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Figure 14: PLESOL contour plots of SVAR1 at several different points in time during a
progressive failure analysis

Several important observations can be made regarding the sequence of contour plots shown in

Figure 14:
o Attime = 0.4, every element is blue, which means that no points in ply 3 have experienced any

type of failure.
e Attime = 0.5 there are elements at the edges of the hole that are partly, or fully green, indicating

matrix failure.
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Figure 17: Global structural force vs. global structural deformation
Beginning at an imposed displacement of 0.912, the overall secant stiffness of the
structure starts to deteriorate rapidly. Beyond this point, as the imposed axial
displacement is further increased, the structure is unable to resist with additional
structural force.

Examination of Figure 17 reveals that the global force/displacement response of the composite
structure appears to remain linear until the imposed displacement reaches a value of approximately
0.0912. If we examine Figure 14, we see that by the time the imposed axial displacement has reached the
value of 0.084, the composite plate has accumulated a significant amount of matrix constituent failure
along the vertical edges of the circular hole. However, this amount of matrix constituent failure is
insufficient to make a visually detectable impact on the global stiffness of the composite plate. As the
imposed displacement is increased from 0.084 to approximately 0.096, the global stiffness of the
composite plate undergoes a drastic reduction in Figure 17 indicting a significant cascading of localized
fiber constituent failures (i.e., a major failure event has occurred). In examining Figure 14, we see that at
an imposed displacement of 0.096, the composite plate has experienced a significant amount of fiber
constituent failure along the vertical edges of the circular hole. As the imposed displacement is increased
beyond 0.096, the composite plate no longer responds to increasing displacement with increasing
structural force. Instead, the overall structural force in the composite plate remains relatively constant,
indicating that the spread of localized failures is too rapid to build any additional structural force.
However, as seen by the two dotted lines in Figure 17, the overall secant stiffness of the composite plate
continues to decrease despite the fact that the overall structural force remains relatively constant.
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There are many possible ways to define global structural failure. The exact point that signals global
structural failure depends upon the intended use of the composite plate. The point that should be
emphasized here is that the detection of global structural failure requires an examination of the global
structural force vs. global structural deformation.

In summary, contour plots of the MCT state variables (especially SVAR1) provide the analyst
with a clear picture of the extent of localized failures at any particular point in time. In order to correlate
any of the damage distributions with decreased overall stiffness of the composite structural, one must
examine plots of global structural force vs. global structural deformation. In this way, the analyst can
associate observed changes in the global stiffness of the structure with specific damage distributions.
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Appendix A HELIUSMCT Command Arguments

A set of arguments are required as part of the HELIUSMCT command. The Helius:MCT user
programmable feature uses these arguments to determine the precise form of multiscale constitutive
relations that should be used for that particular composite material. For any given Helius:MCT material,
the number of arguments must either be 10 or 13. The first ten arguments are required for all
Helius:MCT materials; the last three arguments (i.e., the 11", 12" and 13" constants) are only required if
the finite element model is defined using a custom system of units (see Appendix A.1). Table Al
provides a short description of the constitutive modeling issue that is controlled by each of the 13 possible

arguments along with the allowable range of values for each constant.

Table A1. HELIUSMCT command arguments

Argument Constitutive Issue Controlled by Allowable Values
the Argument
1 Material Reference Number Integer greater than zero
2 Number of State Variables (SVARS) 6 or 30
3 System of Units 1,2,3,45
4 Principal Material Coordinate System 1,2
5 Progressive Failure Analysis 0 (off), 1 (on)
6 Pre-Failure Nonlinearity 0 (off), 1 (on)
7 Post-Failure Nonlinearity 0 (off), 1 (on)
8 Hydrostatic Strengthening 0 (off), 1 (on)
9 Matrix Post-Failure Stiffness Fraction O<value<1
10 Fiber Post-Failure Stiffness Fraction O<value<1
11 Force Conversion for Custom Units Must be greater than zero
12 Length Conversion for Custom Units | Must be greater than zero
13 Temperature Difference _Conversion Must be greater than zero
for Custom Units

In the remainder of Appendix A, each of the 13 arguments is discussed in detail, including the
impact of the constant on the multiscale constitutive relations used to represent the composite material.
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Appendix A.1 Argument #1: Material Reference Number

Ansys requires all material property definitions to have a material reference number assigned to
it. This number is used to associate a particular material with the finite elements representing that
material. A material reference number must be a positive integer (non-zero). The Helius:MCT GUI can
be used to view each material and its corresponding material reference number (or matiD).
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Appendix A.2 Argument #2: Number of State Variables (SVARS)

The number of solution-dependent MCT state variables is dependent upon whether or not the user
desires access to constituent average stresses and strains. Allowable values for this argument are 6 and
30. 6 state variables should be requested unless the user desires post-processing access to the constituent
average stresses and strains, in that case 30 MCT state variables should be requested. A detailed
description of all 30 MCT state variables is available in Appendix B.
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Appendix A.3 Argument #3: System of Units

All numerical quantities in a finite element method input file must be expressed in a consistent set
of units. For example, if the geometry of the model is specified in centimeters and the force is specified
in Newtons, then the material moduli must be expressed in units of N/cm?.

All material properties in the Helius:MCT composite material database are stored using the
N,m,°K system of units (i.e., force is expressed in Newtons; length is expressed in meters, and
temperature is expressed in degrees Kelvin). Therefore, if a model is built using a different system of
units, then the user must identify the appropriate system of units that Helius:MCT should use in
providing constitutive information to the Ansys finite element code. Helius:MCT has pre-programmed
conversion factors that can be used to express constitutive information in several commonly used systems
of units. In addition, Helius:MCT has the capability to provide constitutive information in a user-defined
(or custom) system of units.

The system of units that will be used by the Helius:MCT user programmable feature is defined by
the third argument listed as part of the HELIUSMCT command. Table A2 shows the allowable range of
integer values for the third argument and lists the system of units specified by each value.

Table A2. Systems of Units Specified by Argument #3

Argument #3 System of Units
1 N, m, °K
2 N, mm, °K
3 Ib, in, °R
4 Ib, ft, °R
5 Custom

If the third argument is assigned a value of 1, 2, 3, or 4, then Helius:MCT will automatically
perform the appropriate unit conversions and provide the constitutive relations in the system of units
shown in Table A2. However, if the model is defined using a system of units that is not represented in
Table A2, then the user must set the value of the third argument to 5, indicating that a ‘custom' system of
units will be used. In this case, the user must specify the three conversion factors that are needed by
Helius:MCT to convert from the default units of Newtons, meters, and degrees Kelvin to the custom
system of units. These three conversion factors for force, length and temperature will be listed as the 11",
12" and 13" arguments respectively in HELIUSMCT command. Note that the 11", 12", and 13"
arguments are required only if the value of the 3" argument is 5; otherwise, only ten arguments are
required.

As an example of a custom system of units, let’s say that a finite element model is created using
units of kiloNewtons, centimeters, and °Fahrenheit. Since this particular system of units is not included
in Table A2, it will be considered a custom system of units. Consequently the third argument for any
Helius:MCT materials should be assigned a value of 5. Now we must compute the conversion factors for
force, length, and temperature that will be listed as the 11", 12", and 13™ arguments respectively. The
force conversion factor that is required to convert from the default units of Newtons, to the desired units
of kiloNewtons is computed as
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N 0pa KN
1000N N

The length conversion factor that is required to convert from the default units of meters, to the desired
units of centimeters is computed as

~100cm

conv

—100%M
Im m

L

The conversion factor for temperature changes (AT) that is required to convert temperature change from
the default units of °K to the desired units of °F is computed as

AT, =5 1 g°F
1°K °K

The 11", 12", and 13" arguments should be assigned values of 0.001, 100, and 1.8 respectively. In this
case, the HELIUSMCT command would have 13 arguments as shown below. The third argument
(value=>5) indicates that a ‘custom’ system of units will be used. The 11", 12" and 13" arguments
specify the factors needed to convert from the default units of Newtons, meters and °K to the desired units
of kiloNewtons, centimeters, and °Fahrenheit respectively. An example of the HELIUSMCT command is
shown below.

HELIUSMCT, 9,6,5,1, 1,0, 0,0, 0.01, 0.01, 0.001, 100, 1.8

Two additional points should be emphasized regarding the choice of values for the 3™ argument.
First, all stress results printed in the Ansys results files will be expressed in the units specified by the user
via the third argument. For example, if the third argument has a value of 3 (specifying the pound, inch,
°R system of units), then Ansys will output all stresses in units of Ib/in (psi). Second, custom units are
not supported by the Helius:MCT GUI and must be specified manually by the user by either defining a
Helius:MCT material via the HELIUSMCT command or by directly editing the input file with a text
editor (Notepad).
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Appendix A.4 Argument #4: Principal Material Coordinate System

Helius:MCT expresses constitutive relations and computes stress in the principal material
coordinate system of the composite material. Helius:MCT’s default principal material coordinate system
is oriented with the ‘1’ direction aligned with the fiber direction, while the ‘2’ and *3” directions lie in the
composite material’s plane of transverse isotropy. However, in situations where it adds convenience or
simplicity to the model creation process, the user may change the orientation of Helius:MCT’s principal
material coordinate system so that the ‘2’ direction is aligned with the fiber direction, while the “1” and
*3’ directions lie in the composite material’s plane of transverse isotropy. The fourth argument is used to
specify the orientation of the principal material coordinate system that will be used by Helius:MCT. The
numerical value (1 or 2) of the fourth argument specifies which of the principal material coordinate axes
will be aligned with the fiber direction. The availability of two different alternatives for the orientation of
the principal material coordinate system provides the user with more flexibility in specifying the
orientation of the material plies within a section definition.

Consider the following HELIUSMCT command:
HELIUSMCT, 9,6, 1,2,1,0,0,0,0.01, 0.01
Note that the forth argument is assigned a value of 2. Therefore, this particular material will use a

principal material coordinate system where the ‘2’ axis is aligned with the reinforcing fibers, and the ‘1’
and ‘3’ axes lie in the composite material’s plane of transverse isotropy.
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Appendix A.5 Argument #5: Progressive Failure Analysis

The fifth argument is used to activate or deactivate Helius:MCT’s progressive failure analysis
feature. A value of 1 activates the progressive failure analysis feature, while a value of 0 deactivates the
progressive failure analysis feature. If the progressive failure feature is activated, then Helius:MCT will
routinely evaluate both the matrix failure criterion and the fiber failure criterion to determine if either
constituent material has failed. Each constituent failure criterion is based on the corresponding
constituent average stress state. In the event that one or both of the constituents fail, then the stiffness of
the failed constituent(s) are appropriately reduced to minimal values. Helius:MCT then calculates the
current composite average stiffness based on the current state (failed, or not failed) of each constituent
material.

Given that each of the constituent materials can assume only the discrete damage states of unfailed
or failed, the resulting composite material has three discrete damage states that are tracked by the integer
MCT state variable SVAR1, where 1 < SVAR1 < 3;

SVAR1=1 — Composite material w/ unfailed matrix and unfailed fiber constituents
SVAR1=2 — Composite material w/  failed matrix and unfailed fiber constituents
SVAR1=3 — Composite material w/  failed matrix and failed fiber constituents

Note that the matrix constituent failure criterion is formulated in such a way that it is impossible for the
composite material to have a failed fiber constituent and an unfailed matrix constituent, hence the lack of
a fourth damaged state for the composite material.

It should be emphasized that the use of three discrete composite damage states effectively results in
a three-segment, piecewise linear stress/strain response for the composite material. However, when
this type of discrete material response is applied independently at each of the integration points in a large
finite element model, the net result is a gradual (or progressive) degradation of the overall stiffness of the
composite structure (hence the name Progressive Failure Analysis).

The progressive failure analysis feature is the foundation component of Helius:MCT’s nonlinear
multiscale constitutive relations. Other aspects of material nonlinearity can be invoked (via the 6", 7"
and 8" arguments) however, these additional forms of nonlinearity cannot be activated unless the
progressive failure analysis feature is also activated.

Figure A18 shows a [0°/ £45°]s composite plate that was analyzed using Helius:MCT’s progressive
failure feature. Figure A18 shows a contour plot of the MCT state variable SVARL, representing the
composite damage state in the 0° plies. The blue areas represent composite material with unfailed
constituents (SVAR1=1); the green areas represent composite material with a failed matrix constituent
(SVAR1=2), and the red areas represent composite material with matrix and fiber constituents that have
failed (SVAR1=3).
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Figure A18: Helius:MCT solution for failure propagation in the 0° plies of
a composite laminate loaded in tension

Note: If any of the other forms of material nonlinearity are activated via the 6", 7", and 8" arguments,
then the number of discrete composite damage states increases beyond 3. In this case, a description of
each discrete composite damage state is written in the message (*.mct) file during the first time increment
of the analysis.

For further information on the Helius:MCT’s progressive failure analysis feature, refer to Section 4 of the
Helius:MCT Technical Manual.
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Appendix A.6 Argument #6: Pre-Failure Nonlinearity

The sixth argument activates or deactivates Helius:MCT’s pre-failure nonlinearity feature. A value
of 1 activates the pre-failure nonlinearity feature, while a value of O deactivates the pre-failure
nonlinearity feature.

The pre-failure nonlinearity feature is intended to account for the nonlinear longitudinal shear
(softening) response that is commonly observed in fiber-reinforced composite materials prior to ultimate
failure. This additional form of nonlinearity involves imposing a series of three discrete reductions in the

longitudinal shear stiffness of the matrix constituent material (G, and G,,) which directly results in a
corresponding series of three discrete reductions in the longitudinal shear stiffness of the composite
material (G;,and G,,) . Imposition of these three discrete reductions in the longitudinal shear moduli are

completed prior to matrix constituent failure, thus providing a longitudinal shear softening effect prior to
matrix constituent failure.

Figure A19 shows a typical measured longitudinal stress/strain curve for a unidirectional
carbon/epoxy lamina. Helius:MCT’s pre-failure nonlinearity feature approximates this type of
nonlinear longitudinal shear response with a four-segment, piecewise linear representation of the
longitudinal shear response. For further information on the pre-failure nonlinearity feature, refer to
Section 5 of the Helius:MCT Technical Manual.
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Figure A19: Comparison of predicted vs. measured longitudinal shear
response for a typical fiber-reinforced composite lamina
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Appendix A.7 Argument #7: Post-Failure Nonlinearity

The seventh argument activates or deactivates Helius:MCT’s post-failure nonlinearity feature. A
value of 1 activates the post-failure nonlinearity feature, while a value of 0 deactivates the post-failure
nonlinearity feature.

Helius:MCT’s post-failure nonlinearity feature is intended to account for the residual load carrying
capability of a failed composite lamina that is embedded in a composite laminate. If the post-failure
nonlinearity feature is activated, then Helius:MCT will gradually reduce the stiffness of the matrix
constituent material after the matrix failure criterion is triggered, instead of instantaneously reducing the
matrix stiffness to its minimum value. In this case, the matrix failure criterion simply identifies the
initiation of the matrix failure process (or the initiation of matrix cracking). After the matrix failure
criterion is triggered, the matrix constituent stiffness is gradually reduced to the minimum value via a
series four discrete stiffness reductions that are applied as the strain state continues to increase beyond the
level present at matrix failure initiation. In using this feature, the MCT state variable SVAR1 can be used
to identify the condition of matrix crack saturation which is useful in determining leakage of a pressurized
fluid through a composite laminate. For further information on the post-failure nonlinearity feature, refer
to Section 6 of the Helius:MCT Technical Manual.
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Figure A20: Helius:MCT stress-strain solutions for the central 90° ply

within a (0/90/0) laminate under axial tension, showing the effect of
including the post-failure nonlinearity feature
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Appendix A.8 Argument #8: Hydrostatic Strengthening

The eighth argument activates or deactivates Helius:MCT’s hydrostatic strengthening feature. A
value of 1 activates the hydrostatic strengthening feature, while a value of 0 deactivates the hydrostatic
strengthening feature.

If the hydrostatic strengthening feature is activated, then Helius:MCT explicitly accounts for the
experimentally observed strengthening of the composite in the presence of a hydrostatic compressive
stress. If the hydrostatic compressive stress in the matrix constituent exceeds a threshold value, then the
strength of both the matrix constituent and the fiber constituent are scaled upwards commensurate with
the level of hydrostatic compressive stress level in the matrix constituent.

The threshold value of the matrix average hydrostatic compressive stress is an experimentally
determined quantity denoted by c:k where cs:k <0. Provided that the matrix average hydrostatic
. m m m m, . . m m* . .
compressive stress (o, = o, + G,, + G,;) is negative and 5, <c,, , then the longitudinal shear strength of
the matrix constituent is increased to

m
12

0 *
Sy, = Sy —0.04(cy — o) (A5)

where STZ is the new matrix average longitudinal shear strength and STZO is the original matrix average

longitudinal shear strength. A hydrostatic strengthening ratio Sy, is computed as Syqio = (STZ)Z/ (STZO)Z.

This ratio is then used to increase all of the coefficients of the matrix and fiber constituent failure criteria
via the following equations

A" = A" S0 i=1,2,3,4,5 (A6a)
"= A”Suio i=1,2 (A6h)

- = 3

where Aimo and A{O denote the original strength coefficients that appear in the failure criteria for the matrix
and fiber constituents respectively.
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Appendix A.9 Argument #9: Matrix Post-Failure Stiffness Fraction

The ninth argument allows the user to specify the ratio of damaged matrix stiffness moduli to
undamaged matrix stiffness moduli after a matrix failure event. This value must be greater than 0, and
less than or equal to 1. For example, a value of 0.10 would mean that after a matrix failure event at an
integration point, the matrix constituent material properties would be reduced to 10% of the undamaged
material properties (damaged E11 equals 10% of undamaged E11, damaged G12 equals 10% of
undamaged G12, etc.).
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Appendix A.10 Argument #10: Fiber Post-Failure Stiffness Fraction

The tenth argument 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 0.10 would mean that after a fiber failure event at an
integration point, the fiber constituent material properties would be reduced to 10% of the undamaged
material properties (damaged E11 equals 10% of undamaged E11, damaged G12 equals 10% of
undamaged G12, etc.).

Page 46 of 50



$9 FIREHOLE

ECHNOLOG

ADVANCED COMPOSITES ANALYSIS

IES

Appendix B MCT State Variables (SVARS)

This appendix provides a description of all 30 of the solution-dependent MCT state variables.
These solution-dependent state variables are computed or updated by the Helius:MCT user programmable
feature at each integration point within each finite element. Ansys stores the converged values of
solution-dependent MCT state variables for each substep. By default, the naming convention adopted by
Ansys for solution-dependent state variables is SVARI, where i=1, 2, 3... # of state variables.

The following list describes each of the MCT state variables.

SVAR1: SVARL1 is an integer variable that represents the discrete damage state of the composite
material. The range and interpretation of integer values that can be assumed by SVAR1 depend
upon the specific set of material nonlinearity features that are used by Helius:MCT in the finite
element analysis. The following four tables provide the interpretation for each allowable
integer value of SVARL for each possible combination of material nonlinearity features
employed by Helius:MCT.

Progressive Failure Analysis (activated)
Pre-Failure Nonlinearity (de-activated)
Post-Failure Nonlinearity (de-activated)

Range of
Integer Values
for SVAR1 Discrete Composite Damage State
1 Undamaged Matrix, Undamaged Fiber
2 Failed Matrix, Undamaged Fiber
3 Failed Matrix, Failed Fiber

Progressive Failure Analysis (activated)
Pre-Failure Nonlinearity (activated)
Post-Failure Nonlinearity (de-activated)

Range of
Integer Values

for SVAR1 Discrete Composite Damage State
1 Undamaged Matrix, Undamaged Fiber
2 Matrix Pre-Failure Degradation Level 1, Undamaged Fiber
3 Matrix Pre-Failure Degradation Level 2, Undamaged Fiber
4 Matrix Pre-Failure Degradation Level 3, Undamaged Fiber
5 Failed Matrix, Undamaged Fiber
6 Failed Matrix, Failed Fiber
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Progressive Failure Analysis (activated)
Pre-Failure Nonlinearity (de-activated)
Post-Failure Nonlinearity (activated)

Range of
Integer Values

for SVAR1 Discrete Composite Damage State
Undamaged Matrix, Undamaged Fiber
Matrix Post-Failure Degradation Level 1, Undamaged Fiber
Matrix Post-Failure Degradation Level 2, Undamaged Fiber
Matrix Post-Failure Degradation Level 3, Undamaged Fiber
Failed Matrix (Crack Saturation), Undamaged Fiber
Failed Matrix (Crack Saturation), Failed Fiber

OOUThWNBE

Progressive Failure Analysis (activated)
Pre-Failure Nonlinearity (activated)
Post-Failure Nonlinearity (activated)

Range of
Integer Values

for SVAR1 Discrete Composite Damage State
Undamaged Matrix, Undamaged Fiber
Matrix Pre-Failure Degradation Level 1, Undamaged Fiber
Matrix Pre-Failure Degradation Level 2, Undamaged Fiber
Matrix Pre-Failure Degradation Level 3, Undamaged Fiber
Matrix Post-Failure Degradation Level 2, Undamaged Fiber
Matrix Post-Failure Degradation Level 2, Undamaged Fiber
Matrix Post-Failure Degradation Level 3, Undamaged Fiber
Failed Matrix (Crack Saturation), Undamaged Fiber
Failed Matrix (Crack Saturation), Failed Fiber

O©CoOoO~NOUTA,WNPE
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SVAR2: SVAR?2 is a continuous real variable that ranges from 0.0 to 1.0 and is used to indicate the
fraction of the matrix failure criterion that that has been satisfied. For example, SVAR2 = 0.0
implies that the matrix stress level is zero, while SVAR2=1.0 implies that the matrix stress has

reached failure level. Numerically, SVAR2 is computed as SVAR2 =
AL (17)° - A7 (17)° + AJ Iy + A1, — AT 171 which is recognized simply as the left
hand side of the matrix failure criterion (see Section 4 of the Helius:MCT Technical Manual).

SVAR3: SVARS is a continuous real variable that ranges from 0.0 to 1.0 and is used to indicate the
fraction of the fiber failure criterion that that has been satisfied. For example, SVAR3 = 0.0
implies that the fiber stress level is zero, while SVAR3=1.0 implies that the fiber stress has
reached failure level. Numerically, SVAR3 is computed as SVARS3 = iAlf (Ilf )2 + A4f I4f
which is recognized simply as the left hand side of the fiber failure criterion (see Section 4 of
the Helius:MCT Technical Manual).

SVAR4: SVAR4 is defined as (SVAR2 — SVAR7)/SVAR2 and is used in the post-failure nonlinearity
feature to determine if matrix cracking is present.

SVARS5: SVARS is the fourth term in the matrix failure criterion and is used in the pre-failure
nonlinearity feature.

SVARG6: SVARG is the composite average effective strain at the moment when the matrix failure criterion
is triggered.

The remaining MCT state variables are used to store the individual components of the matrix average
stress and strain states and the fiber average stress and strain states.

SVART: o
SVARS: o,
SVAR9: oy,
SVAR10: o),
SVAR11L: o),
SVAR12: o,
SVARI3: o),
SVAR14: o,
SVARI5: o,
SVARI6: o),
SVARIT: o,
SVARIS: o,
SVAR19: &,
SVAR20: ¢,
SVAR21: &,
SVAR22: ¢,
SVAR23: &,

iy
w
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SVAR24: ¢,
SVAR25: ¢,
SVARZ26: &,
SVAR27: ¢,
SVAR28: ¢,
SVAR29: ¢,
SVAR30: &,

N
w
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