complicated to solve and understand, but necessary in some cases. The two options
(“With/Without Geometric Nonlinearity”) might have slightly different names in other
software, but the theory behind them is the same.

CALCULATE ON DEFORMED GEOMETRY

With Calculate on Deformed Geometry checked, the deformed geometry is re-
sampled, and this geometry is used for the calculations in the next step. With this
method, it is possible to detect new object contacts during deformation and e.g., to
observe the effect of stiffening during compression. Calculate on Deformed
Geometry can only be used without geometric nonlinearity.

A resampling step is done if the conditions defined under Geometry Update are met.
It is important to choose these settings appropriately for the current geometry and
deformation steps: With each resampling step, discretization errors occur, and these
errors accumulate if too many resampling steps are done. Therefore, the resampling
should only be done after a significant change in the geometry size. This can be
achieved by choosing the mode Size Control for Geometry Update (see page 20).

B Off: The deformation is always calculated relatively to the original geometry

Deformation Type
Calculate on Deformed Geometry

Deformed
geometry 1

Original
geometry

Apply load step 2

Apply load step 1

Deformed
geometry 2

Apply load step 3 Deformed

geometry 3
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H On:

If the conditions defined under Geometry Update are met, the deformed
geometry is calculated, and the deformation is calculated relative to the previous
geometry. In the figure below, the behavior of the setting All for Geometry
Update is shown.

Deformation Type
v Calculate on Deformed Geometry

Original

Deformed Deformed

‘ geometry 1 ‘ geometry 2

geometry

Apply load step 1 Apply load difference
from step 2 to step 3

Apply load difference
from step 1 to step 2

KEEP VOLUME FRACTION OF DEFORMED GEOMETRY

If Keep Volume Fraction of Deformed Geometry is checked, the accurate volume
fraction information for each material ID after the deformation is kept and updated in
memory (Please refer to page 21 for further information about the volume fractions).
This needs more memory but leads to a more accurate geometry deformation if many
(small steps) are computed. Without this information, the volume fractions are
converted into a structure in each deformation step and the volume fraction is lost.

Geometry Update

Deformation Type Without Geometric Nonlinearity
V| Calculate on Deformed Geometry

L\\?Keep Volume Fraction of Deformed Geometry
Geometry Update Size Control v

Geometry Change / (%) 2

GEOMETRY UPDATE

Under Geometry Update, it can be selected when the next simulation step is
computed on the newly deformed geometry, or if it is computed based on the existing
geometry.

Use the mode Size Control for the Geometry Update when using Calculate on
Deformed Geometry. With this mode, the size of the deformation is checked after
each step.

Only if the deformation is larger than the given threshold, Calculate on Deformed
Geometry is used for this step. Otherwise, the step is done without Calculate on
Deformed Geometry. We strongly recommend using this mode for simulations of
this type.
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Geometry Update

Deformation Type Without Geometric Nonlinearity
v | Calculate on Deformed Geometry
Keep Volume Fraction of Deformed Geometry

Geometry Update Al v

Al
Update Geometry Each n-th Step Sten Control
Size Control S
D acmmamlima ¥, T = =N T = -

B All - The geometry is updated in every step

Geometry Update All b
Update Geometry Each n-th Step 1

B Step Control - Choose how often the geometry is updated with Update
Geometry Each n-th Step.

Geometry Update Step Contraol b

Update Geometry Each n-th Step | 2

B Size Control - If the geometry is updated or does not depend on the change of
the domain size. If the size change for one domain side is larger than the value
defined for Geometry Change / %, the geometry is updated.

Geometry Update Size Control b
Geomnetry Change / (%) |2

RESAMPLING

For Resampling, two options can be chosen: Maintain Volume or Maintain Mass.
Deformation in ElastoDict is computed and stored as a displacement field. For each
voxel, this displacement field contains the information on how far it is displaced in the
current deformation step.

Internally, the new material positions are calculated based on this displacement
information. Since the new positions do not necessarily lie on the voxel grid, a gray
value image with material Volume Fractions is computed for each material ID. These
volume fractions contain the information “*how much” of a given material is contained
in a voxel after the deformation. These volume fractions must be resampled to the
voxel geometry. In the figures below, this resampling is shown in a simplified example
for one material ID. The deformed geometry is generated by thresholding the
resulting gray value image containing the volume fractions.
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For each voxel

Voxel in Original Voxel in new position For each voxel in the These values result in a
Structure with according to the structure, it is checked gray value image
Displacement Vector Displacement Field how much it is filled

L °r H
o
— —
0.1 0.15 0.1 0.15

The new position does
not fit into the voxel grid
- the new voxel
positions must be
resampled

Final gray value image Deformed structure

|

Finally, a threshold is
The computed gray values applied to compute the
from all voxels are added deformed structure from
the gray value image

With Maintain Volume, the resampling threshold is chosen in such a way that the
volume of each solid material in the structure stays roughly the same. With Maintain
Mass, the threshold for each voxel is set to 0.5. This means, Maintain Volume is a
good choice when it is expected that the volume of a material doesn’t change during
the deformation. When deformations occur where the volume of the material changes
significantly during the computations, e.g., thermal expansion or expansion due to a
negative Poisson’s’ ratio, Maintain Mass should be used.

ENABLE OBJECT TRACKING (*.G32)

With the object tracking option, a *.g32 file with the object indices for all objects in
the structure is created for each deformed geometry. This way, the deformation of
each object in the structure can be tracked during the deformation.

V| Enable Object Tracking (*.g32)

Object Mode Use Analytic Objects (gad) i
Use Analytic Objects (gad
Load Object Information from File (*.g32)
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OBJECT MODE

The choice for Object Mode depends on the available information: If a structure
with analytic object information (e.g. from GeoDict’s structure generator modules
FiberGeo, GrainGeo, FoamGeo, ...) is used, this information can be used with Use
Analytic Objects (gad). In this case, a *.g32 file with object indices is
automatically created and saved in the results folder. If no analytic object
information is available, Load Object Information from File (*.g32) must be
selected and a *.g32 file must be loaded. A *.g32 file can be created e.g. with
GrainFind for all grains in the structure.

In the example below, a weave structure from WeaveGeo with the corresponding
object indices is shown before and after deformation in ElastoDict. These structures
can be loaded directly from the result viewer with the corresponding buttons (shown
below).

Load Structure Deformed Geometry (*.gdt) Load

Load Object Index File (*.g32) | Deformed Object Index File (¥.g32) | Load |

SOLVER

Internally ElastoDict uses an iterative solver to solve the equations that describe the
mechanical problem at each voxel. The basic idea of an iterative method is:

1. Start with an initial guess for the unknown values.

2. Improve the current values in each iterative step. The speed of the improvement
depends on the problem parameters.

3. Repeat the iterative process until one of the stopping criteria occurs.
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SIMULATION STOPPING CRITERION

The iterative process of the solver is controlled by setting the values for Tolerance,
Maximal Iterations, and Maximal Run Time (h). Only the tolerance must be set,
the two other parameters are optional.

For each iteration step, the relative error of the current solution is computed. If this
relative error is smaller than the given tolerance, the computation is finished. When
there is doubt about the quality of the solution, decrease the tolerance value by a
factor of ten for that solver. In general, it is recommended to keep the default setting
for tolerance.

3 FeelMath Large Deformation Options — O X

GEO
Result File Name (*.gdr) FeelMathLDResult.gdr
Constituent Materials Macroscopic Load Case Geometry Handling Solver Output Equations & References
Simulation Stopping Criterion
Tolerance 0.0001
Maximal Iterations 1000
Maximal Run Time / (h) 240
Method Intermediate (Memory Efficient Conjugate Gradient) v
Parallelization <local max. - 8x> Edit ...
v Use Downsampling
Downsampling Factor 2 -
Composite Voxels Laminate Theory -
+| Write Volume Fields (*.das) for the Original Structure Size
Write Deformation Data to File (slower but less memory)

Orientation Mode Use Orientation from Analytic Objects (gad) -

@B E‘L @ E; Eg OK Cancel

When the solver stops because the Maximal Iterations or the Maximal Run
Time (h) are reached, the quality of solution might be doubtful since the requested
accuracy is not achieved. Therefore, those two options are disabled by default and
should only be selected if there are strong constraints on the allowed runtime.

METHOD

For the FeelMath-LD solver, three different iterative methods are available: Fast
(Conjugate Gradient), Intermediate (Memory Efficient Conjugate Gradient)
and Memory Efficient (Neumann Series).

The Fast method converges faster, especially for strongly varying material
parameters and nonlinear material laws (as e.g. plasticity or damage), but needs
about four times as much memory as the Memory Efficient method.

The Intermediate Method needs approximately 40 % less memory than the Fast
method but is 20-30 % slower. The Estimate memory button, in the ElastoDict
section (see page 5), can be used to decide which method is applicable for the current
structure on the available computer.

In general, it is recommended to use the default (Memory Efficient Conjugate
Gradient) or the Conjugate Gradient method. The Neumann Series method
should only be used if the memory is not enough for the other methods.
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PARALLELIZATION

The ElastoDict run can be accelerated by using multiple CPU cores. The
Parallelization Options dialog opens when clicking the Edit... button, to choose
between Local, Sequential, Local, Parallel, Local, Maximum and Cluster.

E Parallelization Options

G EO D I CT E Parallelization Options
® Local, S tial
ocel, Sequente [ raralielization Options G D
Local, Parallel EO I CT
Local, Maximum G EO D I CT Local, Sequential Local Camputation
Cluster Local, Sequential Local Computation Local, Parallel Murnber of Used Processes: 8
) Local Paraliel Stwead . o | '@ Local, Maximum  Max. Available 8
g reads =
) Cluster Max. Licensed 32
— Local, Maxirmum Max. Available 8
Cluster Max. Licensed 32
| oK [ Cancel
0K Cancel

The number of Threads to run can be entered after choosing Local Parallel. Local,
Maximum is the default and provides the fastest possible computation based on the
available and licensed processes. With Local, Sequential, only one thread is used
and no parallel computation is done.

For information on how to set up and use ElastoDict in a Cluster configuration,
contact support@math2market.de

Use DOWNSAMPLING

Downsampling reduces the structure size by combining multiple voxels. By default,
the Downsampling Factor is set to two - this means that 2x2x2 voxels are
combined to one voxel. The material model used for each voxel in the downsampled
structure is a combination of the material model (e.g., a Composite Voxel) of the
original voxels. Since the simulated structure size is much smaller than the original
structure, Downsampling allows to speed up the simulation and to quickly obtain
results even on computers with little memory. This option should not be used if
highest accuracy is required.

In most cases, a Downsampling Factor of 2 is the best choice, but it can also be
set to 4 if needed. Then, the computation will be faster, but the results will be more
inaccurate.

v Use Downsampling

Downsampling Factor |2| v

Composite Voxels Laminate Theory -

To be able to use downsampling, the features (e.g., fibers or grains) in each material
ID must have a diameter of at least the Downsampling factor in voxels (e.g., 2 voxels
for a Downsampling Factor of 2). Otherwise, the computation of the material
properties might not work properly. Since GeoDict 2021, an error message is shown
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if all features in the structure are smaller than this diameter, and the simulation
cannot be started.

COMPOSITE VOXELS

Two different methods to compute the Composite Voxels: Laminate Theory (the
default), and Arithmetic Mean. When using Laminate Theory, the composite
material properties are computed based on the laminate theory of composite
materials. With this option, also direction dependent properties are represented
correctly. With Arithmetic Mean, the material properties of the composite voxel are
the average of the material properties of the original voxels. This method is less
accurate, but the simulation might be more stable, especially if the structure contains
many pores (as e.g., in foams). Nevertheless, it is recommended to keep the default
Laminate Theory in most use cases for the higher accuracy.

WRITE VOLUME FIELDS (*.DAS) FOR THE ORIGINAL STRUCTURE SIZE

The result fields can be written in the downsampled resolution (by disabling Write
Volume Fields (*.das) for the Original Structure Size, which is the default).
Writing the fields in the downsampled resolution is much faster and saves disk space,
since the files are 8 times smaller for a Downsampling Factor of 2, or even 64 times
smaller for a Downsampling Factor of 4 (2x2x2 or 4x4x4 voxels in the original
structure correspond to 1 voxel in the downsampled structure). Therefore, it is
recommended to keep this default for most use cases. Nevertheless, if Laminate
Theory is selected as mode for the Composite Voxels, the fields in the original
resolution contain more information. In this case, the composite material also
contains directional information, which can lead to a gradual change of the strains
and stresses inside a single composite voxel. This change is only resolved by writing
the fields in the original resolution.

WRITE DEFORMATION DATA TO FILE

For the computation of the deformed structures, intermediate data is computed
which describes the displacement for each voxel. Before this computation, it is not
clear how large this data will be, since a voxel in the original structure might be
partially moved in multiple voxels in the deformed structure. Therefore, this data
might not fit in the main memory of the computer. Due to this, the deformation
data was always written to the hard drive in GeoDict 2020 and before. Nevertheless,
there is an issue with this approach: Writing and loading data form the hard drive is
many times slower that writing and loading data in the main memory (even if the
drive is an SSD). This causes a bottleneck, which can slow the simulation down.

Therefore, GeoDict 2021 and later allows to keep the deformation data in memory.
This is the new default, since the data fits in the main memory in most cases, and
this option is many times faster (See benchmark results on page 40). To get the old
behavior from GeoDict 2020 and before, check the option Write Deformation
Data to File. We recommend keeping this option disabled, and to select it only if
the simulation fails because the data doesn't fit in the RAM.

ORIENTATION MODE

ElastoDict can handle non-isotropic constituent materials. For these materials, an
orientation has to be additionally specified. If the analyzed structure consists of
analytical objects (gad data), the orientation of these objects is used when Use
Orientation from Analytic Objects (gad) is selected.
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Alternatively, with Load Orientation Information from File (*.gof), orientation
information can be loaded from a file. Such a file can be generated for example with
GrainFind for granular structures. The third option, Use the Global XYZ-Coordinate
System, allows to use anisotropic materials even if no orientation information for the
structure is available.

Orientation Mode Use Orientation from Analytic Objects (gad) -
Orientation Mode Load Orientation Information from File (*.gof) -
Orientation File Name (*.gof) Browse...
Orientation Mode Use the Global XYZ-Coordinate System -
OuTPUT

The options available in the Output tab control which information is saved to the hard
disk during the computation. Choosing only the necessary variables might help to
save computation time.

[ FeelMath Large Deformation Options O X

GeoDicT

Result File Name (*.gdr) FeelMathLDResult.gdr
Constituent Materials Macroscopic Load Case ~ Geometry Handling Solver Output Equations & References
Write Steps

v Write All Steps
Write Result Fields (*.das) for Each n-th Step |2

Deformed Geometry
V| Write Deformed Geometry
Write Volume Fields for Deformed Geometry

Write Volume Fractions for Deformed Geometry

Allow Restart for Deformation Simulations

Write Volume Field

Displacement Check All
X Y z
Uncheck All
Stress XX Yy 77
YZ Xz XY V| Von Mises
Strain XX Yy 77
YZ Xz XY V| Von Mises

v/ Material State Variables

Export VTK File (*.vti)

@B Ecll @ g !’g oK Cancel

WRITE ALL STEPS

When Write all Steps is chosen, the results fields selected under Write Volume
Field are written after each computation step. Otherwise, the number of steps after
which the results fields are saved can be selected. When computing with many steps,
disabling Write all Steps saves considerable computation time.
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DEFORMED GEOMETRY

When Write Deformed Geometry is chosen, a geometry with the current
displacements is resampled and saved after each step. Deformed geometries are
written at each step, even if Write all Steps is disabled. Writing the deformed
geometries is mainly interesting for visualization purposes and to check possible
problems in the simulation setup when Compute on Deformed Geometry is chosen
in the Macroscopic Load Case tab.

With Write Volume Fields on Deformed Geometry, also the result fields are
resampled with the current displacements so that they match the deformed
geometries.

With Write Volume Fractions for Deformed Geometry, the volume fractions for
each material ID in each voxel after the deformation are written to the *.das files.
This information is necessary for the computation of the deformed geometries (For
further understanding, check out the explanations on page 21). In general, it is not
necessary to select this option.

ALLOW RESTART FOR DEFORMATION SIMULATIONS

If you want to be able to restart a simulation after an interruption, the complete stress
and strain information must be saved for each step. With the option Allow Restart for
Deformation Simulations, the necessary volume fields are automatically saved.

Since GeoDict 2022, restarting is also available for simulations with On Deformed
Geometry.

WRITE VOLUME FIELD

Checking or un-checking the boxes for Displacement, Stress, and Strain
determines whether these results outputs are available for visualization and post-
processing after the run of the FeelMath-LD solver. Additionally, it is possible to save
the deformed geometry and to save the solution fields (for stress and strain) for the
deformed geometry. Depending on the structures size, the result files can become
large (up to several GB), so it is recommended to deselect all options which are not
needed for the current task.

For nonlinear materials, additional state variables might be defined. For example, for
plastic deformation, these are the elastic and plastic strains. For materials with
damage behavior, this is the damage variable. When Material State Variables is
checked, these variables are saved as Volume Fields.

ExPORT VTK FILE

Besides using GeoDict’s own visualization tools, it is possible to export the solution in
the commonly used VTK (Visualization Toolkit) format (see: https://vtk.org/ and,
https://www.paraview.org/).
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EQUATIONS & REFERENCES

The differential equations solved in the simulation are listed under the Equations &
References. Additionally, the tab contains the references for the methods used by
the FeelMath solver in ElastoDict (see page 2 for links).

E] FeelMath Large Deformation Options O X

GeoDiIcCT

Result File Name (*.gdr) FeelMathLDResult.gdr
Constituent Materials =~ Macroscopic Load Case = Geometry Handling Solver = OQutput | Equations & References
Equations (Without Geometric Nonlinearity)
Equilibrium Equation d?,‘U(O'(E)) =0
Kinematic Equaton ¢ — J 4+ (V’u, -+ (V'u,)T)/2

Variables (Without Geometric Nonlinearity)

O Stress Tensor [ (GPa)

€ Strain Tensor

E Macroscopic Strain Tensor
U Displacement Vector / (m)

Equations (With Geometric Nenlinearity)
Equilibrium Equation d’?,’U(P(F)) =0
Kinematic Equaton ' — [ + Vu
Variables (With Geometric Nonlinearity)

P First Piola Kirchhoff Stress Tensor / (GPa)
F Deformation Gradient

F’ Macroscopic Deformation Gradient

U Displacement Vector / (m)

References

[1] A numerical method for computing the overall response of nonlinear composites with complex microstructure; H. Moulinec
P.Suguet; Computer Methods in Applied Mechanics and Engineering, Volume 157, Issues 1-2 (1958), pp 69-94

[2] Use of composite voxels in FFT-based homogenization; Matthias Kabel, Dennis Merkert, Matti Schneider; Computer
Methods in Applied Mechanics and Engineering, Volume 294 (2015), pp. 168-188

[3] Computational homogenization of elasticity on a staggered grid; Matti Schneider, Felix Ospald, Matthias Kabel; Int. Journal
for Numerical Methods in Engineering, Volume 105, Issue 9 (2016), pp. 693-720

[4] Mixed boundary conditions for FFT-based homogenization at finite strains; M. Kabel, S. Fliegener, M. Schneider;
Computational Mechanics, Volume 57, Number 2 (2016), pp 193-210

[5] The composite voxel technigue for inelastic problems; M. Kabel, A. Fink, M. Schneider; Computer Methods in Applied
Mechanics and Engineering, Volume 322 (2017), pp 396-418

[6] Runtime optimization of a memory efficient CG solver for FFT-based homogenization: implementation details and scaling
results for linear elasticity; H. Grimm-Strele, M. Kabel; Computational Mechanics, Volume 64, Volume 5 (2019), pp 1339-1345

[7] Fast Fourier transform based homogenization with mixed uniform boundary conditions; H. Grimm-Strele, M. Kabel;
International Journal for Numerical Methods in Engineering (2021)
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RESULT FILE (.GDR)

After the solver has finished, the result file (.gdr) is saved in the project folder and
the Result Viewer opens automatically.

In the Result Viewer, the list of all open result files and the path to them is shown
in the header section. Results from older runs are accessible by opening their *.gdr
files (File - Open *.gdr File... in the menu bar). The name of the result file currently
displayed is highlighted in blue in the header section. Multiple results files can be
opened at the same time. To compare their results, use CTRL+right-click to select
multiple results files in the Result Viewer. The selected result files are shown side-by-
side.

The header section and the post-processing section (left panel of the Results tab)
can be collapsed (and expanded) by pulling up/down or left/right on the dotted line.

The green dot in the right side of the Result Viewer indicates that the results shown
are computed for the structure displayed in the visualization area (in memory) at this
time. The dot is red when the structure in memory is not the one for which the values
in the opened result file were calculated. The corresponding structure can be loaded
by clicking Load Structure in the Result Viewer.

When two result files have green dots, it indicates that both result files correspond to
the structure shown in the Visualization area and might be the results from two
simulations with different ElastoDict settings. Since GeoDict 2020, it is possible to
Combine Results files, for further information please refer to the Result Viewer
handbook of this User Guide.

ﬂ Result Viewer O X

3, Open ... File Module Command G EO D | CT

Up Down
Excel (single table)
Swap Selected
Combine Results
Synchronize Tabs

£ Raise Main Window

Tue Nov 9 2021 (2022 Build 53129) .../ElastoDict2022/FeelMathLDResult.gdr
Domain: 200 x 200 x 200 Voxel: 1 ym  Load Structure .

Input Map Log Map Post Map Results Strain/Stress Visualization Create Videos Metadata

Strain Definition  Average Strain | | Report | Plots | Map Collapse and expand
Stress Definiton ~ Nominal S Downsampling Information -------------------
Load Sign Definition | Tension is Positive - This simulation was done with downsampling (2x2x2 voxels are considered as one composite voxel).

The used composite voxel method is ‘Laminate Theory'.
Report Stress Unit  GPa v

Report Strain Unit | % -
-------------------- Coordinate System ------==-==s-cmmomeeaunn

X-Axis Strain Z-Dir ~
v b - 'ue-mte system of the experiment is aligned with the coordinate axis in GeoDict.
‘ aoe ¥ Average Strain
i|Time/ |Temp. [XX/ |YY[(%)|ZZ/  |YZ/(%) |XZ/(%)|XY/(%) |VonMises/ |Hydrostatic
(s) Change / | (%) (%) (%) [ (%)
(°0)
nel
Collapse and expand 1o o o o o .
1 0 -0.62871|-0.60389 |2 -0.018697 |0.01315 |-0.001539 |2.61669 0.255799
2 0 -1.2573 |-1.2077 |4 -0.03754 0. -0.003131 |5.2333 0.511658
026579
3 0 -1.8859 |-1.8117 (6 -0.05646 | 0. -0.0047705 | 7.84999 0.767464
040106
Plot Options MEIG] 0 -2.5146 |-2.4157 |8 -0.075389 | 0. -0.0063892 | 10.4667 1.02326
NE2RA7 b
Manage Data ~ Load Input Map Export = Close
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Large Deformations (FeelMath-LD)

The Result Viewer contains seven main tabs and subtabs:
B Input Map - all input parameters
B Log Map - solver specific values
B Post Map - parameters of the current plot
B Results - numerical results and plots
® Report
u Plots
= Map

B Strain/Stress Visualization - 3D data which can be loaded in GeoDict for visual
inspection

B Create Videos
B Metadata - description and user defined parameters

At the bottom of the Result Viewer, several buttons are available:

Manage Data - Load Input Map Export - Close
Clean-Up / Pack Excel (generic) - Python
Unpack Excel (generic)
Rename Excel (specific)
Matlab
Store as Html
Save Plots

Input Map as Python

B Use the Manage Data option to Clean-Up, Pack, Unpack or Rename the
result files. For the packing and unpacking operations, the additional software
7-zip is needed which can be installed with the GeoDict Required Tools installer.

B Load the solver options that were used for the calculations into the ElastoDict
GUI by clicking Load Input Map.

B Export data:

m Analyze and plot computation results in Microsoft Excel® using GeoDexcel
provided with GeoDict by clicking Excel (specific), Excel (generic). The
specific import loads the results report (see page 33) as a formatted excel
table, whereas the generic import loads all information from the *.gdr file.
GeoDexcel is only available for Windows®. See the GeoDexcel handbook of
this User Guide for more information. Excel (generic) — Python provides
the same functionality as Excel (generic) using Python and works on
Windows and Linux.

m Analyze computation results in MATLAB® using GeoDict’s MATLAB® interface
Geolab by clicking Matlab. All information included in the results file is
loaded into MATLAB® automatically.

m Save the information in the result file in *.html format by clicking Store As
HTML.

m Save Plots to save images for all plots in the current results file
B Close the results file by clicking Close.
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INPUT MAP

The Input Map contains all parameters which were used for the simulation. With the
option Load Input Map at the bottom of the Result Viewer, all parameters are loaded
into the GeoDict GUI and a new simulation with the same parameters can be started.

3 Result Viewer = O
Tue Nov 9 2021 (2022 Build 53129) .../ElastoDict2022/FeelMathLDResult.gdr
Domain: 200 x 200 x 200  Voxel: 1 pm ‘Load Structure‘ [ ]
Input Map | Log Map Post Map Results Strain/Stress Visualization Create Videos Metadata
Key Unit Value -
~ SolverData
» Parallelization
UseMaxIterations false
UseMaxTime false
BoundaryConditionType Periodic
Tolerance 0.0001
MaxNumberOflterations 1000
MaximalSolverRunTime  h 240
IterativeMethod MemoryEfficientCG
Experiment UniaxialTensile
GOFMode UseGAD
GOFFileName
ObjectDeformation false
G32Mode UseGAD
G32FileName
LoadType Path
DeformationType Small
OnDeformedGeometry false
KeepDeformationGVImage false
GeometryUpdate SizeControl
GeometryStep 1
GeometryChange 2
Resampling Volume
TimeSteps s 1,2,3,45
LoadSteps % 2,4,6,8, 10
TemperatureSteps K 0,0,0,0,0
PressureSteps GPa 0,0,0,0,0
PressureMode Ne
FluidPressure GPa 0
LoadDirection z
LoadPlane ZX
LoadAngle Deg 0 -
Manage Data " ‘ Load Input Map | | Export v| | Close
LOoG MAP

The Log Map contains detailed information about the runtime and memory
consumption during the simulation.

m Result Viewer — O
Tue Nov 9 2021 (2022 Build 53129) .../ElastoDict2022/FeelMathLDResult.gdr
Domain: 200 x 200 x 200 Voxel: 1 pm |Load Structure‘ [ ]

Input Map ‘ Log Map ‘ Post Map Results Strain/Stress Visualization Create Videos Metadata
Key Unit Value
‘TotalRuntime s 92.337
- |
HostName LaptopSR
OperatingSystem 64 bit Windows
NumberOfCores 8
Memory MiB 32618
~ Memory
GeoDict MiB 415
ExternalProcesses MiB |1253
Total MiB |1661
~ Computation
NumberOfThreads 1 8
b Memory
Iterations 1 23
b Runtime
Manage Data " | Load Input Map ‘ | Export " ‘ Close
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The Post Map tab contains all information about the current plot under the Results
tab.

E] Result Viewer — O X
Tue Nov 9 2021 (2022 Build 53129) .../ElastoDict2022/FeelMathLDResult.gdr
Domain: 200 x 200 x 200 Voxel: 1 ym |Load Structure ®

Input Map Log Map Post Map Results = Strain/Stress Visualization Create Videos Metadata
Key Unit  Value =
~ Par
StrainDefinition AverageStrain
StrainUnit Percentage
StressDefinition Nominal
StressUnit GPa
XAxis StrainZDir
YAxis StressZDir
LoadSignDefinition Tensile
~ Plots
|NumberOfPlots 1
- |Plot1
PlotTitle Strain versus Stress
XAxisLabel Tensile Strain Z-Dir.
YAxisLabel Tensile Stress Z-Dir.
XAxisUnit %
YAxisUnit GPa
CAxisLabel
Aviel Init h(
Manage Data - Load Input Map Export ~ Close

The Results tab gives access to the computed values for the parameters calculated
by the selected ElastoDict process.

The Results tab is divided into two or into three subtabs:

B The Report subtab shows the average strain (displacement gradient when using

geometric nonlinearity) and stress values in the experiment.

GeoDict 2022 User Guide
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m Result Viewer — O X
Tue Nov 9 2021 (2022 Build 53129) ./ElastoDict2022/FeelMathLDResult.gdr
Domain: 200 x 200 x 200 Voxel: 1 ym | Load Structure [ ]

Input Map LogMap  Post Map Results Strain/Stress Visualization Create Videos Metadata
Strain Definition Average Strain - Report | Plots = Map
Stress Definition Nominal v Dowr P li 9 Information 3
Load Sign Definition |Tension is Positive - | This simulation was done with dow_nsampl_ing (2x2x2 voxels are considered as one composite voxel).
The used composite voxel method is 'Laminate Theory'.
Report Stress Unit  |GPa >
Report Strain Unit | % M
S e - |- Coordinate System ------------------------
S o _ | | The coordinate system of the experiment is aligned with the coordinate axis in GeoDict.
Aoply | Average Strain
Time / (s)| Temp. XX [ (%) |YY [ (%)|ZZ ] (%) |YZ ] (%) |XZ/[ (%) |XY /(%) |VonMises/ |Hydrostatic/
Change / (%) (%)
(°C)
0 0 0 0 0 0 0 0 0 0
1 0 -0.62871 |-0.60389 | 2 -0.018697|0.01315 |-0.001539 |2.61669 0.255799
2 0 -1.2573 |-1.2077 |4 -0.03754 |0.026579|-0.003131 |5.2333 0.511658
3 0 -1.8859 |-1.8117 |6 -0.05646 |0.040106 |-0.0047705 | 7.84999 0.767464
4 0 -2.5146 |-2.4157 |8 -0.075389 | 0.053647 | -0.0063892 | 10.4667 1.02326
5 0 -3.1432 |-3.0196 |10 -0.094321|0.067198 | -0.0080121 | 13.0834 1.27908
--------------------------- Average Stress
Time / (s)| Temp. XX/ YY/ 2z / YZ/ xz/ XY/ VonMises | Hydrostati
Change / |(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) / (GPa) c/ (GPa)
(°c)
0 0 0 0 0 0 0 0 0 0
1 0 -6.2757e- |-1.9819e- |0.11049 |2. -6.3587e- |8. 0.11049 |0.0368258
06 06 5939e-06 |06 2912e-07
2 0 2. 4. 0.22097 |3. -6.1078e- |2. 0.220969 |0.073659
5407e-07 |8961e-06 4661e-06 |06 2261e-06
3 0 2. 5. 0.33145 |3. -4.955%- |5. 0.33145 |0.110487
0042e-06 |7615e-06 3294e-06 |06 2358e-07
4 0 -2.9344e- |-1.0958e- |0.44194 |2 -4,3846e- |9. 044194 |0.147311
06 06 3696e-06 |06 0216e-07
5 0 1. 2. 0.55242  |2. -2.692e-0 |2. 0.552422 |0.184143
4562e-06 |5822e-06 0442e-06 |6 1982e-07
Plot Options ~|  Initial Stiffness: 5.524 GPa
Manage Data ~ Load Input Map Export ~ Close

B The Plots subtab shows the strain-stress diagram by default. The parameters on
the X/Y-Axis and the corresponding units can be specified to the left of the plot.
The new plot is created by clicking Apply. By right-clicking on the plot, it is
possible to adjust the plot settings, for example, the font sizes, data range etc.
Additionally, the plot can be saved as an image and the data can be saved as a
*.txt file.
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ﬂ Result Viewer

Tue Nov 9 2021 (2022 Build 53129) .../ElastoDict2022/FeelMathLDResult.gdr
Domain: 200 x 200 x 200  Voxel: 1 pm ‘Load Structure| [ ]
Input Map Log Map Post Map | Results | Strain/Stress Visualization Create Videos Metadata
Strain Definition | Average Strain ~ | | Report ‘ Blots ‘ Map
Stress Definition \Nominal v \ Strain versus Stress
Load Sign Definition \Tension is Positive v \
Report Stress Unit | GPa v s
Report Strain Unit % v _
— [
X-Axis [Strain z-Dir 5 04
Y-Axis |Stress Z-Dir v =
Eel——t o am—————a 5
Apply ... ‘ ~ 0.3+
12}
172}
£
@ 0.2
2
®
=
©
= 0.1
0.0 |
T T T T
2 4 6 8 10
Tensile Strain Z-Dir. / (%)
| Plot Options =
‘ Manage Data v| ‘ Load Input Map Export " ‘ Close

B The Map subtab contains all result values.

E] Result Viewer

Tue Nov 9 2021 (2022 Build 53129)

Domain: 200 x 200 x 200  Voxel: 1 pm ‘Load Structure|

Report  Plots ‘ Map

Input Map Log Map Post Map | Results | Strain/Stress Visualization

.../ElastoDict2022/FeelMathLDResult.gdr

Create Videos Metadata

Key Unit Value

Structure.gdt

s 91.999

GPa |5.5243

1,0,0,0,1,0,0,0, 1

Time s 1
TemperatureChange K 0
FluidPressure GPa |0
DeformedVolumeFraction 1 0.89974, 0.10026, 0,0,0,0,0,0,0,0,0,0,0,0,0, 0
GeometryVolume m~3 |8.05944e-12
» Strain
b Stress
DeformedGeometry DeformedGeometry 0.gdt
DeformedG32 DeformedObjectIndices 0.g32
ElastoSolution StrainStressResult_0.das
ElastoSolutionDef StrainStressResult_0_deformed.das
4
»
»
»
Manage Data v| ‘ Load Input Map Export " ‘ Close

STRAIN/STRESS VISUALIZATION

In the Strain/Stress Visualization tab, the computed result fields (*.das) and
deformed geometries (*.gdt) can be loaded into GeoDict for visualization.

GeoDict 2022 User Guide
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3 Result Viewer — O X

Tue Nov 9 2021 (2022 Build 53129) .../ElastoDict2022/FeelMathLDResult.gdr
Domain: 200 x 200 x 200 Voxel: 1 pm Load Structure .

Input Map =~ Log Map = PostMap  Results = Strain/Stress Visualization = Create Videos = Metadata

Time Step / (s) 5 v
Step 5

Deformed Geometry (*.gdt) Load Is

Deformed Solution File (*.das) unavailable
Solution File (*.das) Load

Manage Data ~ Load Input Map Export " Close

Since GeoDict 2022, the deformed geometries and volume fields are saved in boxels
(instead of voxels as before).

Internally, ElastoDict works on boxels (cuboids with different side lengths), while
GeoDict works on voxels (cubes). Until GeoDict 2021, ElastoDict automatically
resampled the structure to a voxel structure with the original voxel length (therefore,
the voxel length did not change). In GeoDict 2022, ElastoDict saves the boxel
structure directly. This change was necessary to enable the restart for simulations
with On Deformed Geometry: The solver in ElastoDict needs the boxel structure for
restarting the computations. With boxels, the number of elements does not change
during the simulation.

Now, the resampling to a voxel structure is done when the structure is loaded in
GeoDict. The smallest boxel side length is selected as the new voxel length (instead
of the original voxel length as before). With this choice, more detail can be preserved
especially for compression simulations and the structure is shown with more details.

It is also possible to load the
structure with the original
voxel length (as before in um -
GeoDict 2021). For this, the
structure must be imported
with ImportGeo-Base instead
of loading it directly. Then, the | x 200
voxel length for the structure
can be selected:

[ 6DT2 Import - DeformedGeometry_4.qdt — O *

Import as Analytical Structure

& Import as Voxel Structure

NY 200
NZ 200

This file contains a boxel geometry.
It wil be re-sampled to the chosen voxel length.

Boxel Length X / (pm) 0.96886293
Boxel Length ¥ / (um) 0.969334808
Boxel Length Z / (pm) 1.1

Voxel Length / (um) 0.96886293|

™

CropX 0 200 |+ | (Length X: 200)

CropY o |z 200 |+ (Length Y: 200)

CropZ o | 200 |+ (Length Z: 200)
Cancel Import |
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CREATE VIDEOS

The Create Videos tab allows to create a video of the current large deformation
simulation directly from the results viewer. Click Create Video... to use the default
settings or Edit Parameters... to set them to your needs. The video creation is
performed with an underlying python macro which can be opened and edited with the

Open Macro File button.

ﬂ Result Viewer — O X
Tue Nov 9 2021 (2022 Build 53129) .../ElastoDict2022/FeelMathLDResult.gdr
Domain: 200 x 200 x 200 Voxel: 1 pm Load Structure o

Input Map Log Map Post Map Results Strain/Stress Visualization Create Videos Metadata

Large Uniaxial Deformations -

Create a video visualizing the deformation of a geometry during

an uniaxial ElastoDict-LD simulation next to the strain-stress curve.
L | Please make sure that the original (undeformed) structure is loaded
and the 3D visualization (camera position, clipping, colors etc.)

is set up as desired.

EuastoD

The video resolution is Full HD (1920x1080).
The resulting video will be called largeDeformation.mp4
and will be placed in the results folder of the simulation.

ﬂ Large Uniaxial Deformations Parameters
Edit Parameters...
Open Macro File G EO D I CT
Select Invisble Material ID 0 =
v Show Stress-Field (*.das)
Minimal Stress Value in 3D Plot / (GPa) |0
= Maximal Stress Value in 3D Plot / (GPa) 0.2
Ga Create Video ... (@) &
Select the Clipping Direction X v
Manage Data - Load Input Map Expc = Fontsze for Plots 14
Video Duration / (s) 5
v Show strain-stress plot
ANy - Y - ok, | conce

After the parameters are set, click Create Video ... to create the video. After the
generation is finished, the video file is saved in the result folder and can be opened
with the Play Video button (see screenshot below).
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ﬂ Result Viewer - | X

B ey GEO |1 1

Up Down -
Excel (single table)
Swap Selected
Combine Results

Synchronize Tabs

£ Raise Main Window
1 »

Tue Dec 28 2021 (2022 Buid 54082) .../ElastoDict2022/ FeeMathLDResult. gdr
Domain: 200 x 200 x 200 Voxel: 1 pm |Load Structure [ ]

Input Map Log Map Post Map Resuls Strain/Stress Visualization Create Videos Metadata

Large Uniaxial Deformations v
EuastoD GEODICT Create a video visualizing the deformation of a geometry during |
an uniaxial ElastoDict-LD simulation next to the strain-stress
curve.
SRS | (GRS Please make sure that the original (undeformed) structure is
loaded

15080

] and the 3D visualization (camera position, clipping, colors etc.)
1.6000

is set up as desired.

Edit Parameters...
T M -

Open Macro File

The video resolution is Full HD (1920x1080).
The resulting video wil be called largeDeformation.mp4

| — oA and wil be placed in the results folder of the simulation. -
o
@a Create Video ... [ Q) Play Video b ]
Manage Data v Load Input Map Export v Close

METADATA

The Metadata-tab contains a free text field for additional input.

Also contains the macro parameters when the simulation was started through a
macro.

RESULT FOLDER

B Result Viewer — 0 X

Open File Module ommanc
.../ExtraFiles/ElastoDict2027 /FaalMathl DRacult adr | ElastoDict G EO D | CT

Open Result Folder
Load Structure Excel (single table)

Load Input Map

Up Down

Swap Selected
Combine Results

Synchronize Tabs Manage Data b
5 Raise Main Window
Export »
Close
Tue Nov 9 2021 (2022 Build 53129) .../ElastoDict2022/FeelMathLDResult.gdr
Domain: 200 x 200 x 200 Voxel: 1 pm Load Structure @

Input Map Log Map Post Map Results Strain/Stress Visualization Create Videos Metadata

The result folder has the same name as the result file and is saved in the current
project folder. It can be opened directly from the result viewer by right-clicking on
the result file name and selecting Open Result Folder. The result folder contains the
following file formats:

m *_gdt: geometry data, e.g., the original structure and files with the deformed
geometry (e.g., DeformedGeometry 1.gdt)
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*.frf: Free Report Form file (e.g., EffectiveMatrix 2.frf). It contains the results
of each solution step. This information can also be found in the Results tab in the
Results viewer.
m * cff: coefficient file format (e.g., MaterialParameters.cff). This file contains
the material properties of the materials in the structure as input data for the solver.
m *.das: e.g., StrainStressResult 0.das. These files contain the result fields and
can be visualized in GeoDict. They can be loaded directly from the results viewer.
B *.log: e.g., FeelMath.log. A log file of the current solver run.
*.pde: e.g., solverParameters.pde. This file contains the parameters of the
current simulations as input data for the FeelMath solver.
m * fmr for FeelMathRestart. fmr: If @ simulation is aborted, a restart file might be
written which contains information to be used for a restart of the simulation. These

files can be quite large, therefore they should only be kept if the simulation will be
restarted later.

B E B | FeelMathLDResult

File Home Share View 0

« A < ElastoDict.., * FeelMathLDResult v O /2 Search FeelMathLDResult

© DeformedGeometry_0.gdt B{Eﬁectiuel'\ﬂatrixj frf B{Suluerparame‘cers.pde © Structure.gdt
© DeformedGeometry_1.gdt B{Eﬁectivel‘-f‘latrix_l.frf D StrainStressResult_0.das
© DeformedGeometry_2.gdt E{EﬁediveMatrixj.frf D StrainStressResult_1.das
© DeformedGeometry_3.gdt E{Eﬁectivel"-ﬂatrix_—i.frf D StrainStressResult_2.das

© DeformedGeometry_4.gdt HFEE|MEth.|Dg D StrainStressResult_3.das
B{Eﬁectivel'\ﬂatrix_ﬂ.frf D MaterialParameters. cff D StrainStrezsResult_4.das
19 itermns == =
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BENCHMARK RESULTS FOR FEELMATH-LD

In GeoDict 2021 and GeoDict 2022, the runtime for FeelMath-LD is reduced
significantly if the deformation data is not written to a file.

As an example, the compression of a sand control screen is shown here.

The structure consists of 660 X 660 X 232  y.ierial Information:

voxels (i.e., approximately 100 million 2 {809 &2 HNEL  cosT 14240
voxels). A compression of 25% is computed =D 02: Steel EEEEE)N 10130 - Do)
in 10 steps with plastic deformation of the
structure.

The computation was run on our server, with
2 x Intel E5-2697A v4 processors with 16
cores each, running with a maximum of
3.60 GHz, and 128 GB RAM under Linux.

Without writing the deformation data to a file, the computation with 32 processes,
needs 50% more memory, but the runtime is reduced by 40% compared to GeoDict
2020. With GeoDict 2022, the runtime is further reduced by 10% compared to GeoDict
2021.

GeoDict release | Runtime /h | Memory / GB

2020 SP3 32.8 82
2021 (r42253) 19.6 123
2022 (r52998) 17.7 133

If keeping the deformed geometry in memory is combined with downsampling,
computation time can be reduced even further.

Material Information:
wy ID 00: Air [invis.i|
wmyID 01: Polypropylene (PP - TECAFINE)

The example shown next is the compression
of a foam structure.

For a structure size of 500 x 500 x 500
voxels, a compression of 80% is computed
with FeelMath-LD in 40 steps.
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Again, computations were run with 32 processes on our server mentioned above.

Each computation is run twice, once for elastic, and once for plastic material behavior
with GeoDict 2022. Runtimes and memory requirements for the computation with and
without downsampling (DS), as well as for keeping the deformed geometry in memory
(InMem) or writing the deformation data to a file (OnDrive) are compared in the
following figures.

With downsampling and keeping the deformed geometry in memory, runtimes can be
reduced for the foam structure by more than 90%, by reducing the required memory
to 50% for elastic case, and to 20% for plastic case.

Runtime Comparison Memory Requirements
40 100
35
80
i 30 )
QE) 25 8 60
20
E 15 = 40
2 10 2 I
o 20
5
No DS DS No DS DS No DS DS No DS DS
OnDrive OnDrive InMem InMem OnDrive OnDrive InMem InMem
H Plastic material behaviour i Elastic material behaviour W Plastic material behaviour  ® Elastic material behaviour
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FLEXURAL TEST (FEELMATH-LD)

With the Flexural Test option in ElastoDict, the reaction of a material to bending
loads can be analyzed. As in most applications in GeoDict, only a small domain of the
structure is needed for the simulation. However, it is necessary that the structure in
GeoDict contains the complete height of the real structure.

( N\ ( N\ A
\. /4 \ AN ,

Click the Solver Options Edit button to set the simulations settings for large
deformation simulations. In the FeelMath Flexural Test Options dialog, choose a
Result File Name (*.gdr) according to your current project.

ElastoDict

Flexural Test (FeelMath-LD)

Solver Options Edit ...

Estimate Memory

Help Record

CONSTITUENT MATERIALS

Select the constituent materials of the structure model as indicated above in page 9
for FeelMath-LD. For the flexural test, linear and nonlinear materials can be used.

42
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MACROScOPIC LoAD CASE

Under the Macroscopic Load Case tab, the experiment settings for the flexural test
are defined.

ﬂ FeelMath Flexural Test Options

GeoDiIcT

Result File Name (*.gdr) |FeeMathFTResult.gdr | lmm ~ |

Constituent Materials ‘ Macroscopic Load Case ‘ Solver Output Equations & References

Experiment and Sample Size

Flexural Force Flexural Deflection Load Type | Flexural Deflection - |

¢ Beam Direction | X v |

Height

Support Span / (mm) |60 |

Beam Width / (mm) |10 |

Beam Height / (mm) 0.2

P
-

Support Span
Time / (s) Flexural Deflection / (mm)

11 1

2|2 2

33 3

Number of Rows |3 |-

| Load... | | Save... |

Boundary Conditions

(@ Periodic ) Symmetric ) Mixed

@ﬂ@l@ﬂ!"ﬂ OK || Cancel |

EXPERIMENT AND SAMPLE SIZE

Experiment and Sample Size

Flexural Force Flexural Deflection | 5ad Type | Flexural Deflection - |

Height

}

Beam Direction | X E |

Support Span / (mm} |E~U |

Beam Width / (mm) |10 |

Beam Height / (mm) 0.064

Y

A

Support Span

LOAD TYPE

The bending of the beam leads to compression in the upper part of the beam, and to
tension in the lower part. This can also be understood as a Strain Gradient and
Stress Gradient (see also the figure below). In GeoDict, the flexural test is computed
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based on these gradients. If Flexural Deflection or Flexural Force are defined,
these gradients are automatically computed by GeoDict.

Bending Direction

Strain/Stress

Strain/Stress )
Gradient

Gradient

~
~
~

The load type can be defined as Flexural Deflection or Flexural Force, or
alternatively as Strain Gradient or Stress Gradient. It is recommended to only use
Flexural Deflection or Flexural Force here, the other (gradient) options are expert
options. If possible, Flexural Deflection should be used, since it usually leads to a
better convergence behavior than Flexural Force (see page 11 and page 81 for
further information).

SUPPORT SPAN

The support span is the distance between the two supporting pins as indicated in the
picture under Experiment and Sample Size. It must be entered in the user
interface, since the structure in GeoDict is usually only a small cutout of the full
sample.

BEAM WIDTH & BEAM HEIGHT

The Beam Width is perpendicular to the
beam and bending directions. It influences
the ratio between load and deflection
(since the beam can carry higher loads if it
is wider), but it has no influence on the
effective material parameters like the
flexural modulus. The value of the Beam
Height cannot be changed, since height of
the beam is the height of the structure in
GeoDict.

\. A

44 GeoDict 2022 User Guide



Effective Stiffness (FeelMath-VOX)

LOAD TABLE

In the Load Table, the load steps and the corresponding times can be defined. For
computing the flexural modulus, one step is sufficient. For analyzing more
complicated effects like plasticity and damage, more load steps are necessary.

SOLVER

The Solver tab is identical to the solver tab in ... (see page 23).

OuTPUT

The options under the output tab are identical to those in ... (see page 27)

EQUATIONS & REFERENCES

The differential equations solved in the simulation and additional equations relevant
for flexural tests are listed under the Equations & References. Additionally, the tab
contains the references for the methods used by the FeelMath solver in ElastoDict
(see page 2 for links).

Constituent Materials =~ Macroscopic Load Case | Solver = Output | Equations & References
Equations

Equilbrium Equation d?/U(O'(E)) =0

Kinematic Equation €E = E + (V'u + (VU)T)/A?

Variables

@ Stress Tensor [ (GPa)

€ Strain Tensor

E Macroscopic Strain Tensor
U Displacement Vector [/ (m)

Flexural Test Equations

- 6Dd
Flexural Strain Ef =S
L2

- 3FL
Flexural Stress O'f =

2bd>

L3m
Flexural Modulus Ef = 4bd3

Flexural Test Variables

O-f Flexural Stress / (GPa): the maximal stress e.g. in outer fibers at midpoint
€f  Flexural Strain: the maximal strain in the outer surface
Ef Flexural Modulus of Elasticity / (GPa)

F' Flexural Force / (N): load at a given point on the load deflection curve
D Flexural Deflection / (m): maximum deflection of the center of the beam
L Support Span / (m)

b, d Width / (m) and Height / (m) of tested beam

11 Initial Gradient of the load deflection curve / (N/m)
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RESULTS FILE (.GDR)

The handling of the result file works analogous as for FeelMath-LD (see page 30),
therefore only the features specific for the flexural test are explained here in detail.

RESULTS

The results tab contains a table with the forces and corresponding deflections in the
experiment. Additionally, the flexural modulus is computed based on the first step
of the simulation.

[ Rresuit Viewer = O X
Thu Dec 30 2021 (2022 Build 54078) .../ElastoDict2022/ FeelMathFTResult.gdr
Domain: 200 x 200 x 360 Voxel: 1 pm |Load Structure ®

Input Map Log Map Post Map Results Strain/Stress Visualization Metadata
Report Plots Map

Flexural Modulus: 21.28 GPa
(With respect to the total height / thickness of the geometry: 0.00036 m.)

Time [ (s) | Force [/ (N) | Deflection / (m)
0 0 0

1 0.1839 0.001

2 0.3678 0.002

3 0.5517 0.003

- Total runtime: 1.08983 min, Total memory usage: 3.305 GiB -

Manage Data v Load Input Map Export - Close

STRAIN/STRESS VISUALIZATION

In the Strain/Stress Visualization tab, the computed result fields (*.das) and
deformed geometries (*.gdt) can be loaded into GeoDict for visualization.

In the example below, a flexural test is done on a beam with a material structure as
shown on the left. On the right, the distribution of the strain in X-direction is shown,
and it is visible that the compressed on the top (negative strain, colored in blue)
and stretched on the bottom (positive strain, colored in red).

The simulation is based on the strain or stress gradients in the beam in the load
direction. Therefore, it is not possible to see the bending in the results. This
corresponds to the idea of analyzing a very small part of the beam.
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35 50 Ehony (3901-6) [invis.]
N : Epoxy -6) [invis.
wID 01: Glass -

Material Information:
w 1D 00: Epoxy (3501-6) [invis.]
nID 01: Glass

StrainXX / (1)
1.80-10-3
1.50-10-3
1.00-10-3

500.00-10-¢ -
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EFFECTIVE STIFFNESS (FEELMATH-VOX)

FeelMath-VOX is the solver in ElastoDict for computing the effective elastic properties
in GeoDict. Effective elastic properties are the mechanical properties of a
homogeneous material which shows the same elastic behavior as the given
non-homogenous material.

ElastoDict
Effective Stiffness (FeelMath-VOX) -

Soler Options Edit ... hﬁ

In the FeelMath Elasticity Solver Options dialog,
choose the Result File Name (*.gdr) as you wish.

Estimate Memary

Help Record Run
E] FeelMath Elasticity Solver Options O X
GEoDICT
Result File Name (*.gdr) FeelMathVOXResult.gdr
Constituent Materials Load Case Solver Output Post-Processing Equations & References
Edit Material Database
+| | Material Mechanical Prop.
ID Name Material Law E/ (GPa) v G/ (GPa) a / (1/K)
00 Epoxy (3501-6) (Sclid) ... Elastic v | 4.24 0.365 - 5.5e-05
01 Glass (Solid) ... Elastic-Failure (E-Glass) ~ | 72 022 - 5e-06
) .
BE e BER o | canc

If a GeoDict results file (*.gdr) with the given name already exists in the project
folder, a warning message is shown at the start of the creation process. The user can
either decide to back up the old file, to overwrite it or cancel and choose a new file
name. If no action is taken, the default option back-up is automatically chosen after
a waiting time.

CONSTITUENT MATERIALS

Select the constituent materials of the structure model as indicated above in page 9
for FeelMath-LD. In FeelMath-VOX, only linear elastic materials can be used.

LoAD CASE

In the Load Case tab, the loads applied to the geometry are defined.
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m FeelMath Elasticity Solver Options

GeoDiIcT

Result File Name (*.gdr) FeeMathVOXResult.gdr

Constituent Materials Load Case Solver Output Post-Processing Equations & References

Load Type Strain -
Stiffness Mode Stiffness Tensor v
Strain Increment / (%) 0.005
Load Case

VXK v Yy v 7z

Vi YZ VX2 VXY

Thermal Expansion

Boundary Conditions

() Periodic ‘® Symmetric () Mixed

E‘hﬂ E‘l @ ﬂ !"a OK Cancel

LoAD TYPE

Choose whether the load applied to the material should be Strain or Stress from the
pull-down menu. Choosing Strain is favorable for the solver and is often faster, but
the choice has no effect on the quality of the solution.

STIFFNESS MODE

Either the Stiffness Tensor for the structure, or the effective stiffness for a selected
direction can be computed (Stiffness X-Direction, ...).

Constituent Materials Load Case Solver Output Post-Processing Equations & Refere * | »

Load Type Strain -
Stiffness Mode Stiffness Tensor =
Strain Increment / (%) Stiffness X-Direction
Load Case Stiffness Y-Direction

Stiffness Z-Direction

The stiffness tensor contains more information and allows to understand the
properties of the structure more thoroughly. Nevertheless, if only the information for
one direction is needed, the option to compute only a selected direction is much

faster.
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Constituent Materials Load Case Solver Output Post-Processing Equations & Refers « | »

Load Type Strain ~
T s W|
Strain Increment / (%) 0.005

STRAIN/STRESS INCREMENT

Depending on the selected Load Type, a Strain or Stress Increment must be set.
Generally, it is recommended to keep the default settings. Since the equation solved
in FeelMath-VOX is linear, scaling the input increment (Strain respectively Stress)
by a factor also scales the output (Stress respectively Strain) by the same factor. In
conclusion, changing the input increment does not change the computed stiffness
tensors.

Strain Increment e = % x 100 %
0

= 7 =
N Y W

A Al

LoAD CASE

Choose the Load Directions in which the effective stiffness should be computed by
the FeelMath-VOX solver. The complete stiffness tensor can only be computed if all
six load case directions are simulated (See the Appendix about the effective elastic
properties on pages 105 ff. for an exemplary analysis of FeelMath-VOX results).
Otherwise, only part of the stiffness tensor is calculated. If only parts of the stiffness
tensor are computed, the results might be inaccurate, especially if the structure is
highly anisotropic. Therefore, we recommend using the option to compute the
stiffness in selected directions (see Stiffness Tensor, page 49) instead of computing
only parts of the stiffness tensor.

For the strain equivalence principle (see the Solver tab), each load case adds one
column to the stiffness tensor. For the energy equivalence principle, only the entries
of the stiffness tensor can be calculated, for which both the load case belonging to
the column-number and the load case belonging to the row-number, have been
solved.

THERMAL EXPANSION

When thermal expansion is chosen, the tensor with the thermal expansion coefficients
is computed for the current structure. Thermal expansion is a separate load case
independent from the strain or stress loads. The temperature change is then specified
as Temperature Increment [K].

BOUNDARY CONDITIONS

Here, the domain boundary conditions can be set. In general, periodic boundary
conditions should be used for periodic structures, whereas otherwise symmetric
boundary conditions should be applied. For further explanations, see the
corresponding paragraph in the FeelMath-LD section (pages 11 ff.).
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However, periodic boundary conditions are much faster and need less memory than
symmetric boundary conditions. In many cases, for example for composite structures
with low fiber percentage, the results for periodic boundary conditions are comparable
with the results for symmetric boundary conditions even if the analyzed structure is
not periodic.

If the Stiffness Mode is set to Stiffness Tensor, only Periodic or Symmetric
boundary conditions are available. For Stiffness in X,Y or Z-Direction, also Mixed
boundary conditions can be set.

SOLVER

The FeelMath-VOX solver options are mostly the same as for the FeelMath-LD solver
(see page 23). Here, the Equivalence Principle can be chosen whereas for FeelMath-
LD, resampling options can be set which do not apply for FeelMath-VOX. Additionally,
when using Downsampling, the strain and stress fields can be written in the
downsampled resolution.

ﬂ FeelMath Elasticity Solver Options = O X

GEO
Result File Name (*.gdr) FeelMathVOXResult.gdr
Constituent Materials =~ Load Case  Solver | Output | Post-Processing = Equations & References
Simulation Stopping Criterion
Tolerance 0.0001
Maximal Iterations 100000
Maximal Run Time / (h) 240
Equivalence Principle Energy and Strain v
Method Fast (Conjugate Gradient) v
Parallelization <local max. - 8x> Edit ...
Use Downsampling
Downsampling Factor 2
Composite Voxels Laminate Theory
»| Write Volume Fields (*.das) for the Original Structure Size

Orientation Mode Use Orientation from Analytic Objects (gad) v

@B E’*ja @ !:3; !g OK Cancel

EQUIVALENCE PRINCIPLE

The Equivalence principle defines the equations which are solved for the
computation of the effective properties of the structure. In principle, the effective
properties are the properties of a homogeneous material with the same properties as
the given structure. There are two approaches to compute these properties:

® Based on Strain Equivalence: the stress caused by a given strain is the same
for the homogeneous and non-homogeneous material

m Based on Energy Equivalence: the elastic energy stored in the material
caused by a given strain is the same in the homogeneous and non-
homogeneous material

In FeelMath-VOX, either only Strain Equivalence or Energy and Strain
Equivalence can be chosen. By computing both, also the deviation in the results of
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both methods is evaluated in the result file and provides a measure for the quality of
the solution. Depending on the structure, both methods might lead to slightly different
results.

DOWNSAMPLING

For Downsampling, all options are the same as for large deformation simulations
(see page 25).

OuTPUT

The FeelMath-VOX Output options are mostly the same as for FeelMath-LD (see page
27). The option to Discard PDE Solver Files is only available in VOX. When this
option is chosen, only the .gdr file is kept after the run and the corresponding solver
files are deleted (log files, solver input files, result files, ...). This option is useful when
only the effective properties are of interest and no result fields are needed.

ﬂ FeelMath Elasticity Solver Options - [ X
GeoDicT
Result File Name (*.gdr) FeelMathVOXResult.gdr

Constituent Materials Load Case Solver Output Post-Processing Equations & References

Write Volume Field

Displacement Check All
X Y z
Uncheck All
Stress XX YY il
Yz Xz XY Vv Von Mises
Strain XX YY i
YZ Xz XY v Von Mises

Material State Variables

Export VTK File (*.vti)
Discard PDE Solver Files

@B @J @ E,.; Eg OK Cancel

POST-PROCESSING

The options available under Post-Processing are optional and they can also be set
later in the Result Viewer of the result file (*.gdr) after the computations.

In the figure below, the options in the FeelMath-VOX settings are shown in the image
below (on the top-left). How they look in the Result Viewer is shown at the bottom
right. Post-Processing in Original Coordinate System is always available and
selected by default. All other post-processing options are only available if all load
directions (XX, YY, ZZ, YZ, XZ, and XY) have been previously checked under the Load
Case tab.
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3 FeelMath Elasticity Solver Options O X

GeoDicT

Result File Name (*.gdr) FeelMathVOXResult.gdr
Constituent Materials Load Case Solver Output Post-Processing Equations & References

v Post-Processing in Original Coordinate System
v/ Post-Processing in 'Principal Material Axes' (PMA)
Post-Processing in 'Principal Material Axes' (PMA) in the XY-Plane (fixed Z-Axis)
+ Compute Direction Dependent Stiffness
Angle Resolution / (°) 10
v Export Abaqus UMAT for Anisotropic Material

Compute Norris Approximation

Input Map Log Map Post Map Results Strain/Stress Visualization Metadata

(CCHRN o f <)

Stress Unit GPa GPa Plots Map

NI - MFPa
V| Analyze in Original Coordinate ion Dependent Stiffness

V| Find 'Principal Material Axes' (PMA)
Find PMA in XY-Plane (fixed Z-Axis)

90°

v/| Compute Direction Dependent Stiffness

Angle Resolution / (°) 10

| Export Abaqus UMAT for Aniso. Material  Stiffness / (GPa)

6
Compute Norris Approximation In XY-Plane
Apply ... 180 —— In XZ-Plane 0
—— InYZ-Plane
270°
Angle / (°)
Plot Opticns v

STRESS UNIT

When post-processing the plots in the Result Viewer, the Stress Unit for the results
can be selected. This choice has an effect on the values under the Report subtab and
on the Plots subtab. The stress unit in the Results — Map subtab is always GPa.

POST-PROCESSING IN ORIGINAL COORDINATE SYSTEM

Check Post-Processing in Original Coordinate System to compute the
engineering parameters and elasticity-tensor approximations in the original
coordinate system (X, Y, 2).

POST-PROCESSING IN PRINCIPAL MATERIAL AXES (PMA)

Check Post-Processing in Principal Material Axes (PMA) to find the PMA of the
material and compute the engineering parameters and elasticity-tensor
approximations in the PMA system. This is only possible if all six load cases (under
Load Case tab) are calculated.
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POST-PROCESSING IN PRINCIPAL MATERIAL AXES (PMA) IN THE XY-PLANE

Check Post-Processing in Principal Material Axes (PMA) in the XY-plane to find
the PMA of the material in the XY-plane and to compute the engineering parameters
and elasticity-tensor approximations in this PMA system. This is only possible if all six
load cases (under Load Case tab) are calculated.

COMPUTE DIRECTION-DEPENDENT STIFFNESS

Check Compute Direction-Dependent Stiffness to calculate the material stiffness
in the XY, XZ, and YZ plane, in the original coordinate system. Additionally, enter an
Angle Resolution (°) to analyze the material stiffness for arbitrary angles. The result
file obtained after computations includes a table showing the calculated Young'’s
Modulus E in the three planes according to the entered angle resolution. Additionally,
a plot for the direction dependent stiffness can be found in the results file under the
Plots tab.

ﬂ Result Viewer — | X
Tue Nov 9 2021 (2022 Build 53129) .../ElastoDict2022/FeelMathVOXResult.gdr
Domain: 200 x 200 x 200 Voxel: 1 pm |Load Structure [ ]

Input Map = Log Map = PostMap | Results  Strain/Stress Visualization = Metadata
Stress Unit GPa v Report Plots Map

v Analyze in Original Coordinate System Direction Dependent Stiffness

/| Find "Principal Material Axes' (PMA)

90°

Find PMA in XY-Plane (fixed Z-Axis)
v/ Compute Direction Dependent Stiffness

Angle Resoluticn / (°) |10

V| Export Abaqus UMAT for Aniso. Material o Stiffness / {GPa)

v 6
Compute Norris Approximation —— In XY-Plane
Apply ... 180° —— In XZ-Plane 0°
—— InYZ-Plane
270°
Angle / (°)
Plot Options s
Manage Data A Load Input Map Export h Close

EXPORT ABAQUS UMAT FOR ANISOTROPIC MATERIAL

When Export Abaqus UMAT for Anisotropic Material, an UMAT with the computed
anisotropic material properties is exported and can be found in the result folder. This
UMAT can directly used in Abaqus, or it can also be used as material in GeoDict.

COMPUTE NORRIS APPROXIMATION

Check Compute Norris Approximation to compute the cubic elasticity tensor
approximation following Norris (A. Norris, Elastic Moduli Approximation, J. Acoust.
Soc. Am. Vol 119, No 4, April 2006). See also the section about the effective elastic
properties in the Appendix on pages 105 ff. This is only possible if all six load cases
(under Load Case tab) are calculated.
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EQUATIONS & REFERENCES

The differential equations solved in the simulation are listed under the Equations &
References. Additionally, the tab contains the references for the methods used by

the FeelMath solver in ElastoDict (see page 2 for links).

E] FeelMath Elasticity Solver Options O

GeEoDICT

Result File Name (*.gdr) FeelMathVOXResult.gdr
Constituent Materials =~ Load Case = Solver = Output = Post-Processing | Equations & References
Equations
Equilibrium Equation d‘l’U(O’(E)) =0
Kinematic Equaton € — Jf 4 (V'u, -+ (Vu)T)/2

Variables

O Stress Tensor / (GPa)

€ Strain Tensor

E Macroscopic Strain Tensor
U Displacement Vector / (m)

References

[1] A numerical method for computing the overall response of nonlinear composites with complex microstructure; H.
Moulinec, P.Suquet; Computer Methods in Applied Mechanics and Engineering, Volume 157, Issues 1-2 (1998), pp 69-94

[2] Use of composite voxels in FFT-based homogenization; Matthias Kabel, Dennis Merkert, Matti Schneider; Computer
Methods in Applied Mechanics and Engineering, Volume 294 (2015), pp. 168-188

[3] Computational homogenization of elasticity on a staggered grid; Matti Schneider, Felix Ospald, Matthias Kabel; Int.
Journal for Numerical Methods in Engineering, Volume 105, Issue S (2016), pp. 693-720

[4] Mixed boundary conditions for FFT-based homogenization at finite strains; M. Kabel, S. Fliegener, M. Schneider;
Computational Mechanics, Volume 57, Number 2 (2016), pp 193-210

[5] The composite voxel technique for inelastic problems; M. Kabel, A. Fink, M. Schneider; Computer Methods in Applied
Mechanics and Engineering, Volume 322 (2017), pp 396-418

[6] Runtime optimization of a memory efficient CG solver for FFT-based homogenization: implementation details and scaling
results for linear elasticity; H. Grimm-Strele, M. Kabel; Computational Mechanics, Volume 64, Volume 5 (2019), pp
1339-1345

[7] Fast Fourier transform based homogenization with mixed uniform boundary conditions; H. Grimm-Strele, M. Kabel;
International Journal for Numerical Methods in Engineering (2021)

X
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RESULT FILE (.GDR)

The handling of the result file works analogous as for FeelMath-LD (see page 30),
therefore only the features specific for FeelMath-VOX are explained here in detail.

RESULTS

The Results tab gives access to the computed values for the parameters calculated
by the selected ElastoDict process. The Results tab is divided into two or three

subtabs:

B The Report subtab shows the values of the computed mechanical properties.
These values can be exported by selecting Store As Html from the Export pull-
down menu at the bottom of the Result Viewer.

ﬂ Result Viewer

Tue Nov 9 2021 (2022 Build 53129)
Domain: 200 x 200 x 200 Voxel: 1 pm | Load Structure

Input Map  Log Map  Post Map | Results | Strain/Stress Visualization

- Report Plots Map

Stress Unit GPa

v Analyze in Original Coordinate System
(green): error <=1 %); (

Metadata

Engineering Parameters

): 1 % < error <= 10 %; (red): error > 10 %.

O X

.../ElastoDict2022/FeelMathVOXResult.gdr

v Find 'Principal Material Axes' (PMA)
Find PMA in XY-Plane (fixed Z-Axis)

Isotropic Approximation

V| Compute Direction Dependent Stiffness
F Strain Equivalence | Energy Equivalence  Mean Value
Angle Resolution / (°) 10
| Young's Modulus E / (GPa) 6.2091 6.2091 6.2091 +- 0.0000
v Export Abi UMAT for Aniso. Material
R or Anise. Faterial | b oisson Ratio V 0.3398 0.3398 0.3398 +- 0.0000
Compute Norris Approximation
Shear Modulus G / (GPa) 2.3172 2.3173 2.3172 +- 0.0000
Apply ...
PRy ‘ Lame Modulus A / (GPa) 4.9133 4.9132 4.9133 +- 0.0000
Bulk Modulus K / (GPa) 6.4581 6.4581 6.4581 +- 0.0000
Plot Options =
Manage Data = Load Input Map Export 7 Close

For FeelMath-AF and FeelMath-VOX, if all 6 load cases have been computed, an
analysis of the effective stiffness tensors can be carried out on the tables shown
in this view. This analysis allows to judge, whether the material exhibits some
degree of symmetry, such as transverse isotropy.

In the FeelMath-VOX result file, the Plots subtab shows a plot of the direction
dependent stiffness in the X-, Y- and Z-planes (see page 54 for further
explanation). Right-clicking on the plot view allows generating an image or
exporting the values as .txt file.

B The Map subtab shows a structured list of all result values.

If only the stiffness in one direction is computed instead of the complete stiffness
tensor (by selecting e.g. Stiffness in X-Direction as Stiffness Mode under the
Load Case tab), the results report is much simpler. It contains only the Young’s
modulus in the selected direction, and the average strain and the average stress in
the structure (see example below).
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ﬂ Result Viewer

Thu Dec 30 2021 (2022 Build 54078)

.../FlastoDict2022/FeeMathVOXResul_stiffnessX.gdr

¥| Analyze in Original Coordinate System

Domain: 200 x 200 x 200 Voxel: 1 pm |Laad Structure| ®
Input Map Log Map Post Map ‘ Resufts | Strain/Stress Visualization Metadata
Stress Unit |GPa A ‘ Renot | LS

Stiffness in X-Direction

¥| Find 'Principal Material Axes' (PMA)

Find PMA in XY-Plane (fixed Z-Axis)
¥| Compute Direction Dependent Stiffness

Angle Resolution / (°) [10 |

Young's Modulus E [ (GPa) | 5.4748
| | Average Stress [ (GPa) 0.0002737
i | Average Strain / (%) 0.005

| Export Abaqus UMAT for Aniso. Material

Compute Norris Approximation

Apply ...

— Total runtime: 29.346 s, Total memory usage: 2.144 GiB -

Manage Data

Load Input Map | |

Export Close

STRAIN/STRESS VISUALIZATION

In the Visualization tab, the computed solution volume fields (*.das) and
visualizations of the principal material axes (PMA) can be loaded (see pages 69ff. for

an example).

m Result Viewer

Tue Nov 9 2021 (2022 Build 53128)
Domain: 200 x 200 x 200 Voxel: 1 ym |Load Structure‘

.../ElastoDict2022/FeelMathVOXResult.gdr
o

Input Map Post Map

Log Map
Volume Fields (Displacement, Strain, Stress)
) XX Load Case:

() YY Load Case:

StrainStressResult_xx.das
StrainStressResult_yy.das
(®) 77 Load Case:
() YZ Load Case:
() XZ Load Case:
() XY Load Case:
() TE Load Case:

StrainStressResult_zz.das
StrainStressResult_yz.das
StrainStressResult_xz.das
StrainStressResult_xy.das

unavailable

Results ‘ Strain/Stress Visualization

Metadata

| Load |

Principal Material Axes - Strain Equivalence

Principal Material Axes in XY-Plane (fixed Z-Axis) - Strain Equivalence

|
‘ Principal Material Axes - Energy Equivalence
|
|

Principal Material Axes in XY-Plane (fixed Z-Axis) - Energy Equivalence

| Manage Data

Load Input Map

Close |

| Export

Clicking Load Structure in the result file loads the original structure to the

visualization area at any time.

See an example of the possibilities of visualizing the results from ElastoDict’s

FeelMath-VOX, below starting on

page 63.
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BENCHMARK RESULTS FOR FEELMATH-VOX

For the weave structure shown here, the effective stiffness is computed with
FeelMath-VOX. All fibers are fully resolved in the structure of 2,590 x 2,590 x 821
voxels (i.e., in total ~5.5 billion voxels).

Material Information:
For strain load type and periodic boundary ggi5 §2: EPoxy (3501-6) [invis.]
conditions, all six load cases are computed =D 08: Glass [Warp]

using the conjugate gradient method.

The computation was run on our server,
with 2 x Intel E5-2697A v4 processors
with 16 cores each, running with a
maximum of 3.60 GHz, and 1024 GB RAM.

To show the possible benefit of using
downsampling, runtime and memory
requirements are compared with and
without downsampling, for a different
number of processes, using GeoDict 2022
(r52859).

\.\L'

Runtime results are shown in the following figure. The computation, which needs 54 h
with 8 processes, can be run in 36 min with 32 processes and downsampling. Even
without increasing the number of processes, the runtime is reduced by 97%.

The memory requirement is reduced by 97% as well. The computation that needed
1 TB of RAM without downsampling requires only 30 GB with downsampling and thus
can be run on a standard laptop or desktop computer.

The ideal speedup, i.e., getting half the runtime for twice the number of processes is
also shown in the figure for the computation with downsampling. Computations with
FeelMath-VOX have a very good speedup compared to the ideal line, which is usually
not possible to reach for real life examples.

64
32 \\.
16

8

4

2

1

0.5
0.25

«=@==\\/ithout Downsampling
«=@==\\/ith Downsampling
Ideal

Runtime / h

2 4 8 16 32

Number of processes
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EFFECTIVE STIFFNESS (FEELMATH-AF)

The FeelMath-AF solver provides a fast analytic approximation of the effective elastic
properties. It computes the Voigt (upper bound), the Reuss (lower bound) and the
Mori-Tanaka approximations.

ElastoDict

Effective Stiffness (FeelMath-AF) -
FeelMath-AF only works for linear elastic materials.

Solver Options Edit ... I«\\s

Estimate Memory

ﬂ FeelMath Analytic Elasticity Approximation Help Record Run

GeoDicT

Result File Name (*.qgdr) FeelMathAFResult.gdr

Constituent Materials Load Case Post-Processing

Edit Material Database

+| | Material Mechanical Prop.
ID Name Material Law E/ (GPa) v G/ (GPa) a/ (1/K)
00 Epoxy (3501-6) (Sold) ... | & } | Elastic v | 4.4 0.365 - 5.5¢-05
01 Glass (Solid) ... = i Elastic-Faiure (E-Glass) ~ | 72 0.22 - Se-06
o) .
@B @J s g !a oK Cancel

CONSTITUENT MATERIALS

Select the constituent materials of the structure model as indicated above on page 9
for FeelMath-LD. As mentioned above, FeelMath-AF only works for linear materials.
Choosing nonlinear materials results in an error message when starting the solver.

LoAaD CASE

The Voigt and Reuss approximations can be interpreted as the ratio of average stress
and average strain within the microstructure. The stress and strain are generally
unknown and expected to be non-uniform.

The upper bound (Voigt) assumes that the strain is uniform everywhere. The lower
bound (Reuss) assumes that the stress is uniform everywhere. The Mori-Tanaka
approximation works for Ellipsoids and circular fibers and needs the input of analytic
data (*.gad files).
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E] FeelMath Analytic Elasticity Approximation

GEODICT

Result File Wame (*.gdr) FeelMathAFResuft.gdr

Constituent Materials Load Case Post-Processing

v | Voigt Approximation
v | Reuss Approximation

V| Mori-Tanaka Approximation

@ﬂ E?l, @ E E‘E 0K Cancel

POST-PROCESSING

Analogous to FeelMath-VOX, the post-processing options can also be chosen after the
computation in the Result Viewer. For FeelMath-AF, only the option Compute
Direction Dependent Stiffness, and the option to set a corresponding Angle
Resolution is available. Refer to page 54 in the FeelMath-VOX section for further
details.

m FeelMath Analytic Elasticity Approximation

GeoDIcT

Result File Mame (*.gdr) FeelMathAFResult.gdr

Constituent Materials Load Case Post-Processing

v| Compute Direction Dependent Stiffness

Angle Resolution [ () 10

E’hﬂ @, @ (o | =] 0K Cancel

RESULT FILE (.GDR)

The handling of the result file is analogous to that of the FeelMath-LD (see page 30).
Therefore, only the features specific for FeelMath-AF are explained here in detail.

RESULTS

The Results tab gives access to the computed values for the parameters calculated
by the selected ElastoDict process. The Results tab is divided into two or into three
subtabs:

B The Report subtab shows the values of the computed mechanical properties.
These values can be exported by clicking Store As Html at the bottom of the
Result Viewer.
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For FeelMath-AF, an analysis of the effective stiffness tensors can be carried out
on the tables shown in this view. This analysis allows to judge, whether the
material exhibits some degree of symmetry, such as transverse isotropy.

ﬂ Result Viewer

O X
Tue Nov 9 2021 (2022 Build 53129) .../ElastoDict2022/FeelMathAFResult.gdr
Domain: 200 x 200 x 200 Voxel: 1 ym | Load Structure [ ]
Input Map LogMap = Post Map  Results = Metadata
Stress Unit GPa ] | Report [[Plots 7 TMap
V Direction Dependent Stiffness | TTTTTmTTmsssssess Engineering Parameters ----------------- =
Angle Resolution / (°) |10 Isotropic Approximation
Apply . Voigt Reuss |Mori-Tanaka
Young's Modulus E / (GPa)  11.23754.6806 | 5.9578
Poisson Ratio v 0.2918 |0.3641/0.3445
Shear Modulus G / (GPa) 4.3494 |1.71572.2156
Lame Modulus A / (GPa) 6.0983 |4.59474.9081
Bulk Modulus K / (GPa) 8.9978 |5.73856.3852
----------------- Engineering Parameters in the Original
Coordinate System -----------------
Cubic Approximation
Voigt  |Reuss |Mori-Tanaka
Young's Modulus E / (GPa) | 11.2375 |4.6806 | 6.7669
Poisson Ratio V 0.2918 |0.3641(0.3234
Plot Options v
Shear Modulus G / (GPa) |4.3494 |1.7157/1.9883 %
Manage Data ~ Load Input Map Export M Close

B In Result Viewer of the FeelMath-AF result file, the Plots subtab shows a plot of
the direction dependent stiffness in the X-, Y- and Z-planes as shown below. Right-

clicking on the plot view allows generating an image or exporting the values as
txt file.

m Result Viewer

= O X
Tue Nov 9 2021 (2022 Build 53129) .../ElastoDict2022/FeelMathAFResult.gdr
Domain: 200 x 200 x 200 Voxel: 1 pm |Load Structure [ ]
Input Map  Log Map  Post Map = Results | Metadata
Stress Unit GPa ~ | | Report | Plots | Map
V' Direction Dependent Stiffness Direction Dependent Stiffness
Angle Resolution / (°) |10 90°
Apply ...
_» Stiffness / (GPa)
180° 0°
Mori-Tanaka In XY-Plane
—— Mori-Tanaka In XZ-Plane
—— Mori-Tanaka In YZ-Plane
—— \Voigt
225° 315°
—— Reuss
————
270°
Angle / (°)
Plot Options ~
Manage Data ~ Load Input Map Export ~ Close

B The Map subtab shows a structured list of all result values.
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ﬂ Result Viewer

Tue Nov 9 2021 (2022 Build 53129)

Domain: 200 x 200 x 200 Voxel: 1 pm |Load Structure‘

Input Map  Log Map  Post Map ‘ Results | Metadata

.../ElastoDict2022/FeelMathAFResult.gdr
@

Stress Unit GPa e | GRS | Mep
i . Key Unit  Value
v/ Direction Dependent Stiffr
irection Dependent Stiffness Structure.gdt
Angle Resolution / (°) 10 | s 0.486
4
\ Apply ... |
-
Stiffness GPa |14.797, 6.09825, 6.09825, 0, 0, 0, 6.09825, 14.797, 6.09...
Compliance 1/GPa |0.088988, -0.0259711, -0.0259711, 0, 0, 0, -0.0259711, ...
b Isotropic
} OriginalSystem
» PMA
» DirectionStiffness
-
Stiffness GPa 8.02606, 4.59466, 4.59466, 0, 0, 0, 4.59466, 8.02606, 4....
Compliance 1/GPa 0.213647, -0.0777797, -0.0777797, 0, 0, 0, -0.0777797, ...
»  Isotropic
» OriginalSystem
» PMA
» DirectionStiffness
-
Stiffness GPa 8.4026, 4.68959, 4.65842, -0.00857623, 0.0168405, 0.01...
Compliance 1/GPa 0.185481, -0.0394193, -0.0802073, -0.00113367, -0.001...
» Isotropic
> OriginalSystem
r PMA
} DirectionStiffness
‘ Plot Options '|
| Manage Data " ‘ Load Input Map ‘ ‘ Export " ‘ Close
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APPENDIX I: EXAMPLES AND VISUALIZATION

This section contains examples for FeelMath-VOX and for FeelMath-LD. For some of
the examples, also suggestions for possible visualizations are made.

FEELMATH-VOX

The general visualization options for FeelMath-VOX are presented here. These options
apply for arbitrary FeelMath-VOX runs. The simulation settings are not relevant here.

VISUALIZING THE STRUCTURE

Material Information:

@ID 00: Epoxy (3501-6)
n ID 01: Glass
wID 02: Glass

The structure used in this example is
shown on the right and the settings for
the visualization of this image are
shown below.

Render the structure in 3D (by clicking

) and go to the Structure tab in the
visualization panel (above the
Visualization area). Set the Structure
Renderer to Smooth. Then, select
Transp. Mode to Volume, set the
Transparent Material ID to 0, and set
the Transparency value to 0.10.

Usually, the material with ID 00 is set 4.
to invisible, so the transparency setting &
has no effect.

Click [&f] to open the Color & Visibility

Settings dialog and check visible to
enable visibility for the material ID 00.

Statistics = Camera | /| Structure Volume Field Streamlines

Structure Renderer Smooth ~ | Transp. Mode Volume ~

-

Transparent Material | 0

Transparency 0.10 =

m FeelMathVOX/Structure.gdt (FeelMathVOX) - GeoDict 2022 Standard Edition
Fle Import Model Analyze Predict Export View Settings Macro GeoApp Help

mUE GG EE ~ ~ LR
Status and Modules B« o Color & Visibilty Settings )
Cratichre Famara o Fiald
Color and Visibiity Settingsx @®

Load Preset | v/ visible

ID 00: Epoxy (3501-6 | M Dark cyan | V! visible

ID 01: Glass [ Custom | v/ visible
ID 02: Glass W Dark gray | |v! visible
ID 03: Solid M Blue v/ visible
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VISUALIZATION OF DISPLACEMENT AND STRESSES

After all selected load cases have been computed, results fields can be loaded by
choosing the corresponding *.das file and clicking Load Results in the Result Viewer

(*.gdr).

3 Result Viewer = O X
Mon Nov 15 2021 (2022 Buid 53268) .../ ElastoDict2022/FeelMathVCOX.gdr
Domain: 250 x 250 x 350 Voxel: 1 pm |Load Structure [ ]

Input Map Log Map = Post Map = Results | Strain/Stress Visualization | Metadata
Volume Fields (Displacement, Strain, Stress)

XX Load Case: StrainStressResult_xx.das
Y'Y Load Case: StrainStressResuk_yy.das
e 77 Load Case: StrainStressResult_zz.das
Y¥Z Load Case: StrainStressResult_yz.das
X7 Load Case: StrainStressResult_xz.das

XY Load Case: StrainStressResul_xy.das

Load N

TE Load Case: StrainStressResult_te.das

Principal Material Axes - Strain Equivalence

Principal Material Axes - Energy Equivalence

Principal Material Axes in XY-Plane [ Loading volume file

StrainStressResult_zz.das

GEoDICT

Select Volume Field | View File Header

Principal Material Axes in XY-Plane (

Manage Data = Load Input Map

Select components to load / compute:

v| vonMisesStrain:vonMisesStrain
v| vonMisesStress:vonMisesStress
v| Displacement:Displacementx

In the next dialog, choose the components v Displacement:DisplacementY

v! Displacement:DisplacementZ

which should be visualized: Strain and Stress v| Displacement:Displacement
for all calculated load cases, like e.g., von

Mises Strain and Stress, DisplacementX, Alow cipping by distance
Displacementy, DisplacementZ, and Check al Uncheck al
Displacement. Check the load cases of

interest and click OK. o [ el

Choose the displayed data through the Color by pull-down menu, under the Volume
Field tab, in the Visualization panel above the Visualization Area.

Material Information:

@ID 00: Epoxy (3501-6) [invis.]
n ID 01: Glass
wID 02: Glass

Statistics = Camera = V| Structure | v Volume Field

Color B: Displacement - S 7 N
Y u [ - - —  |vonMisesStrain / (1)
vonMisesStrain == 01.63¢-6

Color Map vonMisesStress Edt... 80.00e-6
Interpolation | Displacement Transparency 70.00e-6 —
DisplacementX 60.00e-6 —
Displacementy 50.00e-6
- DisplacementZ 40.00e-6 —
o e
Material Inforfreores T 30.00e-6

20.00e-6

i

4.64e-6

Plot Range:
max : 91.63e-6
min : 4.64e-6

The visualization parameters of the results
can also be set under the Results tab in
the Result Viewer.

Tools are available for the visualization in
2D Cross Section (SEM) and in 3D
Rendering.
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For 2D visualization, select View —» 2D Cross Section (SEM) in the Menu bar. The
control of 2D visualization parameters is also done through the Visualization panel

above the Visualization Area.

Statistics =~ Camera (Y , Z) ! Structure | v Volume Field Arrows
Color By vonMisesStrain M Threshold 1.11782e-12 9.40051e-09
Color Map Default " Edit...
Interpolation | No Interpolation - Transparent Visible on Material IDs 0,1,2,3,4,56,7,8 9~
e
Material Informa;:ion: B 5 _E,'_,..-- o '-: - '_' P "!_,.,
B ID 00: Epoxy (3501-6) [invis. b~ % oy — i ™ e
O ID 01: Glass Ry oty Bl i . ‘!
@ 1D 02: Glass R Ll T (e
e B - Ly il ! vonMisesStrain / (1)
[ o ¥ - A -
! TRt B BN L ﬁ;ﬂl 9:5210°
LY, & A : 5 A i a ‘ o
AN F = == ‘:.‘ii_ 80.00 10-8 -
o et -;_:.__r_'__...-l——_'-"_'. %
tha ) Wy = 7 e TR 1) N e 70.00-1075 -
"-. —-.:'-—-— e o ~% -5
e s L] = A el gty 60.00- 1078 -
i T - : . - 3
i -:!‘ e . LY T j 50.00- 106
A " —'H:, »r i 40.00 10 -
pa%Y o ? = - N _é 30.00- 1078 -
; i ;-'_ -, '_...k ’ > -_j 20.00- 106
i 15 e d“‘ 10.00-10-5
A L e S =0y < 2.78-10-6
P . et ™ - Plot Range:
-’ e, ] » t -, ";.’_" max  93.52-10-°
'l‘:—; v LR . - d “ﬁi min 2.78-108
- i p
= ol . '! 1 .". Data Range:
A - Py £ "\‘ =L ew g max 534.68-10-
oy 3. :‘ A Y min  695.16-10-2
=~ i . —
L4
:53:09
Depth: 000

The structure in the model can
Field). For this, select View an

Settings Macro GeoApp Help

2D Cross Section (SEM) Ctrl+2

[l 3D Rendering Ctrl+3
3D Structure Renderer »
3D View Ratio »
Full Screen Ctrl+F

v Volume Field
Streamlines
Particles
Triangle Mesh
Schlieren
Arrows
Tensors

Legends / Overlays

be set to invisible to observe only the results (Volume
d un-check Structure in the menu bar.

Material Information:

@ID 00: Epoxy (3501-6) [invis.]
n ID 01: Glass
wID 02: Glass

e

onMisesStrain / (1)
91.63e-6
80.00e-6 —i
70.00e-6 —
60.00e-6 —
50.00e-6 —
40.00e-6 —
30.00e-6
20.00e-6 l

4.64e-6 -
Plot Range:

max : 91.63e-6
in : 4.64e-6

In 2D and 3D Rendering, a color bar appears to the right (if the default position is not
changed) during the visualization of the result file, indicating the gradation of the

currently selected property.
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Click the Edit... button to edit the Default Color Map or add a new Colormap by

choosing Add... in the dropdown menu (and then click the Edit... button).
Alternatively, new colormaps can also be defined in the Color Map dialog.
Statistics =~ Camera Structure | v/ Volume Field Streamlines Statistics ~ Camera Structure | ¥/ Volume Field Streamline;
Color By vonMisesStrain = Color By vonMisesStrain =
Color Map Defaul Edit Color Map Default Edit...
lk? Interpolation Defaut Transparen
Interpolation | No Interpolation - Transparency e Add ¥ %
"
In the Color Map dialog, you can [elsEliari o x
define the upper and lower limits of
PP GeoDIcT
the color scale, add transparency to
the Visualized r'eSU|t fleld and aSS|gn a Current: | Default + | Name |Default Remove Colormap | | New Colormap Rename
. Value Range
particular Color Space (RGB, HSV, |
. = Dats Range: | Percentiles
LAB). The values entered in the Color | R
. . @ ercentie High: -
Map dialog can be saved into *.gps | sercentia tow: |1 =
(GeoDict Project Settings) files and/or : - ——
loaded from them. (oo oo oo}
As you can observe in the histogram Transparency
in the Value Range panel, the values
concentrate in an area below a value ' g Postent (0
5.0e-05. To highlight the areas with e “'“d“d
. . . Add Point
hlgh strain, we INCrease the 46406 26485 4.81e5 6.09e-5 0.16e5 B
Percentile Low to 80. |
Color
Note how the color of the result field
in the Visualization area and the lrspacet [y~
. . Resolution: | Discrete -
histogram change accordingly. postion: 3
s64e6 26465  481es  6o9es oges ol fonteoon.
EJ Color Map - Default O x
GeoDicT
Current: | Default =  Name Default Remove Colormap | | New Colormap Rename
Value Range
= Data Range: Percentiles
@, Percentie High: |99 =
=Y Percentile Low: | 80 H|
{ 0.0p01 0.0002 nnﬁd%%a ] Refine View
Material Information: - “F “F
@ID 00: Epoxy (3501-6) [invis.]
n ID 01: Glass Transparency
wID 02: Glass
(1) B 1 Position: | 0
91.63e-6 Opacity: | 0.00
85.00e-6 — Add Point
40000 5.84e-5  6.67e-5 7.5e-5 8.33e5 0.16e5
75.00e6 1| | coor
70.00e-6 -
65.00e-6 Color Space: | ygy -
58.43e-6 ] Resolution: | Discrete -
Plot Range: Position: [
max 95]é333ee-_66 Add Point Paoint Color...

5.84e-5 6.67e-5

Show Isosurfaces Widget
Load Color Preset

BEeBR

7.5e-5

8.33e-5 9.16e-5

V| Apply Immediately

Close \
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Statistics =~ Camera v Structure | ¥ Volume Field Streamlines ‘L}Transﬂarenw
, : 35 -
Color By vonMisesStrain ~ B g Posiion: 32 =
. o] 1 11.00 =
Color Map Default Edit... pacty
X 8 Delete Paint
Interpolation | No Interpolation - J[/\\)Transparency 5.81e-056.69e-05  7.58e-05  8.47e-059.35e-05

To emphasize the areas where the strain

is elevated, you can activate Transparency

under the Volume Field tab or directly in the Color Map dialog. Make sure that No
Interpolation is selected in the Interpolation dropdown menu and then modify
the transparency curve in the Color Map dialog, as indicated in the image on the right.

In the figure below, the transparency
for low values is increased to see

through these areas, and upper values
are

with a
highlighted.

high  transparency

Material Information:

@ID 00: Epoxy (3501-6) [invis.]
n ID 01: Glass

wID 02: Glass

e N
~¢;’7 onMian / (1)
— 91.63e-6
85.00e-6 —
80.00e-6 —
75.00e-6
70.00e-6 —

65.00e-6 ]

58.43e-6

[ color Map - Default [m] X
Current: | Default = | Name |Default| Remove Colormap |Mew Colormap Rename
Value Range
= Data Range: Percenties =
@, Percentile High: | 99 =
a Percentile Low: | 80 =
0.000 Refine View
‘ U.UPUI U.OPOZ 0.0{]033&
v Transparency
Position: | 32 -
Opacity: | 1.00 -
Delete Point
.84e-5 0.67e-5 7.5e-5 8.33e-5 9.10e-D
Color
Color Space: | ygy -
Resolution: | Discrete -
Position: | g
Add Point Point Color...
5.84e-5 6.67e-5 7.5e-5 8.33e-5 9.16e-5
Show Isosurfaces Widget
Load Color Preset v Apply Immediately
Oy [0 & BB | Cose |
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CLIPPING STRUCTURE AND RESULTS

The displayed results can also be clipped spatially in all three directions (ClipX, ClipY,
ClipZ) with the sliders or by direct input. This enables the simultaneous visualization
of the structure and the corresponding results. Make sure that the structure is set to
visible (View — checked Structure).

Statistics =~ Camera [| V| Structure |] v Volume Field

Streamiines Particles Triangles Schlieren Arrows 14 | 4
Structure Renderer | Smooth ~ | Transp. Mode |Volume ~ | [ ViCipX [0 3| D129 :I] Invert

Transparent Material |0 |
Transparency 010 2

v CipY |0 |2 (1 |250 Z|
viCpz [0 |*| 350 2| r
o

v/ Volume FiEId” Streamlines Particles Triangles Schlieren Arrows Tensors
Threshold By | Displaceme ~ | W] Smooth vl cipx 125 |2 ==C=C1[250 [2]) ITnvert

Edi... || |>= | 111782612 | D=—m vicipy [0 || =250 2|

ransparenc  Visble on Material IDs |0, 1, 2,3, 4~ | viCipZ |0 |2 C=——1|350 |

vonMisesStrain / (1)
91.63e-6
80.00e-6 j!
70.00e-6 —
60.00e-6
50.00e-6
40.00e-6
30.00e-6
20.00e-6

4.64e-6

Plot Range:

max : 91.63e-6

min : 4.64e-6

Data Range:

max : 340.67e-6

min : 651.28e-9
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VISUALIZATION OF PRINCIPAL MATERIAL AXES

When all load cases (XX, YY, ZZ, XY, XZ, YZ) have been computed, the principal
material axis can be visualized by clicking Principal Material Axes - Strain
Equivalence or Principal Material Axes - Energy Equivalence under the
Strain/Stress Visualization tab of the Result Viewer.

3 Result Viewer = O X
Mon MNov 15 2021 (2022 Build 53268) .../ ElastoDict2022/FeelMathVOX.gdr
Domain: 250 x 250 x 350 Voxel: 1 pm Load Structure [ ]

Input Map = Log Map | Post Map = Results | Strain/Stress Visualization | Metadata
Volume Fields (Displacement, Strain, Stress)

XX Load Case: StrainStressResult_xx.das
¥Y Load Case: StrainStressResult_yy.das
® 77 Load Case: StrainStressResult_zz.das
YZ Load Case: StrainStressResult_yz.das
XZ Load Case: StrainStressResult_xz.das
XY Load Case: StrainStressResult_xy.das
TE Load Case: StrainStressResult_te.das Load

Principal Material Axes - Strain Equivalence N

Principal Material Axes - Energy Equivalence
Principal Material Axes in XY-Plane (fixed Z-Axis) - Strain Equivalence

Principal Material Axes in XY-Plane (fixed 7-Axis) - Energy Equivalence

Manage Data - Load Input Map Export v Close

The axes are best to observe when the structure is transparent. For this, switch off
the visualization of the results (View — uncheck Volume Fields), choose the
Structure Renderer to Box and set the Transp. Mode to Volume (both options under
the Structure tab in the Visualization panel).

Statistics | Camera V| Structure Volume Field Stre

Structure Renderer Transp. Mode

Transparencies | Edi...
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FEELMATH-LD

For FeelMath-LD, this section contains an example of how to simulate and visualize
matrix damage.

MATRIX DAMAGE

FeelMath-LD can be used to determine matrix damage in a composite model. In this
example, E-Glass fibers are combined with an epoxy matrix. The structure used for
this example is generated with FiberGeo.

Select the Deformations (FeelMath-LD) solver.

ElastoDict
Deformations (FeelMath-LD) -
Solver Options Edit ...

Continue interrupted simulation

Browse

Estimate Memory

Help Record Run

In the FeelMath Large Deformation Options dialog, under the Constituent
Materials tab, set the materials to Epoxy (3501-6) with the Damage (UMAT) material
model and Glass with the E-Glass (Isotropic) material model. The Failure Stress
option for Glass can additionally be enabled, although it is not necessary for this
example.

3 FeelMath Large Deformation Options

GEoDIcT

Result File Name (*.gdr) FeelMathLD_MatrixDamage.gdr

Constituent Materials | Macroscopic Load Case =~ Geometry Handing =~ Solver | Output = Equations & References
Edit Material Database

+| | Material Mechanical Prop.
ID Name Material Law E/(GPa) v G/ (GPa) a/ (1/K) Plasticty Model Viscosity Model Damage Model Faiure Model

oo M Epoxy (3501-6) (Soid) ... |® i [Damage (UMAT) x]- =« 5.5¢-05, 5.5e-05
01 Glass (Solid) ... = Elastic-Faiure (E-Glass) ~ | 72 0.22 - 5e-06 None None None v Falure Stress

@B @J @ ﬂ E‘B OK Cancel

Under the Macroscopic Load Case tab, the experiment is set to Uniaxial
Experiment - Tensile. A maximal strain of 0.6% is applied in 30 steps (choose
Predefined Shape, set Magnitude to 0.6%, Length to 0.6 s and the Number of
Steps to 30. Click apply to set the load in the Load Table). For damage simulations,
it is useful to choose small steps (here, 0.2%).

Under the Solver tab, keep the default method Fast (Conjugate Gradient).Keep
the Tolerance at the default of 0.0001 to since a high accuracy is important especially
for simulations with damage. Keep the default settings under the Geometry
Handling tab.
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m FeelMath Large Deformation Options

GEoDICT

Result File Name (*.gdr) |FeeIMathLD_MatrixDamage.gdr

Constituent Materials | Macroscopic Load Case | Geometry Handing ~ Solver = Output = Equations & References

Experiment | Uniaxial Experiment - Tensile ~ | Experiment Conditions
Load Type |Path Controlled ~ | In Tangential Direction | Free =
Load Case X-Direction Free
Y-Direction Free
Direction |z -

Fluid Pressure

Plane |Z}( = |

Pressure Mode | No Pressure ~

Fluid Pressure / (GPa) 0

Angle in Plane / (°) |0 |

Load Table | Load Graph
Time / (s) Strain / (%) Temp. Change / | Predefined Shape
L 0.02 0.02 0 Shape |Linear = |
2_ 0.04 0.04 0 Magnitude [ (%) |0.6 |
3 |0.06 0.06 0
— Temperature Change / (K) |0 |
4 |0.08 0.08 0
— Length / (s) |0.6 |
5 |01 0.1 0
— Number of Steps 130 |3|
6 (0.12 0.12 0
7 0.14 0.14 0
8 |0.16 0.16 0
9 0.18 0.18 0 [~
1 v
Number of Rows 130 |:|
A
| Load... | | Save... | | pply Ly
Boundary Conditions
(e Periodic ) Symmetric ) Mixed

| Cancel |

CANCIR o f <] o

m FeelMath Large Deformation Options

GeoDicT

Result File Name (*.gdr) |FeeIMathLD_MatrixDamage.gdr

Constituent Materials =~ Macroscopic Load Case = Geometry Handiing ‘ Solver | Output = Equations & References

Simulation Stopping Criterion
Tolerance |0.0001 ‘

Maximal Iterations | 1000

Maximal Run Time / (h) |24D ‘

Method | Fast (Conjugate Gradient) - ‘

Parallelization |<Im:a| max. - 8x> | Edit ...

Use Downsampling

Downsampling Factor |2 |‘\

Composite Voxels | Laminate Theory - |

¥l Write Volume Fields (*.das) for the Original Structure Size

Write Deformation Data to File (slower but less memory)

Orientation Mode |Use Orientation from Analytic Objects (gad) -

R BR oKk || Cancel |
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Under the Output tab, uncheck Deformed Geometry and keep only the volume
fields Von Mises for Stress and Strain and the Material State Variables
(containing the damage and failure variables in this example).

Uncheck Write Deformed Geometry, since generating the deformed geometries
takes additional computation time and the deformed geometries are not relevant in
most damage simulations (since the strain at the point of failure is often very low).

Analogously, writing volume fields might take a significant amount of disk space and
time, depending on the size of the structure. Some disk-space and computational
time is saved by unchecking stress, strain, and displacement fields which do not need
to be visualized.

[ Feeliath Large Deformation Options = m} X

GeEoDicT

Result File Name (*.qgdr) FeelMathLD_MatrixDamage.gdr
Constituent Materials ~ Macroscopic Load Case  Geometry Handing ~ Solver | Output | Equations & References
Write Steps
Write All Steps
Write Result Fields (*.das) for Each n-th Step |2
Deformed Geometry

Write Deformed Geometry
Write Volume Fields for Deformed Geometry
Write Volume Fractions for Deformed Geometry

Allow Restart for Deformation Simulations

Write Volume Field

Displacement Check Al
X Y Z
Uncheck Al
Stress pet Yy 77
YZ XZ XY v/Von Mises
Strain XX YY 77
YZ Xz XY v Von Mises

¥| Material State Variables

Export VTK File (*.vti)

@B @J @ ﬂ EE'] OK Cancel

Click OK to close the Options dialog and start the simulation by clicking Run in the
GeoDict GUI main screen.

After the simulation is finished, the result file is opened automatically in the Result
Viewer at the Results - Report subtab.

Under the Results - Plots subtab, the results of the deformation during the time
series experiment are plotted as Stress-Strain chart (X-Axis: Strain Z-Dir; Y-Axis:
Stress Z-Dir). Increasing damage leads to decreasing stiffness in the structure.
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3 Result Viewer — ] X
Tue Jan 25 2022 (2022 Buid 54517) .../ElastoDict2022/ FeeMathLD_MatrixDamage.gdr
Domain: 100 x 200 x 200 Voxel: 1 pm |Load Structure [ ]

Input Map = Log Map = Post Map Strain/Stress Visualization = Create Videos = Metadata
Strain Definition Average Strain ~| | Report | Plots | Map
Stress Definition Nominal - Strain versus Stress
Load Sign Definition | Tension is Positive -
Report Stress Unit  GPa - 0.030
Report Stran Unit | % - .
T o025
X-Axis Stran Z-Dir - )
Y-Axis Stress Z-Dir - g oo
N
Apply .. 8 o5
@
e
T 0010
T
=
0.005
0.000
00 o1 02 03 04 05 06
Tensile Strain Z-Dir. / (%]
Plot Options
Manage Data Load Input Map Export x Close

Choose Material00_Damage for the Y-Axis and click Apply... to plot the average
matrix damage in the the matrix material (0 is no damage, 1 is maximal damage).
As it can be observed in the plot, the average damage increases constantly until the
point of failure (which can be recognized on the drop in the strain-stress curve at a
strain of 0.56% in the plot above), but it reaches a plateau (with a much smaller
increase) after failure. Failure in a composite is a local phenomenon: As soon as a
crack occurs (with a high local damage), the rest of the structure is unloaded.

m Result Viewer

Input Map
Strain Definition
Stress Definition
Load Sign Definition
Report Stress Unit
Report Strain Unit
K-Axis

Y-Axis

Log Map

Tue Jan 25 2022 (2022 Buid 54517)
Domain: 100 x 200 x 200 Voxel: 1 pm | Load Structure

Post Map
Average Strain
Nominal

Tension is Positive
GPa

%

Strain Z-Dir

Material00_AverageDamage ~ | »

Apply ...

Plot Options

Manage Data

Strain/Stress Visualization

-

-

=

=

Load Input Map

= O X

.../ElastoDict2022/FeelMathLD_MatrixDamage.gdr

Create Videos = Metadata

Report | Plots | Map

Strain versus Material00_AverageDamage

geDamage

MaterialD0_Avera
=}
¥

T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Tensile Strain Z-Dir. / (%)

Export > Close

Other graphs of interest can be plotted by changing the selections of the X-Axis and

the Y-Axis pull-down menus.

The original structure can be loaded with the Load Structure button.
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The Strain/Stress Visualization tab contains the volume fields of the Time Steps,
which can be selected from the pull-down menu (here, the point of failure at 0.56 s
is selected) and loaded by clicking Load.

The components whose results can be visualized are checked in the list e.g., here von
Mises Strain, von Mises Stress, Damage (Damage_0) and failure (failure_1). The
numbers (0 in Damage_0 and 1 in failure_1) stand for the Material IDs to which the

volume fields belong.

m Result Viewer

Tue Jan 25 2022 (2022 Buid 54517)

Input Map Log Map  Post Map  Results

Time Step { (s)
Step 28
Deformed Geometry (*.gdt)

Deformed Solution Fle (*.das)
Solution File (*.das)

Manage Data Load Input Map

Domain: 100 x 200 x 200 Voxel: 1 pm |Load Structure

Strain/Stress Visualization

— [m] e

.../ ElastoDict2022/FeelMathLD_MatrixDamage.gdr
o

Create Videos  Metadata

I 0.56 = ]

Load
unavaiable
Load

[ Loading volume file StrainStressResult_27.das O X

GEODICT

Click OK, to load the components.

Select Volume Field | View Fille Header

Select components to load / compute:

v| vonMises5train:vonMisesStrain
v| vonMises5tress:vonMisesStress
v| Damage_0:Damage_0

V| failure_1:failure_1

Allow clipping by distance

Check all Uncheck all

| OK || Cancel

In 2D and 3D Rendering, a color bar appears to the right (default position) during the
visualization of the result file, indicating the gradation of the selected component.

The visualization parameters can be set under the Results tab in the Visualization
panel, above the Visualization Area. For more information, see the Visualization

handbook of this User Guide.
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The structure is loaded in Z-direction,
therefore the highest stresses in the
material occur in the areas between
fibers which lie closely together. In the
lower area of the structure, the crack can
be seen in the matrix where the stresses

250010~ are Close to zero.

20.00-10-3
15.00-10-3

sesStress / (GPay

=
min  524.83-107%

The highest strain can be observed at the
w2 crack. There, the stiffness of the matrix

18.08-10-3
17.00-10-3

zxi2 7 material is lowered due to the damage,

15.00- 10
14.00-10-3

L8 | which leads to high strain values and low

11.00-10-3

oo o ] stress values.

8.00-10-3
7.00-10°3
6.00-10-3
5.00-10-3

4.00-107
3.00-10-3
2.00-10-3
1.00-10-3
54.24-10°6

Plat Range:
max  18.09-10->

| ¢ N 4 iy in  54.24:10°6
4 . . e

;\ L y ax  577.30-10-3
. i in 54241076

When damage is \visualized, it s
=== recommended to set the Data Range in the
==« ¥ Color Map dialog to Min/Max or manually

.| to a minimal value of 0.0 and a maximal

700,00 10-

www- 1| Vvalue of 1.0 (see also screenshot on the next

500,00 10-3

page). Then, the areas which are fully

300.00-10-2  —
I damaged are clearly visible.
100.00-10-3
0.00
Plot Range:
max 100
mi 0o
Data Range:
max 1.00
min 0.00
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The crack in the material can be best visualized with the Transparency option for
the volume field. For this, set the transparency as shown in the screenshot below:
Choose low values (e.g. 0.2) for low damage values (in this example, for damage
values lower than 0.75), and high values (1, which means no transparency) for high
damage values (here, for damage values above 0.875).

m Color Map - Default O o
Current: Defaut ~ | Name Default Remove Color Map |New Color Map|  Rename

Value Range

Data Range: Min/Max ~

‘ High Threshold: |1.00000e+00

Low Threshold: |0.00000e+00
f{ 0t 02 03 04 05 06 07 08 09 }1 Refne View

v| Transparency

0.760 Position: | 24
/_I Opacity: |0.20
B Delete Point
! n.75 1

Color

Color Space: | HSV -
Resolution: | Discrete ~
Position: [0
0.75 1

Add Point || Point Color...

a» W

0 0.25 0.5

Show Isosurfaces Widget

Load Color Preset Apply Immediately
E*\EI@@EE‘BE |ﬂ| Close
Material Information:

WID 00: Epoxy (3501-6) [invis.]
nID 01: Glass

[ Damage 0/ (D)
1.00
900.00-10- :l
800.00-102 -
/| 700.00-10-
600.00-10
/| so0.00-10
400.00-10-3
300.00-10->

200.00-10-3
100.00-10-3
0.00

Plot Range:
max 1.00
min 0.00
Data Range:
max 1.00
min 0.00
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APPENDIX II: NONLINEAR MATERIAL MODELS IN ELASTODICT

In ElastoDict, several types of nonlinear material laws are integrated. The next section
explains how these material laws can be set up. Additionally, it is also possible to
program user-defined material laws through the UMAT interface (see page 89)

INTERNAL NONLINEAR MATERIAL LAWS IN FEELMATH

Several nonlinear material laws are delivered with GeoDict and can conveniently be
set up in the GeoDict Material Database dialog. see the Material Database handbook
for more information.

The available material laws are: Plasticity, Damage, Viscosity and Failure. All
these material models are only available Without Geometric Nonlinearity.

[ Edit Material Database O X
Add Material Add Material Database
Del. Material Delete C:/Users/rief.LAPTOPSR/GeoDict2021/MaterialDataBase Choose...
Name

Graphite (5034x)
Graphite Fiber (XN-05-205)
Graphite

General | Solid | Mechanical Properties

Graphite_SOLVED Mechanical Properties Selection

Tlite

Tron Edit Material Law MaterialLawl - Delete Rename
Kevlar

LCO Add Material Law Add

LFP

LMO =
MNCA Law Measurement Fit Law Parameters

NewMaterial

Nickel Type Isotropic -
Nicrofer (6025 HT) b 4

NMC333 = - N -
NMCE22 Input Mode Young's Modulus & Poisson Ratio

Polyamide (PA 6 - Akulon F223-D) -

Palyamids (PA 6 - Ukramid 8202) Young's Modulus E / (GPa) 2.79999

Polyamide (PA 6) . .

Polyzmide (PA 65 - Ultramid A4H) SEER(EIEDT 0.3

Polyamide (PA 66) £

Polybenzoxzzole (PEO - Zylon AS) i Bulk Modulus K / (GPa) 2.33332

Polybenzoxazole (PBO - Zylon HM) Shear Modulus G / (GPa) 1.07692

Polybutylene Terephthalate (PBT - Ultradu
Polybutylene Terephthalate (PBT - Vanad:
Polycarbonate (PC - Apec 1695)
Polycarbonate (PC - Apec 2095)
Polycarbonate (PC - Apec DP1-8354) Smal Deformations ("Without Geometric Nonlinearity")

Polycarbonate (PC - Makrolon 3206)

Allow Thermal Expansion

Palycarbanate (PC - Xantar 10R) Plasticity Model Exponential Hardening -
Polycarbonate (PC - Xantar MX 1021) e
Palycarbonate (PC - Xantar MX 2034) Initial Yield Stress / (GPa) 0.0355631
Polyester Resin (UP - Bakelite 3630) ) ; -
Polyester Resin (UP - Bakelite 3720) Hardening Type Isotrapic
Polyethylene (HDPE) Isotropic Hardeni
Polyethylene Terephtalate (PET) e
Palypropylene (PP - TECAFINE) First Hardening Parameter / (GPa) |0.0377835
Polypropylene )
Palyurethane (PU - Thermoplastic) Second Hardening Parameter 196.708
PVDF Binder (BM-4518)
PVDF Binder (Solef) Viscosity Model None -
PVDF Binder + Carbon Black
Pyrite Damage Model Mone -
Quartz (Fused)
Quartz Failure Model Nong
Search =
Help Save Database Cancel

These material laws can be combined in different ways:

m Plasticity, damage and viscosity can be combined. For these combinations, only
the exponential damage model is available.

® The Mazars damage model cannot be combined with any other model.

m The Failure model cannot be combined with any other model.
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LINEAR ELASTICITY

The constants for linear elastic materials need to be defined for each material law in
ElastoDict. All nonlinear material laws that can be selected in GeoDict’'s material
Database are based on linear isotropic elastic materials, except of the failure model,
which is also available for transverse isotropic materials.

Law Measurement Fit Lawr Parameters

Type Isotropic =
Input Mode | Young's Modulus & Poisson Ratio -
Young's Modulus E / (GPa)} 2.7999
Poisson Ratio v 0.3
Bulk Modulus K / (GPa) 2.33325
Shear Modulus G / (GPa) 1.07688
PLASTICITY

Plasticity in materials describes the effect that a deformation remains when the load
is removed. In GeoDict, three different plastic material laws are available: Perfect
Plasticity, Bilinear Hardening (Affine linear Hardening) and Exponential
Hardening.

For understanding plastic material laws, the two most important parameters are the
elastic strain ¢, and the plastic strain ¢,,,; which add up to the strain . The elastic
strain is recoverable, whereas the plastic strain remains in the material after
unloading. The relation of the elastic strain ¢,;,, to the stress ¢ is described by Hooke’s
law, and the relation of the plastic strain ¢,,; to the stress o is described by the
chosen plastic material law.

As long as the stress is lower than the yield stress Y of the material, the deformation
is purely elastic. After this point, an increase in stress leads to a combination of elastic
and plastic strains. The yield stress increases through the plastic deformation, which
means that the material is elastic up to this point under a new load. Nevertheless,
the course of the plastic material always depends on the initial yield stress.

A A F'
0(Eptas) =Y +a- (1 — e Poptas))

J(Epi'as) =Y

J(Eelas) =E - &qas

.\‘.

&

u
o " L

r
r
tn

Eplas Eelas Eplas Eelas Eplas Eelas

Exponential
Hardening

Bilinear
Hardening
The parameters are: g, : elastic strain, e,,,,: plastic strain, o: stress, Y: yield

stress, H: plastic strain hardening modulus, a: first hardening parameter, b: second
hardening parameter

Perfect
Plasticity
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The three available plastic material laws differ in the relation between the plastic
strain and the stress:

m Perfect Plasticity: As soon as the initial yield stress Y is reached, the stress
remains at that level. From this point, the elastic strain stays constant, and all
additional strain is purely plastic.

m Bilinear (Affine linear) Hardening: The stress is a linear function of the plastic
strain

O(Splas) =Y+H- Eplas
where H is the Plastic Strain Hardening Modulus.

The plastic strain hardening modulus is not the slope of the strain-stress curve,
since it only takes the plastic strain into account. The slope of the strain-stress
curve (after the yield stress is reached) is the Tangential Modulus T. The Plastic
Strain Hardening Modulus and the Tangential Modulus are related as

with the young’s modulus E. In the material definition in GeoDict, either the
Plastic Strain Hardening Modulus or the Tangential Modulus can be set.

m Exponential Hardening: The stress is related to the plastic strain via an
exponential function
0(&ptas) =Y +a- (1 — e eptas)
with the First Hardening Parameter a and the Second Hardening Parameter
b.

Isotropic and Kinematic Hardening

Isotropic and Kinematic Hardening describe the effect of the of the plastic
deformation on the yield surface (see Wikipedia: Yield Surface for further reference).

In summary, the yield surface grows isotropically with isotropic hardening, whereas
it moves with kinematic hardening. In real materials, the material behavior is usually
a combination of both hardening types.

How to set up the hardening type for a material is expert knowledge and can only be
analyzed by measuring multiple load cycles for a material. Nevertheless, if only
tension or compression is applied to a material, the results for both hardening types
are the same, and it is sufficient to keep the default Isotropic Hardening when
setting up a material law.

DAMAGE

With the damage models, the stiffness of the material is decreased with increasing
material damage:

c=(1-D)'E-¢

with the damage variable D. The evolution of the damage D depends on the selected
damage model, and the damage can only increase. The initial value is D = 0, and the
maximal allowed value for the damage is D =0.99. When unloaded, the material
deforms elastically (with the decreased stiffness) back to its initial state.
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Two damage models are available in GeoDict: The Exponential Damage model and
Mazars’ Damage model (See reference on page 81). Both models are very similar
and differ only in the way they depend on the strain.

®m Mazars’ Damage: The damage depends on the strain, and the degradation begins
as soon as the minimal strain for damage d, is reached:
do(1—d,) d;

b=1- & B edi(e—do)’

£>d,

with d,: minimal strain for damage, d,: damage hardening modulus, d,: damage
evolution.

m Exponential Damage: The damage depends on the strain energy

E 5 Eplas
U=Ugqs + Uplas = E Eelas T f (O-(SP) - Y)dé‘p
0

which is the sum of the elastic and plastic strain energies U,y and Uys. If no

plastic deformations occur, the strain energy depends only on the elastic strains.
The degradation begins as soon as the minimal energy for damage d, is reached:
_do(1—dy) d;

D=1 T~ samweay U > do

with d,: minimal energy for damage, d,: damage hardening modulus, d,: damage
evolution.

The damage evolution formula is the same for both models, the significant difference
is that the damage is driven by the strain for Mazars’ Damage and driven by the
elastic strain energy in the Exponential Damage model. In other words, the damage
criterion for Mazars depends linearly on the strains, and a quadratic relation holds for
the exponential damage model.

FAILURE

The Failure model in GeoDict is closely related to the damage models, but its
approach is simpler. Instead of the continuous damage variable D, the failure model
knows only two states: Failure or no failure. The material fails if the Failure Stress is
exceeded, and the stiffness is degraded to 1% of the original stiffness.

The Failure model is available for isotropic and for transverse isotropic materials. In
the isotropic case, the reference stress is the von Mises stress, and in the transverse
isotropic case, the stress in the respective directions is checked.

Check the guidelines on page 81 for a comparison of the damage and failure models
in GeoDict.
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GUIDELINES FOR PLASTICITY, DAMAGE AND FAILURE MODELS

The convergence for nonlinear materials can be bad if the simulation settings are not
set up properly. Therefore, this section contains some best practices for these
simulation types.

Boundary Conditions

Don’t use Force boundary conditions, if possible:

With Force boundary conditions, it is possible to choose the applied load too high for
the materials in the structure: For plastic materials and for the damage models, the
maximal stress is limited by the material model. Therefore, applying a load which is
higher than this maximal stress leads to unsolvable equations.

If it is important to use force boundary conditions (as e.g., in a cyclic load case, where
the stresses should decrease to zero again), we recommend

m Do a first simulation with Path Boundary Conditions, to check out the maximal
allowed stresses for the structure, or

m Check the materials carefully to estimate the maximum allowed load.

Nevertheless, even if the maximum allowed load is not reached, the convergence
might be slow. For example, when using the exponential hardening model, a load
slightly lower than the maximal allowed load might lead to strains near to infinity
(which is also not realistic).

Damage models vs. failure model

The main difference between the damage models and the failure model is that the
failure model decreases the stiffness suddenly, which introduces a discontinuity into
the strain-stress relationship. The damage models lead to a gradual reduction of the
stiffness. Thus, the damage models introduce no discontinuity, this means that the
simulation is more stable and usually faster. Nevertheless, this gradual reduction of
stiffness can be arbitrarily fast — this means that nearly the same results as with the
failure model can be achieved. Additionally, the damage models can be combined with
other models like e.g., plasticity.

The main advantage of the failure model is that it is easier to set up, since it contains
less parameters. Additionally, the damage models are not available for the transverse
isotropic case. Altogether, it is strongly recommended to use the damage models
instead of the failure model, whenever possible.

NONLINEAR MATERIAL LAWS IN GEODICT - REFERENCES
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SETTING UP THE INTERNAL MATERIAL LAWS

To set up a material law in GeoDict, first open the material data base via Settings -
Edit Material Data Base ... in the menu bar:

ﬂ - GeoDict 2022 Standard Edition

Fle Import Model Analyze Predict Export View
m O E e RE

Status and Modules B «

O & .

Then, either create a new material by entering a material name and clicking the Add
button (as shown below), or open one of the materials in the database and add a
material law to it.

Ll Macro  GeoApp Help
Color & Visbiity Settings ...
ﬂ Settings ...

Edit Expert Settings...
50 Select Constituent Materials
Edit Material Database ...

ﬂ Edit Material Database

Add Material ~ Material_Nev] || Add %I Material Database
Copy Material Air | Copy.. |  C/Users/msi | B e GeoDict2022/ | Choose |
— MaterialDataBase
Delete Material | Delete —
Name - General ‘ Fluid = Mechanical Properties =~ Thermal Conductivity  Electrical Cor ¢ |L|
~ Fluid |

When creating a new material, make sure that the Mechanical Properties are
activated under the General tab:

ﬂ Edit Material Database

Add Material | || Add | Material Database
Copy Material Material_New | Copy ... | C:/Users/== L& {575/ GeoDict2022/ ‘ TrTTET
— MaterialDataBase
Delete Material | Delete
Name General | Solid = Mechanical Properties
» Fluid
» SlLJJIid Name Material_New
M Alias
BRSNS Fie Version 2022
Material Type | Sold - |
Color | M Dark gray |

Material Topics | |

u&MechamcaI Properties

Electrochemical Proberties

Switch to the Mechanical Properties tab. Here, existing material laws can be edited,
or new material laws can be added. In the figure below, it is shown how to add a new
material law: Enter the material law name in the field Add Material Law and click
the Add button.
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ﬂ Edit Material Database

Add Material | || Add | Material Database
Copy Materizl Material_New | Copy ... | C:/Users//a" Lars s GeoDict2022/ | Choose.
— MaterialDataBase
Delete Material | Delete
Name General | Solid | Mechanical Properties |
» Fluid ) ) .
» Soid Mechanical Properties Selection
Material_New Edit Material Law | M || Delete | | Rename |
Add Material Law |Matera|LawName | | Add . |
2

Then, the material parameters can be defined after selecting the material law. In the
figure below, it is shown how to set up a material with Bilinear Hardening. Other
material laws can be defined by selecting the corresponding fields in the interface.
After all material parameters are defined, make sure to save the database with the
Save Database button in the lower right corner.

E] Edit Material Database

Add Material | || Add = Material Database
Copy Material Material New | Copy ... ‘ C:/Users/pm g 98/ GeoDict2022/MaterialDataBase Choose...
Delete Material | Delete ‘
Name General | Solid | Mechanical Properties
+ Fluid
b+ Sold Mechanical Properties Selection
-
Material_New Edit Material Law \MateriallawName hd | ‘ Delete ‘ | Rename |
Add Material Law ‘ | ‘ Add |
-
Law Measurement Fit Law Parameters
Type |Isntmp\c hd ‘
Input Mode | Young's Modulus & Poisson Ratio - |
Young's Modulus E / (GPa) |10 |
Poisson Ratio v |0.3 |
Bulk Modulus K / (GPa) 8.33333333
Shear Modulus G / (GPa) 3.84615385
Allow Thermal Expansion
Small Deformations ("'Without Geometric Nonlinearity")
Plasticity Model |Bi\inear (Affine Linear) Hardening hd |
Initial Yield Stress / (GPa) |0.1 |
Hardening Type |Isutruplc b |
Isotropic Hardening
Input Mode |Tangent Modulus he |
Plastic Strain Hardening Modulus / (GPa) 2.5
Tangent Modulus / (GPa) |2 |
Viscosity Model |Nune he |
) ) Damage Model |Nnne he |
4 3
Failure Model None
Group by |Type b |
Large Deformations ("With Geometric Nonlinearity") -
Search | |
| Help | Save Datalase ‘ | Cancel |
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MATERIAL FITTING FOR THE INTERNAL MATERIAL LAWS

For nonlinear materials, finding the material parameters might be complicated. If
measurement data for a given material is available, this data can be used to estimate
the material parameters.

Material fitting is available for Perfect Plasticity, Bilinear Hardening, Exponential
Hardening and both Damage models. For the material fitting, currently no combined
material models are available.

In GeoDict 2022, the material fitting routines are much faster than in previous
versions. Now, the fitting relies on analytic formulas instead of repeated simulations
- therefore the fitting finishes in several seconds instead of minutes as before.

MEASUREMENT

To fit a material law, a measurement must be loaded for the material. For this, check
Save a Measurement under the Measurement tab of the current material law.

[ Edit Material Database O X
Add Material Add Material Database
Copy Material Material New | Copy ... C:/Users/rief.LAPTOPSR/ GeoDict2022/MaterialDataBase Choose...
Delete Material Delete
Name General ~ Solid | Mechanical Properties
» Fluid A . )
b Solid Mechanical Properties Selection
Material_New Edit Material Law MaterialLawil - Delete Rename
Add Material Law Add
Law Measurement Fit Law Parameters =
\{}Save a Measurement

Material data can be loaded from a *.txt file with the Load... button.

| L
Number of Rows 3 - 0.000 ~‘

7| > Load... s Save... ! ! ! ! ! ! !
000 025 050 075 1.00 125 150

Group by | Type - Update Graph Strain / (%)

| Search

Help Save Database Cancel

The data must be formatted in two columns, the first column represents the strain
values in percent, and the second row contains the corresponding stress values in
GPa. Both columns must be separated by spaces.

E CAGD_Projects\UserGuide\GeoDict2022\ExtraFiles\ElastoDict2022\Material Fit.. — O

File Edit Search View Encoding Language Settings Tools Macre Run Plugins Window 7 X
sEHR S LB s hkiae iy ax BFE(S1E2EE 7
[=] exponential.ot E3 |

1 |0.000DOOe+OO 0.000000e+00 ~

2 1.716990e-02 4.807560e-04

3 4.547830e-02 1.273390e-03

4 7.272930e-02 2.036420=-03

5 1.00999%0e-01 2.827970e-03

& 1.308550e-01 3.663940e-03

7 1.596540e-01 4.470310e-03 v
length:3, Ln:1 Col:1 Sel:0]|0 Windows (CR LF) UTF-8 INS
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Alternatively, data can also be entered by copy-and-paste or manually.

To plot the data, click the Update Graph button.

Law Measurement Fit: Law Parameters

V| Save a Measurement

Strain / (%)  Stress / (GPa) Al
1 a 0 0.07
2 0.0171699  0.000480756

3 0.0454783  0.00127339 008
4 00727293  0.00203642
5 0100999  0.00282797 005

6 0.130855 (0.00366394

(GPa)

7 0.159654 0.00447031 0.04

8 0.191821 (0.00537099

Stress /

9 0.221297 0.00619632
10 0.251355 0.00703794
11 0.279855 0.00783594 002

12 0.309692 0.00867138

13 0.343053 0.00960548 001 4
Humber of Rows 127 =
000 4
Load... Save... + T T T T T
0 1 2 3 4 5
Update Graph Strain / (%)

FIT LAW PARAMETERS

For fitting the material law, select the Fit Law Parameters tab under the current
material law. Choose a material law from the pulldown menu:

Law Measurement Fit Law Parameters

Result File Name (*.gdr) FitMaterialLaw.gdr

Choose Material Law Plasticty (Iso. Hardening) - Exponential ~

) . Linear Elastic
Estimated Young's Moduius E / (GPa) Plasticity (Iso. Hardening) - Constant

. Hardening) - Biinear

Keep Inital Stiffness

Set Inital Parameter Values Damage - Exponentil

Damage - Mazars

08

Initial Parameters

The result might be dependent on the start values V| Keep Initial Stiffness
for the fitting process. For this, the initial values can
be wuser defined by checking Set Initial
Parameters.

%Set Initial Parameter Values

The quality of the initial values can be checked with Plot Initial Curves. It is
recommended to try several combinations of initial values to find good start
parameters for the material fitting algorithm. To edit the plot settings, right-click on
the plot and choose Edit Axis Settings.

Restrict Strain Range

If only a part of the measurement data should be used for fitting the material laws, a
strain range can be selected with Restrict Strain Range. This is especially useful if
a part of the data contains effects which are not simulated by the selected material
law, e.g., damage effects when fitting a material law for plasticity.
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J%Restrict Strain Range
Minimal Strain Value / (%) 0

Maximal Strain Value / (%) 1.5

Run Parameter Fitting

Law Measurement Fit Law Parameters

0.08
Result File Name (*.gdr) FtMaterialLaw.gdr
Choose Material Law Plasticity (Iso. Hardening) - Exponential ~
Estimated Young's Modulus E / (GPa) 2.79999301 e
V| Keep Initial Stiffness 7
Set Initial Parameter Values
Initial Parameters Plot Initial Curves 0.06
Young's Modulus E / (GPa) 2.79999301
Initial Yield Stress / (GPa) 0.01
First Hardening Parameter / (GPa) 0.02 0.05
Second Hardening Parameter 65
©
Stopping Tolerance 0.0001 %
Restrict Strain Range H :J: 0.04 1
]
Minimal Strain Value / (%) 0 H g
n
Maximal Strain Value / (%) 1.5
— 0.03
Run Parameter Fitting
0.02
Fitted Parameters
Young's Modulus E / (GPa) - 0.01
—»— Experiment
R (R — Ithi)aI Values: Linear Law
First Hardening Parameter / (GPa) s~ Initial Values: Chosen Law
Second Hardening Parameter - 0.00 T T T T T
o 1 2 3 4 5
Set Parameters to Material Law Strain / (%)

If the initial values are reasonable, the parameter fitting can be started with Run
Parameter Fitting:

| Run Parameter Fitting M |
Ly

The fitting process will finish in several seconds, and the results are directly shown in
the Fitted Parameters section and in the plot.

86 GeoDict 2022 User Guide



Appendix II: Nonlinear material models in ElastoDict

Law Measurement Fit Law Parameters

Result File Name (*.gdr) FitMaterialLaw.gdr
0.07
Choose Material Law Plasticity (Iso. Hardening) - Exponential ~
Estimated Young's Modulus E / (GPa) 2.79999301
V| Keep Initial Stiffness
0.06
V| Set Initial Parameter Values
Initial Parameters Plot Initial Curves
Young's Modulus E / (GPa) 2.79999301
0.05
Inttial Yield Stress / (GPa) 0.04
First Hardening Parameter / (GPa) 0.035
Second Hardening Parameter 150 o
0. 0.04 4
Stopping Tolerance 0.0001 g
Restrict Strain Range § §
Minimal Strain Value / (%) 0 1@
0.03
Maximal Strain Value / (%) 1.5
‘ Run Parameter Fitting
0.02
Fitted Parameters
Young's Modulus E / (GPa) 2.79999301 0011
—%— Ex t
Initial Yield Stress / (GPa) 0.0355643842 P;::‘::: o Linear Law
First Hardening Parameter / (GPa) 0.0377838469 5 Parameter Fit: Chosen Law
Second Hardening Parameter 196.679046 0.00 T T T T T
0 1 2 3 4 5
Set Parameters to Material Law Strain / (%)
Fitted Parameters
Young's Modulus E / (GPa) 2.79999301
Initial Yield Stress / (GPa) 0.0355643842
First Hardening Parameter / (GPa) 0.0377838469
Second Hardening Parameter 196.679046
| Set Parameters to Material Law M |
Ly

With the button Set Parameters to Material Law, the fitted parameters are copied
to the material law under the Law tab.

Law Measurement Fit Law Parameters

Type Isotropic >
Input Mode Young's Modulus & Poisson Ratio v
Young's Modulus E / (GPa) 2.79999301
Poisson Ratio v 0.3
Buk Modulus K / (GPa) 2.33332751
Shear Modulus G / (GPa) 1.07692039

Allow Thermal Expansion

Smal Deformations ("'Without Geometric Nonlinearity")

Plasticity Model Exponential Hardening v
Intial Yield Stress / (GPa) 0.0355643842
Hardening Type Isotropic b

Isotropic Hardening

First Hardening Parameter / (GPa) |0.0377838469

Second Hardening Parameter 196.679046
Viscosity Model Mone v
Damage Model MNone v
Failure Model None
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Finally, save the changes to the material database with the Save Database button.
Now, the new material law is saved and can be used in ElastoDict.

GeoDicT

Result File Name (*.gdr) FeelMathLDResult.gdr
Constituent Materials Macroscopic Load Case Geometry Handling Solver Output Equations & References

Edit Material Database

+ Material Mechanical Prop.
ID Name Material Law E/(GPa) v G/ (GPa) af (1/K) Plasticty Model Viscosity Model
00 Material_New (Sold) ... | &, Materiallawl  ~  2.79999 0 - - v Exponential None

01 Glass (Soiid) ... ] Materialawl __y.__JW 0.22 - 506  MNone None

Select the material law (here Material Lawl), and make sure that the nonlinear
material model is enabled (here: Exponential under Plasticity Model).
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USING UMATS FOR CUSTOM MATERIAL LAWS

With the UMAT interface in GeoDict, the user can program his/her own user-defined
material laws.

UMATSs are a concept from the FEA software Abaqus, and the interface is compatible.
This means that you can directly use your already existing user materials in GeoDict.
If you want to get familiar with the syntax, some UMAT files are delivered with GeoDict
(check page 89 for further information). UMATSs are Fortran files, and GeoDict (*.f or
*.f90), and it is also possible to directly use the compiled files (*.s0). Nevertheless,
*.s0 files from GeoDict 2020 and before cannot be used in GeoDict 2021 and later,
since the required compiler version changed. Additionally, they might me
incompatible between different computers. Therefore, it is important to always keep
the source files (*.f or *.f90).

Nevertheless, if a material can be defined by using the internal material laws (See
page 92), then we recommend using those instead of UMATS, since they are deeper
integrated into GeoDict and easier to set up.

This section explains how to set up a material law using an UMAT in the GeoDict
Material database.

In the menu bar, go to Settings and select Edit Material Data Base... to access the
GeoDict Material Database and add a new material to it.

ﬂ - GeoDict 2022 Standard Edition

Fie Import Model Analyze Predict Export View [EEmGUE Macro GeoApp Help
= al (M) S &7 Color & Visibiity Settings ...
i Qa- i\'u L-u ~g =

ﬂ Settings ...
Status and Modules B «

Edit Expert Settings...

50 Select Constituent Materials
After clicking Edit Material Data Base..., the Material Database dialog opens:

Edit Material Database ...
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ﬂ Edit Material Database

Copy Material  Air

Delete Material

Add Material

Delete

Name
~  Fluid
A |

Brine

Electrolyte (Salvionic)
Electrolyte

Mercury

[o]]

Water

- Sold

Aluminum (5083)

Aluminum (AA - 1050)
Aluminum

Aramide (PPTA - Kevlar 29)
Aramide (PPTA - Kevlar 49)
Aramide (PPTA - Kevlar 965)
Aramide (PPTA - Twaron)
Brass (CuZn30)

Brass (CuZn5)

Calcte

Carbon Fiber (DIALEAD - K63712)
Carbon Fiber (M601B)
Carbon Fiber (T300)

Carbon Fiber

Add

Copy ...

-

Material Database

C:/Users/rief.LAPTOPSR/GeoDict2022/

MaterialDataBase Choose...

General Fluid Mechanical Properties Thermal Conductivity Electrical Conductivity
Name Air

Alias

File Version 2022

Material Type Fluid -

Color M custom

Material Topics Gas, Fitration

| Mechanical Properties
Electrochemical Properties

v | Thermal Conductivity

v Electrical Conductivity

Material Description:

Thermal Conductivity: (properties are for atmospheric pressure)
- http://vaw.engineeringtoolbox.com/air-properties-d_156.html

Celulose Electrical Conductivity: Air is an excelent insulator unti it breaks down into plasma at electric field strengths

Copper above 30 kiovolts per centimeter.

Cordierite

Dolomite Mechanical Properties: (constant temperature bulk modulus)

Epoxy (3501-6) - Wikipedia (https://en.wikipedia.org/wiki/Bulk_modulus)

Feldspar =

Al £R e n F
4 »
Group by Type ¥

bold un-bold
Search
Help Save Database Cancel

Through the upper left corner, a new material can be added to the database (or a
material present in the database can be deleted). To do so, enter a name for the new

material (e.g., Material_New) and click Add.

Add Material | Material_New Add % E Add Materil Add
Del. Material Delete Ve it Delete
Mame
MName » Fluid
» Fluid > Solid
b Solid -
Material_New

Material_New appears listed in the left panel and default values appear in the right
panel.

Under the General tab,
Material_New.

check Mechanical Properties to define those for

Under the newly appearing Mechanical tab, inside the Mechanical Properties
Selection panel, enter Damage in the Add Material Law box, and click Add.
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General Solid Mechanical Properties

Name Material_Mew
Material Type Solid -
Calar M Dark gray

Material Topics

I v | Mechanical Properties

Electrochemical Properties
Thermal Conductivity

Elactrical Conductiv*=-
General Solid

Mechanical Properties

Mechanical Properties Selection

Edit Material Law

Add Material Law

- Delete

Rename

Damage |

Add

I
by

The parameters needed to define the mechanical properties of the new material,
appear under the panel grouped under the Law tab.

From the Type pull-down menu, select UMAT.

General Solid

Mechanical Properties Selection
Edit Material Law Damage

Add Material Law

Law Measurement
Type
Input Mode

Young's Modulus E / (GPa)

Poisson Ratio v
Bulk Modulus K / (GPa)
Shear Modulus G / (GPa)}

Allow Thermal Expansion

Mechanical Properties

- Delete

Fit: Laww Farameters

Isotropic

Add

Rename

Isotropic
Transverse Isotropic
Orthotropic
Anisotropic Tensor

[}

Small Deformations ("Without Geometric Nonlinearity')

Plasticity Model
Viscosity Model

Damage Model

Mone
Mone

MNone

After selecting UMAT, a different panel opens below the Type pull-down menu, with

the UMAT Parameters, Material Parameters, and State Variables tabs.
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Under the UMAT Parameters tab, click Browse to find the UMATSs for GeoDict 2022 in
your user folder. UMATs are written in FORTRAN. Select the file
IsotropicLinearElasticityDamage.f UMAT and click Open.

General Solid Mechanical Properties

Mechanical Properties Selection

Edit Material Law Damage - Delete Rename

Add Material Law Add

Law Measurement Fit Law Parameters =
Type UMAT -

UMAT Parameters Material Parameters State Variables

UMAT File (*.f,*.f90,%.50)

| Browsi.\l. |

Edit
UMAT Material Laww
UMAT Type Isotropic UMAT -
Precision double -

Allow Thermal Expansion

-

[ select File X

« v 1 « GeoDict2022 > UMAT v @] 2 Search UMAT

Organize ¥ New folder F o+ [H e
ﬂIso‘[ropicLinearEIasticity.f ﬂNeoHooKeanHyperelasticity‘f

LZ’ IsotropicLinearElasticity.fa0 ﬂTransversaIIsotropicLinearEIasticity.f

ﬂ’ IsotropicLinearElasticityDamage.f ﬂ'TransversaIisotropitlinearElasticityFaiIureS‘[ress.f

ﬂIso‘[ropitLinearEIasticityFaiIureStress.fQD
ﬂIso‘[ropitMise;PIa;‘[itity.f
ﬂIso‘[ropitVistoEIasticity.f
ﬂKinematicHardeningPIasticity.f
ﬂLithiumlntercalationf
ﬂNeoHookeanFailure.f

File name: |IsotropiclinearElasticityDamage.f ~ | UMAT Source & Precompiled (* ~

Alternatively, enter a path to the UMAT file relative to the user folder. For this
example, this path would be UMAT/IsotropicLinearElasticityDamage.f. Relative paths
have the advantage that they work independently from your username. Therefore,
material database entries can be shared easily between different PCs, as long as the
UMAT file is present in the UMAT folder.
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General Solid Mechanical
Mechanical Properties Selection

Edit Material Law Damage - Delete Rename

Add Material Law Add

Laws Measurement Fit Law Parameters

Type UMAT -

UMAT Parameters Material Farameters State Variables

UMAT File (*.f,*.fa0,*.s0) MAT,IsotropicLinearElasticityDamage.f| | Browse...
Edit

UMAT Material Law

UMAT Type Isotropic UMAT =

Precision double -

V| Allow Thermal Expansion

Thermal Expansion Coefficient a / (1/K)} |5.5e-5

For the material law (defined in the UMAT) to be applied to the Material_New, some
material parameters must be entered under the Material Parameters tab.

These material parameters, that the particular UMAT requires, can be found by
opening the UMAT source file, if available (*.f or *.f90). To do so, simply click Edit
under the UMAT Parameters tab and open it with a text editor (for example, with
NotePad++).

General | Solid Mechanical Properties

Mechanical Properties Selection

Edit Material Law Damage b Delete Rename

Add Material Law Add

Law | Measurement | Fit Law Parameters =
Type UMAT hd

UMAT Parameters Material Parameters State Variables

UMAT File (*.f,*.f00,*.50) UMAT/IsotropicLinearElasticityDamage.f Browse...
Edit IE

UMAT Material Law

UMAT Type Isotropic UMAT b

Precision double v

v | Allow Thermal Expansion
Thermal Expansion Coefficient a / (1/K) |5.5e-5

In the opened file, the text shows that applying the IsotropicLinearElasticityDamage.f
UMAT to Material_New requires assigning the following material parameters or
properties (PROPS):

GeoDict 2022 User Guide 93




Effective elastic properties and large deformation simulations with ElastoDict

Young’s Modulus (E)

Poisson’s Ratio (NU)

Damage Hardening Modulus (DAMHARD)
Initial Damage Threshold (DAMAGEO).

g C\Users\ s G

[=] IsotropicLinearElasticityDamage f £ |

Eile Edit Search View Encoding Language Settings Tools Macro Run Plugins Window 2 X

sHHEILE| 4 Wk 2|t xx B

renGeoDict2022\UMAT\IsotropiclinearElasticityDamage.f - Notepad++

S 1 =2EEE

37 | C e -

38 C PROPS (1) - E

39 C PROPS(Z) - NU

40 C PROPS(Z) - DAMHARD DAMAGE HARDENING MODULUS

41 C PROPS(4) - DAMAGE(O INITIAL DAMAGE THRESHOLD

42 C e e e e

43 C

44 C ELASTIC PROPERTIES

45 C

46 EMOD=PROPS (1)

47 ENU=MIN (PROPS (Z) , ENUMAX)

48 DAMHARD=PROPS (=)

49 DAMAGE(Q=PROPS (4)

50 EBULK3=EMOD/ (ONE-TWO*ENU)

51 EG2=EMOD/ (ONE+ENU)

52 EG=EG2Z/TWO

53 EG3=THREE*EG

54 ELAM=(EBULK3-EG2) /THREE

55 FAILSTR=].0-1.0/WEAKFAC

56 v
£ >
flength: 4,640 lines: 164 Ln:1 Col:1 Sel:0|0 Windows (CR LF) UTF-8 INS

Therefore, in the table under the Material Parameters tab, manually enter the
needed parameters (Material Parameters), their values for Material_New (Value),
and a brief parameter explanation (Description). For example, as follows:

General | Solid Mechanical Properties

Mechanical Properties Selection

Edit Material Law Damage - Delete Rename
Add Material Law Add
Law Measurement Fit Law Parameters
Type UMAT -
UMAT Parameters | Material Parameters | State Variables
Material Parameter Value Description
1 E 4.24  Young's Modulus E
2/nu 0.3... Poisson Ratio
3| DamageHard 20 Darmage Hardening Modulus
4| Damage Threshold 0.01 Initial Damage Threshold
Mumber of Rows 4 =
Load... Save...

94
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Next, go to the State Variables tab. State variables are internal variables of the
UMAT, they store information which is used in the next iteration. When the State
Variables are not properly defined, the UMAT does not work as intended, or it doesn’t
work at all.
General | Solid | Mechanical Properties
Mechanical Properties Selection
Edit Material Law Damage - Delete Rename

Add Material Law Add

Law Measurement Fit Law Parameters

Type UMAT -

UMAT Parameters | Material Parameters | State Variables

State Variable Value Description
1/ Damage 0 Local Damage from 0 (no damage) to 1 (failure)
Number of Rows 1 =
Load... Save...

For the UMAT IsotropicLinearElasticityDamage.f, there is only one state variable
which stores the damage value. It must be defined and initialized with 0, since there
is no initial damage in the material. The number of state variables depends on the
particular UMAT and is not always easy to find out. If you need more information
about UMATSs delivered with GeoDict, ask the GeoDict support for help.

Finally, click Save Database at the bottom right of the Edit Material Data-Base
dialog.

After saving, the newly defined material Material_New can be chosen as constituent
material when using ElastoDict.

m FeelMath Large Deformation Options

GeoDicT

Result Fle Name (*.gdr) FeeMathLDResult.gdr
Constituent Materials Macroscopic Load Case ~ Geometry Handling Solver =~ Qutput = Equations & References

Edit Material Database

+ Material Mechanical Prop.
ID Name Material Law E/ (GPa) v G/ (GPa) a/ (1/K) Plasticty Model Viscosity
00 Epoxy (3501-6) (Sohdk” & . | Elastic > | 4.24 0.365 - 5.5e-05 None None
01 Glass (Sold) ... |Click to choose another constituent materiaI‘IZ 0.22 - 5e-06 None None
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Em Material Selector

GEoDICT

Material Type Solid Name

Glass (S2-Glass Fiber)
Glass
Information | Graphite (5034x)
Graphite Fiber (XN-05-305)
Graphite
Llite
Iron
Kevlar
LCO
LFP
LMO
| MateralNew .\ |
NCA _
Nickel ) |

Solid Material_New

Group by |T\_.rpe - |

Edit Material Database Search | |

OK || Cancel |

ﬂ FeelMath Large Deformation Options

GEoDICT

Result File Name (*.adr) |FeeIMathLDResu|t.gdr

Constituent Materials | Macroscopic Load Case = Geometry Handling Solver = Qutput Equations & References

‘ Edit Material Database

|i| Material | Mechanical Prop. |
ID Name Material Law  E/ (GPa) v G/ (GPa) a/ (1/K) Plasticity Model Viscosity
00 | Material New (Soid) ... | & | |Damage ~ |- = = 5.5e-05, 5.5¢-05
01 [ Glass (Soid) ... | (& |Elastic-Fail ~ | 72 0.22 - 5e-06 None None

Make sure that the Damage material model is selected under Mechanical Properties
tab. Now, the material law assigned to Material_New is applied in the ElastoDict
calculations.
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EXAMPLE: PLASTIC DEFORMATION WITH A UMAT

In this example, another UMAT included with GeoDict is used to simulate plastic
deformation.

In the GeoDict Material Database, the UMAT IsotropicMisesPlasticity.f is contained in
the database entry for Aluminum and appropriate parameters are already defined
when choosing Plastic (UMAT) and Type - UMAT under the Law tab.

Besides the linear parameters (Young’s Modulus, E; Poisson Ratio, V), it includes a

piecewise linear hardening curve that was entered beforehand under the Mechanical
Properties — Law - Material Parameters tab.

ﬂ Edit Material Database

Add Material Add Material Database
Copy Material  Aluminum Copy ... C:/Users/fsl 1 =107/ GeoDict2022/ Choose
MaterialDataBase
Delete Material Delete
Name - General  Sofd = Mechanical Properties | Electrochemistry ~ Thermal Conductivity ~ Electrical Condi * ¥
*  Fluid . . .
Air Mechanical Properties Selection
Brine
Electrolyte (Salvionic) Edit Material Law Elastic - Delete Rename
Electrolyte . Elastic
Mercury Add Material Law Add
Qi Lithium Intercalation (DegraDict)
Water -
« Solid Law Measurement Fit Law Parameters
Aluminum (5083)
Aluminum (AA - 1050) Type Isotropic -
Aluminum |
Aramide (PPTA - Kevlar 29) 1 Input Mode Young's Modulus & Poisson Ratio v
Aramide (PPTA - Kevlar 49) : ,
Aramide (PPTA - Kevlar 965) i Young's Modulus E / (GPa) 69
S:I:SM(ECS;E{%_ Tuaron) Poisson Ratio v 0.33
Brass (Quzns) Buk Modulus K / (GPa) 67.6470588
alcite
Carbon Fiber (DIALEAD - K63712) Shear Modulus G / (GPa) 25.9398496
Carbon Fiber (M60JB)
Carbon Fiber (T300) v Alow Thermal Expansion
Carbon Fiber
Celulose Thermal Expansion Coefficient a / (1/K) |2.31e-05
Copper
Cordierte Smal Deformations ("Without Geometric Nonlinearity")
Dolomite .
Epoxy (3501-6) Plasticity Model MNone -
=
7] Faldenar m Viscosity Model None
Group by Type = Damage Model None -
Search Failure Madel None - 4
Help Save Database Cancel

The plastic deformation of aluminum can be simulated in GeoDict using a solid block
(generated through Model — ProcessGeo — Create Empty Domain, 1x1x1 voxels,
and then, Model — ProcessGeo — Invert). Material Information:

w10 01: Aluminum

Generally, it is recommended to check the material
behavior on small structures. If only a single
constituent material must be investigated, a
structure consisting of a single voxel is already
enough.
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In the menu bar, select Settings — Select Constituent Materials. Click the button
for the solid block’s material and, in the Material Selector dialog, select Aluminum
from the list of available (Solid) constituent materials. The color of the constituent
material (Aluminum) may be changed via Settings — Color & Visibility Settings.

ﬂ FeelMath Large Deformation Options

GeoDicT

Result Fle Name (*.gdr) FeelMathLD_AlumPlasDef3L1.8.gdr

Constituent Materials Macroscopic Load Case Geometry Handing Solver Output Equations & References

Edit Material Database

+| | Material Mechanical Prop.
ID Mame Material Law E/(GPa) v G/ (GPa) a/ (1/K) Plasticicy Model
01 Aluminum (Solid) ... &, Plastic (UMAT) ~ | - - - 2.31e-05, 2.31e-05

The plastic deformation can be examined during a cyclic stress experiment which can
be set up in ElastoDict. In the menu bar, select Predict —» ElastoDict. In the
ElastoDict section, select Deformations (FeelMath-LD) and click the Edit...
button. In the options dialog, choose to apply the load in Z-direction in a Uniaxial
Experiment-Tensile, with Confined boundary conditions in tangential direction.
Choose the Load Type as Force Controlled.

Constituent Materials Macroscopic Load Case Geometry Handling Solver Output Equations & References

Experiment Uniaxial Experiment - Tensie ~  Experiment Conditions
Load Type Force Controlled -4 In Tangential Direction | Confined M
Load Case X-Direction Confined
Y -Direction Confined
Direction z ¥
Fluid Pressure
Plane X M

Pressure Mode No Pressure ¥

s o
Angle in Plane / (%) 0 Fluid Pressure / (GPa) 0

Load Table Load Graph

Time / (s) Stress / (GPa) Temp. Change / (K) “ | Predefined Shape
1105 0.18 0 Shape Sawtooth v
2 1 0.36 0 Repettions 2 =
3 |15 0.54 0 Amplitudes Max. / (GPa) 1.8
4 2 0.72 0 Amplitudes Min. / (GPa) 0
s |25 0.9 0 Ascending Length / (s) |5
6 |3 108 o Descending Length / (s) 5
Steps per Repetition 10 =
7 |35 1.26 0
8 |4 144 0
a las 1R2 n h
Number of Rows 40 =
Load... Save... L b
Boundary Conditions
@ Periodic Symmetric Mixed

To define a cyclic load, use the Predefined Shape option to the right of the Load
Table (screenshot above). Choose the Shape as Sawtooth and the settings a shown
in the screenshot. By clicking Apply, the settings for the predefined shape are applied
and the load table is defined automatically.
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The graph of the load looks as follows:

Load Table Load Graph

Stress / (GPa)
o5 o -
a4 B &

1 1 1

0.50
025
000
T T T T T
00 25 5.0 7.5 10.0
Time / (s)

125 15.0 7.5 20

Keep the default settings under the Geometry Handling tab. Under the Solver tab,
keep the default settings as well: Before GeoDict 2022, it was necessary to select the
Memory Efficient (Neumann Series) when using nonlinear material laws, but this

is no longer necessary.

Constituent Materials Macroscopic Load Case Geometry Handling Solver
Simulation Stopping Criterion
Tolerance 0.0001
Maximal Iterations 100000
Maximal Run Time / (h) 240
Method Intermediate (Memory Efficient Conjugate Gradient)
Paralelization <local paralel - 4x>
Use Downsampling
Downsampling Factor 4
Composite Voxels Laminate Theory
V| Write Volume Fields (*.das) for the Original Structure Size
Write Deformation Data to File (slower but less memory)

Orientation Mode Use Orientation from Analytic Objects (gad)

Output Equations & References

Edit ...

Under the Output tab, deselect Write Deformed Geometry. In this example, the
simulation is done on a structure with only one voxel, and then the deformed

geometry does not provide useful information.
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Constituent Materials Macroscopic Load Case Geometry Handling Solver Output Equations & References
Write Steps

v Write All Steps
Write Resuft Fields (*.das) for Each n-th Step |1

Deformed Geometry
[ Write Deformed Geometry
Write Volume Fields for Deformed Geometry

Write Volume Fractions for Deformed Geometry

Allowr Restart for Deformation Simulations

Write Volume Field

Displacement Check Al
v X v Y v Z
Uncheck Al
Stress XX Yy 77
YZ Xz XY V| Von Mises
Strain XX Yy 77
YZ Xz XY v Von Mises

V| Material State Variables

Export VTK File (*.vti)

After running the ElastoDict - Deformations (FeelMath-LD) computations, the
Result Viewer of the result file (.gdr) opens at the Results tab. Under the Results -
Plots subtab, choose to plot the Strain in Z-Direction (%) in the X-Axis against the
resulting Stress in Z-Direction (GPa) in the Y-Axis, and click Apply....

Observe that the strain does not return to zero after the first load cycle and the plastic
deformation remains in the material.

3 Result Viewer — O X
Wed Dec 22 2021 (2022 Buid 54082) .../ ElastoDict2022/FeelMathLD_AlumPlasDef3L1.8.gdr
Domain: 1 x 1 x 1 Voxel: 1 pm Load Structure [ ]

Input Map Log Map Post Map Results Strain/Stress Visualization Create Videos Metadata
Strain Definition Average Strain - Report | Plots | Map
Stress Definition Nominal v Strain versus Stress
Load Sign Definition | Tension is Positive -
Report Stress Unit | GPa v 1759
Report Strain Unit | % v 1.50
o
X-Axis Strain Z-Dir v %
= 1.25 4
Y-Axis Stress Z-Dir v ":
| =]
Apply ... g 1001
H W
H %]
2 075+
n
2
@ 0.50
@
[
0.25 4
0.00 A
T T T T T T
0.0 05 1.0 15 20 25
Tensile Strain Z-Dir. / (%)
Plot Options -
Manage Data hd Load Input Map Export hd Close
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APPENDIX III: ELASTICITY THEORY

A material is said to be elastic if it deforms under external forces (stress), but returns
to its original shape when the stress is removed. For small deformations, the stress
is roughly proportional to the strain in many solids. The constant of proportionality
between stress and strain is given by the Young’s modulus (E) which is a measure
of stiffness. This linear relationship between stress and strain is called Hooke’s law
and is the basis for the theory of linear elasticity.

The general relationship (generalized Hooke’s law) between multi-axial stress and
strain is described by using 2" order tensors for stress and strain and the 4" order
elasticity tensor for their relation.

In solid mechanics, the Young’s modulus E can be experimentally determined from
the slope of a stress-strain curve created during tensile tests conducted on a test
specimen of the material. Most metals and ceramics are isotropic. i.e., their
mechanical properties are the same in all directions.

If e.g., metals are treated in a special way for example by deep drawing, they become
anisotropic, so that the Young’s modulus depends on the direction from which the
force is applied. Some materials, which are composites of two or more constituents,
such as wood or reinforced concrete, are strongly anisotropic materials and display
widely different mechanical properties when load is applied in different directions. For
example, they exhibit a higher Young’s modulus (stiffness) when loaded parallel to
the fibers. This is true under the assumption that the fibers have a higher Young’s
modulus than the surrounding matrix material.

Based on the input parameters, GeoDict solves six load cases or experiments (three
compressions in X, y and z, and three shearing experiments) which are sequentially
computed by the ElastoDict solver to predict the entries of the 6x6 effective elasticity
tensor. Each of these six simulations is done by assigning load case-specific
displacements on the boundaries of the structure and calculating the corresponding
stresses. By averaging the stresses over the structure, the Hooke’'s Law in the
general anisotropic case is obtained,

3
Gij = 2 Cijrsgrs; l,] € {1,2, 3}
r,s=1

where c is a symmetric fourth order tensor, called also elasticity tensor. Usually, the
elasticity tensor and the stresses and strains are written in Voigt notation (see
https://en.wikipedia.org/wiki/Voigt notation). This way, the elasticity tensor is
reduced to a 6x6 matrix and the stresses and strains are written as 6x1 vectors. This
leads to a more compact and readable notation.

Because of these symmetry properties, it is convenient to use the so-called "reduced
suffix notation” (e.g., Chadwick et. al.) with the following index assignment:

Tensor notation Index ij | 11 | 22 | 33 | 23,32 (31,13 | 12, 21

denoted also by XX | yy | zz %74 zx Xy

Voigt notation index I 1 2 3 4 5 6
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Effective elastic properties and large deformation simulations with ElastoDict

Then, taking into account also the symmetry of the elasticity tensor,

Cijkt = Cjiki = Cijik = Cklij»

i,j,k 1€{1,23}

The stress tensor o;; can be written as o; in Voigt notation:

The strain tensor ¢;; can be written as ¢; in Voigt notation:

E =

€11
(=)
£
| e |

€31
€12

With the Voigt notation, the symmetric fourth order elasticity tensor c;;, can be
reduced to a symmetric matrix C;; with the following entries (coefficients):

C11=C1111=Cyxxx

C12=C1122=Cxxyy

C13=C1133=Cxxzz

Cl4=C1123:Cxxyz

C15=C1131=Cxxzx

C16:01112=Cxxxy

C20=C2020=Cyyyy

C23=C2233=Cyyzz

C24=C2223=Cyyy>

C25=C2231=Cyyzx

C26=C2212=Cyyxy

symmetric

C33=C3333=Cy222

C34:C3323=szyz

C35=C3331=Cz2x

C36=C3312=szxy

C44=C2323=Cyyy;

C45=CZ331=Cysz

C46=C2312=Cyzxy

Cs5=C3131=Caxzx

C56:C3112=szxy

C66:C1212=nyxy

Therefore, the generalized Hooke’s law can be written as a matrix-vector product:

6
O-I:zcljsji I=1,,6
=

G stress tensor

Cl 1 Cl 2
Cl 2 CZ 2
Cl 3 CZ 3
Cl4 CZ4»
Cl 5 CZ 5
Cl 6 CZ 6

Cl 3 Cl 4 Cl 5
CZ 3 CZ 4 CZ 5
C3 3 C3 4 CS 5
C34 C4-4» C4- 5
C3 5 C4- 5 CS 5
C3 6 C4- 6 CS 6

C: elasticity or stiffness tensor

C16 Exx
C26 gyy
Cs6 Ezz
Cis || 26y2
Cse | \ 28xz
Cos/ \2&xy

€: deformation tensor

This elasticity or stiffness tensor describes the most general stress-strain relations for
a linear elastic anisotropic solid (e.g., triclinic solid which has no material symmetry,
Nayfeh, A.H. 1995).
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According to Nayfeh, the constitutive relations for the different symmetry classes can
be listed as follows:

Svmmetr Number of
Y cIassy parameters Form of elasticity tensor
to define material
21 Ci Ciz Cis Cu Cis Cig
Anisotropic C15, C16, sz, C23, C12 CZZ C23 C24 CZS C26
(triclinicor | C24, Cz5, Cz6, Cs3, Canisotropic = C13 623 033 C34 635 636
I C C C C 14 24 34 44 45 46
general) 34, C35, C36, Cag, Cis Cys C35 Cus Css C
C45, C46/ C55/ C56/ 15 25 35 45 55 56
C66) Cl6 CZ6 C36 C46 CS6 C66
13 C11 C12 C13 0 0 616
C C C 0 0 ¢C
(Ci1, Ci12, Ci3, Cis, Clz sz sz 0 0 626
Monoclinic C22, Cz3, Cz6, Cs33, Crmonoclinic = (1) 0 0 Cyy Cys 06
Css, C44, Cy5, Css,
G o 0 0 0 Cui Css O
267 =66 Cie Cr6 C36 O 0 Ces
Ci1 €z C3 O 0 0
9 Cip, Cyy Cy3 O 0 0
. (Ci1, C12, C13, Co, _ |Gz C3 Gz 0 0 0
Orthotropic Cz3, C3, Cas, Css, Corthotropic = 0 0 0 Cy O 0
C66) 0 0 0 0 655 0
0 0 0 0 0 Cs
Ci1 C, Cs3 0 0 0
c Ci, Ci1 Cs 0 0 0
C C C 0 0 0
Transversel 13 w18 33
Isot ic Y (Cll, C12, C13/ C33/ Ctransversely isotropic = 0 0 0 Cys 0 0
€y, —C
o o o0 o0 o 222
2
Ci1 Cip Ciz O 0 0
Ci, Ci1 Ciz O 0 0
. 3 | G2 C CG1 O 0 0
Cubic (Ci11, C12, Ces) Cabic=| o° o o Cee 0 O
0 0 0 0 Co O /
0 0 0 0 0 Cg
0o o0 o @m—Co 0
A 2 Cisotropic = 2
Isotropic (Ci1, C12) o o o 0 C11 — Cp
2
C C
0 0 0 0 0 L= > 12
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Effective elastic properties and large deformation simulations with ElastoDict

The 6x6 matrix C,; for the homogeneous material “nearest” to the inhomogeneous

original material is shown in the *.gdr result file after the solver has finished its
computations.

When using ElastoDict with linear laws for the constituent materials, it is important
to keep in mind that the elasticity solver is working in the range of linear elasticity.
To compute large deformations, plastic yield, damage effects, possible crack initiation,
crack growth, and other nonlinear effects one has to use nonlinear material laws,
which describe the effects under consideration, for the constituent materials. For such
cases, the Hooke's law does not hold.

A nonlinear material law can be described by an Abaqus UMAT. GeoDict contains
examples for UMATSs e.g., for plastic deformation and damage.
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APPENDIX IV: EFFECTIVE ELASTIC PROPERTIES

To understand what ElastoDict computed effective elastic properties mean, FeelMath-
VOX computations are run on two fiber-reinforced composite structures, generated
using the FiberGeo module with previously known isotropic and transverse isotropic
fiber orientation.

Both composite structures contain the same type of fiber (curved elliptical, diameter
6 um), at the same solid volume percentage, but differ in their fiber orientation.
Iso.gad is isotropic. The transverse isotropic TransvIso.gad has been generated with
Anisotropy 1 = 1 and Anisotropy 2 = 10.

For more information on generating isotropic and anisotropic structures, see the
FiberGeo handbook of this User Guide.

Isotropic structure Transverse isotropic structure

@10 00: Loy (3901-6) @15 00: Eroy (3901-6)
: Epoxy - : Epoxy - "
®Ib 0% Efoad ) e < ®1b 0% Efoey /A

Here, already knowing that the fibers in the structure are isotropic or anisotropic helps
explaining how to interpret the results obtained with ElastoDict. However, the true
power of the ElastoDict analysis lies in cases where the orientation of the media is
not known in advance, such as imported segmented 3D-images obtained from CT
(Computed Tomography) scans.

Load the two composite structures generated with FiberGeo, provided with the
documentation, by selecting File — Open *.gad File... in the menu bar.

Start ElastoDict (Predict —» ElastoDict in the menu bar). For both structures, the
options and parameters need to be set to run a computation and obtain the predicted
effective elastic properties of these two structures.

For each of the two runs, select Effective Stiffness | FlastoDict
(FeelMath-VOX) from the pull-down menu, and click
the Solver Options’ Edit... button. Effective Stiffness (FeelMath-VOX) =

Solver Options Edit ... I}

Estimate Memary

Help Record Run
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In the FeelMath Elasticity Solver Options dialog, the values under the tabs are
adjusted as seen below. For example, under the Constituent Materials tab, the values
are adjusted to the mechanical properties values of Epoxy 3501-6 - Elastic and
Glass - Elastic-Failure (E-Glass).

m FeelMath Flasticity Solver Options | X
Result Fle Name (*.gdr) FeelMathVOX_Iso.gdr
Constituent Materials Load Case Solver Output Post-Processing Equations & References

Edit Material Database

+ Material Mechanical Prop.
ID Name .| Material Law E/ (GPa) v G/ (GPa) a/ (1/K)
00 [ Epoxy (3501-6) (Solid) ... | |, i | Elastic v | 424 0.365 - 5.5e-05
01 Glass (Solid) ... =, ! | Blastic-Faiure (E-Glass) * | 72 0.22 - Se-06
BB e BR o [ Comel

Constituent Materials Load Case Solver Output Post-Processing Equations & References

Load Type Strain v
Stiffness Mode Stiffness Tensor v
Strain Increment / (%) 0.005
Load Case

VXX v oYY v 7Z

viYzZ v Xz VXY

Thermal Expansion

Boundary Conditions

@) Periodic _ Symmetric _) Mixed

Constituent Materials Load Case Solver Output Post-Processing Equations & References
Simulation Stopping Criterion
Tolerance 0.001
Maximal Iterations 100000 -

Maximal Run Time / (h) 240

Equivalence Principle Energy and Strain v
Method Fast (Conjugate Gradient) -
Parallelization <local max. - 8x> Edit ...

Use Downsampling
Downsampling Factor a4 v
Composite Voxels Laminate Theory

V| Write Volume Fields (*.das) for the Original Structure Size

Orientation Mode Use Orientation from Analytic Objects (gad) v
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Constituent Materials Load Case Solver
Write Volume Field
Displacement
v X
Stress V|
vIYZ
Strain V| %
vIiYZ

Output Past-Processing Equations & References
Check Al
v Y v Z
Uncheck Al
v oYY vz
v XZ v XY V| Von Mises
v oYY vz
v XZ v XY v Von Mises

V| Material State Variables

Export VTK File (*.vti)
Discard PDE Solver Files

Constituent Materials Load Case Solver

/| Post-Processing in Original Coordinate System

Output

Post-Processing Equations & References

V| Post-Processing in 'Principal Material Axes' (PMA)

Post-Processing in 'Principal Material Axes' (PMA) in the XY-Plane (fixed Z-Axis)

V| Compute Direction Dependent Stiffness
Angle Resolution / (°) 10
Export Abaqus UMAT for Anisotropic Material

/| Compute Norris Approximation

Click OK to close the solver options dialog and return to the ElastoDict section. Click
Run. The calculations run and the iterations can be followed in the console window.

FeelMath - VOX:

Authors:

# FeelMath
Z Fraunhofer
ITWM

Executing ElastoDict:SolveFeelMathVOX ...

Effective thermoelastic properties and bounds

Dr. Matthias Kabel, PD Dr. Heiko Andra,
Dr. Hannes Grimm-Strele
. itwm.fraunhofer.de

‘GeoDict 2022, Revision 54082.
© 2013-2021 MathzMarket GmbH.
All rights reserved.

Version 2022

Elapsed Time: 00:00:45 - Remaining Time: 00:02:01

X Cancel

Executing C:/GeoDict_Current/Installed/GeoDict 2022/GD2022_externals.py local feelmathVOX Remaining Time: 00:02:01

Iterations

27%

| » |
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Effective elastic properties and large deformation simulations with ElastoDict

At the end of each of the two computations, the Result Viewer of the result files open
(FeelMathVOX_Iso.gdr and FeelMathVOX_TransvIso.gdr).

ﬂ Result Viewer — O X
@,Open File Module mma

L ebcmfckmD e O s o Easede: S

Excel (single table)

Up Down

Swap Selected
2 Combine Resuls
Synchronize Tabs

& Raise Main Window
1 r

Tue Nov 9 2021 (2022 Buid 53148) .../ElastoDict2022/FeelMathVOX_Iso.gdr
Domain: 200 x 200 x 200 Voxel: 1 pm |Load Structure [ ]

Input Map Log Map Post Map Resufts Strain/Stress Visualzation Metadata

Stress Unit GPa - Report | Plots  Map
V| Analyze in Original Coordinate System | ================= Engineering Parameters ------========--- =
V| Find 'Principal Material Axes' (PMA) (green): error <=1 %; (vellow): 1 % < error <= 10 %; (red): error > 10 %.
Find PMA in XY-Plane (fixed Z-Axis)
V| Compute Direction Dependent Stiffness Isotropic Approximation
Angle Resolution / (%) 10 Strain Equivalence | Energy Equivalence | Mean Value
Export Abagus UMAT for Aniso. Material Young's Modulus E [ (GPa) | 6.1555 6.1555 6.1555 +- 0.0000
V| Compute Norris Approximiation i | Poisson Ratio V 0.3403 0.3403 0.3403 +- 0.0000
\ Apply ... | : | Shear Modulus G / (GPa) 2.2964 2.2964 2.2964 +- 0.0000
Lame Modulus A / (GPa) 4.8916 4.8923 4.8919 +- 0.0003
Bulk Modulus K / (GPa) 6.4225 6.4232 6.4228 +- 0.0003
ﬂ Result Viewer = O b4
&, Open ... File Module ‘mma
Pl Options — ’ — © L 0EtarCasDG T eSO Transvsogd ElsDaE sl

Excel (single table)
Swap Selected
Manage Data 2 Combine Resufts

Synchronze Tabs

£ Raise Main Window

4

Tue Nov 9 2021 (2022 Buid 53148) .../ElastoDict2022/FeelMathVOX_Transviso.gdr
Domain: 200 x 200 x 200 Voxel: 1 pm |Load Structure [ ]

Input Map Log Map Post Map Results Strain/Stress Visualzation Metadata

Stress Unit GPa v Report | Plots  Map
V| Analyze in Original Coordnate System | ~================ Engineering Parameters ----------------- =
V| Find 'Principal Material Axes' (PMA) (green): error <=1 %,; (vellow): 1 % < error <= 10 %; (red): error > 10 %.
Find PMA in XY-Plane (fixed Z-Axis)
v Compute Direction Dependent Stiffness Isotropic Approximation
Angle Resolution / (°) |10 Strain Equivalence | Energy Equivalence | Mean Value
Export Abaqus UMAT for Aniso. Material Young's Modulus E / (GPa) | 6.1546 6.1547 6.1547 +- 0.0001
V| Compute Norris Approximation i | Poisson Ratio v 0.3403 0.3403 0.3403 +- 0.0000
\ Apply ... | | shear Modulus G / (GPa) 2.2959 2.2960 2.2059 +- 0.0000
Lame Modulus A / (GPa) 4.8939 4.8938 4.8938 +- 0.0001
Bulk Modulus K / (GPa) 6.4245 6.4244 6.4245 +- 0.0001

Approximation Errors

(Use the Euclidean Tensor-Norm to calculate the difference between the elastic tensors.)
(green): error <=1 %, (yellow): 1 % < error <= 10 %; (red): error > 10 %.
Plot Options -

[ [ctrmin Coiimtamen L ronm: covimtan s |

Manage Data A Load Input Map Export A Close

Under the Results - Report subtab, several outputs or approximations of the result
are provided. These approximations correspond to the different symmetry classes
mentioned in page 103.

In the following analysis of some of these result values, only two decimal digits of
the result are shown for better readability. The symmetrical part of the elasticity
tensor is left out for the same reason.
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ANISOTROPIC ELASTICITY TENSOR

The Stiffness Formulation for Strain Equivalence (GPa) is the first matrix displayed
for the Anisotropic Elasticity tensor It is the direct result of the numerical
computation and the starting point for all other approximations. This tensor is
important if you are not interested in engineering parameters (Lamé parameters) but
instead need the most accurate relationship between the stress and the strain. A fully
anisotropic material requires 21 distinct parameters to describe it.

For the isotropic and the anisotropic composite structures being compared here, this
tensor looks as follows:

FeelMathVOX_Iso.gdr FeelMathVOX_TransvIso.gdr
Anisotropic Elasticity Tensor Anisotropic Elasticity Tensor
Stiffness Formulation for Strain Equivalence [GPa] Stiffness Formulation for Strain Equivalence [GPa]

9.3178 | 48731 48482 | 0019358 | 0.067638 | 0.0074325 8.4388 4.6084 46739 | 0.0045115 | -0.0026477 | 0.01679
4.8734 | 9.4706 49037 | -0.036231 | 0.011258 | 0.0051064 4 6577 12.438 4 7086 0.076857 | 0.0043453 | 0.067074
4 8483 | 49035 9.3589 | -0.060N1E | 0.081232 | 0.019734 46733 47078 8.436 0.023056 | 0.006043 | 0.0055766
-0.0719443 | -0.036252 | -0.060062 | 2.2692 0.010641 | 0.0058032 00045339 | 0074703 | 0.023086 | 21226 0.0066E34 | -0.012618
0066444 | 01262 | 0.080351 | 0010640 | 2.195 -0.03232 -0.0027528 | 0.0054416 | 0.0060028 | 0.0085934 | 1.9188 00062245
0.008936 | 0.0045432 | 0.019773 | 0.0057625 | -0.032347 | 2.223 001673 0.065703 | 0.0055545 | -0.012533 | 0.006286 | 2.0607

The values obtained for the coefficients defining the relationship between stress and
strain can be compared to the matrix for the general elasticity tensor.

Ci1 Gz C13 Cip Ci5 Cye
Ciz G2 (3 (g C25 Co6
C13 C23 (33 (34 (35 C36
Cia Cq C34 Cuq Cus Cyg
Cis5 C25 C35 C45 (55 Csg
Ci6 C26 C36 Ca6 Cse Cep

Cgeneral =

The other approximations of this general elasticity tensor are shown when scrolling
down in the result file. The user can extract common physical quantities and check
for differences between the other approximations and the general elasticity tensor. A
large difference could mean that:

B The representative volume element is too small, and a larger structure should be
used for computations.

B The chosen approximation principally does not hold. For example, it could be that
assuming that a certain material is isotropic is false.
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ISOTROPIC APPROXIMATION FOR STRAIN EQUIVALENCE (GPA)

Isotropy means independence of direction. An isotropic material can be simply
described with two distinct parameters, the Young’s modulus, and the Poisson’s ratio,
which are the same in all directions. In the isotropic case there are only two
independent elastic coefficients e.g., E,v or Lamé parameters A,u. An isotropic
material is also transverse isotropic, with repetition of parameter values.

For this approximation, the full 6x6 elasticity tensor is matched against the matrix for
the isotropic symmetry class (see the section about Elasticity theory, page 101 ff.).

Ci1 Cip, (i 0 0 0

Ciz Ci1 Co 0 0 0

Cip; Ci Ciq 0 0 0

Cisotropic = 0 0 0 % 0 0
0 0 0 0 ===

0 0 0 0 0o ute
2
The Lamé parameters u (Shear Modulus) and A (Lamé Modulus) are found by
calculating:

C11—C
- —112 12 and A = ClZ

From the values of u and %, the estimates for the effective Young’s modulus (E) and
effective Poisson’s ratio (v) are computed as:

p(2u + 32)
E=——2
u+A1

and A

2

Yy =
u+Aa

Other engineering constants can also be obtained by transformation formulas (given
e.g., by the Wikipedia page on Hooke's Law).

For the isotropic (Iso.gad) and transverse isotropic (TransvIlso.gad) structures, the
Isotropic Approximation for Strain Equivalence look as follows:

FeelMathVOX_Iso.gdr FeelMathVOX_Transvlso.gdr
Isotropic Approximation for Strain Equivalence [GPa]| |isotropic Approximation for Strain Equivalence [GPa]
9.36 4. 8862 | 4.8862 |0 0 0 9.3818 | 4.8914 | 48914 | D I ]
4. 8862 | 9.36 48862 | 0 0 0 48914 | 93818 | 48914 | 0 ] 0
4. 8862 | 4.8862 | 9.36 1] 0 0 48914 | 48914 | 9.3818 | O 1] 0
1] I 0 22369 | 0 1] 0 0 0 2.2452 |0 0
1] I 0 1] 2.2369 | 0 0 0 1] 0 2.2452 |0
1] I 0 1] 0 2.2369 0 0 0 0 1] 2.2452
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To compare these to the Anisotropic Elasticity Tensor in PMA Coordinates, we calculate
the absolute value of the difference for both example structures:

0.00 | 0.04 | 0.01 | 0.01 | 0.01 | 0.01 0.89 | 0.22 | 0.23 | 0.00 | 0.01 | 0.00
0.16 | 0.00 | 0.02 | 0.01 | 0.01 0.90 | 0.18 | 0.01 | 0.01 | 0.00
0.26 | 0.01 | 0.01 | 0.00 3.06 | 0.02 | 0.01 | 0.01

symmetric 0.01 | 0.00 | 0.00 symmetric 0.12 | 0.01 | 0.00
0.00 | 0.01 0.19 | 0.00

0.04 0.33

Observe that the maximal absolute value of the difference (marked in red) for the
transverse isotropic structure is much higher than for the isotropic structure when
comparing the isotropic approximation tensor to the anisotropic elasticity tensor.

This means that the transverse isotropic structure does not fit the isotropic
approximation, which is hardly surprising, given that the transverse isotropic
structure behaves differently along the fibers than perpendicular to the fibers.

ESTIMATED PRINCIPAL MATERIAL AXES (PMA)

For non-isotropic materials, an appropriate coordinate system is given by the so-
called principal material axes. While the Cartesian coordinates are the direction of
computation (and experiment e.g., taking CT and applying loads), the structure
material has its own symmetries e.g., the plane perpendicular to the mean direction
of the fibers. These intrinsic symmetries may not be aligned with the Cartesian
coordinates yet define another orthonormal coordinate system. The estimation of
principal axes is a means to find these intrinsic symmetries.

The principal material axes are fitted following Browaeys and Chevrot (See references
on page 104). They are shown in the results file and are used for approximations of
the elasticity tensors.

FeelMathVOX_Iso.gdr

—— Elasticity Tensor Approximation in the Principal Material FeeIMathVOX_Tranvaso.gdr
Axes (PMA) —

—— Elasticity Tensor Approximation in the Principal Material
Stiffness Formulation for Strain Equivalence  |Axes (PMA) —

Estimated Principal Material Axes (PMA) Stiffness Formulation for Strain Equivalence
-0.654992 | 0241375 | 0.716043

Estimated Principal Material Axes (PMA)
15768336 | 0.769283 | 0.270243 -0.999247 | -0.0319282 | 0.0220892

[The columnz of the table give the PA in the original coordinate sy

0.0313467 | 0.999164 | 0.0261842

[The columnz of the table give the PMA in the anginal coordinate systern. )

If we denote by U the matrix with the new coordinate vectors:
U v w
Uz V3 W3

Then, the coordinates of the elasticity tensor Cj,, in the new coordinate system are
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Cysit = UayUpsUjicUjiCapij

See the section about the elasticity theory, page 101 ff., for the relationship between
the elasticity tensor as 4" order tensor and the matrix notation.

ANISOTROPIC ELASTICITY TENSOR IN PMA COORDINATES

The second matrix displayed for the Stiffness Formulation for Strain Equivalence
shows the Anisotropic Elasticity Tensor (GPa) in PMA Coordinates. In particular, the
difference from this tensor can be used to estimate the quality of the Orthotropic
Approximation, Transverse Isotropic Approximation, Cubic Approximation (all in PMA
coordinates), and Isotropic Approximation shown also in the result file.

The Anisotropic Elasticity Tensor in PMA Coordinates looks similar to the Anisotropic
Elasticity Tensor, but it has been transformed to another coordinate system. The
off-diagonal coefficients are smaller, so that setting them to zero would lead to smaller
errors. For our examples, we obtain:

FeelMathVOX_Iso.gdr FeelMathVOX_Transvlso.gdr
Anisotropic Elasticity Tensor [GPa] in PMA Coordinates Anisotropic Elasticity Tensor [GPa] in PMA Coordinates
9.3603 4.9281 4 8968 A.0074016 | 0.007EES 0.0055365 8.4877 | 4.6739 4.6585 00049317 | 0011101 | 0.0025EES
49286 | 95156 | 4.8823 0019955 | 0.0053887 | -0.0063053 46733 | 84836 4. 7071 0.010077 | -0.0061002 | -0.0044453
48984 | 48828 | 9.1047 Qoee | 0012573 | 0.0010513 4 6577 | 4.7078 12.443 0015351 | 0014274 | -0.0056108
00075401 | 0020033 | 0012503 | 2.2515 -0.00071437 | 0.004E78 0.0050136 | 0.010051 | -0.O17473 | 21228 | 0011491 | -0.0027658
0.0074531 | 00061223 | -0.012585 | 000072685 | 2.2323 -0.007018 -0.01112 | -0.0080637 | 0.01568 0.01142 | 2.0696 0.0025143
0.005827 | 00063215 | 0.00015478 | 0.0043357 | -0.0068508 | 2.2767 0.0026886 | 0.0043365 | 00051351 | 0002677 | 0.0024391 | 1.9183

Canisotrope= C14 C24 C34 C44 C45 C46
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