

































































































































































Appendix A.8 User Material Constant #8: Fiber Post-Failure Stiffness

The eighth user material constant allows the user to specify the ratio of damaged fiber stiffness
moduli to undamaged fiber stiffness moduli after a fiber failure event. This value must be greater than 0,
and less than or equal to 1. For example, a value of 0.01 would mean that after a fiber failure event at an
integration point, the fiber constituent material properties would be reduced to 1% of the undamaged
material properties (damaged E,; equals 1% of undamaged E;;, damaged G;, equals 1% of undamaged
Gy, etc.). The default value for fiber post-failure stiffness is 1%.
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Appendix B Extraneous Stiffness Parameters

In order for Abaqus to be able to define the stiffness matrix for a particular element, Abaqus must
be able to answer the following four questions:

Which materials reside within the element?

How is each material distributed within the element?

How is each material oriented within the element?

Beyond the basic stiffness that the element obtains directly from the constitutive relations of the
materials that are present within the element, are there any additional, extraneous stiffness
parameters that are needed to improve, or stabilize the behavior of the element?

poONME

These four questions are answered by a section definition, and Abaqus requires that each element in a
model must reference a section definition. Different types of section definitions (listed below) are
referenced by different types of elements.

* Membrane Section (referenced only by membrane elements)

* Shell Section (referenced only by shell elements)

* Shell General Section (referenced only by shell elements)

* Solid Section (referenced only by 2-D and 3-D continuum elements)

This appendix discusses the extraneous stiffness parameters mentioned in item 4 above. An
understanding of these extraneous stiffness parameters becomes important when using materials that are
defined in the Helius:MCT material database. In the event that a section definition includes only
materials that are recognized Abaqus material types, Abaqus will automatically compute all of the
extraneous stiffness parameters required in any given section definition. However, if a section definition
uses one or more materials from the Helius:MCT material database, the user must compute the required
extraneous stiffness parameters and list them as part of the section definition in the Abaqus input (*.inp)
file. In response to this situation, the purpose of this appendix is threefold:

1. Identify the extraneous stiffness parameters that are required for each combination of element
type and section definition type,

2. Define the format for listing the extraneous stiffness parameters in the section definition, and

3. Explain the preferred method for calculating each of these extraneous stiffness parameters.
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Appendix B.1 Description of the Extraneous Stiffness Parameters

There are four different types of extraneous stiffness parameters that might be required in a section
definition depending upon the specific combination of section definition type and element type. These
four extraneous stiffness parameters are listed below, along with a brief qualitative description of each.

Hourglass Stiffness Control Parameters

Certain types of elements that use reduced integration can exhibit spurious, so-called hourglass
deformation modes without developing any internal stress in response to the deformation. The hourglass
stiffness control parameters provide these elements with a suitable degree of resistance to the
development of these spurious hourglass deformation modes without adversely affecting their resistance
to realistic deformation modes. There are two commonly required types of hourglass stiffness control
parameters: the membrane hourglass stiffness control parameter and the bending hourglass stiffness
control parameter

Section Transverse Shear Stiffnesses thl, Kt;z, and thz

Abagus shell elements do not derive their transverse shear stiffnesses directly from the constitutive
relations of the materials that are present in the element. Instead, the transverse shear stiffnesses (thl, Kt;2

, and Ktlsz) of the element must be explicitly defined as part of the section definition that is referenced by
the element.

Section Poisson Ratio

The section Poisson ratio is used to define the thickness change of membrane elements and shell
elements caused by the in-plane strains (i.e., membrane strains). Abaqus membrane and shell elements do
not derive their section Poisson ratio directly from the constitutive relations of the materials that are
present in the element. Instead, the section Poisson ratio of these elements must be explicitly defined as
part of the corresponding section definition.

Section Thickness Modulus

Abaqus continuum shell elements (SC6R and SC8R) explicitly account for an average transverse
normal stiffness that controls thickness stretching and thickness contraction; consequently, these elements
require a thickness modulus. However, Abaqus continuum shell elements do not derive their thickness
modulus directly from the constitutive relations of the materials present in the element. Instead, the
thickness modulus of the element must be explicitly defined as part of the shell section definition or the
shell general section definition.

The following is a list of the extraneous stiffness parameters required for each different combination of
section definition type and element type.

*Membrane Section
All membrane element types require the following parameter:
e Section Poisson Ratio
Any membrane element that uses reduced integration requires the following parameter:
e Hourglass Stiffness Control Parameter
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*Shell Section
All shell element types require the following parameter:
e Section Poisson Ratio
Any shell element that uses reduced integration requires the following parameters:
o Membrane Hourglass Stiffness Control Parameter
e Bending Hourglass Stiffness Control Parameter
All shell elements that account for transverse shear stiffness (e.g., S3, S3R, S3RS, S4, S4R, S4RS,
S4RSW, S8R, S8RT, SC6R, SC8R) require the following parameter:
e Section Transverse Shear Stiffnesses Ktlsl, Kt;z, and thz
All continuum shell elements require the following parameter:
e Section Thickness Modulus

*Shell General Section
All shell element types require the following parameter:
e Section Poisson Ratio
Any shell element that uses reduced integration requires the following parameters:
e Membrane Hourglass Stiffness Control Parameter
e Bending Hourglass Stiffness Control Parameter
All shell elements that account for transverse shear stiffnesses (e.g., S3, S3R, S3RS, S4, S4R, S4RS,

S4RSW, S8R, S8RT, SC6R, SC8R) require the following parameter:
e Section Transverse Shear Stiffnesses Ktlsl, Kt;z, and thz
All continuum shell elements require the following parameter:

e Section Thickness Modulus
*Solid Section

Any continuum element that uses reduced integration requires the following parameter:
e Hourglass Stiffness Control Parameter
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Appendix B.2 Formatting of the Extraneous Stiffness Parameters

Membrane Sections

A typical composite membrane section definition in the Abaqus input file has the following format:

*Membrane Section, elset="elsetName", composite, orientation=orientationName
1., 3, materialName, 45., layerl

1., 3, materialName, 90., layer2

1., 3, materialName, 0., layer3

1., 3, materialName, -45., layer4

To add any or all of the required extraneous stiffness parameters to a Membrane Section definition, the
following color-coded lines are added to the Membrane Section definition (in the positions shown below).

*Membrane Section, elset="elsetName", composite, orientation=orientationName,
POISSON=<P input value>,

1., 3, materialName, 45., layerl

1., 3, materialName, 90., layer2

1., 3, materialName, 0., layer3

1., 3, materialName, -45., layer4

*HOURGLASS STIFFNESS

<HS data line>

The single numerical quantity <P input value> is the Section Poisson Ratio.

The <HS data line> contains a single numerical quantity, interpreted as the Hourglass Stiffness
Control Parameter (units are F/L?).

Note:

To calculate any of the numerical values required for <P input value>, or <HS data line>, see
“Calculation of Extraneous Stiffness Parameters,” in Appendix B.3.
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Shell Sections

A typical composite shell section definition in the Abaqus input file has the following format:

*Shell Section, elset="elsetName", composite, orientation=orientationName
1., 3, materialName, 45., layerl

1., 3, materialName, 90., layer2

1., 3, materialName, 0., layer3

1., 3, materialName, -45., layer4

To add any or all of the required extraneous stiffness parameters to a Shell Section definition, the
following color-coded lines can be added to the Shell Section definition (in the positions shown below).

*Shell Section, elset="elsetName", composite, orientation=orientationName,
POISSON=<P input value>, THICKNESS MODULUS=<TM input value>, ...
1., 3, materialName, 45., layerl

1., 3, materialName, 90., layer2

1., 3, materialName, 0., layer3

1., 3, materialName, -45., layer4

*HOURGLASS STIFFNESS

<HS data line>

*TRANSVERSE SHEAR STIFFNESS

<TS data line>

The single numerical quantity <P input value> is the Section Poisson Ratio.

The single numerical quantity <TM input value> is the Section Thickness Modulus.

The <HS data line> contains four numeric quantities, described below.
1* Quantity: Membrane hourglass control parameter (units are F/L?).
2" Quantity: Not used in shell elements

3" Quantity: Bending hourglass control parameter (units are F/L?).

4™ Quantity: Factor by which the default stiffness for rotation about the shell surface normal is to
be scaled (for shell nodes where six degrees of freedom are active). If this value is
not entered or is entered as zero, Abaqus/Standard™ will use the default value.

The <TS data line> contains three numeric quantities, described below:

1% Quantity:  Value of the transverse shear stiffness of the section in the first direction,

ts
Kll :

2" Quantity:  Value of the transverse shear stiffness of the section in the second
direction, K13.

3" Quantity:  Value of the coupling term in the shear stiffness of the section, K3
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For Shell General Sections, the extraneous stiffness parameters receive the same formatting as shown
above for Shell Sections.

Note:
To calculate any of the numerical values required for <P input value>, <TM input value>,
<HS data line>, or <TS data line>, see “Calculation of Extraneous Stiffness Parameters,” in Appendix

B.3.
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Solid Sections

A typical composite solid section definition in the input file (or Keywords Editor) has the following
format:

*Solid Section, elset="elsetName", composite, orientation=orientationName
1., 3, materialName, 45., layerl

1., 3, materialName, 90., layer2

1., 3, materialName, 0., layer3

1., 3, materialName, -45., layer4

To add the required hourglass stiffness control parameter to the Solid Section definition, the following
lines shown in red font should be added to the end of the Solid Section definition:

*Solid Section, elset="elsetName", composite, orientation=orientationName
1., 3, materialName, 45., layerl

1., 3, materialName, 90., layer2

1., 3, materialName, 0., layer3

1., 3, materialName, -45., layer4

*HOURGLASS STIFFNESS

<HS data line>

Note that <HS data line> contains two numerical quantities, described below.

1* Quantity: Hourglass control stiffness parameter (r:G) for use with solid elements. Units
are stress (F/L?).

2" Quantity: Hourglass control stiffness parameter (reK) is required only for the element type
C3D4H. Units of this parameter depend on the material property assigned to the
element. For nearly incompressible elastomers (*HYPERELASTIC) and
elastometric foams (*HYPERFOAM) the units are stress (F/L?); for all other
remaining materials, including fully incompressible elastomers, the units are
stress compliance (L?/F). If this value is left blank or entered as zero,
Abagus/Standard™ will use the default value.

Note:

To calculate any of the numerical values required for <HS data line>, see “Calculation of Extraneous
Stiffness Parameters,” in Appendix B.3.
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Appendix B.3 Calculation of Extraneous Stiffness Parameters

As mentioned previously, Abaqus automatically calculates the values of all required extraneous
stiffness parameters provided that the model only uses recognized Abaqus/Standard material types. It is
highly recommended that the user take advantage of this feature by running Abaqus in 'datacheck’ mode
and allowing it to automatically compute all of the extraneous stiffness parameters. However, before
Abagus can automatically compute the extraneous stiffness parameters, all of the model's user-defined
material types must be converted to equivalent Abaqus/Standard material types. For the types of user-
defined materials that can be accessed from the Helius:MCT material database, the most appropriate
Abagus/Standard material type is the elastic, orthotropic material type that is defined using the
“*ELASTIC, TYPE=ENGINEERING CONSTANTS ' keyword statement..

This section explains how to execute Abaqus/Standard in datacheck mode to compute all of the
extraneous stiffness parameters required in the various section definitions that appear in the Abaqus input
file.

To run an Abaqus datacheck analysis, first make a copy of the existing Abaqus input (*.inp) file and
rename it to distinguish it from the original copy. The datacheck analysis will be performed using the
new copy of the input file; however, the new input file requires the following modification steps to enable
Abagus to compute the extraneous stiffness parameters and print the computed values in the *.dat file.

1. Insert the following *PREPRINT keyword statement at the beginning of the input file, just after
the *HEADING keyword statement.

*PREPRINT, echo=no, MODEL=YES, history=no, contact=no

The parameter MODEL=YES" instructs Abaqus to print (in the *.dat file) all of the extraneous
stiffness parameters that it calculates as part of the datacheck analysis.

2. Replace all existing *SHELL SECTION definitions with *SHELL GENERAL SECTION
definitions. Note that this step simply involves inserting the word ‘GENERAL’ into the
appropriate section definitions; it does not involve changing any of the data of these section
definitions.

3. Locate all of the Helius:MCT material definitions in the input file. Each of these Helius:MCT
material definitions is composed of several different keyword statements. A typical material
definition for a Helius:MCT™ material is shown below.

*Material, name=IM7_8552
*User Material, constants=8
1,1,1.,0.,0.,0.,0.1,0.01
*Depvar

6,

Each Helius:MCT material definition must be replaced with a recognized Abaqus material
definition, specifically, an elastic, orthotropic material definition that has the same name as the
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original Helius:MCT material definition. The new elastic, orthotropic material definition is
shown below.

*Material, name=IM7_8552

*Elastic, type=ENGINEERING CONSTANTS
E11, E22, E33,v12, v13, v23, G12, G13

G23

The orthotropic elastic constants (E11, E22, E33, v12, v13,v23, G12, G13

G23) can be obtained by using the Helius:MCT™ GUI to access the Helius:MCT material
database. For the specific case of the material IM7_8552, the Helius:MCT GUI displays the view
shown in Figure B24. The engineering constants shown in Figure B24 can now be inserted into
the new orthotropic elastic material definition as shown below.

*Material, name=IM7_8552

*Elastic, type=ENGINEERING CONSTANTS

2.03e+07, 1.65e+06, 1.65e+06, 0.324, 0.324, 0.461, 6.89e+05, 6.89e+05
5.65e+05
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Bl Helius:MCT™ for Abaqus -- Composite Material Selector

Ilse this toal ko select your composite material, define units and fiber direction,
and select analysis criteria,

For help on an individual ikerm below, click the "7 butkon,

Hellus:acT

Enhanced Cormpasies Siiston PTODIEMS OF comments? Contack Firehole Technologies at support@Fireholetech.com

Material Library | IM7_8552 v | i e

Enginesting Conskants for Your Selected Composike
Type: Carbon Fiber Eeinforced Polymer

Fiber wolume fraction: 56X

Ell = 2.03e+07 E22 = 1.65e+06 E33 = 1. 65e+06 (p=i)
vlz = 0.324 wvld = 0.324 w23 = 0.461
G122 = 6.89=+05 513 = 6.89=+05 G23 = 5 .65e+05 (p=i)
(+1511 = 3.69=+05 (+1522 = 1. .39%=+04 (+1533 = 1.3%9%=+04 (p=i)
(=1511 = -2 Z26e+05 (=1522 = -3 .77e+04 (=1533 = =3.77e+04 (p=i)
512 = 1 .56e+04 513 = 1.56e+04 523 = 2. 20e+04 (p=i)
all = 0.00e+00 a2 = 0.00e+00 a33 = 0.00e+00 (1-RE)
Select Model Units: i_lb,l'ﬁR_:| Matrix Post-Failure Stiffness: I IZIlIII:‘::
Select Fiber Direction: |1___:_i Fiber Post-Failure Stiffness; i_lzlg_l_:‘:_i
Bnalysis Criteria ikt
Progressive Failure Analysis [ ] output Constituent Stress Strain
[] Pressure Induced Strength Enhancement [ ] Mame State Dependert: Yariables

[ Include PreFailure Monlinearity

[ 1nclude PostFailure Monlineariky

Figure B24: Helius:MCT GUI with IM7_8552 selected as a material

Page 65 of 77



‘f;:%} F| RE

S ADVANCE

4. The datacheck analysis is now ready to be run. To run the datacheck analysis, the Abaqus
Command window needs to be opened (Figure B25).

c+ Abaqus Command

Figure B25: Abaqus Command window from which to run the datacheck analysis
5. The following commands need to be entered into this window (Figure B26):

a. >>cd <directory in which .inp file is located>
Example: >>cd C:\Abaqus

b. >>abaqus datacheck job=<name of .inp file without the .inp extension>
Example: >>abaqus datacheck job=example

&+ Abaqus Command

C:~>cd C:~Firehole~Helius
IC:“Firehole“~Helius >abhaqus datacheck job=example

C:~Firehole“~Helius>_

Figure B26: Sequence of commands to run a datacheck analysis

Page 66 of 77



&

FIREHOLE

CHNOLOGIES

ADVANCED COMPOSITES ANALYSIS

6. After the final line of the command window is entered, a datacheck analysis will run in the same

directory as the input file location. The extraneous stiffness parameters that are computed by
Abagqus are printed in the *.dat file. When the analysis is complete, open the *.dat file using a
text editor (e.g., Notepad, Wordpad, etc.).

The user will need to determine which type of section (shell, solid, membrane, or any
combination) contains Helius:MCT user materials. The following step will differ based on if the
model contains solid, shell, or membrane sections. Step 8 in this User’s Guide is for a model
containing only solid and shell sections. Similar procedures are executed for models containing
membrane sections.

For a model containing solid sections, the *HOURGLASS STIFFNESS parameters for each solid
section are located under the heading

“SOLID SECTION(S)”inthe *.dat file. Each section has a separate Property Number
associated with it (see below). The ordering of the Property Numbers is based on the ordering of
the instance keywords at the assembly level within the *.inp file. Each part keyword has a finite
number of section keywords assigned to that part. Each part has a corresponding instance. The
ordering scheme is then how the individual section keywords would appear if the parts were
ordered in the same order that the instances appear. The *HOURGLASS STIFFNESS values are
located near the bottom of the property number “HOURGLASS CONTROL STIFFNESS” (see
below).

PROPERTY NUMBER 1

SECTION ORIENTATION NAME ASSEMBLY_PLATE-1_ORI-1
NUMBER OF LAYERS 4

STACK DIRECTION 3

NUMBER OF INTEGRATION POINTS 4

LAYER 1 RELATIVE THICKNESS 0.2500

POINTS 1
MATERIAL IM7/8552
ORIENTATION

LAYER 2 RELATIVE THICKNESS 0.2500
POINTS 1
MATERIAL IM7/8552

ORIENTATION ANGLE  45.00 DEGREES
LAYER 3 RELATIVE THICKNESS 0.2500

POINTS 1

MATERIAL IM7/8552

ORIENTATION ANGLE  -45.00 DEGREES
LAYER 4 RELATIVE THICKNESS 0.2500

POINTS 1

MATERIAL IM7/8552

ORIENTATION ANGLE  90.00 DEGREES

THE ROTATION ANGLES ARE MEASURED RELATIVE TO THE LOCAL 3 DIRECTION
OF THE SECTION ORIENTATION

HOURGLASS CONTROL STIFFNESS  2963.3
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The hourglass control stiffness value (2963.3) should be added to the corresponding solid section
definition in the original *.inp file, as shown below.

** Section: sectionName

*Solid Section, elset="elsetName", composite, orientation=orientationName
1., 3, materialName, 45., layerl

1., 3, materialName, 90., layer2

1., 3, materialName, 0., layer3

1., 3, materialName, -45., layer4

*HOURGLASS STIFFNESS

2963.3

For a model containing membrane and/or shell section definitions, the extraneous stiffness parameters
that are computed by Abaqus can include any or all of the following: hourglass stiffness control
parameters, transverse shear stiffnesses, section Poisson ratio, and/or thickness modulus. These
parameters can be found in the *.dat file under the general headingsof “MEMBRANE SECT
ION(S)”and/or“SHELL SECTION(S)”. Within each of these general headings, each
section definition is assigned a separate property number. The ordering of the Property Numbers is
based on the ordering of the instance keywords at the assembly level within the *.inp file. Each part
keyword has a finite number of section keywords assigned to that part. Each part has a corresponding
instance. The ordering scheme is then how the individual section keywords would appear if the parts
were ordered in the same order that the instances appear. For illustration purposes, a portion of the
*.dat file, excerpted from general heading“SHELL SECTION (S)” is shown below. This
portion lists the parameters specifically computed for the second shell section definition that appeared
in the *.inp file (hence the label "PROPERTY NUMBER 2"). The excerpted text has been color
coded to aid in locating the various extraneous stiffness parameters (section Poisson ratio, hourglass
stiffness control parameters, transverse shear stiffnesses, section thickness modulus).

PROPERTY NUMBER 2
ADDED MASS PER UNIT AREA IS~ 0.0000

SECTION POISSON RATIO (USED WITH CONVENTIONAL FINTE STRAIN SHELLS ONLY) =
0.50000

EFFECTIVE THICKNESS ELASTICITY (USED WITH SC6R(T) AND SC8R(T) ELEMENTS
ONLY)

D3333 D3311 D3322
1.38200E+06 1.0000 1.0000

THE MIDDLE SURFACE OF THE SHELL IS THE REFERENCE SURFACE (NOT APPLICABLE
FOR SC6R(T) AND SC8R(T) ELEMENTS)

GENERAL SECTION

COMPOSITEWITH 4 LAYERS

SECTION STIFFNESS MATRIX

3.51261E+07 1.12994E+07 4.12604E-10-2.82143E+07-1.16415E-10-4.70238E+06
1.12994E+07 3.51261E+07 2.99750E-08-1.16415E-10 2.82143E+07-4.70238E+06
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4.12604E-10 2.99750E-08 1.19134E+07-4.70238E+06-4.70238E+06 0.0000
-2.82143E+07-1.16415E-10-4.70238E+06 5.59842E+07 5.91649E+06 9.62744E-10
-1.16415E-10 2.82143E+07-4.70238E+06 5.91649E+06 5.59842E+07 6.99416E-08
-4.70238E+06-4.70238E+06 0.0000 9.62744E-10 6.99416E-08 6.73512E+06
GENERALIZED STRESSES CAUSED BY THERMAL STRAINS

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

SCALING FACTORS

SECTION THERMAL TEMPERATURE
STIFFNESS EXPANSION

1.0000  1.0000
ORIENTATION ASSEMBLY_PLATE-1_ORI-3
TRANSVERSE SHEAR STIFFNESSES FOR THE SECTION
Kts11 Kts22 Kts12
9.49571E+05 9.49571E+05 5.40040E-12

HOURGLASS CONTROL STIFFNESS

HOURGLASS CONTROL STIFFNESS (USED WITH S4R(T), S4R5, S9R5, S8R5, AND SC8R(T)

ELEMENTS ONLY)
MEMBRANE BENDING

3455.0 2591.2
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After locating the values of the required extraneous stiffness parameters, the shell section
definition can be modified as shown below.

** Section: sectionName

*Shell Section, elset="elsetName", composite, orientation=orientationName, THICKNESS
MODULUS=1.38200E+06, POISSON=0.50000, ...
1., 3, materialName, 45., layerl

1., 3, materialName, 90., layer2

1., 3, materialName, 0., layer3

1., 3, materialName, -45., layer4

*HOURGLASS STIFFNESS

3455.0, ,2591.2

*TRANSVERSE SHEAR STIFFNESS
9.49571E+05, 9.49571E+05, 5.40040E-12

9. A Helius:MCT failure analysis can now be executed.
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M Edit keywords, Model: Model-1

T

L x

*fssembly, name=Assembly
*End Assembly

*Conflicks, Generated keywords
ok

= MATERIALS
ik

*Material, name=n54-3501-6

e

*Depvar
12,

*User Material, constants=6
i,1.,1.,0,0,0.

*Conflicks, User edited kevwords

*Depyar

12

1, FAIL_STATE
2, RATIOM
3, RATICF

4, RATIOM_1
5, RATIOM_2
B, RATIOM_3
7, RATIOM 4
8, RATIOM 5
9, ETA_NM
10, ETA_3M
11, 5IM_O
12, PHI

*Conflicts, End of conflick block.

4]

Block:  add F\Fterl Remove |Discard Editsl

oK | Discard all Ediks | Cancel |

Figure D28: Keywords Editor, showing a keyword conflict caused by an extraneous
*DEPVAR statement

To manually resolve the keyword conflict, the user should delete the extraneous *DEPVAR
statement (including all 12 of its data lines). The user must also manually delete both of the
*CONFLICTS keyword statements. It should be emphasized that as long as there are user-modified
keywords in the model, there is a possibility that new keyword conflicts will be generated as the user
continues the model creation process in Abaqus/CAE. To completely eliminate the risk of introducing
more keyword conflicts, the user can click the Discard All Edits button in the Keywords Editor. This
operation will result in the reversion of all user-modified keyword statements to the form originally
created by Abaqus/CAE. In this case, the user should be aware that any of the previous modifications
made to the section definitions (see Section 3.2) will be lost.
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