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Executive Summary

Polymer matrix composite (PMC) materialstire form of, braided,woven orstitched laminated are
increasinglybeing used in critical aircrafitructurethat must be damge tolerant for reasons of safety,
reliability, maintainability and supportability. This means tRMC structuresmust bedurable and reliable
under service conditions that can expose aircraft structure to many types of dapthgaisms. Basic to
the evaluation of durability and reliability is the analysis of fracture initiation and progression statieror
cyclic thermo-mechanicdbading andimpact loading in variableenvironments(e.g., humidity, engine
exhaust, osea air).

Fracture initiation is associated with defects suchoads, machiningrregularities, stressconcentrating
design features, damadeom impacts withtools or otherobjects resulting in discretsource damage
(DSD), and nonuniform materigropertiesstemmingfor example, from improper heat treatmentiter a
fracture initiates it can groand progressively lowéhe residual strength of a structure to loint where it
can nolonger support desigivads making global failurenminent. The processes ofracture initiation
and subsequent progressive growtlave largeprobabilistic elementstemming fromthe complexities
introduced inPMC materials bythe presence of multiple componerdad their interactionsAdd to this
the multiplicity of design optionsrising fromthe availability of nunerouschoices of fibers, fiber coatings,
fiber orientation patterns, fibgreformvariations, matrix materialgnd constituent material combinations
andthereresults darge array ofdesign parameters to be considered making numerical andiffisislt.
As a consequence, costly atiche-consumingexperimental testing hakeen primarily relied upon to
evaluatedesign iterations oPMC structure.

NASA and aerospacmdustry recognizeckarly on thadesign of PMCstructurewas becoming very
expensive because of rapidbgcalating experimentdaésting requirements foverification of structural
designs for critical applications. As a consequetieyse of hewemore advanced computers to perform
numerical analysissimulations of composite structure is envisioned ameans of overcoming the
difficulties imposed bythe multiplicity of variables. Successful computerized simulations woffkt a
viable means ofreducing experimental testing requirements and shortetesmgntime. This vision has
now beerrealized to aignificant extent, unddlASA-Lewis funding, bythe development reporteterein
of GENOA progressive failure analysis (PFAxa@anmercial software with a parallel processing mode for
rapid simulation offractureinitiation and progression in PMC structure.

Designing continuousiber reinforcedcomposites with optimunability to arrestcracks and prevent
self-similar crack propagation is a very complex tals&cause ofhe existence of a multiplicity of design
options arising fromthe availability of nunerouschoices of fibers, fiber coatingfiher orientation patterns
(Figure E-1), matrix naterials, constituent materiabmbinationsand hybridizationsThe resulting large
array ofdesign parameter variables, that must be considered in order to predict durability and performance,
presents a logistical problem that complicates nadongs desigroptimization and certificatioprocesses
and adds significantly to the costadmposite parts.
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Figure E-1. Fiber Architecture Family Created By Different Preform Fabrication Techniques

Designing and fabricatingvith PMC materials in an engineering environment acquires highly
sophisticated, analytical tookhat integrates an array of specialized technologiue to the inherent
complexity ofthe wovenand braided®MC material system many ofhe specialized analysise¢hniques
and mathematicainodelsare computationally intense. Because they require multiple levelterative
analysisutilizing time consumingconvergence criteria. Recognizitigjs, the GENOA progressiveailure
analysis software toalas developed to makeesignand analysis of 3D braidgdMC structure fast and
significantly more cost effective.

A primary thrust ofthe effort was to identify and odel the types of progressiveailure expected to be
encountered and then to develop a verifiethputercode tosimulate progressive effects dhe 2D/3D
braided composite structureThe simulation code utilized mathematical computation employirfite
element analysiSFEA) in combination with composite mechanicapabilities already existing in
GENOA, with appropriate modifications tassureapplicability to braidedcomposite structure. A very
important part ofthe effort wasthat of concurrent development gfrogressive damage simulation, and
experimental testing of full scagections of 3D composite structure.

1.1 PROGRESSIVE FAILURE SIMULATION SOFTWARE

A number of attemptbave beermade to computativelgnalyze durability and damagedolerance
(D&DT) in fiber reinforcedcomposite materials and structur@$e resulting computer codes, agth
Alpha STAR’'s GENOA-PFA code, generallytilize simplifying assumptionssemi-empirical relations
derived from closed formapproximate solutionsorrelatedwith test data. These codesre typically fast,
cost effective, anagtasy to usdut lack the capabilities of AlphaSTAR’'s GENOA-PFA software to:
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simulate: 1) dynamic loadingesponses, 2) 3fber geometries, 3) woven/braiddtier configurations, 4)
throughthe thickness fiber stitching, 5) degradationfibier andmatrix mechanical/physical properties, 6)
damage tracking, 7) creep, and 8) fatigudso, thesecodes do nohave GENOA-PFA'’s adaptivemesh
capability for automatically refining aREM mesh at stressoncentration locations tassuresimulation
accuracy, and the capability to incrementally integFdi® with macroand micro mechanicabasics. The

uses of GENOA-PFAcapabilitiesare presented inTable E-1.

A comparison of GENOA-PFA's

simulation capabilitiesvith other availableD&DT simulation software codes is presentedlable E-1.
Table E-2 presents the advantages and disadvantag@&T predictionmethods.

Table E-1. GENOA-PFA Vs. Other Durability and Damage Tolerance (D&DT) Solutions

Integrated GENOA D&DT Solution

Other D&DT Solutions

stress)

Damage initiation/growth and residual strength predictions
Modeling of fiber orientation, matrix, and Stitching
Manufacturing defects: voids, fiber waviness, fiber misalignment and cure resid

Degradation of material properties ( stiffness, and strength) under service condi
Detailed stress analysis, photo-elastic fringe pattern

Automated adaptive FEM meshing, and crack growth monitoring
Sensitivity analysis of design parameters to failure criteria
Fatigue, impact and creep predictions

damage growth and resid
(semi-empirical)
accuracy guarantee is at
range of test variables)

Provide for design (preliminary, and
detailed) parametric studies and
LIgireliminary structural analysis of resulting|
designs, detailed designs
ioBan be used for empirical prediction of

ual strength

best limited to

Table E-2. Advantages and Disadvantages of D&DT Prediction Methods
NO. Method Advantages Disadvantage Ref
1 GENOA Progressive | a) Reduce experimental testing Requires significant computer NASA TM
Fracture - b) Reduce design time resources 105574
A New Approach ¢) Reduce design cost
d) Computer code available
e) Verified accuracy
f) Deemed most powerful of methods
2 Simplified a) Rapid analysis Accuracy is limited NASA T™M
Equations b) Promotes design optimization 103113
3 R-Curve Well established method a) Little predictive capability for Poe, Harris,
fracture propagation in PMC Coats &
b) Requires extensive testing Walker
¢) R-curves are part specific
4 Linear Elastic Accurate prediction of tensile strengtl] a) Not good for long damage cuts| NASA ACT
Fracture Mechanics | if matrix cracking and delamination b) Not good if matrix cracking Publication
(LEFM) are minimal and/or delamination are significant
5 Damage Energy a) Computational simulation method AlAA-95-
Release Rate b) Indicates structural resistance to 1463-CP
(DERR) damage propagation.
6 Non-Linear Responsgl  Analytical study suggests accurate| a) Insufficient experimental AlAA-95-
prediction of stiffened shell response foverification 1462-CP
damage b) Limited effort in this area
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Progressive Fracture Methodology

It is generally acceptethat flawed structuresfail when the flaws grow or coalesce to a critical
dimensionsuch thathe structure no longer has an adequate safety margin to avoid catastjophic
fracture. This is true for structures mddam dther traditionalhomogenousnaterials orPMC materials.
The difference betweeRMC materials and monolithic materialstisat PMC materialshave more fracture
modes than monolithic materials. Any predictive approach for simulating strucaatate inPMC (e.g.
S/RFI) materials needs to formally quantffy) possiblefracturemodes,(2) the types of flaws (existing or
generated by thermomechanical loadingat can initiate fracturanodes, and (3) the coalescing and
propagation of flaws to critical dimensions for imminent structural fracture.

The approach to determining the effectsD@D on D&DT inthe framework ofstructural damage in
PMC structure ischaracterized by five sequentistges: (1) initiation, (2) growth, (3) accumulatifre.
coalescence of propagatifigws), (4) stable propagation (up the criticalamount),and (5) unstable or
very rapid propagation (beyonthe criticalamount) to catastrophic failure. This fundamergahcept is
implemented by developinfprmal procedures t¢dl) identify the five different stages of damage, (2)
guantify the amount of damage at each stage, andd@}e theamount of damage at easkage of the
degradation to global structural behavior. ASGENOA-PFA (Figure E-2) haghe algorithms needed
for simulating the effects of DSD on D&DT in PMC structure, includinghe effects of a through-the-
thickness crack or hole-like DSD with edgecket, internal, omixed-mode delaminations.

The modeling oPMC in GENOA-PFA considerthe physics and mechanics of PMC materials and
structure by integration of a hierarchical multilesgcro-scale (lamina, laminatend structure)and micro
scale (fiber, matrix, and interface) simulation analyses (Fig&r). The nodeling involves(1l) ply
layering methodology utilizing FEM elements with through-the-thickness representation, (2) simulation of
effects of material defects and conditions (evgids, fiber waviness,and residuaktress) orglobal static
and cyclic fatiguestrengths, (3) including material nonlinearities (by updating properties periodically) and
geometrical nonlinearities (by Lagrangian updating), (4) simulairagk initiation, andyrowth to failure
under static, cyclic, creep, aidpact loads, (5)progressiveracture analysis to determine durability and
damage tolerance, (6) identifyirthe percentcontribution of various possible composite failun®des
involved in critical damage eventnd (7) determining sensitivities dhilure modes to desigparameters
(e.g.,fiber volume fractionply thicknessfiber orientation, and adhesive-bond thickness).

GENOA-PFA progressive failure analysis is now ready for useestigatethe effects on structural
responses to PM@aterial degradation from damage inducedstafic, cyclic(fatigue), creep, and impact
loading in2D/3D PMC structures subjected to hygrothernaivironments. Its use will significantly
facilitate targetingdesign parameter changésat will be most effective in reducinghe probability of a
given failure modenccurring.
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Figure E-2. GENOA, a Parallel Processing Software For Structural Analysis of Polymer Matrix Composites,
Utilizes a Hierarchical Multi-Level Approach on Macro and Micro Scales

Development of 2D/3D PMC progressiviailure analysistook into account requirements and
verification criteria defined by keindustry sources to helgesignersmeet manufacturingand FAA
requirementselative to:

1. Durability and Damage ®lerance — byproviding accurate numericasimulation of a design
structure subjected to thermal-mechanisaivice environments ofstatic, fatigue, and impact
damage.

2. Damagelnitiation Location andPropagation Pattern — bghowing designersvhere design
strengthening might be neededtloe effect ofreducing structure thickness to save weight.

3. Probabilistic failure analysis — by providirdgsigners with sensitivities of componelotrabilities
(at critical failure events:crack initiation, crackpropagation, final failurewith respect to design
parameters (i.efiber volume fraction, fiber orientation,fiber strength, fiberstiffness, matrix
strength).

4. Virtual Testing — by accuratelgimulating results oprojected experimental testing approaches to
optimize/minimize experimental testing requirements.

5. Manufacturing of Preform Composite Net Part Shape — by simulating reshaping to estitiblish
fiber preformbraid, fiber orientatioranglechanges, buckling, and scissoring lock-up conditions.

6. Equivalent Laminate Properties 8D/3D woven/braided/Stitched¢omposites — bysimulating:
a) Equivalent laminate moduli, moisture property, thermal propary, heat conductivity, and
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b) Degradation of material properties dueettvironmental (moisture, thermal), manufacturing
(void, defects, residual straingXc.

Key GENOA-PFA simulation applicationshown inTable E-3. Demonstratedchievement of the
overall goal of providing a validated commercial PFA tibat ananalyst or designezanuse to accurately
and rapidlyevaluatedurability and damage tolerance pyogressivefailure analysis indesign of PMC
structure and thereby redudesign cosaindtime to market. Specific Phase |l effortsvere directed to
modify an existingGENOA-PFA precursor (Phase 1) software to:

Model a variety of 2D/3D woven/braided/stitched laminate fiber architectures
Improve flexibility and portability by modularization and standardization

Refine FEM meshing asecessary at any iteration

Simulate progressive fracture undgatic, cyclic fatigueand impact loading

Simulate reshaping of braiddider preforms to assist manufacturing

Perform probabilistic failure analyses

Generate equivalent woven/braided/stitched composite material properties
Perform virtual testing

Provide interface capability to commercially ussdtware (i.e. NASTRAN, PATRAN)

10. Improve graphics fovisualization of simulated results

© © N o O A~ DN R

11. Providethe capability to show results in animated graphics (madfaen
12. UpdateUser’s and Theoretical manual
13. Allow Porting of GENOA-PFA software to Unix (HP, SGI, IBM), and NT operating systems
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Table E-3. PMC Progressive Failure simulation Key Multi-disciplinary Features

Features PFA Loading Condition Functionality
Durability Static . Damage initiation and location (fiber, matrix or interface ) within a lamina,
And Static cycling . Percent of contributing failure mechanisms
Damage Fatigue-harmonic loading | * Failure location , and fracture path within lamina, and structure
Tolerance- Fatigue-random . Res(ijdual stre?gth af'ier damage
— »  Prediction of life cycle
In}?ﬂif;c(tp_s deyuniomisctse,‘)m) . Predicti_on of s-n curves, da/dn, and fracture toughness
. Stress intensity factor
. Prediction of material property degradation cycle
. Animated graphics of pfa process
Virtual Static +  Contour plots of the global strain/stress fields at crack initiation, propagation, and fajlure
Testing : : . Plot of far-field applied load vs. Deflection (deflectometer)
St_at|c cycling - . Plot of applied load vs. Strain (strain gage)
Fatigue-harmonic - . Photo-elastic fringe simulation (isochromatic, and isoclinic)
Impact (pseudo—static)| . Local and global energy release rates vs. Applied loads representing acoustic emisgions
Impact —dynamics) . Plot of crack length vs. Applied load to show the fracture toughness
. Plots of stress vs. Strain at selected locations
. Predictions of static failure resulting from discrete source damage ( dsd)
. Prediction fatigue damage initiation at multiple sites
. Prediction of required tests based on sensitivity of failure criteria
. Movie play of virtual testing process
Probabilistic Static . Uncertainty evaluation of material strength to material parameters
Failure Analysis Static cycling . Sensitivities of design requirements to design parameters.
- - . Predicting the degree to which design parameters contributed to failure
Fatigue-harmonic . Generation of cumulative distribution functions (cdf) for failure strength evaluation
Impact (pseudo-—static)| «  Probability of time to failure
Impact - dynamics . Margin of safety predictions
Manufacturing of Static »  Fiber orientation and volume fraction changes
Preform . Attainable best fit to a shape,
Composite Net Part . Minimize occurrences of failure (buckling, fiber wrinkling)
Shape . Simulating multiple reshaped preforms of different sizes interleaved with woven shegt
strips
. Transferring fiber orientation data directly to design and manufacturing process softyare
. Animated graphics of manufacturing process
Equivalent Laminated, 2D/3D « Equivalent laminate moduli, moisture property, thermal property, , and heat conductivity
Laminate woven/braided/Stitched «  Degradation of material properties due to environmental factors (moisture, thermal)| or
. manufacturing (voids, defects, residual strains)
Properties e Plot of ply strength vs. Ply stress

Realization of PFA required verification tiie software system witlexperimental testesults offiber
reinforced compositgrimary structures. Thisvas recently accomplished by Alph&TAR with key
industry partners ithe major aerospaammposite programdescribed in the following .

The Boeing Advanced CompositeTechnology (ACT) Wing Program under NASA sponsorship
wasaimed at analysis and experimental verificatiolD&D in S/RFI commerciadircraft. Apha STAR
supplied virtual testing predictions to Boeing in sealed envelopes prior to experimental testatg @6bur
in tension andour in compressionktitched fiberreinforced-resin matrix compositiiree stringer test
panels with variations in stringer heights ahitknesses. Predictehd experimental ultimate tension and

compressionloads forthe wing panels agreed within3.8% to 6.8%.

Other simation predictions

supplied toBoeing in sealed envelopes and compandith experimentaltest results were: 1) fracture
propagation patterns, yack turning(Figure E-3) caused by failure mode change itensionpanels, 3)
contour plots of global straistressfields at crack initiationpropagation, and failure, 4) plots of far-field
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applied load vs. bend deflection, 5) plots of appliddad vs. strain, 6) photo-elastic isochromatic and
isoclinic fringe patterns, 7) plot ddcal and global energy release ratess appliedloads, 8)crack length vs.
applied load plots related to fracturmughnessand 9) plots ofstress vs.strain at selected locations.
Simulation and experimental results agreed well.

Failure Mechanism % at Crack | % at Crack | % at Final
Initiation Turning Fracture
Longitudinal tensile 14.3 325 32.6
Longitudinal Compressive 28.3 17.7 14.7
Transverse tensile 28.3 17.7 15.5
Transverse Compression 5.6 20.8 7.5
Normal tensile 0.0 0 0.0
Normal Compression 0.0 0 0.0
In Plane Shear (+) 11.6 5.56 13.2
In Plane Shear (-) 11.6 5.56 13.8
Transverse Normal Shear 0.0 0.0 0.0
Transverse Normal Shear (-) | 0.0 0.0 1.0
Longitudinal Normal Shear 0.0 0.0 1.0
Longitudinal Normal Shear (- | 0.0 0.0 1.0

Figure E-3. Contribution of Failure Modes at Damage Initiation, Crack Turning and Final Fracture Events

Figure E-4ashows a3-stringerpanel mounted inthe load frame for dension test. Generallyfthree-
stringer tensionpanel failures werecharacterized bynitiation of damage athe radii of the saw cuts.
Increasingthe appliedload on the panels causedhe tension failure damage to rapidly propagate
transversely tdhe loading direction until it reachethe inner flanges irthe outer stringer regionsFrom
this locationthe danage propagated in a vertically oriented translaminar shear failode parallel to the
flanges in the loading direction in &iur tensiontest articles. Stablpropagation ofthe shear failure mode
continued until the damage neared the loading tabs resulting in catastrophic panel failuré(Bigure

Shear Cracks
v |

Figure E-4. (a) Tension Test Panel Mounted in the Load Frame, (b) Translaminar Shear Damage Zones in
Tension Test Panel
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Figure E-5ashows &3-stringerpanel mounted inthe load frame for a&ompressiontest. A close-up
view of oneedge of a failedcompressiontest article (Figure E-5b) shows dailure typical of those
observed inthe compressiontest articles. The&ompressiorfailures displayed classic transvershear
surfaces typically observed in stitched composites. No stringergwited off ofthe panekkin.

Figure E-5a. Compression Test Panel After Failure Figure E-5b. View Of Failure Zone Compression Test
Panel

The Boeing Mini Space Plane Maneuverablé/ehicle (SMV) under the Air Force SMV wing
box and center fuselage demonstration programrhe SMV was arall composite (fiber reinforced resin
matrix) structure that included honeycomb construction. Simulatiotie &MV center fuselage anging
box attachments werdirected to predicthe failure load andoracket thelocation of failure for a projected
experimental test in lich upward loads wuld be @plied to the wing box attachment pointshile the
fuselage front was subjected to rotational torque (Figu6@. Virtual testing wasonductedwith a detailed
FEM mesh(Figure E-7)and theresults were presented prior to experimental tesiihg. predicted failure
load was within 2.1% of the experimental failure load anihe predicted failure locatiorwas in close
agreement with thactual failure location

The successful verification dhe PFA analytical tool on keyindustry projects(Table E-4) reduced
experimental testing requirements substantitiigreby shorteningthe design time for future composite
aircraft by:

Reducing uncertainties in thanderstanding of damage formation in 2D/BHMC structure

Validating cost effective means for progressive failure analyD(8D PMCtest articles

Reducing uncertainties in analytical models

Validating methodsfor analytical predictions of damage growth and residual strength in PMC
structure

» Demonstratinghe durability and robustness of composite primary PMC structures
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Figure E-6. Anti Symmetric Test Limit Loading Applied Figure E-5. Identification of Damaged
To SMV Fuselage and wing box Nodes Location

Table E-4. Demonstrated Progressive Failure Analysis (PFA) Capabilities

Verified PFA Simulation Primary Methodology Project Company/Agency
Residual Strength, Fracture Patterp),PFA under static loading off Analytical and Experimental Boeing -AST/NASA-
Design Curves, DSD Effects, & Stitched/Resin Film Infusion | Verification of DSD In LaRC
Stress/Strain Distributions in S/RFI S/RFI Commercial Aircraft
Composite Structure
Comparison with fullscale X40 test| PFA under static loading of X40 Structural Test Boeing/NASA-LaRC
article (Residual Strengthfailure | laminated sandwich (tape, Demonstrator
location) honeycomb, fabric) structure
Support full scale design oflaser| PFA (under static loading) Air born Laser Reactor DOD/Boeing/TRW/STI-
reactor housing (crack initiation, | including, probabilistic housing Optronics
residual  Strength, and failurp analysis of laminated
location) sandwich (honeycomb, fabric)

structure

Acoustic fatigue failure from random PFA (under acousticrandom| Lockheed F22 adhesively | Lockheed

Probabilistic fatigue life analysis off PFA of riveted orthotropiq Verification for 747 Crown Boeing (Long Beach)
Integrally assembled structure (IAS) aluminum  structure  (undef Panel component redesign| NASA-LaRC
panel lap joint in the presence of | static and fatigue loading)

multi site damage (MSD) including, probabilistic
analysis
Progressive and Probabilistic fatigyeLaminate analogy fo Simulation of composit¢ National Institute off
life analysis of composite reinforceql composite enhanced concrefereinforced Concrete arch, Standard (NIST)
structure structures and panels for repair of
infrastructure component
redesign
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vibration shake test loading) bonded airfoil coupon joints
Determining Changes in Orientatio Fiber Preform Reshaping i NASA/AST composite NASA-LeRC
Angles, Sissoring Lock-up, and manufacturing affordability
Preform Geometry on Reshaping
Braided/Woven Fiber Preforms GE-90 Turbine Engine Blad¢  General Electrircraft
Engine
Windmill Generator Blade Sandia Nationp
Laboratory/Goldsworthy
Residual strength after projectile PFA (under impactoading) Verification for PMC NASA-White sands
Impact on PMC component component design
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1.1 A NEW APPROACH TO PROGRESSIVE FAILURE SIMULATION

GENOA-PFA code is an commercial version of The CODSTRADNDrhposite Durability
STRuctural ANalysis) computer code, [1] simulates damage initiation, damage growth, and fracture in
PMC materials under various loading conditions, taking into account the effects of residual stresses and
environmental conditions. The simulation of progressive fracture by CODSTRAN has been verified to
be in reasonable agreement relative to experimental tensile test results [2]. CODSTRAN has enabled
investigation of the effects of: (1) composite degradation on structural response [3], (2) global fracture
toughness of composite structures [1], (3) effect of the hygrothermal environment on durability [4], (4)
damage progression in composite shells subjected to internal pressure [5], (5) simulation of steel pressure
vessel fracture [6], (6) and damage progression in a discontinuously stiffened composite panel subjected
to compressive loading [7].

CODSTRAN's computational simulation approach bypasses traditional fracture mechanics and
instead utilizes an alternative evaluation method. CODSTRAN can be used by the design engineer to
obtain a detailed quantitative descriptions of damage initiation, growth, accumulation, and propagation
up to ultimate fracture of a stitched PMC material.

When a composite structure undergoes progressive fracture, a significant amount of energy is
expended. The cumulative Damage Energy Release Rate (DERR) per unit damage created is used as a
measure of the overall resistance of the composite structure to damage propagation. The damage energy
may be computed via computational simulation as the work done by the applied forces and pressures
during the evolution of damage. The DERR is then defined as the ratio of the expended work to the
amount of created damage. DERR exhibits a typical minimum value at a load level that signals an upper
limit for damage tolerance. The levels of DERR during damage initiation and progression also indicate
the structural resistance to damage propagation.

GENOA-PFA includes CODSTRAN modified for simulation of three dimensional composites
(woven, brided, and stitched fiber orientations). The modular architecture of the GENOA software suite
allows CODSTRAN to be supported by the other modules such as:1) GUI, post graphics, movie of
damaged process, probability of failure due to damage, virtual testing, and 2D/3D equivalent material
property generation, and degradation of material strength during the PFA.

1.1.1 Three Dimensional Composites

Three-dimensional composites are reinforced with three dimensional textile preforms, which are fully
integrated continuous-fiber assemblies with multi-axial, in-plane and out-of-plane fiber orientations.
These composites exhibit several distinct advantages, which are not realized in traditional laminates.
First, because of the out-of-plane orientation of some fibers, three-dimensional composites provide
enhanced stiffness and strength in the thickness direction. Second, the fully integrated nature of fiber
arrangement in three-dimensional preforms eliminates the inter-laminar interface characteristic of
laminated composites. Third, the suitability for application of textile preforming technology provides a
unique opportunity for near-net-shape manufacturing of composite components with minimized cutting
and joining of parts. Thereby reducing manufacturing costs.

Three-dimensional textile preforms can be categorized according to whether they are braided, woven,
stitched. Braiding preforms are formed with three basic technigues, namely two-step, four-step and multi-
step braiding. In the case of two step braiding (Florentine 1992), the axial yarns are stationary and the
braider yarns move among the axial yarns. In four-step braiding, all yarn carriers change their positions in
the braiding process and do not maintain a straight configuration. Multi-step braiding (Kostar and Chou
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1994) is anextension to the four-step braiding. By allowing for both individual controls of a given
track/column and the insertion of axial yarns, the range of attainable braid architecture is greatly
broadened in multi-step braiding.

In woven preforms, there are two major categories. The first is the angle-interlock multi-layer
weaving technique which requires interlacing the yarns in three dimensions. The warp yarn in this three-
dimensional construction penetrates several weft layers in the thickness direction, and therefore the
preform structure is highly integrated. The second is the orthogonal woven, for which the yarns assume
three mutually perpendicular orientations in either a Cartesian coordinate system or a cylindrical
coordinate system.

The process of stitching is mainly based upon an existing technology for converting two-dimensional
preforms to three-dimensional ones. This process is relatively simple. The basic needs include a sewing
machine, needle and stitching thread. Major concerns of the stitching operation include depth of
penetration of the stitching yarns which limits, the thickness of two-dimensional preforms that can be
stitch-bonded and reduces the in-plane properties by damaging in-plane yarns.

Three-dimensional knitted fabrics can be produced by either weft knitting or warp knitting processes.
The technique of knitting is particularly desirable for producing preforms with complex shapes because
the variability of the geometric forms is almost unlimited. The large extensibility and conformability of
knitted preforms enable them to be designed and manufactured for reinforcing composites subject to
complex loading conditions.

Even though three-dimensional (3-D) composites have attracted much interest due to their unique
mechanical properties, such as enhanced transverse moduli and strength, improved shear resistance
increased impact damage tolerance, the actual use of the 3-D composite material poses many problems in
engineering design. The main problem comes from the complex geometry of 3-D composites. The fiber
geometry is so complex that the geometric modeling itself is very difficult, much less accurate stress
distributions. For example, in plain weave textile composites, there are many fiber tows (warp and fill)
interlacing each other. There can be nesting of the fiber tows of one layer in adjacent layers. The
existence of matrix pockets adds to the complexity of the geometry. Many research papers have been
devoted to modeling the geometry of 3-D composites (Pierce 1987, Pastore and Ko 1990, Du and Chou
1991).

The inherent geometric complexity of 3-D composites makes a detailed stress analysis very
formidable that most analytical and numerical techniques are restricted in predicting the stiffness
properties. Only a few models have been developed for detailed stress analysisand strength prediction of
textile composites (Woo and Whitcomb 1994, Yoshino et al 1981, Kriz 1989, Pastore et al 1993). To
date, there is no information in the existing literature on simulating the entire procedure of damage
propagation of 3-D composites.

1.1.2 Stiffness Properties of Three Dimensional Composites

The stiffness averaging method which was developed by Kregers et al (1978, 1979) is widely used to
predict the deformation characteristics of a composite with three-dimensional reinforcement from the
known mechanical properties of its components. The basic idea behind stiffness averaging method is to
treat the fibers and matrix as a set of composite rods having various spatial orientations. The local
stiffness tensor for each of these rods is calculated and rotated in space to fit the global composite axes.
The global stiffness tensors of all the composite rods are then superimposed, with respect to their relative
volume fraction, to form the composite stiffness tensor. This approach is also called the Fabric Geometry
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Model (Pastore and Gowayed, 1994) or Orientation Averaging Method . The stiffness of the individual
directions of reinforcement are averaged in accordance with the following expressions:
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Where Ay, represents the components of the stiffness tensor of the three-dimensionally reinforced
composite:V, is the calculated volume of theh direction of reinforcement; and N is the number of

discrete directions of reinforcement ¥\L. )

Ko (1986) presented a geometric model for a three-dimensional braid composite using the concept of
average cosine to evaluate the tensile strength and modulus. The three-dimensional braid composite was
divided into a series of unit cells with yarn segments idealized as being straight in a unit cell (Figure 1-1).

NP

Figure 1-1. Idealized Fiber Yam Segment in Unit Cell of 30 Brald Compasltes

An average representation of yarn orientation was obtained using the average cosine of yarn angles:
cosf = ND, / D,

Where N = number of yarns in the fabrig, = yarn linear densityD; = fabric linear density. The
predicted composite tensile strength and modulus in the longitudinal direction based on the average angle
of yarn, in general, were within 20 percent of the experimental results.

1.2 GENOA-PFA Simulation Of 2D/3D Woven/Braided/Stitched PMC Structure

GENOA is an integrated structural analysis/design software suite that can be easily ported to any
hardware platform using a UNIX and NT operating systems. It cost-effectively simulates aerospace
structural components made of monolithic and 2D/3D braided/laminated/stitched/woven composite
materials to predict their residual strengths, ultimate strengths, reliability, and durability. These
predictions take into account degradation of material properties due to (1) initiation and growth of
damage under static, dynamic, thermal, impact, creep, and low/high frequency cyclic fatigue loading

1-3



1.0 Summary of Phase Il

conditions, and (2) defects introduced by manufacturing and in-service operations and environments.
GENOA simulations utilize finite element modeling with 3/D element finite element meshes to allow
determination of (1) through-the-thickness responses, (2) effects of material properties and defects (voids,
fiber weaviness, residual stress) on global static and cyclic fatigue strengths, (3) crack initiation, and
growth to failure under static, cyclic, creep, and impact loads, (4) progressive fracture to determine
durability and damage tolerance, (5) the contribution of the various composite failure modes involved in
critical damage events, and (6) sensitivities of failure modes to design parameters (e.g. fiber volume
fraction, ply thickness, fiber orientation, and adhesive bond thickness).

1.2.1 Executive Controller System (ECS) and Graphic User Interface (GUI)

The ECS and GUI are the main modules controlling GENOA. The ECS module is menu driven and
serves the function of accessing and inter-connecting all of the GENOA modules. The GUI module is
driven by icons and menus to provide convenient means of (1) visualizing results, (2) importing CAD
models from PATRAN or NASTRAN, and (3) exporting data to other software systems such as
NASTRAN and PATRAN. The GUI is written in the C language, employs a standard graphical library
(X11 Motif and OPENGL) and has on-line help options (Figure 1-2) for preparation of input, contour
plotting, and post processing plotting. The GUI provides visualization of updated (1) FEM meshes, (2)
FEM stresses, strains, and photoelastic fringe patterns, (3) ply stresses, (4) micro-stresses, (5) damage
locations, and (6) percent contribution of failure modes. It also provides plots showing the history of
strain, TDERR, DERR, percent-damage, and strength degradation.

e e = ]

Pop-Up Help Balloons EELRNND SEOEOEEE EOe
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* Nodes
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* 2nd FEM & displacement with FEM 1
» Duplicate Nodes

» Thickness

« Layer Type

» DirectionalNormals

* Applied Force

* Boundary Conditions

* Ply Orientation Angles

« Damage Location, % Contribution

« Failed Nodes

* Stress, Strain, Photo-Elastic

* XyPlotHistory: Strain, TDERR, DERR
* % Damage, Strength Degradation

Figure 1-2. Pop-up Help Balloons Inform The User Reviewing Options Available In This Close-up View Of The Center Of A
Model

The GENOA-PFA code, used for analyses in this program, is an integrated, open-ended, stand alone
computer code utilizing (1) micro and macro composite mechanics analysis, (2) finite element method
(FEM) analysis, and (3) damage evaluation methods. Calculated material stiffness values are input to the
finite element analysis module that models composite materials with anisotropic brick and thin shell
elements. As shown in Figure 1-3, GENOA-PFA utilizes an iterative analysis approach to simulate
damage accumulation in a structure. The overall evaluation of composite structural durability is carried
out in the damage-tracking module that incrementally evaluates composite material degradation in a
structure subjected to a specified load spectrum. The composite damage-tracking module evaluates
damage initiation/progression in a structure based on the FEM analysis results and failure criteria that
guide the synthesis of structural stress redistribution due to material degradation. The damage-tracking
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module also relies on a composite mechanics module (GEN-PMC) for material property data needed to
characterize lamina and laminate micromechanical behavior.

Componites -~ [ —
Hml: e Fratyeis Teacking
1 Campotia mecsnicy meds
TR DO B B0 TR P E TR 851 e e
1 Finds seTe srafeus rudis

= Ammiopr Bich snd in ohall sersnh. o Tods comooniiee

1 Dovage ¥ickng Fodes
- MRS

{ Comgermrg e by Teodmueln s SRuaDm @ Feb SOMQOLE Febuecl P ol
caukimn gifmia e cheph paerwmien cSaesd bom s mesial 2eis bani

ATl o FEu
Lo Ly [
Pooparmeg e

Figure 1-3, A Schematic Diagram of the Principal Elements of the GERDA Progressive Fadlure Analysis (GEHOA-PFA) SIW Package

The FEM module used in GENOA-PFA was originally derived from the MARC analysis code
developed over 20 years ago. This software development lineage results in GENOA-PFA being a nodal
based finite element code. The FEM module library contains 4-node plate and 8-node brick elements
suitable for use in structural analyses. The 4-node plate element is most suited for extended analysis
since the use of Reissner-Mindlin theory in its formulation allows accounting for transverse shear
deformations in a structure.

1.2.2 The Damage Tracking Process

Damage trackings carried out in the damage progression module that keeps track of composite
degradation for the entire structure. The damage progression module relies on the composite mechanics
module for micromechanic and macromechanic analysis and uses the FEM analysis module to obtain
generalized stresses and displacements in a compaosite structure.

Figure 1-4 shows an example of GENOA-PFAs damage tracking sequence as the load on a structure
is increased. A damage equilibrium state is defined as existing when an incremental load increase does
not either initiate or exacerbate damage. As the load is increased a point is reached (Location 1 in Figure
1-4) where there is an assessment of initial composite material damage based on the 14 failure criteria.
According to the operative failure criteria, material properties are then degraded for use in FEM iterations
to reevaluate the now damaged structure at the damage initiation load. The applied load at a given
damage event is maintained and FEM iterations continued as damage accumulates (Locations 2, 3, and 4
in Figure 1-4) until an equilibrium damage state is again reached or until global structural failure occurs
(Location 5 in Figure 1-4).

GEN-PMC is called before and after each FEM analysis to update composite properties based on the

fiber and matrix constituent characteristics and the state of damage in the composite lay-up. Through-
the-thickness laminate properties computed by GEN-PMC considers the elastic moduli of membrane
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terms, bending terms, membrane-bending coupling terms, bending gradient terms, and shear terms. The
finite element analysis module accepts the GEN-PMC generated properties for each node of a structural

model under evaluation and then performs a structural analysis to determine the effect of a given load

increment on the generalized nodal force resultants and deformations. The new values so determined are
supplied back to the GEN-PMC module that evaluates the nature and amount of local damage, if any, in

the plies of the composite laminate.

Failure Index Process/Description

Sy

1. Ply failure indicates initial damage

. Properties are degraded

. Reconstitute a new FEM reanalysis is conducted under the 2 8 4

same load n *

2. Damage accumulation 17/

. More degradation, possible composite ply failure Load 1/ Load Increment
3. Damage stabilization 14 *

. No additional damage, with structure in equilibrium
4. Damage propagation !
5. Analysis stops at nodal fracture

o

Figure 1-4. Damage Tracking Expressed in Terms of Load vs. Displacement

1.2.3 Failure Evaluation Approach

GENOA's approach to failure evaluation involves comparison of computed constituent properties
with criteria of stress limits, distortion energies, degree of relative ply rotation, global scalar-damage, and
global damage energy release rate (DERR). Of the 14 local failure criteria in Table 1-1 used by GEN-
PMC to evaluate damage, the first 12 are stress limits computed by the micromechanical equations in
GEN-PMC based on a material's constituent stiffness and strength values. (The equations used for ply
stress limits are given in “ICAN User's and Programmer's Manual”, NASA Technical Paper 2515, March
1986.) In addition to the 12 failure criteria based on stress limits, interply delamination due to relative
rotation of plies and a modified distortion energy (MDE) failure criterion that takes into account
combined stresses are included as failure criteria. If ply damage is predicted due to longitudinal tensile or
compressive failure, ply stiffness is reduced to zero at the damaged node. On the other hand, if ply
damage is predicted due to transverse tensile, compressive, or shear failures, only the matrix stiffness is
degraded and the longitudinal tensile stiffness of fibers is retained.

Table 1-1. Fourteen Damaged Modes Considered In GENOA

Mode of Failure Description
Longitudinal Tensile Fiber tensile strength and the fiber volume ratio.
Longitudinal Compressive Rule of mixtures based on fiber compressive strength and fiber volume ratio

Fiber microbuckling based on matrix shear modulus and fiber volume ratio, and
Compressive shear failure or kink band formation that is mainly based on ply intralaminar shear strength
and matrix tensile strength.

Transverse Tensile Matrix modulus, matrix tensile strength, and fiber volume ratio.

Transverse Compressive Matrix compressive strength, matrix modulus, and fiber volume ratio.

Normal Tensile Plies are separating due to normal tension

Normal Compressive Due to very high surface pressure i.e. crushing of laminate

In Plane Shear (+) Failure due to Positive in plane shear with reference to laminate coordinates

In Plane Shear (-) Failure due to negative in plane shear with reference to laminate coordinates

Transverse Normal Shear (+) Shear Failure due shear stress acting on transverse cross section that is taken on a transverse cross

section oriented in a normal direction of the ply
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Transverse Normal Shear (-) Shear Failure due shear stress acting on transverse cross section that is taken on a negative transverse
cross section oriented in a normal direction of the ply

Longitudinal Normal Shear (+) Shear Failure due shear stress acting on longitudinal cross section that is taken on a positive longitudinal
cross section oriented in a normal direction of the ply

Longitudinal Normal Shear (-) Shear Failure due shear stress acting on longitudinal cross section that is taken on a negative longitudinal
cross section oriented in a normal direction of the ply

Modified Distortion Energy Criterion Modified from Distortion Energy combined stress failure criteria used for isotropic materials

Relative Rotation Criterion Considers failure if the adjacent plies rotate excessively with respect to one another

Two global failure criteria, a scalar-damage variable, and a DERR, are incorporated in the FEM
analysis module. The scalar damage variable is defined simply as the ratio of the volume of damage to
the total volume of the composite material affected by the operative damage mechanisms. It is useful for
assessing the overall degradation of a given structure under a prescribed loading condition and its rate of
increase provides a measure of structural propensity for fracture. The DERR is defined as the rate of
work done by external forces in producing incremental damage in a structure. It can be used to evaluate
structural resistance to damage propagation at different stages of loading.

Stress limits, needed to establish stress failure criteria, are determined by GEN-PMC as follows:
» Ply longitudinal tensile strength is computed based on fiber tensile strength and the fiber volume

ratio.

* Ply longitudinal compressive strength is taken as the minimum value found using: (1) rule of
mixtures based on fiber compressive strength and fiber volume ratio, (2) fiber micro-buckling
based on matrix shear modulus and fiber volume ratio, and (3) compressive shear failure or kink
band formation that is mainly based on ply intralaminar shear strength and matrix tensile strength.

» Ply transverse tensile stress limits are computed from matrix modulus, matrix tensile strength, and
fiber volume ratio. Similarly, the ply transverse compressive stress limits are computed from the
matrix compressive strength, matrix modulus, and fiber volume ratio.

* Ply intralaminar shear strength limit is computed based on matrix shear strength, matrix shear
modulus, and the fiber volume ratio.

» The interlaminar shear strength limit is computed based on matrix shear strength, matrix shear
modulus, fiber volume ratio, and fiber transverse shear modulus.

Failure Evaluation Method

Progressive damage and fracture evaluations are carried out by imposing failure criteria locally
within unit subvolumes with reference to the local coordinates of the composite materials. At each
individual load step, stresses in stitching and in-plane subvolumes obtained through the composite
microstress analysis are assessed according to distinct failure criteria (Table 1-1). The first twelve modes
of failure are associated with the positive and negative limits of the six local stress components in the
material directions as follows:

S1c <01 <Syuy

S2c< 0,2 < Syt

Sasc <0133 < Sy
3,12(—) <Oy < 512(+)
3,'23(—) <O < szsu)

3,13(—) <Op5< S2’13(+)
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The thirteenth failure mode in Table 1-1 is a combined stress or modified distortion energy (MDE)
failure criterion that is obtained by modifying the usual distortion energy failure criterion. The
modification takes into account the significant differences in the stress limits of the longitudinal and
transverse directions of an orthotropic composite ply. Each component of ply stress is normalized with
respect to its limiting strength. No relationship is assumed between normal and shear strengths. The
MDE failure criterion has been demonstrated to be a good predictor of combined stress failure in
composites. It may be considered as a variation of the Tsai-Hill theory (Tsai 1968). The MDE failure
criterion (C. Chamis 1969) can be expressed as:

0,11, 0, 00,050

g 110 |22/3 + ¢1zs

HSu B "BS,, 8 *'S,, S, BSpel T

Wherea andp indicate tensile or compressive stress8s,, is the local longitudinal strength in
tension or compressior,,, is the transverse strength in tension or compression, and the directional
interaction factor is defined as:

K =K’ (1+ 4U12 - U13)E22 + (1_ U23)E11
zap b |_E11E22 (2 T0, + UlS)(Z U0, t U23)J ve
is a theory-experiment correlation factor.

I
where K/, 5

The directional interaction factor approaches to unity for homogeneous isotropic materials.

The fourteenth failure criterion concerns interply delamination for which the interply layer is
governed by:

A@ = 0.5€.,-€.)(SINB;-siNB, )+ 0.%,, (cosD;-cosD,,)
where:
0 = ply angle
€ = strain
if A <0 interply delamination is assumed to have taken place.

1.2.4 GENOA Finite Element Analysis

After the micromechanics analysis module generates the elastic properties for a composite, the finite
element analysis module is called to analyze the structural response. In general, the type of finite element
model used depends on the complexity of the structure and the availability of computer resources. There
are two possible choices for the analysis of composite structures. One is using anisotropic three-
dimensional solid elements such as hexahedral or brick elements that accept the computed three
dimensional composite properties directly. However, the modeling of a practical composite structure
with three-dimensional elements is usually incorporated because it requires huge computer resources.
The second option is to use anisotropic shell elements that use the composite plate/shell element
properties. The use of anisotropic plate or shell elements to represent through-the-thickness properties of
the woven/braided/stitched composite is more efficient computationally than using three-dimensional
elements. Therefore, implementation was focussed on the use of plate/shell elements for finite element
modeling. The finite element module accepts the force-deformation relations computed by the composite
macromechanics module, and carries out a stress analysis to generate the generalizelihstidgses
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Nxy, Mx, My, Mxy, Qxz, Qyfor each node. The generalized stresses are supplied back to the composite
mechanics module for the computation of local ply/stitch stresses and failure analysis.

1.2.5 Simulation of Damage Progression

After each finite element stress analysis, failure criteria are used to evaluate possible failure within
each sub-volume of each ply at each node of the composite structure. Once the damage modes at each
node are determined they are submitted to a damage index created to record the damage information for
each node. The damage index contains the node number, the ply number, and the list of damage criteria
that have become activated. When a new failure occurs at a sub-volume, the damage index is updated
accordingly. The properties of each node-domain are degraded according to the node damage index.

If there is no damage after a load increment, the structure is considered to be in equilibrium and an
additional load increment is applied. If damage occurs or escalates, the composite properties affected by
the damage are degraded, the computational model is reconstituted with an updated finite element mesh
and material properties, and the structure is reanalyzed under the same load increment. After reanalyzing,
if there is any additional damage, the properties are degraded further and the structure is reanalyzed. This
cycle continues until no further damage occurs.

The damage progression module keeps a detailed account of composite degradation for the entire
structure. It also acts as the master executive module that directs the composite mechanics module to
perform micromechanics and macromechanics analysis/synthesis functions, and calls the finite element
module with thick shell analysis capability to model woven/braided/stitched laminated composites for
global structural response.

1.3 SUMMARY OF PHASE Il PROGRESS

Alpha STAR Corporation (ASC) and Clarkson University (CU) team have developed and integrated
GENOA-PFA (Composite Durability STRuctural Analysis) software package for 2D/3D laminated
braided composite for the use in progressive failure analysis. The tasks were divided into code
development (Clarkson University) and code integration (Alpha STAR Corporation). The software was
organized into three main libraries: 1) Finite Element Solver (FEML_MHOST_ 4.0, NESSUS_6.0); 2)
Polymer Matrix Composite (ICAN2D/3D); and 3) Damage Tracking Solver (COD2 - COD8). The
software was written in ; 1) modularized; and 2) stand-alone versions.

1.3.1 Improve Flexibility And Portability By Modularization And Standardization

In the modularized version of GENOA-PFA each module can be substituted by another equivalent
code by use of a simple interface code. Modularization of the original tightly knit architecture of
GENOA was accomplished to greatly improved the flexibility of porting it to facilities with code
preferences different from some codes in GENOA-PFA modules. The purpose of the modularization in
development of GENOA-CODSTRAN was to 1) reduce the computer memory needed to run the
software and 2) provide the ability to use other code modules. Thus, for example, if an NESSUS
(MHOST upgrade) code is preferred it can be readily installed by means of a simple code written to make
the input and output features of MHOST compatible with GENOA-PFA.
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1.3.2 Methodology of Mesh Refinement in Progressive Failure Analysis

Mesh refinement for CODSTRAN software was conducted to improve simulation accuracy. In order
to avoid unduly increasing FEM computation time, a simulation was begun with a computation time-
saving coarse FEM mesh that was subsequently refined in only those regions delineated by elements
connected to damaged nodes. Thus, when nodes suffer damage according to the damage criteria, those
mesh elements connected to the damaged nodes are refined by the refinement module generating smaller
elements to represent the damage regions. When all modes of composite resistance fail at a node, that
node is deleted and new detached nodes are created at the same point. The number of new nodes created
in place of deleted node is equal to the number of elements that connected to the deleted node. This
approach allows tracking crack growth without loss of accuracy due to improper meshing.

Two approaches to mesh refinement were used in modification of stand alone CODSTRAN. In one
approach each element connected to a damaged node is divided into five elements in place of the original
element. In the second approach each element connected to a damaged node is divided into three
elements in place of the original element. In either approach if any node connected to newly generated
elements is damaged, those elements are further refined. This process is continued until final fracture
occurs.

Late in the program progressive fracture simulation with adaptive mesh refinement became available
to provide a higher resolution fracture pattern for a 3-stringer panel than obtained without adaptive mesh
refinement (Figure 1-5).

Figure 1-6 compares the TDERR versus load fracture pattern simulated using adaptive and non-
adaptive mesh techniques. Figure 1-7 compares damage volume versus load with and without utilizing
the adaptive mesh technique. It was concluded that adaptive mesh refinement would provide a more
accurate residual strength. There also were changes (shifts to a lower value) in the DERR minimum and
maximum values calculated with and without the adaptive mesh refinement technique (Figure 1-8).

Figure 1-5a. Fracture Path and Damage Progression with Figure 1-5b. Fracture Path and Damage Progression
no adaptive Meshing (1518 Nodes, 1208 Elements) with adaptive Meshing (2148 nodes, 1707 Elements)
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Figure 1-6. Total DERR versus Load Comparison of Adaptive Meshing and Non-Adaptive Meshing

Damage Volume

18
—— Without Adaptive Mesl »
16| (% With Adaptive Mesh /

14 b4

= =
S} N}

Damage Volume (%)
o]

2 jm mo—m————B— ¢ S pmuwm W

0 100 200 300 400 500 600
Load )kips)

Figure 1-7. Percent Damage Versus Load Comparison of Adaptive Meshing and Non-Adaptive Meshing

1-11




1.0 Summary of Phase Il

1.0E+03

—e— Without Adaptive Mesh
—a— With Adaptive Mesh

1.0E+02 -

1.0E+01 -

DERR (ksi)

1.0E+00

1.0E-01 4

1.0E-02

0 100 200 300 400 500 600
LOAD (kips)

Figure 1-8. DERR Versus Load Comparison of Adaptive Meshing and Non-Adaptive Meshing

1.3.3 Re-evaluation with Restart

The Restart process allows a re-evaluation/re-analysis at a given progressive failure equilibrium point
for which data from a previous simulation has been stored. The re-evaluation/re-analysis can be
conducted with a modified (smaller) load increment thereby providing a commensurably more detailed
and accurate rendition of critical damage events such as crack initiation, crack progression, and final
failure. This reduces likelihood of missing a critical excursion of a parameter of interest. A helpful
feature of GENOA-PFA is that of specifying the iterations at which critical events occurred that are of
likely interest for more detailed study using Restart for re-evaluation.

The results of a restart simulation of the three stringer tension panel at 400 kips are presented in
Figures 1-9, 1-10, and 1-11. Figure 1-9 compares the curves of original and restart TDERR values vs.
load as derived from simulations of tension testing Panel. Figure 1-10 compares the curves of the
original and restart DERR values Vs. load as derived from simulations of tension testing Panel. Figure 1-
11 compares the curves of original and restart percent change in damage volume vs. load as derived from
simulations of tension testing Panel. As shown by the increased number of data points the resolution of
restart results is much greater than the original result because of the reduced size of the loading
increments. This illustrates a very valuable aspect of the restart capability.
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Figure 1-11. Comparison Of Original and Restart Percent Change In Damage Volume Vs. Load From Three Stringer
Tension Panel

1.3.4 Modeling Of A Variety Of 2D/3D Woven/Braided/Stitched Laminate Fiber Architecture

Introduction of the methodology for analysis of composites with three dimensional weave patterns
was accomplished by modifying the ICAN software. Figure 1-12 shows the three typical types of weave
in woven 3D composites, namely, (a) layer to layer, (b) through the thickness angle interlock, (c)
orthogonal interlock weaves.

In 3D woven composites, the stuffers and fillers alternate in layers through the thickness. The stuffers
and fillers form a coarse°@®0° array as shown in Figure 1-12 for most woven composites. The
developed method allows the arbitrary orientation of stuffers and fillers in the X-Y plane. Through the
thickness reinforcement, or warp weavers, may be oriented in any direction with reference to the 3D
composite coordinate axes. Stitched composites may be modeled by weaver or stitch fibers that are
oriented perpendicular to the X-Y plane and parallel to the Z-axis of the composite.

The developed 3D analysis software was verified by comparing failure predictions with experimental

test data from 3D PMC structures: 1) Rockwell lightly and heavily compacted 3D woven PMC coupons,
and 2) Boeing/NASA-LaRC ACT 3D coupon data.
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Figure 1-12. Schematics of (&) Layer-to-leyer Angle interiock, (B) Through-the- Thickness Angle Interock, and (C) Orthogonal
Iritarinck Weaves

1.3.5 Generate Equivalent Woven/Braided/Stitched Composite Material Properties
GENOA-PFA can predict the equivalent laminate moduli (Figure 1-13), moisture response, thermal
properties, and heat conductivity of various composite systems. The ICAN module provides important
design information (e.g., margin of safety) needed to optimize composite material systems, and facilitates
designers in understanding fiber and matrix stress distributions in a composite system under load (Figures
1-14, and 1-15). Figure 1-16 shows an example of the ultimate strength prediction versus the applied
stress to determine the margin of safety, and provide information relative to failed layers in a composite.

Alpha STAR Corporation has made available commercially PMC3, a part of GENOA-PFA. The
PMC3 software incorporates the enhanced ICAN with a graphics user interface (GUI). This user-friendly
software has already been acquired by The Boeing Company. ICAN is planned to be used to predict
composite properties and response in a Future X X40 program, in a follow-on program to the Airborne

Laser (by the NASA White Sand testing facility) and by the National Institute of Standards.
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Layers In Composite Due To Environmental Loading

1.4 SIMULATION OF PROGRESSIVE FRACTURE IN TIME DOMAIN

1.4.1 Low cycle Fatigue Loading

GENOA-PFA was enhanced to perform progressive analysis of Boeing IAS and Crown panels. The
skin and stringers were of T7475-T7351 aluminum alloy and the rivets were of 2017 aluminum alloy The
frames were of 7050-T7451 aluminum alloy (Figures 1-17 and 1-18).

The enhancement was based on: 1) modification of the load increment to allow for pressure cycling,
and 2) logarithmic degradation of material properties vs. pressure cycles. Cyclic fatigue and static
simulation analyses were conducted on NASA coupons and the Boeing Crown Panel to determine in
detail the effects of multi-site damage on ultimate loads and cycles to failure and calibrate the software.
Damage initiation and progression were determined as functions of cyclic loading. Deterministic
accomplishments of this effort were: 1) PFA verification with data from five NASA coupon tests and the
Boeing crown panel static cyclic test, and 2) analysis of the fatigue lap joint model (extracted from the
Boeing crown panel model), using 5 percent variation of lap joint thicknesses. A comparison of
simulation and experimental test results is shown in Table 1-2.

Table 1-2. Summary of Results (NASA Coupon and Crown Panel) From Testing and Deterministic Simulation Analyses

Specimen Loading condition Maximum Simulation Testing
stress
NASA Coupon Static Loading (ultimate load) 14060 LB 13500 LB
Cyclic Loading (cycle to failure) 22KSI 84,000 81,541
18KSI 204,800 153,951 (test 1)
239,361 (test 2)
154,142 (test 3)
16KSI 324,100 313,138
Crown Panel Static Loading (ultimate load) 10.48 PSI ~10.3 PSI
Cyclic Loading (cycle to failure) 10,720 10,333
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Figure 1-17. Boeing 747 Aluminum Crown Panel Finite Element Model
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Figure 1-18. Crack Length Growth With Loading Cycles

1.4.2 Simulate Progressive Fracture in PMC Structure Under Time Domain High Cyclic Fatigue
Loading

The GENOA-PFA software as modified to predict durability and damage tolerance under cyclic
fatigue (time domain) loading in PMC structures was used to simulate progressive fracture and critical
damage location in a Lockheed F-22 PMC (16 ply AS-4/HMH&5/0/90+45/90/0]) airfoil structure
subjected to 50 HZ acoustic cyclic excitation based on constituent material properties, part geometry,
stress limits and strain limits. Preliminary results of a GENOA asymmetric loading fatigue simulation of
the Lockheed PMC rotary wing airfoil test coupon are shown in Figures 1-19 through 1-22. Excitation
was by application of a sinusoidal harmonic load with an amplitude of 13.0 |bs and a frequency of 8
cycles/sec. A damping ratio of 0.005 was used for the damage mode. Structural adhesive bond material
(R976) thickness was 0.005 in. After 93 GENOA iterations (the equivalent of 8tles) complete
fracture occurred at the junction of the vertical support and the air foil (Figure 1-19) while bond damage
was approximately fifty percent (green and yellow colors in bond area of Figure 1-20). Figure 1-21
shows the most dominant mode of damage to be matrix failure in transverse tension. There also were
longitudinal fiber and in plane shear matrix damage modes.

Figure 1-22 shows the stress concentration causing the failure at the junction of the vertical support
and the air foil. Initial conversation with Lockheed confirmed that this is where the PMC rotary wing
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airfoil test coupon actually failed. Figure 1-21 shows the most dominant mode of damage to be matrix
failure in transverse tension. There also were longitudinal fiber and in plane shear matrix damage modes.
Since the failure occurred in the test support at its junction with the airfoil member bond strength could
not be determined. However, even though this would seem indicate the adhesive bond to be strong,
simulation showed approximately 50% damage volume in the adhesive bond.

= AP

Figure 1-19. After GENOA lterations (The Equivalent of
8 x 106 Cycles) Complete Fracture Occurred at the
Junction of the Vertical Support and the Air Foil Figure 1-20. Percent of Bond Failure (~50%) is
Identified as Green-Yellow Contours

—— b

Figure 1-21. The Most Dominant Mode of Damage was
Identified as Matrix Failure in Transverse Tension

Figure 1-22. Stress Concentration Causing the Failure at
the Junction of the Vertical Support and the Air Foil

1.4.3 Simulate Progressive Fracture Under Impact Loading

Simulation of impact loading of woven/braided/stitched composite structure was achieved by: 1)
modification of PFA to perform pseudo-dynamic (including inertia, and acceleration) analysis, and 2)
post processing of PFA static analysis to generate pseudo static (excluding inertia, and acceleration)
impact. The NASA-White Sands facility is verifying this capability for verification against test data.

1.4.4 Simulate Reshaping Of Braided Fiber Preforms To Assist Manufacturing

Simulation of novel, emerging manufacturing method of reshaping braided tubular “sock” preform,
was developed as extension to PFA to provide a link between the computer generated knowledge base,
analysis software and automated machine tools. The method is based on a braided “sock” preform of
commingled thermoplastic yarns in a form of a “sock” that is made to conform to a net shaped mandrel.
This very promising, economical process of generating shaped fiber preforms for composites involves
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three steps: 1) braiding a simple, commingled fiber tubular preform, 2) reshaping the preform over a
mandrel of a desired shape (Figure 1-23), and 3) processing (heating) the reshaped preform to flow the
resin matrix fiber material around the high strength fibers. For a rational design, it is necessary to predict
1) fiber orientations and volume fraction changes, 2) the necessary forces/strain to best fit onto a shaped
mandrel, and 3) occurrences of failure (buckling, fiber wrinkling) in the preform after shaping. A
durability and damage tolerance analysis was conducted to demonstrate the importance of the fiber angle
change tracking.
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Figure 1-23. Initial and Reshaped Textile Preform

Since the reshaping operation can significantly change fiber orientations, it becomes critical to
evaluate the extent of this change, its effect on composite performance, and the extent to which the
changes can be negated by adjusting the braid angles of the tubular textile preform. The software allows
attainment of the best preform net fit to a desired shape without occurrences of buckling and fiber
wrinkling/crimping by: 1) iterative FEM analysis utilizing resin matrix composite micromechanics; 2)
prediction of the effects of changes of braid/weave angle on resin matrix composite micromechanical
properties; and 3) use of an iterative contact algorithm for analysis of sock conformance to a shaped tool.
The preform reshaping simulation tool was developed by Alpha STAR in support of the NASA funded
AST GE project and verified against experimental GE results of reshaping preforms for conical bent and
elliptical components.

State of Software Verification The GENOA code has provided the needed capabilities for the fiber
preform reshaping process for large, complex, PMC components. This effort has been verified to
simulate reshaping of tubular fiber textile preforms (e.g, GE90 Turbine blade, bent cone, cylinder, bent
cylinder) in a cooperative exploratory effort with General Electric Aircraft Engine. Figure 1-24 (a-c)
shows the Sandia National Laboratory 26 ft long and 4 ft wide Wind-Mil best fit simulation that has been
verified against actual hardware developed by Goldsworthy to be within 4% of the actual measured data
by simulating use of multiple reshaped preforms of different sizes with commingled fibers.

1-19



1.0 Summary of Phase Il

200

180
160

Piy 1 Angles

FEM Mesn

Figure 1-24(a). As received Preform Sock of

+45 orientation was fitted on a Wind Mil mandrel

L

Figure 1-24(b). As Received Preform Sock of ~ +45 Orientation
was Fitted on a Tip of Wind Mil Mandrel

Loy

o aRlLRI
HE

ua

L E
"

ML

-

e

Kd

L L} '.\.
L]

HZ

=

S EE

mHE

ma

Hi

He

-

- LAY

Figure 1-24(c). As Received Preform Sock of
was Fitted on a Root of Wind Mil Mandrel

".;I!r:l i sig md ‘:lrlﬂr
T T
Fr Fe o
‘T':h'.-::l ok, M
el
aprt iy T
el ST Sy
g S 22

" .

+45 Orientation

1-20




1.0 Summary of Phase Il

1.45 Perform Virtual Testing analyses

Figure 1-25 compares ACT three stringer S/RFI Compression panel simulated strains vs. test strains
as function of applied load. Agreement is very close.

Figure 1-26 shows simulations of photoelastic fringe patterns of three stringer S/RFI tension panel at
prescribed load levels of 25 Kips. Experimental fringe patterns (Figure 1-26a) (NASA/LaRC provided
polariscope camera) and the GENOA- predicted fringe patterns (Figure 1-26b) are in good agreement as
verified by team member, Applied material Technology (AMT).

Compression Comparison 4-2
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Figure 1-26. Photoelastic Prediction Provides a Visual Check of Color Contours for Comparison of Test and
Simulation Results
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1.4.6  Probabilistic Failure Analyses

Alpha STAR has developed GENPAM, a computer software for probabilistic composite structural
analysis that integrates probabilistic methods, finite element methods, and composite mechanics. The
software has been integrated as part of the GENOA suite of codes The available probabilistic methods
include: 1) Monte Carlo Simulation (MCS), 2) advanced reliability algorithms and 3) importance
sampling methods. MCS, traditionally used for reliability assessment, is deemed computationally too
expensive for large structures or structures with complex behaviors. Extensive effort has been devoted to
development of new, more computationally economic probabilistic algorithms for advanced reliability
and importance sampling methods in the GENPAM program are a direct result of ten years of
probabilistic structural analysis research funded by NASA.

The GENPAM code is constructed such that any real value in the input file of the progressive
failure deterministic analysis can be selected as a random variable. An interface module was developed
that can interface with any deterministic code as long as the uncertainties are one of the real values shown
on the original deterministic input file. Integration with many commercial or in-house computer codes
becomes transparent. Thus, integration effort is minimized and simplified. Various responses can be
selected to be analyzed probabilistically, CDF/PDF functions and sensitivities to design random
variables. The types of responses that can be specified are:

Type 1: Displacement responses specified by setting hode numbers and the three transition
degrees-of-freedom.

Type 2. Material responses specified by setting node number, layer number, and the 20 material
properties and their combinations. The 20 material properties/responses that can be extracted for each
ply node are the following:

1. Longitudinal strain 11. Transverse strain

2. In plane shear strain 12. Longitudinal stress

3. Transverse stress 13. In plane shear stress

4. Longitudinal tensile strength 14. Longitudinal compressive strength

5. Transverse tensile strength 15. Transverse compressive strength

6. In plane shear strength 16. MDE failure criterion

7. Hoffman's failure criterion 17. Interply delamination failure criterion

8. Fiber crushing criterion (compressive strength) 18. Delamination criterion (compressive strength)
9. Fiber microbuckling criterion (compressive strength) 19. Longitudinal normal shear stress

10. Transverse normal shear stress 20. Transverse normal shear strength

1.4.7 Improved Graphics User Interface (GUI) For Visualization (Including Animation) of
Simulated Results
GENOA Graphics User Interface (GUI) can be utilized to execute all other GUI's capabilities such
as:1) communication with other modules “GENEX”", extract critical damage events “Post Cycle”, view
and animate the damage events and the resultant attributes “3D Plot”, 2D/3D PMC equivalent property
generation “Xgenoa2D". (Figure 1-27). Figure 1-28 shows the GUI post cycle tool bar used to extract the
desired file for post analysis viewing. Figure 1-29 Shows 3D Plot GUI with visualization icons.
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Figure 1-29. An Up-Close View of Default Display Properties Initiated from a Pull-Down Menu
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1.4.8 Porting GENOA-PFA Software to Unix (HP, SGI, IBM), and NT Operating Systems

Porting To Other UNIX Workstations

Porting to any other UNIX workstation requires minimal changes due to the compatable nature of
UNIX platforms. Since GENOA utilizes the Graphic User Interface package of Viewkit by Integrated
Computer Solutions, an installation of Viewkit and a recompilation of the GENOA code is necessary for
potting to another platform. Only minimal changes to compiling GENOA would be necessary if there
were differences in compilers used or libraries of the operating system such as OpenGL support.

Porting To NT-

Porting to the NT platform requires the additional software of a UNIX toolkit called NutCracker
Nutcracker is a UNIX operating system emulator that can run X11 and Motif applications, along with
traditional UNIX commands. Since portions of GENOA utilizes the Graphic User Interface of Viewkit
by Integrated Computer Solutions, compatibility was easily achieved since Viewkit is written in Motif.

In addition to the operating system emulator, an X Server software was also required for the necessary
OpenGL graphic rendering of GENOA called Reflection WRQ Server. Once the entire code of GENOA
is successfully emulated on an NT platform, the last step is to compile and package the GENOA
executables with a stand alone operating system version of Nutcracker that allows the package code to
run on any desired NT workstation.

1-24



1.0 Summary of Phase Il

1.5 REFERENCES

1.

10.

11.

12.

13.

Minnetyan L., Murthy P.L.N., and Chamis C.C., “Composite Structure Global Fracture
Toughness via Computational Simulation,” Computers & Structures}, Vol. 37, No. 2, pp.175-
180, November 1990}

Irvine T. B. and Ginty C.A., “Progressive Fracture of Fiber Composites,” {\em Journal of
Composite Materials}, Vol. 20, March 1986, pp. 166-184.

Minnetyan L., Chamis C.C., and Murthy P.L.N., “Structural Behavior of Composites with
Progressive Fracture,” Journal of Reinforced Plastics and Composites}, Vol. 11, No. 4, April
1992, pp. 413-442

Minnetyan L., Murthy P.L.N., and Chamis C.C., “Progressive Fracture in Composites Subjected
to Hygrothermal Environment,” International Journal of Damage Mechanics}, Vol. 1, No. 1,
January 1992, pp. 60-79

Minnetyan, L., Chamis, C. C., and Murthy, P. L. N., “Structural Durability of a Composite
Pressure Vessel,” Journal of Reinforced Plastics and Composites}, Vol. 11, No. 11, November
1992, pp. 1251-1269}

Minnetyan, L., and Chamis, C.C., “Pressure Vessel Fracture Simulation,” Presented at the ASTM
25th National Symposium on Fracture Mechanics, Lehigh University, Bethlehem, Pennsylvania,
June 28-July 1, 1993, Published in ASTM STP 1220, Fracture Mechanics: 25th Volume}, August
1995, pp. 671-684.}

Minnetyan, L., Rivers, J. M., Chamis, C. C., and Murthy, P. L. N., “Discontinuously Stiffened
Composite Panel under Compressive Loading,” Journal of Reinforced Plastics and Composites},
Vol. 14, No. 1, January 1995, pp. 85-98.}

Minnetyan, L., and Chamis, C. C. 1997. "Progressive fracture of composite cylindrical shells
subjected to external pressure." ASTM J. Compos. Technol. and Res., 1 9(2), 65-71.

. Chamis, C.C. (1969) “Failure Criteria for Filamentary Composites,” Composite Materials

Testing and Design: ASTM STP 468merican Society for Testing and Materials, Philadelphia,
pp 336-351

Minnetyan, L., Murthy, P.L.N. and Chamis, C. C. 1992. “Progressive Fracture in Composites
Subjected to Hygrothermal Environment,” International Journal of Damage Mechanics, Vol. 1,
No. 1, pp 69-70.

Minnetyan, L., Rivers, 3. M., Chamis, C. C., and Murthy, P. L. N. 1995. "Discontinuously
stiffened composite panel under compressive loading." J. Reinforced PlasticSoambs.,
14(1), 85-98.

Minnetyan, L., Rivers. J.M., Chamis, C. C. and Murthy, P.L.N. 1992. “Structural Durability of
Stiffened Composite Shells,” Proceedings of th& S®M Conference, Dallas, April, pp2879-
2886.

Jara-Alamonte, C and Knight, C. 1988. "The Specified Boundary Stiffness/Force SBSF Method
for Finite Element Subregion Analysis," International Journal for Numerical Methods in
Engineering, Vol. 26, pp 1567-1578.

1-25



2.0 Modularization of CODSTRAN

The CODSTRAN code with three-dimensiowabven composite simulationapability (Figure 2-1) was
upgradedand streamlined te@onsist ofthree independenmodules. Thesemoduleswere named as (1)
CODG6, (2) ICAN, and (3) FEML.The COD6 module containghe CODSTRAN executivecode aswell as
the subroutinesthat assesshe compositelocal failure modesafter each analysisycle and keep track of
damage progression. The ICAN module contdiressnew ICAN code as recentlypdatedwith subroutines
to analyzethree-dimensional woven and braided composites. The FENL moohiiginsthe MHOST finite
element analysis code. The modularizatvas accomplished by eliminating tkemmonblocks tofacilitate
passing information betwedhe modules bywriting the interfacing information to external files.

2.1 IMPLEMENTATION OF MODULAR FINITE ELEMENT ANALYSIS

The difference betweethe Modular version of CODSTARN and semimodular COD6.isllustrated in
Figures 2-2 and 2-3. Ashown bothflow diagramsutilize the samescratchfiles but with differentmodule
utilization except forFile No. 83. Scratch File No. 83 iigure 2-3 wageplaced by anodified and modular
info 1-MIR2 program vhich has anodal normal vector calculatiorfinfol, presently a routinewithin
MHOST program, createsthe necessaryCODSTRAN functional output files such as nodairess,
generalized force, total nodal arablial displacement forthe next iteration inthe sequential version of
CODSTRAN.

INFO1-mir2, presently a stareloneprogram,contains: 1) gost processofor listing FEM output and
input text files, preparation ofthe necessaryCODSTRAN functional output files aslescribed above and
calculation: of nhormal nodal vectotensor preparatio(ETRANS), and radialdisplacement. This allows to
assignment ofnternal pressurdor the next step of CODSTRAN. The file communication is described in
Table2-1.

Table 2-1. MHOST FEM Scratch File Utilization

File Name Function Generated Used By Format
SCRA 36 MHOST Listing MHOST N/A Text
SCRA 44 Argument list Damage Track MHOST Text
SCRA 55 New input Damage Track MHOST Text
SCRA 61 Nodal Stress MHOST Damage Track, CAN Text
SCRA 78 Nodal Disp MHOST Damage Track Binary
SCRA 80 Failure Index MHOST Damage Track Binary
SCRA 83 Intermediate Output MHOST CODSTRAN, + HOST Binary
SCRA 93 General Force MHOST Damage Track Text
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Figure 2-1. Integrated Computer Code For Simulating Damage Propagation Of 3D Woven Composites
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Figure 2.3, CODSTRAN Modular Safteare Flow Diagram

2.1.1 Modular Files Structure

The modular version ofCODSTRAN code utilizes scratch files in binary artéxt format written by
MHOST 4.2(Table 2-2). The filecommunication ideing re-directed tenly processggeneral finite element
outputs. NESSUSG6.0 and FEMparallelwill adopt the samefile structure as in Table 2-2.
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Table 2-2. Files Generated by MHOST FEM Module

File Name Function Generated Used By Format
SCRA 01 Log MHOST N/A Text
SCRA 36 MHOST Listing MHOST N/A Text
SCRA 44 Argument list Damage Track MHOST Text
SCRA 55 New input Damage Track MHOST Text
SCRA61 Nodal Stress MHOST Damage Track, CAN Text
SCRA 78 Nodal Disp MHOST Damage Track Binary
SCRA 80 Failure Index MHOST Damage Track Binary
SCRAS83 Intermediate Output MHOST N/A Binary
SCRA85 New input Damage Track MHOST Text
SCRA93 General Force MHOST Damage Track Text

The modular version of£ODSTRAN wasfurther tested, augmentednd updated t€€OD7 which is
now consistent withCOD5. COD?7 resultsvere virtually identicalwith those of COD5 when the cure
temperaturevas the same ashe use temperatureThe only difference betweerthe results computed by
COD5 and those computed bgOD7 was inthe computation of residuaktresses. Wherthe cure
temperaturevas different thanthe use temperaturehe residualstresses computed B§OD7 were higher.
This is because COD?7 is basedtloa secondgenerationl CAN composite mechanics module (Murthy et al
1993), hathas improved thermal equations. For the cases studied, redigisales computed lige second
generationCAN modulewere higher than those computed the original ICAN (Murthy and Chamisl986)
with COD5.

The units of thermal conductivithave beenchanged. InCODS5 the fiber and matrix thermal
conductivities are input in BTU-in/hr/ft**2/F. In COD7 thermal conductivitiesare input in BTU-
in/hr/in**2/F units. Therefore, to convefiber and matrix material propertigsom the old to the new ICAN
databankall thermal conductivity valueshould bedivided by 144. For examplehe longitudinal thermal
conductivity of AS-4 fibers inthe old databank i580 BTU-in/hr/ft**2/F; whereas, irthe new databank it is
4.03 BTU-in/hr/in**2/F.

COD7 also has improved inpahd additional output fahe through-the-thickness ply stressesd micro
stressedor nodes selected hipe user. COD7 printsout the micro stresseand plystressegor eachlayer of
a selecteciumber of nodes. Ply stressae printed to unit 7 (SCRAQ7) and tmicro stressesre printed to
unit 8 (SCRAO08). Print outs ofall ply stresses and micro stresses mapdiected for up to 5@odes. The
node numbersselected forprint out are modified by COD7, aseeded,during node renumbering due to
deletednodes. Additionally, COD7 prints out (to unit88) top and bottom laminate surfastrains in the
laminate &,y) coordinates.

2.1.2 Modularization Of The CODSTRAN

Further Modularization of COD7 entails upgradindioite elementanalysis forparallel processing, and
utilization of generapurposeFEM software. Anattempt made tosethe standalone MHOST version 4.0
within the context ofOD7 resulted ithe following:

1. Investigation ofthe necessaryMHOST parameters for translation betwetne FEM results and
CODSTRAN damagéracking module.
Development of a routinggét_rec_sub.f" for text strings analysis by prototype words.

Integration ofthe shellelement calculatioirom CODSTRANInfol routinewith the new interface
program undefinal development

4. File structure allocation fahe generapurpose translation program was organized and debugged
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Changesto input data - The nodenumbers for whiclply stressesandmicro stressesre to beprinted
out need to bepecified bythe user. Immediately before the ICAN statememte line using(24X,i8) format
givesthe number of nodes where ply stresses and micro strassés beprinted out. Subsequelines give
the specific node nutvers using (10i8) formats.

Another change was made to eliminate unnecessatey lineswhen simulating 3D reinforcedioven or
braidedcomposites. The LTYP, PLY, andMATCRD statementsare thesame as irthe previousCOD6
version. Howeverthe STUFFER, FILLER,and WEAVER statementshave beereliminated. For each
fiber orientation that has awvut-of-plane component a BRAID card is needed to spdieehbraid number, the
fiber/matrix constituentsthe threedirectional anglegdegrees) ofthe fiber orientation with respect to the
laminate x, y, z coordinates, ati ratio of braidfiber volume tothe total fiber volume. The BRAID card
uses (a8,i8,2a4,3f8.2,f8.0) format.

The last braid parameter (viz. the ratio of braid fibelume tothe total fiber volume) is computedrom
the weight of stitching thread, ws, as wellthe pitchand row-spacing ofhe stitch, ps and rs.For example,
for a laminatewith afiber volume ratio 0.555 (includinghe stitch fibers),using 1600 denier kevlahread
with ps=1/8 in., and rs=1/5 irthe last BRAID parameter is computed as follows: 1600 denier is equivalent
to 9.95E-06Ibs/in. The threaccrosssectionalarea, Athread, is obtained by dividinthe weight per unit
length bythe weight density. Therefore, thread = 9.95E-0fbs/in / 0.053lbs/in®> = 0.00018783 fa Each
stitch contains twthreads, therefore thatitch area is As = 2*Athread = 0.00037566. irStitch fibervolume
ratio = As/(ps*rs) = 0.00037566/0.025 = 0.01503he BRAID fiber ratio is the fraction of stitch fiber
volume ratio to overall (totaljber volumeratio. If the in plane fibewolume ratiois, for example, 0.540,
then the total fibevolume ratio is 0.540+0.01503=0.55508herefore the ratio of BRAID fiber to the total
fiber volume is 0.01503/0.55503 = 0.02708. This last numhibeitast parameter dfie BRAID card.

COD7 was verified with simulations of laminated, stitchaddwoven composites. Aovel composite
macromechanics approadhat considersthe alternating spatialconfigurations of the in-plane fiber
orientations and theffects of out-of-planefiber orientationswas implementedvia COD7 for the simulation
of woven fabric composites.

2.1.3 Review Of Data Communication In Modular CODSTRAN

The implementeddatacommunication methods amotige COD7 modulesvere subject to review for
the purpose of designinthe optimal means of inter-modular communication structureghieparallelization
of COD7 modules. Thissection summarizeshe present implementation omodular CODSTRAN
procedures and the data communication structureddidfication.

CODSTRAN consists ofthree modules: COD7, FEMLand ICAN. COD7 controls the other two
modules ICAN and FEML. COD?7 calls ICAN and FEML wr& function system() whemecessary.

All data communication ithe previous non-modular versiomas passed through subroutine arguments
or COMMON blocks among subroutines. Rbe modular versiondata transfer is stithrough subroutine
arguments ofCOMMON blocks withineach nodule. Howeverdata cannopass fromone module to
another in this way.Thereforeall communication betweemodules is transmitted fifiles. That is, datadhat
was originally passed by argumemtisd COMMON blocks is written to files irone nodule, to be read by
files in another module.

The subroutinesused byCOD?7 for calling externalmodulesare ICANMN used tocall ICAN and

HOSTEX used tocall FEML (MHOST). Inter-modulardata transfer cEommonblocksandarguments in
thesesubroutines is as follows:
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Subroutine ICANMN - The following common blocks that are shared@®D7 andICAN are witten
to unit 45(SCRA45).

« COMMON /CODELM/
« COMMON /LECHNC/
+ COMMON / PRTMCRNODE/

The following argumentsthat arepassed from COD7 to ICAldre also written to unit 45SCRA45)-
POST, NPLYMX, INODE, MAXBRAID, NL, NBRAID, IPASS,FAIL, ILOCW, WOVEN

All the files that may beused bylCAN are closed before callinghe ICAN module. These files are
opened orcalling ICAN.

Subroutine ICNPRE in COD7 isused to prepare input data ftme ICAN module to compute
composite properties: ICAN inpdata is generated in unit IOYBCAINP).

Subroutine NODFAL is called to check if there @y damage in a regular layefe.g. stuffer offiller,
as in theprevious version.)

Subroutine check-weaver-fail is called to check if any damage has developed in a weaver or braider.

there isweaver/braider damagE)CW returns arintegervalue thatgives the position ofthe nodal damage
index inthe danage index arrayPLFO_W. Ifthere is no daage inweaverbraider plies,|OCW returns
zero.

If any damage occurs in a regularglane plythe corresponding damagedex is written to unit 1079
(SCRATY9), and then subroutine REPINP is called to rearrdnegiamnate data so that each ply wihve a
corresponding materigard. Ifany damage occurs in the weaubg corresponding damage index is written
to unit I023(SCRAZ23).

Subroutine ICANMN is called to activatdCAN to computethe laninate properties. After FEM
analysis, subroutinBECNPOS isused to prepare data ftre ICAN module to computéhe ply stresses for
composite: Laminate configuratiotata is readrom 1085 (CODINP) and results fromFEML analysis
through unitlO93 (SCRA93). SCRA93are created by INFO1 ithe FEML module. Input datafile for
ICAN is prepared and written to IOGECAINP).

Subroutine NODFAL is called to check if any damage has occurred in regular plies.

Subroutine check-weave-failis called to check if any damage has developedavers.

Subroutine ICANMN is called to activatéCAN to compute stressdsr each ply. The stressdatafile
for regular plies (stuffer and filler) mopied from 1046 (SCRA46) to 1094 (SCRA945CRA46 iscreated
by subroutindPLYCHK in ICAN module. Note that SCRA46 corresponds to unit I0€her tharlO46 in
the ICAN module. The ply stressdata file forweavers is copiettom 1047 (SCRA47) to I04(SCRA22).
SCRAA47 is created by subroutieYCHK inthe ICAN module. Note that SCRA47 is corresponds uait
1022 rather than 1047 inGAN module.

Communication files between modulus:

ICAINP(1095): is an input filefor ICAN, created by subroutinlCNPRE and ICNPOS in CODY
module.
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2.0 Modularization of CODSTRAN

FEMINP(1055):is an input filefor MHOST, created by subroutineREHST in COD7 module.

SCRA22(1022): storesthe microstresses, strengtl@d modulus for weavers. It is copiedrom
SCRAA47 bysubroutinelCNPOS inthe COD7 module. SCRAA47 isreated by subroutinPLYCHK in
ICAN module.

SCRA94(1094): storesthe ply stresses, strengttesd modulusfor regular plies. It is copiedrom
SCRAA46 by subroutine ICNPOS in t@®D7 module. SCRA46 isreated by subroutinBLYCHK in the
ICAN module.

SCRA23(1023: storesthe weaver damage index array. It is createdsbproutinelCNPOS in the
COD7 module. The weaver damage index arrayassigned by subroutin PFM in CODY7.

SCRA79(1079):storesthe danage index arrayfor regular in-plane plies. It is created by subroutine
ICNPOS in the COD7 moduleThe damaged indearray isassigned by subroutire=M in COD7.

SCRA46(1094):stores the plystresses, strengtlamd moduli for regulaplies in thelCAN module. It
corresponds to SCRA94 in COD7 and is created by subrdBliNé€HK inthe ICAN module.

SCRA47(1022): storesthe stresses, strengthend elastic moduli forweavers. It corresponds to
SCRAZ22 in COD7 and is created by subrouftiey CHK inthe ICAN module.

SCRA93(1093):is used tgassanalysis results frooMHOST to COD7. It iscreated by subroutine
INFO1 in theFEML module. Its information is transmitted to ICAN by subrouti@NPOS.

2.1.4 Modularization Enhancement of CODSTRAN-FEM

Effort was dedicated to: 1) implementationtbé MCOD to FEM code within FEA and CODSTRAN
damage progression analysis codegh@)FEprogram code whiclkkanwork separatelfrom CODSTRAN,
and 3)debugging othe modular version o CODSTRAN-FEM. MCOD to FEMcode is asseparate FEM
post - processor modulbat providesthe interface for ahe particularFEM software tothe CODSTRAN
module. The capacity of theMCOD to FEM code was extended to allowsystem calls from the
CODSTRAN driver of MCOD to FEM for testing of an intermediate examp£000 DOF), aswell as
testing of standalone five elemenprograms. Currentlymplementation ofMHOST version 4.2 (the old
version)and a sequential version NESSUSG6.0 arebeing explored.Evaluations and debugging ekisting
problems are discussedtire following sections.

Contrary to the previous modular version of CODig current version is incompatible with the modified
version of MHOST included iI€CODSTRAN relative to suchsubroutines as infol, prnshetc. MCOD to
FEM can be utilized in thregays: 1) Excluding-EM CODSTRAN (MHOSTbased) module, 2) thandle
an intermediate test case (about 1@00.F.) and perform required file operations forcommon diskfile
sharing,and 3) to providalual capability to interface with NESSUS and MHO ST input/output information.
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2.0 Modularization of CODSTRAN

Stand Alone MCOD to FEM Connection Program for FEM-CODSTRAN

Figure 2-4a through 2-4ghow the flow charts for tracinghe major nodal normal calculations in the
FEM (MHOST) module of CODSTRAN. Basically, MHOST calculategshe normal vectors through the
ASSEMI route atthe stage ofassemblingthe stiffness matrices. This requires excessive (expensive)
algorithm operations (i.e., usirige entireMHOST preprocessomblocks oflogical flag settings, global-local
coordinate transforations etc). This approachand one in whiclonly needed routinesre extracted both
require reassembly of routines, fixing pointers, workspaeenoryredistribution, andtleaning upcommon
blocks whichare not longer needed. Becautisese featuresre very time consuming. It wadecided to
rewrite the procedure of nodal normal vector calculations to give coveragelts and recalculate the
ETRANS tensors in a stand-alone module. This procedure is shownflowheharts of Figure 2-5aand 2-
5b. Therevised procedure will take any FEM output and produce a SCRA93 genéralezdile.
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STARTING
FEM
HOSTEX
+ JOB PARAMETRS INPUT
HOST calls: head
lines
key
typeih
frefor
DAT|N1 —-——-——> Copysp
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+ compdf
quit
LETCMDV prwarn
Review the Control
Data Flags
BULKIN
— e DATA IN2
Mesh Data Input
Routine v
Calls:  Lines prinin shifin
Key presin spriin
connin tempin harmin
RESTART bgu.nin midq1e baseip
e e e e tyinin extein compin
Restart Capabilities tracin subsin pulsin
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coorin distin dmatin
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dampin yielin
bodyin foloin
duplin prterr
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Figure 2-4a. Tracing of the Nodal Normal Calculations in the FEM (MHOST) CODSTRAN ROUTINE
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2.0 Modularization of CODSTRAN

RUNSMDV

Review the Control

Data and Set Up
Flags

Y

STATIC

Drives the Incremental
{terative Solution of a
Quasi-static

CONTINUATION OF THE

= e - - e e~ e - = - -

(is shown)

et - - INGRIN _

Reads Incremental Loads

STRUCT

Storage Allocation for
Symmetrical Profile
Solver

ASSEM CONTINUATION

Assembly Global Stiffness >
Matrix

T B —— SQLUTL o - - —
Solve the Linear Set of

Algbraic Equation
CONTINUATION OF
STATIC

(is not shown)

Figure 2-4b. Tracing of the Nodal Normal Calculations in the FEM (MHOST) CODSTRAN ROUTINE (Continued)
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ASSM1

INITDF

NUL

elvulv

cnodel

LMPMAS

Boundnr

Y v VY vV VVY

nrmnrm

Initialize total deformation gradients
Initialize “lumped” mass matrix
Extract information about element type

Extracts element quantities and updates the geometry |:> See Page 5

See
Calculates the diagonalized Gramm matrix for nodal strain Page 4
projections. Either Gauss-Lobatto or Gauss/Now-sum algorithm
can be used

Reads in boundary displacements constraint data

Normalizes nodal normal vector and stores its components as a part
of coordinate vectors for shell element

Middle Block of ASSM1 Routines
(is not shown)

Calls: PRNSH1
copyin
elvulv
prelem
nul
page2
page3
interp
copy
addinv
prino1
prino2
prinsu

PRINTOU Controls the line printer output of the global solution

Generates tensor etrans

Y

Dumps ETRANS in
the file ILPRINT line Info1
printer output
¢ Creates FTNG3

(generalized forces file)

Figure 2-4c. Tracing of the Nodal Normal Calculations in the FEM (MHOST) CODSTRAN ROUTINE (Continued)
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Imp

:

EEEREEEREEEEEE

Calkculaiss the disgonalized Gramm matrix far nodal sirain projections.
Either Gauss-Lobaths or Gauss'now-sum algenithm can be used.

SID02M Shape funclions for the one-dimensional fwo node elarmenl

DEMO2N Calculyles dervallves for two node linear Timoshanko beam
el@ments.

S2D04M Shape functions for the two-dimensional four node alemants

DSHO4N Calculates darivatives for lour node shell alaments in the lamina
coordinate system

D2D04MN Calculates dedvatives lor wo-dimensional four node slemants

53008 Shape luncllons for the three-dimensicnal eight node slemants

DSHOAM Calculales dedvalives lof hies-dimanslonal sight nods
hexahedral alemenls

EMULT Mulliphes an array by a scalar

GAUSSP Retumns cosrdinates and welght factomn for Gaussian quadrature

520098 Shape functions for the two-dimensional nine node element

D2D0aM Calculates derivabives for two-dimensianal nine noda elemants

Figure 2.4d, Tracing of the Modal Mormal Calculations in the FEM (MHOST) CODSTRAMN ROUTINE (Continged)
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Cnodel P SEARCH

SEARCH
L-» Pulls out double precision real element nodal quantities from
the global nodal data base

MATINV inverts a given square matrix*

~ INTERP Interpolates nodal values to the integration points

— NUL Zero - clears a double precision real array

—»- GAUSSP returns coordinates and weight factors for Gaussian quadrature
— SIDO2N Shape functions for the one-dimensional two node element

P S2D04N Shape functions for the two-dimensional four node element
- S2D09N Shape functions for the two-dimensional nine node element
—J» S3DOBN Shape functions for the three-dimensional eight node element

TBMO2N Calculates the local coordinate system for two node beam element
TBMO2N Calculates the local coordinate system for two node beam element

DIRECT Generates three orthodonal vectors, one of which is orthogonal to the plane
defined by two given vectors

RDTDMT Rotates the element stress stain matrix into the global coordinate system for
shells

ORIENT Generates the coordinate transformation matrix to the preferred orientation of
an anisotropic material

MATINV (see above *)

— TSHIFT Sets up tensor transformation with respect to the preferred orientation of an
anisotropic material

— Tfull2 Transforms the material module into fully 3D form

—» NUL Initializes vector or array

—J Copy Copies part of the workspace into particular array
—» Quit Stop with message

— MULT Multiplies two two-dimensional matrices

—J» ADO Adds two double precision real vectors

—» SHTRAN Transforms nodally defined shell stress and strain resultants to NUL, MULT,
COPY
— SMULT Multiplies an array by a scalar

—»- TSHO4N Calculates local coordinates for four node shell elements (see *)
—P Addsmu Computes half of incremental displacements to obtain mid increment geometry

P TRANSP Transposes a two-dimensional matrix

YYVYYY

Figure 2-4e. Tracing of the Nodal Normal Calculations in the FEM (MHOST) CODSTRAN ROUTINE (Continued)
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2.0 Modularization of CODSTRAN

1. Interface with MHOST (Pre-processing)

Preprocessing and input from SCRA36 (MHOST line print
output listing file) with symbolic keywords analysis and
symbolic string flow storage (shall provide major keywords for
array, start/end definition, and format of the data expected for
vinversalizing of interface)

The Core Part of the Code

2. Storage Coordinated and Topology

Conversion preprocessed string flow with the extraction
necessary information about nodal coordinates and element
connectivities. Storing the information in the standard element
oriented storage as well as nodal coordinates

3. Rebuilding of the Element Connectivities

Reorganize element connectivity arrays to the structure of the
nodal connectivities, to be able to access to bi-linear shell
element definition

4. Sorting of the Connectivities According to the Orientation
rules

Sorting star connectivities to replace triad references of plate
coordinates according to clockwise direction of the original
element definition (will be defined by sign area of triads)

\

Figure 2-5a. Proposed Preliminary Functional Flow Chart within Respect of External Pressure Loads
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2.0 Modularization of CODSTRAN

5. Local Normal Nodal Vector Calculation

Calculation nodal normal unit vectors projections by calculation
diirected COS fro each triad (plates) from the nodal bi-linear 4
node shell element definition

'

6. Control Logical Block Singularity and ROV (Range of
Value)

Block of the logical functions will be written to avoid the
singularity of the process from geometric reasons (mutual
nodes location), and to provide allowable ROV of determinant
of bsis plate matrices

7. Collecting Nodal Normal and Averaging Their for Each
Node of the Model

8. Post Processing ETRANS
Calculation of ETRANS - tensors of local nodal normal
orientation, according to the obtained nodal normal directed
COS in the global coordinates

!

Calculation of the generalized forces with respect of external
pressure loads and storing the results in the CODSTRAN
format as intermediate file SCRA93

9. Preparation SCRA93

END

Figure 2-5b. Proposed Preliminary Functional Flow Chart within Respect of External Pressure Loads (Continued)
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2.0 Modularization of CODSTRAN

2.1.5

Implementation of Algorithm

The interface betweeNICOD to FEM andFEM output isnot considered as a core parttbé source

code. The interfaceoutine is to be rewritten for differeREM output format.

Pre-processing is organized

for inputfrom 2files: 1) SCRAS5 - FEMinput file, and 2)SCRA36 -main line print outprotocol. The file
SCRADSS is usedor pre-processing model geometry aswhnectivity. Thedile SCRA36contains results of
FEM calculations such as running loads, displacements, etc.

Two genericpre-processo(interface) routinedave beemvritten namedo_nd_cn andio_str_dspto: 1)
readsymbolic information, 2convert charactestringsfor double precisiomeal data storageand 3) pass
information to the core set of routines

The storage of nodes and element connectivities were organig&di@®D arraysthat can be utilized up
to a 15000-node shell element model. The current approach maythetiestrational, but, it is a fast way
consideringCODSTRAN restrictions. Stored elemerdsd connectivity datare transferred fornodal local
normal calculations to modules normals_1 and loc_nrm, respectively.

In the process of developintipje modularized code, ivas possible tavoid complete rebuilding of the
element connectivity algorithm, by consideringe2ghboring nodes for each vertexes duthegcalculations.

Local normal calculation isbased on bi-lineashell elementrepresentation.

Thus, aftére local nor

mal

calculation for each element, an algoritlatiows obtainingnormals at each node that is connectedttat

element.

The local normal averaging algorithrwvas developed and considerdte length of adjacentsides of
elements as a weight factor in the calculations.

All of theresults are passed to the post-processing outpuirffieés_mirv3.f main program ofMCOD
to FEM. These results are needed®®DSTRAN for darage progression analysis.

2.1.6 MCOD to FEM Source Code Structure

The MCOD to FEM sourcecode structure isshown inTable 2-3, along with the description ofeach
module ofthe code.

Table 2-3. MCOD to FEM source code structure

INEX

he

infol_mirv3. | The main module of MCOD to FEM. This module is calling input blocks, preprocessing of data, normal and

f ETRANS calculations, post- processimjol and preparing necessary files for transferring to CODSTRAN
analyzer on the next loop of damage tracking

opfeml Opening system channels for integration between MHOST, MCOD to FEM and CODSTRAN analyzer

get_record Obtaining record number from the particular sequential text input file, according to given symbolic prototype]
Moving pointer on the prototype matching record.

io_nd_cn Generic input of the nodes and connectivity from SCRA55 FEM input file. It is not so advanced routine as
MHOST preprocessor yet, but it will include at least GENEX capabilities on the stage of integration with GH|

io_str_dsp An input of the stress and displacements from SCRA36 - FEM output file. Interface. Has to be rewritten for
particular FEM output format

normals_1 This routine contains generic algorithm of the averaging local normal directed cosines, based on the weig
distribution between local normalized vector in each vertexes within respect of adjacent side lengthens.

loc_nrm Subroutine-function of the local (element defined) directed cosines

anorma Based on pre-calculated coefficients of the plane of bi-linear shell element definition this routine calculate
normalizing multiplier of local normal component

coeff Calculates polynomial coefficients of arbitrary plane definition based on 3 given vertexes coordinates

alength Function for calculations distance between vertexes defining local plane

infol Post-processing of FEM results. The routine is preparing

2.1.7 Verification of the Modular Version Of CODSTRAN (COD6)

The COD versions 5, 6, andf@r 3D stitched/braidedomposites asleveloped byDr. Minnetyan were
integratedwith GENOA software systerand debugged. One featuretbé new code is therestart capability
which is combined with start-stop-continagede execution at selectetimes. This allows execution &iing
jobs to take place at desirtohe segments (when there is no competition for computer resources).

2-16



2.0 Modularization of CODSTRAN

The verification ofthe modular version offODSTRAN (COD6)that hadbeeninstalled onIBM, HP,
and SGI workstations was anductedvia simulations ofbuilt up stiffened composite panels witilade
stiffeners and a diamond shape cutouts. The built-up panels were nsitishefl composites with stacks of
7-Ply AS4/3501-6 [+45/-45/#90]s Saerbeck Laminate [44%/44%/12%tichedwith 1600 denier keviar
threadwith stitch spacing of 0.2n. and apitch of 0.125 in. Structural models with two differenfinite
elementmesh refinements wensidered. The coarserodel had 540 elemen#d 786 nodes. The more
refined modehad 1636 elements and 1688des. Both modelswere simulatedunder axial compression
using COD6 and the previous version CODBhe simulation ofthe refined model unde€OD6 proceeded
up to the damge initiationstage but theencountered difficulties assatedwith memoryallocation. The
simulation ofthe coarser model gave exactly tb@me loads for damage initiation and progression under both
COD5and CODG6 simulations. Howevedine amount of damage computed BYDD6 wasgreater tharihat
computed by COD5 and the numbeffinfte elementstructural analyses required BOD6 wasgreaterthan
the number of analyseequired byCOD5toreach thesameload. Thedisplacements computed by cod6
were approximately twagoercent largethanthe displacements computed by COD5before damiatjation.
After substantial damagerogression, COD6 displacemenbecame five percent greatdhan the
COD5displacements und#éne sameload. Investigation of reasons fdhe differences between COD5and
CODSG6 are still in progress.

2.2 TESTING AND VALIDATION

2.2.1 Model Definition ( For Test Example)

A rectangular flapanelwas considered for st example twalidate themodularized code.The model
meshhad 2x3, 4 nodshell elements of type 7&ith 6 DOF per node and a total of 12 node andl@&ments.
Two intermediaterows where0.9 inches in Z direction, in order étheck nodalnormal calculations. The
modelhad 18boundaries, witlthe DOF fixed at one edge, and external noftaicesare applied in the X
direction from another free edge. The composite consisted, of 4 plies, with O degree fiber orientation.

Comparison othe coordinates and nodal averaged nore@hponents fronthe COD6 - MHOST and
MCOD to FEM (Intermediate output).

The coordinates anthe nodal normalcomponentsre listed in Table-4 and 2-5from MHOST and
MCOD to FEM codes, respectively.

Table 2-4. Coordinate And Nodal Averaged Normal Components From MHOST

X Y Z coso co3 cosy A
1 .00 .00 .00 -.66 .00 .75 33
2. .00 1.00 .00 -.66 .00 .75 33
3. .00 2.00 .00 -.66 .00 .75 33
4. 1.02 .00 90 -40 .00 92 33
5. 1.02 1.00 .90 -40 .00 91 33
6. 1.02 2.00 .90 -40 .00 92 33
7. 2.05 .00 .90 40 01 92 33
8. 2.03 1.00 .90 A1 .00 91 .33
9. 2.05 2.00 .90 40 -01 92 33
10. 3.08 .00 .00 66 02 .75 33
11. 3.05 1.00 .00 .66 .00 .75 .33
12. 3.08 2.00 .00 66 -.02 .75 33
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2.0 Modularization of CODSTRAN

Table 2-5. Coordinate And Nodal Averaged Normal Components From MCOD To FEM

X Y Z cosa coP cosy A
1 .00 .00 .00 -.66 .00 75 33
2. .00 1.00 .00 -.66 .00 .75 .33
3. .00 2.00 .00 -.66 .00 75 33
4. 1.02 .00 .90 -.38 .00 93 33
5. 1.02 1.00 .90 -.38 .00 92 .33
6. 1.02 2.00 .90 -.38 .00 93 33
7. 2.05 .00 90 38 01 93 33
8. 2.03 1.00 .90 .38 .00 .92 .33
9. 2.05 2.00 .90 38 -01 93 33
10. 3.08 .00 .00 66 .02 75 33
11. 3.05 1.00 .00 .66 .00 75 .33
12. 3.08 2.00 .00 66 -.02 75 33

Comparison of the components of nodal running loads from the COD6-MHOST and MCOD to FEM
(SCRAG61).

codes, respectively.

Table 2-6. Output of nodal running loads from the COD6-MHOST (SCRA61).

The results of nodal running loadse listed in Table-6 and 2-Arom MHOST andMCOD to FEM

No. Nx Ny Nxy Q1 Q2 Mx My Myx

1 .444049E-01 .756702E-03 -.106099E-02 .263657E-01 .448849E-03 -.162072E-04 -.395424E-01 .120904E-02
2. .427889E-01 .723994E-03 .608107E-12 .265037E-01 .451097E-03 .264833E-11 -.395153E-01 .515064E-11
3 .444049E-01 .756702E-03 .106099E-02 .263657E-01 .448849E-03 .162072E-04 -.395424E-01 -.120904E-02
4. .158518E-01 .578358E-02 -.418313E-02 .150713E-01 .341761E-03 .7124311E-05 -.218028E-01 .568331E-03
5. .375709E-01 .613820E-02 .143576E-10 .151819E-01 .343575E-03 .312078E-11 -.218630E-01 .149137E-11
6. .158518E-01 .578358E-02 .418313E-02 .150713E-01 .341761E-03 -.724310E-05 -.218028E-01 -.568331E-03
7. -.134355E-01 -.753096E-02 -.355526E-02 -.340828E-04 - 711631E-04 .906664E-05 -.335956E-06 -.939671E-04
8. .906555E-02 -.716736E-02 .184308E-10 .127539E-04 -.703492E-04 .309960E-11 .682565E-06 -.273999E-11
9. -.134354E-01 -.753096E-02 .355526E-02 -.340828E-04 -.711631E-04 -.906664E-05 -.335944E-06 .939671E-04
10. -.149089E-03 .323702E-02 -.148445E-03 -.466253E-04 .200806E-04 -.133774E-04 -.267497E-04 .116552E-04
11. .106000E-02 .335050E-02 -.805363E-10 .669486E-04 .227273E-04 .225789E-11 .245598E-04 -.296972E-11
12. -.149087E-03 .323702E-02 .148445E-03 -.466252E-04 .200806E-04 .133774E-04 -.267497E-04 -.116552E-04

Table 2-7. Output Of Nodal Running Loads From The MCOD To FEM (SCRA61).

No. NX Ny Nxy QL Q2 Mx My Myx
1 .444050E-01 .756700E-03 -.106100E-02 .263660E-01 .448850E-03 -.162070E-04 -.395420E-01 | .120900E-02
2. .427890E-01 .723990E-03 .608110E-12 .265040E-01 .451100E-03 .264830E-11 -.395150E-01 .515060E-11
3 .444050E-01 .756700E-03 .106100E-02 .263660E-01 .448850E-03 .162070E-04 -.395420E-01 | -.120900E-02
4. .158520E-01 .578360E-02 -.418310E-02 .150710E-01 .341760E-03 .7124310E-05 -.218030E-01 .568330E-03
5. .375710E-01 .613820E-02 .143580E-10 .151820E-01 .343570E-03 .312080E-11 -.218630E-01 .149140E-11
6. .158520E-01 .578360E-02 .418310E-02 .150710E-01 .341760E-03 -.724310E-05 -.218030E-01 | -.568330E-03
7. -.134350E-01 -.753100E-02 -.355530E-02 -.340830E-04 -.711630E-04 .906660E-05 -.335960E-06 | -.939670E-04
8. .906560E-02 -.716740E-02 .184310E-10 .127540E-04 -.703490E-04 .309960E-11 .682560E-06 -.274000E-11
9. -.134350E-01 -.753100E-02 .355530E-02 -.340830E-04 -.711630E-04 -.906660E-05 -.335940E-06 .939670E-04
10. -.149090E-03 .323700E-02 -.148440E-03 -.466250E-04 .200810E-04 -.133770E-04 -.267500E-04 | .116550E-04
11. .106000E-02 .335050E-02 -.805360E-10 .669490E-04 .227270E-04 .225790E-11 .245600E-04 -.296970E-11
12. -.149090E-03 .323700E-02 .148440E-03 -.466250E-04 .200810E-04 .133770E-04 -.267500E-04 | -.116550E-04

Comparison of the components of general forces from COD6-MHOST and MCOD to FEM (SCRA93).

The results ofyeneralforces are listed in Tablés8 and 2-%rom MHOST andMCOD to FEM codes,
respectively.
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Table 2-8. Output Of General Forces From COD6-MHOST (SCRA93).

NXx Ny Nxy QL Q2 Mx My Myx
1. 444049E-01 .7156702E-03 -.106099E-02 .263657E-01 .448849E-03 -.162072E-04 -.395424E-01 .120904E-02
2. 427889E-01 .7123994E-03 .608107E-12 .265037E-01 .451097E-03 .264833E-11 -.395153E-01 .515064E-11
3 444049E-01 .756702E-03 .106099E-02 .263657E-01 .448849E-03 .162072E-04 -.395424E-01 -.120904E-02
4, .158518E-01 .578358E-02 -.418313E-02 .150713E-01 .341761E-03 .724311E-05 -.218028E-01 | .568331E-03
5. .375709E-01 .613820E-02 .143576E-10 .151819E-01 .343575E-03 .312078E-11 -.218630E-01 .149137E-11
6. .158518E-01 .578358E-02 418313E-02 .150713E-01 .341761E-03 -.724310E-05 -.218028E-01 -.568331E-03
7. -.134355E-01 -.753096E-02 -.355526E-02 -.340828E-04 -.711631E-04 .906664E-05 -.335956E-06 -.939671E-04
8. .906555E-02 -.716736E-02 .184308E-10 .127539E-04 -.703492E-04 .309960E-11 .682565E-06 -.273999E-11
9. -.134354E-01 -.753096E-02 .355526E-02 -.340828E-04 - 711631E-04 -.906664E-05 -.335944E-06 .939671E-04
10. -.149089E-03 .323702E-02 -.148445E-03 -.466253E-04 .200806E-04 -.133774E-04 -.267497E-04 .116552E-04
11. .106000E-02 .335050E-02 -.805363E-10 .669486E-04 .227273E-04 .225789E-11 .245598E-04 -.296972E-11
12. -.149087E-03 .323702E-02 .148445E-03 -.466252E-04 .200806E-04 .133774E-04 -.267497E-04 -.116552E-04
Table 2-9. Output of general forces from COD to FEM (SCRA93).
NX Ny Nxy Q1 Q2 Mx My Myx
1 .444050E-01 .756700E-03 -.106100E-02 .263660E-01 .448850E-03 -.162070E-04 -.395420E-01 .120900E-02
2. .427890E-01 .723990E-03 .608110E-12 .265040E-01 .451100E-03 .264830E-11 -.395150E-01 .515060E-11
3 .444050E-01 .756700E-03 .106100E-02 .263660E-01 .448850E-03 .162070E-04 -.395420E-01 -.120900E-02
4, .158520E-01 .578360E-02 -.418310E-02 .150710E-01 .341760E-03 .724310E-05 -.218030E-01 .568330E-03
5. .375710E-01 .613820E-02 .143580E-10 .151820E-01 .343570E-03 .312080E-11 -.218630E-01 | .149140E-11
6. .158520E-01 .578360E-02 .418310E-02 .150710E-01 .341760E-03 -.724310E-05 -.218030E-01 -.568330E-03
7. -.134350E-01 -.753100E-02 -.355530E-02 -.340830E-04 -.711630E-04 .906660E-05 -.335960E-06 -.939670E-04
8. .906560E-02 -.716740E-02 .184310E-10 .127540E-04 -.703490E-04 .309960E-11 .682560E-06 -.274000E-11
9. -.134350E-01 -.753100E-02 .355530E-02 -.340830E-04 -.711630E-04 -.906660E-05 -.335940E-06 .939670E-04
10. | -.149090E-03 .323700E-02 -.148440E-03 -.466250E-04 .200810E-04 -.133770E-04 -.267500E-04 .116550E-04
11. .106000E-02 .335050E-02 -.805360E-10 .669490E-04 .227270E-04 .225790E-11 .245600E-04 -.296970E-11
12. | -.149090E-03 .323700E-02 .148440E-03 -.466250E-04 .200810E-04 .133770E-04 -.267500E-04 -.116550E-04

Comparison Of Components Of Displacements

COD6-MHOST And MCOD To FEM.

And Displacements In Averaged

Nodal Normal Direction From The

The results of displacemeraselisted in Tables 2-10 and 2-11 fMHOST andMCOD to FEM codes,

respectively.

Table 2-10. Intermediate Output From COD6-MHOST (Stored In SCRA78).
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2.0 Modularization of CODSTRAN

Table 2-11. Intermediate Output From MCOD To FEM (Stored In SCRAT8).

B 3y 5z Bl
1 2833200E-31 1209100E-32 2546400E-33 - 1851183E-31
2 6067500E-31 - 1142900E-40 -5092900E-33 - 4058084E-31
3 2833200E-31 -1209100E-32 2546400E-33 -1851183E-31
4 :3796900E-05 -3096100E-07 - 4286500E-05 - 5404840E-05
5 3659300E-05 - 1779900E-16 - 4104600E-05 - 5188463E-05
6 :3796900E-05 :3096100E-07 - 4286500E-05 - 5404840E-05
7 :3787100E-05 4328000E-07 - 1171100E-04 - 9413325E-05
8 3669300E-05 - 7439900E-14 - 1176100E-04 - 9470786E-05
9 3787100E-05 - 4328000E-07 - 1171100E-04 - 9413325E-05
10 -.2975400E-05 - 2247100E-07 - 1944400E-04 - 1659180E-04
11 -.2867500E-05 - 3346400E-13 - 1911300E-04 - 1618908E-04
12 -.2975400E-05 2247100E-07 - 1944400E-04 - 1659180E-04

2.2.2 Comments MCOD to FEM
« MCOD to FEM is designed only fornabde shell element concept.
« Validation and debugging for real pressure loads case has to be provided.
* Validation for stay alontMHOST modulehas to be provided.
* Real model size example (about 6000 DOF) has tedied.
» Systemcall from COD6 (CODSTRAN partjor FEM should be chosen.
» File SCRA83 is not needed any morEhis file can beeliminated.
* Program should beheckedwith SCRA8O (failureindex file) after integration with
« CODSTRAN through systeraall.

» Provide parametric dimensioning tbie arrays according to th@emory distribution concept.

2.2.3 Validation of COD7MM With an Intermediate Example (1000 DOF)

The validationprocess included running tife previous version oCOD7 thatagreed withthe sequential
version of CODSTRAN. Simulation results (generalizetdal stresses, daage historyand progression
characteristics files) were good agreemerftom both codeversions.

Definition of the Model for Validation

A flat panel (10.8x1 inches)was used for validation ofthe codes. The finite elementmesh used
contained 140 shell elements of type 75 @68 nodes with 6 DORPper node(Figure 2-6). The panel was
subjected to tension with 0O initial Z coordiea and aegular non-uniform 10x7 mesh. The FEM with 20
duplicate nodes (10 on each edge}hmdirection of prolongation to giveniform boundary displacements.
The panelwas made from compositenaterial having 3@iber reinforced plies ofvarious compositions
(1AS4T3601 and 2IM-73601 with 1IKEVL3601).
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2.0 Modularization of CODSTRAN
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Figure 2-6. Finite Element Mesh

The boundary conditions consist of 79 constraintBat restricted displacement ithe out-of-plane
direction for 3rows of nodes orach side othe model, and fixedOF inthe longitudinal direction foall 11
nodes fromone edge, and 2 nodes thie edges in Y direction.The initial profile of the loads applied to the
free edge ofill the 11nodeswas 1, 2, 3, 3, 3, 3, 3, 3, 3, 3, 3, 2, 1 pounds.

Validation of MHOST 4.2 Based Modularization

Comparison ofthe COD7MM and COD7 intermediate generalized nodal foreesults (between
iterations) shows partial agreementhat initial stage ofimulation as shown in Tabz12.

Table 2-12. Generalized Nodal Forces From Files SCRA88 After 21 CODSTRAN Interactions
FEM ANALYSIS NO. 1

COD7 COD7 + MHOST

Node No. NX NY NXY NX NY NXY

1 .2856500E+02 .4740600E+01 .1698600E+00 .2856500E+02 .4740600E+01 .1698600E+00
2 .2836500E+02 .4707300E+01 .2000300E+00 .2836500E+02 .4707300E+01 .2000300E+00
3 .2825700E+02 .4689500E+01 .2098600E+00 .2825700E+02 .4689500E+01 .2098600E+00
4 .2819300E+02 .4678800E+01 .1555300E+00 .2819300E+02 .4678800E+01 .1555300E+00
5 .2815800E+02 4673100E+01 .8156900E-01 .2815800E+02 .4673100E+01 .8156900E-01
6 .2814700E+02 4671300E+01 -.5802400E-07 .2814700E+02 4671300E+01 -.5802400E-07
7 .2815800E+02 4673100E+01 -.8156900E-01 .2815800E+02 4673100E+01 -.8156900E-01
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2.0 Modularization of CODSTRAN

COD7 COD7 + MHOST
Node NX NY NXY NX NY NXY
7 .2697200E+02 .1381200E-02 -.8034700E-03 .2697200E+02 .1381200E-02 -.8034700E-03
78 .2697000E+02 -.4265300E-02 .6336400E-09 .2697000E+02 -.4265300E-02 .6336300E-09
79 .2698700E+02 -.1132700E-03 .1091400E-08 .2698700E+02 -.1132700E-03 .1091400E-08
80 .2697100E+02 -.6095800E-02 .2061700E-08 .2697100E+02 -.6095800E-02 .2061700E-08
81 .2700300E+02 -.1086600E-01 .3325100E-08 .2700300E+02 -.1086600E-01 .3325100E-08
82 .2703400E+02 -.1673200E-01 .4623800E-08 .2703400E+02 -.1673200E-01 .4623900E-08
83 .2704000E+02 -.2157000E-01 .5166100E-08 .2704000E+02 -.2157000E-01 .5166100E-08
84 .2703400E+02 -.1673200E-01 .4623800E-08 .2703400E+02 -.1673200E-01 .4623800E-08
85 .2700300E+02 -.1086600E-01 .3325100E-08 .2700300E+02 -.1086600E-01 .3325000E-08
COD7 COD7 + MHOST
Node NX NY NXY NX NY NXY
.157 .2825700E+02 .4689500E+01 -.2098600E+00 .2825700E+02 .4689500E+01 -.2098600E+00
158 .2819300E+02 .4678800E+01 -.1555300E+00 .2819300E+02 .4678800E+01 -.1555300E+00
159 .2815800E+02 4673100E+01 -.8156900E-01 .2815800E+02 .4673100E+01 -.8156900E-01
160 .2814700E+02 4671300E+01 -.3459300E-07 .2814700E+02 .4671300E+01 -.3459300E-07
161 .2815800E+02 .4673100E+01 .8156900E-01 .2815800E+02 .4673100E+01 .8156900E-01
162 .2819300E+02 .4678800E+01 .1555300E+00 .2819300E+02 .4678800E+01 .1555300E+00
163 .2825700E+02 .4689500E+01 .2098600E+00 .2825700E+02 .4689500E+01 .2098600E+00
164 .2836500E+02 .4707300E+01 .2000300E+00 .2836500E+02 .4707300E+01 .2000300E+00
165 .2856500E+02 .4740600E+01 .1698600E+00 .2856500E+02 .4740600E+01 .1698600E+00
FEM ANALYSIS NO. 5
COD7 COD7 + MHOST
Node NX NY NXY NX NY NXY
.1 .1285470E+03 .2133340E+02 .7606730E+00 .1285450E+03 .2133310E+02 .7606510E+00
2 .1276440E+03 .2118330E+02 .8971240E+00 .1276410E+03 .2118310E+02 .8970380E+00
3 .1271580E+03 .2110290E+02 .9427500E+00 .1271570E+03 .2110260E+02 .9425400E+00
4 .1268680E+03 .2105470E+02 .6992520E+00 .1268670E+03 .2105460E+02 .6989850E+00
5 .1267120E+03 .2102890E+02 .3668610E+00 .1267110E+03 .2102880E+02 .3665620E+00
6 .1266630E+03 .2102080E+02 -.3545010E-06 .1266620E+03 .2102060E+02 -.3140540E-03
7 .1267120E+03 .2102890E+02 -.3668610E+00 .1267110E+03 .2102880E+02 -.3671760E+00
.17 .1213860E+03 .7021630E-02 -.4106590E-02 .1213840E+03 .7046040E-02 -.4191330E-02
78 .1213750E+03 -.1835080E-01 .5048760E-07 .1213750E+03 -.1834210E-01 .2980910E-04
79 .1214460E+03 .9523300E-04 -.1066810E-06 .1214460E+03 .9628900E-04 .5599640E-04
80 .1213740E+03 -.2540590E-01 -.2368090E-06 .1213730E+03 -.2540440E-01 .9931130E-04
81 .1215130E+03 -.4525560E-01 -.8958620E-07 .1215130E+03 -.4525180E-01 .1265360E-03
82 .1216460E+03 -.7004310E-01 .1607450E-06 .1216460E+03 -.7004000E-01 .1413030E-03
83 .1216700E+03 -.9077220E-01 .2354820E-07 .1216690E+03 -.9076910E-01 .1476790E-03
84 .1216460E+03 -.7004400E-01 -.1185590E-06 .1216460E+03 -.7003800E-01 .1587060E-03
85 .1215130E+03 -.4525650E-01 .1199930E-06 .1215120E+03 -.4524460E-01 .1495280E-03
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2.0 Modularization of CODSTRAN

157 1271580E+03 | .2110290E+02 -.9427400E+00 1271570E+03 2110270E+02 -.9428700E+00
158 1268680E+03 | .2105470E+02 -.6992640E+00 .1268680E+03 2105460E+02 - 6994150E+00
159 1267120E+03 | .2102890E+02 -.3668680E+00 1267110E+03 2102880E+02 -.3670800E+00
160 1266630E+03 | .2102080E+02 -.6181300E-07 1266630E+03 2102070E+02 -.2541380E-03
161 1267120E+03 | .2102890E+02 :3668680E+00 1267120E+03 2102880E+02 :3665940E+00
162 1268680E+03 | .2105470E+02 .6992640E+00 .1268680E+03 2105460E+02 .6989330E+00
163 1271580E+03 | .2110290E+02 .9427400E+00 1271570E+03 2110270E+02 19423600E+00
164 1276440E+03 | .2118330E+02 8971240E+00 1276430E+03 2118320E+02 8989970E+00
165 1285470E+03 | .2133340E+02 7606780E+00 1285450E+03 2133300E+02 7648000E+00
FEM ANALYSIS NO. 8
cOoD7 COD7 + MHOST
Node NX NY NXY NX NY NXY
1 9284270E+03 | .1540780E+03 5487830E+01 9283150E+03 .1540620E+03 5486400E+01
2 9218940E+03 | .1529940E+03 6474730E+01 9218110E+03 .1529800E+03 .6469900E+01
3 9183880E+03 | .1524130E+03 .6806440E+01 9183170E+03 1524010E+03 .6796550E+01
4 9162980E+03 | .1520650E+03 5049360E+01 9162370E+03 1520560E+03 .5036340E+01
5 9151620E+03 | .1518810E+03 2649440E+01 9151110E+03 .1518710E+03 2634300E+01
6 9148130E+03 | .1518210E+03 -, 1650330E-05 .9147820E+03 .1518140E+03 -.1610440E-01
7 9151620E+03 | .1518810E+03 -.2649450E+01 9151310E+03 .1518730E+03 - 2665570E+01
77 8767260E+03 | .5177380E-01 -.3042380E-01 8766640E+03 5271970E-01 - 3450980E-01
78 8766550E+03 | -.1311010E+00 1727260E-05 8766350E+03 - 1306650E+00 .1496700E-02
79 8771460E+03 | .1823630E-02 .9788890E-06 8771260E+03 .1862330E-02 2862820E-02
80 8766340E+03 | -.1798420E+00 - 2290690E-05 .8766030E+03 - 1797830E+00 5088090E-02
81 8776230E+03 | -.3202290E+00 - 2064840E-05 .8775930E+03 -.3201590E+00 6446060E-02
82 8785760E+03 | -.4963530E+00 - 2640750E-06 .8785460E+03 -.4962360E+00 7206170E-02
83 8787400E+03 | -.6442120E+00 1705710E-06 8786990E+03 -.6441380E+00 7554160E-02
84 8785760E+03 | -.4963440E+00 5697210E-06 8785260E+03 - 4961610E+00 8107910E-02
85 8776230E+03 | -.3202350E+00 2285190E-05 8775720E+03 -.3199010E+00 7626350E-02
157 9183880E+03 | .1524130E+03 -.6806530E+01 9183570E+03 1524080E+03 - 6812460E+01
158 9162980E+03 | .1520650E+03 -.5049380E+01 .9162580E+03 1520600E+03 - 5058370E+01
159 9151620E+03 | .1518810E+03 -.2649390E+01 9151410E+03 1518740E+03 -.2660550E+01
160 9148130E+03 | .1518210E+03 -.1355650E-05 .9147830E+03 1518160E+03 - 1276620E-01
161 9151620E+03 | .1518810E+03 2649390E+01 9151420E+03 1518750E+03 2635120E+01
162 9162980E+03 | .1520650E+03 .5049380E+01 .9162680E+03 .1520620E+03 5033450E+01
163 .9183880E+03 | .1524130E+03 .6806530E+01 .9183670E+03 .1524090E+03 .6787190E+01
164 9218940E+03 | .1529940E+03 6474730E+01 9218730E+03 .1529900E+03 .6569700E+01
165 9284270E+03 | .1540780E+03 5487830E+01 19283350E+03 .1540580E+03 .5698890E+01

Comparison of Damage Progression History In Files SCRA73 After 21 CODSTRAN Interaction
The damage progression resultsa®D7 and COD7MM+MHOSTare in goaareement.

Comparison of Damage Progression History In Files SCRA28 After 14 CODSTRAN Interaction

After 14 CODSTRAN interactionsthe SCRA28 files were in good agreememelative toincremental
loads, elastic energy, percentagethef damage, and damage energyhere was significant disagreement in
energy releaseate making it necessary to correct this situation. Howetles, DERR change appearing
during Iteration No. 12showthat theprocesses in both runs were very similar (TaBld8 and 2-14)
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2.0 Modularization of CODSTRAN

Table 2-13. COD7 Volume Of Structure Is Computed As: .2430864E+01

lter # | NEL | NODES | FORCE | PRESS ELA_ DAMAG | DERR TTL_DERR( | DMGE_
(kip) (ksi) ENERGY | (/100) (ksi) ksi) ENRGY
1 140 165 2700E-01 | .0000E+00 | .4673E+02 0 0 0 0
3 140 165 4050E-01 | .0000E+00 | .4648E+02 | .1975E+01 | .3871E-04 | .3871E-04 1456E+01
4 140 165 6750E-01 | .0000E+00 | .4651E+02 | .1975E+01 | .3871E-04 | .3871E-04 1456E+01
5 140 165 1215E+00 | .0000E+00 | .4650E+02 | .1975E+01 | .3871E-04 | .3871E-04 1456E+01
6 140 165 2295E+00 | .0000E+00 | .4678E+02 | .1975E+01 | .3871E-04 | .3871E-04 1456E+01
7 140 165 4455E+00 | .0000E+00 | .4730E+02 | .1975E+01 | .3871E-04 | .3871E-04 1456E+01
8 140 165 8775E+00 | .0000E+00 | .4895E+02 | .1975E+01 | .3871E-04 | .3871E-04 1456E+01
9 140 165 1742E+01 | .0000E+00 | 5461E+02 | .1975E+01 | .3871E-04 | .3871E-04 1456E+01
10 140 [ 165 3470E+01 | .0000E+00 | .7542E+02 | .1975E+01 | .3871E-04 | .3871E-04 1456E+01
12 140 165 .6926E+01 | .0000E+00 | .1541E+03 | .9879E+01 | .3821E+00 | .3057E+00 (6799E+01
13 140 165 1384E+02 | .0000E+00 | .4671E+03 | .9879E+01 | .3821E+00 | .3057E+00 (6799E+01
14 140 165 2766E+02 | .0000E+00 | .1706E+04 | .9879E+01 | .3821E+00 | .3057E+00 (6799E+01

Table 2-14. COD7MM+MHOST Volume Of Structure Is Computed As: .2430864E+01

lter# | NEL | NODES | FORCE PRESS ELA_ENERGY | DAMAG(/100) | DERR(ks) | TOTAL DERR | DMGE_
(kip) (ks) (ksi) ENRGY
1 140 | 165 2700E-0L | .0000E+00 | .4673E+02 0 0 0 0
3 140 | 165 4050E-01 | .0000E+00 | .4648E+02 1975E+01 3093E-04 | .3093E-04 1456E+01
4 140 | 165 6750E-0L | .0000E+00 | .4651E+02 1975E+01 3093E-04 | .3093E-04 1456E+01
5 140 | 165 1215E+00 | .0000E+00 | .4659E+02 1975E+01 3093E-04 | .3093E-04 1456E+01
6 140 | 165 2295E+00 | .0000E+00 | .4678E+02 1975E+01 3093E-04 | .3093E-04 1456E+01
7 140 | 165 4455E+00 | .0000E+00 | .4730E+02 1975E+01 3093E-04 | .3093E-04 1456E+01
8 140 | 165 8775E+00 | .0000E+00 | .4895E+02 1975E+01 3093E-04 | .3093E-04 1456E+01
9 140 | 165 1742E+01 | .0000E+00 | .5461E+02 1975E+01 3093E-04 | .3093E-04 1456E+01
10 140 | 165 3470E+01 | .0000E+00 | .7541E+02 1975E+01 3093E-04 | .3093E-04 1456E+01
12 140 | 165 6926E+01 | .0000E+00 | .1541E+03 19886E-+01 3048E+00 | .2439E+00 6799E+01
13 140 | 165 1384E+02 | .0000E+00 | .4666E+03 19886E-+01 3048E+00 | .2439E+00 6799E+01
14 140 | 165 2766E+02 | .0000E+00 | .1702E+04 19886E-+01 3048E+00 | .2439E+00 6799E+01

2.2.4 Validation of NESSUS based COD7MM Modularization

After 21 NESSUS iterationsthe results inthe SCRA28 and SCRA73 files agreewith those of the
MHOST based COD7MM code. TheSCRAS88 files are in good agreement indicatinghat the main
integration is satisfactorily provided hige FEM modules.

2.3 CONCLUSION, PROBLEMS, AND FUTURE DEVELOPMENT AND VALIDATION

Validation ofthe COD7MM demonstratethe ability of the enhanced modular version GIODSTRAN
to communicate with differerfinite elementprograms byinterfacing with input/output filesonly. This
achievementallows use of different FE codes fdine static analysis of damagerogression by the
CODSTRAN analyzer withoutcode integration. COD7MM also hasbeen integratedwvith the standard
GENOA (GENEX) file management system.

Validation has shown theeed taesolvesome problems a®llows:

e Severalruns of COD7MM have shown a necessity to remal/6SCRA* files before aniteration in
order to obtain stable resul&pparently, some member tfie CODSTRAN file systemdoes not
openproperly.

* File SCRA28 has annacceptable dVERR errorwhich has to be corrected.

« CODSTRAN coddnteractionshows a significanNxy error thatmay beconnectedwith the DERR
calculation.

» COD7MM codehas to be verified on largexamples with about 6000-100G8DF.
« COD7MM codeneeds to be testaith pressure loads.
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3.0 Methodology of Adaptive Mesh Refinement in Progressive Failure Analysis

Conventional CODSTRAN updates dinite element rodel utilizing a Lagrangian updating technique.
Presently duringe-iterativere-analysisCODSTRAN eliminates or addsiew nodes tdhe FEM mesh.
Whenall modes ofcomposite resistandail at anode,that node is deleted antew detachednodes are
created at theamepoint for the remainingadjacent finiteelements. The number of new nodesreated in
place ofdeleted node is equal the number of elementthat hadconnectivity tothe deleted node. For
example, in a composite structure modeledguiadrilateral shelkklements, if aleleted nodavas shared by
four elements, then four new nodes wordgdlacethe deleted node. Othe other hand, ithe composite
structurewas represented by eight-node solidnelents,and a deleted nodeas shared bgight elements
then eight new solid element nodes would be created in pldice d#leted node. Ithe threedimensional
solid element version dEODSTRAN currently, the removal of aement due to the deletion aff nodes
on one surface is made user selectabkntable investigation dhe element deletion aspect progressive
fracture nodeling.

This CODSTRASNapproach was enhanced by adding adaptieshrefinement tathe CODSTRAN
version in PFA to morgrecisely representhe fracture patterrduring damagenitiation and growththan
does assimple coarsenesh. After a structure experienc@dy damage, stress concentrationay develop
around damage nodes. In order to characterize this situation accurateliyeadashrefinement mustake
place as daage occurs in structure.

Adaptive mesh refinement was introduced to reduce computationath&ine spent offinite element
analysis using a complete fimeesh throughouthe PFA simulation.Instead PFA computatiotime is
reduced by starting an analysisth a coarsdinite element mdel and subsequently refiningnly those
elements in the damaged areas. Thutheifdanage criterisare met at @aode, more nodesnd elements
are generated athat loaction. Thisprocess iscontinued untilthe final fracture ofthe specimen. The
methodology ofadaptive mesh refinement has sdar beenonly exercised forfour node shell element
meshes.

3.1 MODIFICATION OF CONVENTIONAL CODSTRAN MESH REFINEMENT MODULE

Two meshrefinement approachesgere used immodifying the conventional CODSTRAN. In one
approachthe elementsconnected to damagechode aredivided into five new elements aglustrated in
Figure 3-1.

¥ New Nodes

Original \ 3 11| s

Element
2
Element Prior to Node Damage Elements After Node Damage
(a) (b)

Figure 3-1. Schematic Of Mesh Refinement In The First Approach. (a) Original Element With Damaged Node, (b) Element Divided
Into Five New Elements
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3.0 Methodology of Adaptive Mesh Refinement in Progressive Failure Analysis

In the second approach an elemenhnected to a daaged node is divided intihree elements (Figure
3-2). If any node within newly generated elements is damaged, more refinement will take place

. m New Node 3
Original — )
Element
2 1
Damaged Node Damaged Node
@) (b)

Figure 3-2. Schematic Of Mesh Refinement In The Second Approach. (a) Original Element With Damaged Node, (b) Element
Divided Into Three New Elements.

3.2 VERIFICATION OF ADAPTIVE MESH REFINEMENT
Threemodelswere considered for verification and validation of adaptmeshrefinement.

3.2.1 Test Specimen No 1 Flat Panel

A rectangular stitched laminatedmposite (Qlies with the orientation of 45/-45/B0/0/-45/45) panel
was the first tesspecimerfor validation of meshrefinement methodology in progressifaglure analysis
(PFA). Thepanelwas 4 inches long and 1 inches wide and hadaathickness of 0.054nch. Thepanel
was simulated under tensile loadinghe FEM wascoarse consisting of 9hell elementf QUAD) and
120 nodes (Figure 3-3). The first adaptimeshrefinement approach was used in this PFA simulation.

g5 3 10 =15 =20 =25 = 303746 55 60 W &3 99 95 g100 2105 g110 g 115 m 120
e 3842 50 63 32 4] 89

e 4 a9 w14 w19 =24 20 L AJBZ A2 7281w 94 @90 w104 @109 g1 p119
s WA RA g

E 3 u 8 =13 18 £ 23 4 233042 5 G RO G@ 87 93 98 L5103 108 m 113 u118
e32 4 59 59 AR g 80

e 2 a7 p12 g 17 @22 527 § DA B GETT 92 g 97 102 107 g 112 ull?
e WHRA B % 8

g1 u b 11 w16 = 21 g 263 35 47 55 G5 W G0 91 m 96 101 106 g 111 al16

Figure 3-3. Validation of Adaptive mesh refinement in PFA Simulation of Test specimen No. 1.

Crack initiationwas represented by two unconnectaddes (No. 56and 65) located athe same
coordinate position.Runswere performed withand without adaptivanesh refinement. Figures 3-4a,
3-4b, and3-4c show asequence othree FEM iterations (No. 83, 84, and 85) without ptige mesh
leading to global fracture.
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3.0 Methodology of Adaptive Mesh Refinement in Progressive Failure Analysis

(b)

()

Figure 3-4 Meshes Generated Without Adaptive Mesh Refinement During FEM Analyses Of Test Specimen No. 1. At Iteration No.
() 83, (b) 84, And (c) 85 Or Final Fracture.
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3.0 Methodology of Adaptive Mesh Refinement in Progressive Failure Analysis

Simulations made with adaptive mesh refinement (Figures 3-5a, 88I8-5c)show the initiation of
the crack(at thenotch location at nodBo. 57) and itprogression at FEM iterations No. 78, and 80 (at
final fracture)

The simulation made withdaptivemeshrefinement has btr resolution (i.e., moraletail) thanthat
without adaptivemeshrefinement.

_K

(a)

(b)

A

S

()

Figure 3-5. Meshes Generated With Adaptive Mesh Refinement During FEM Analyses Of Test Specimen No. 1 At Iteration No.
(@) 78, (b). 79, And (c) 80 Or Final Fracture .
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3.0 Methodology of Adaptive Mesh Refinement in Progressive Failure Analysis

Without adaptivemeshrefinement, simulated stress distributidirs the x-direction) were obtained as
shown in Figures 3-6a and 3-6r FEM iteration No. 83 and 84.
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(a)
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-5000.
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(b)

Figure 3-6. Normal Stress Distribution In The X-(Longitudinal) Direction Under Tensile Loading As Simulated Without Adaptive
Mesh Refinement For FEM lteration No. (a) 83, And (b) 84

The stress distribution®btainedfrom simulations of Test SpecimenNo. 1 using adaptive mesh

refinementare shown in Figures 3-7a and 3-fdr FEM lIteration No. 78 and 79T hese stress distributions
havesignificantly higher resolutions than those made wittaalaiptivemeshrefinement (Figure3-6).
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Figure 3-7. Distribution of Normal stress distribution in the x-(longitudinal) direction under tensile loading as simulated wi th

adaptive mesh refinement at FEM Iteration No. (a) 78, and (b) 79

3.2.2 Flat Panel Model Definition for Test Specimen No. 2

The second test specimen was a rectangular panel made of stitched laminated composite consisting of 9
plies oriented irthe 45/-45/0/90/0,/-45/45 directionsThe panelwas simulated under tension loading for
validation ofthe PFAmeshrefinement methodology.The panelmesh wasoarse consisting of 70 shell
elementdQUAD) and 90nodes (Figure 3-8)Simulations withand withoutthe use of adaptive mesh
refinement showedrack initiation to occur at node No. 43.

12 18

Figure 3-8. FEM mesh used for Test specimen No. 2 in validation of adaptive mesh refinement in PFA.

Crack patterns simulated without adaptmeshrefinementare shown atiteration No. 50, 51, and 52
in Figures 3-9a, 3-9b, and 3-9c.
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3.0 Methodology of Adaptive Mesh Refinement in Progressive Failure Analysis

(a)

(b)

I

()

Figure 3-9. Meshes Generated Without Adaptive Mesh Refinement During FEM Analyses Of Test Specimen No. 2 At Iteration No.
(@) 50, (b). 51, And (c) 52 At Final Fracture.

3-7




3.0 Methodology of Adaptive Mesh Refinement in Progressive Failure Analysis

Simulations madevith adaptivemeshrefinementgave crackpatternsshown inFigures 3-10a, 3-10b,
and 3-10c aFEM iterationNo. 39, 40,and 41(at final fracture). As with Specimen No. 1 simulations, the
resolution ofthe crackpatterns obtainedith adaptive mesh refinement is significantly greater than the
resolution without adaptiveneshrefinement.

(a)

%y

(b)

1
L P
>:< I [

{
(c)

Figure 3-10. Meshes Generated With Adaptive Mesh Refinement During FEM Analyses Of Test Specimen No. 2 At Iteration No. (a)
39, (b). 40, And (c) 41 Or Final Fracture.

The x-directionstress distributions @eration No. 50 and 5ffom simulationswithout use ofadaptive
meshrefinementare presented in Figures 3-11a and 3-11b.
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qUUUU,
35000.

30000.
25000.
20000.
15000.
10000.
5000.
00

-5000.

~ -10000.
-15000.

-20000.
I -25000.
-30000.
-35000.

a
TBUUY. (a)
17000.

16000.
15000.
14000.
13000.
12000.
11000.
10000.
9000.
8000.
7000.
6000.

5000.

" 4000. '
3000. ‘
2000.

1000.
00
~1000.
~2000.
~3000.
(b)

Figure 3-11. Distribution Of Normal Stresses In The X (Longitudinal) Direction For Test Specimen No.2 Under Tensile Loading As
Simulated Without Adaptive Mesh Refinement At FEM lteration No. (a) 50, And (b) 51

Similar resultsare found for stress distributiorfor the testspecimen no. 1, butwith adaptive mesh
refinement. These aghown in Figures-12a and 3-12b, respectively fimite elementNo. of 39 and 40.
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Figure 3-12. Distribution Of Normal Stresses In The X (Longitudinal) Direction For Test Specimen No.2 Under Tensile Loading As
Simulated With Adaptive Mesh Refinement At FEM Iteration No. (a) 39, And (b) 40

The damage energy releasate (DERR) and the total damageenergy releasedate (TDERR) as
simulated with adaptiveneshrefinement for Specimen No. 1 are plotted in Figures 3-13a and 3-13b. The
final fracture loads wer8.376 and 3.45Xip with and without adaptivanesh refinementiespectively.

The results showthat there is a difference ihe ultimate loading forthe complete fracture when the
adaptivemeshrefinement is used. The final DERR and TDERR are found to be @0.7.58 ksi, and
0.052 and 1.07, respectively, with or with@adaptivemeshrefinement.
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Figure 3-13a. Damage Energy Rate Versus Applied Load for Specimen No. 1 With and Without Using Adaptive Mesh Refinement.
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Figure 3-13b. Total Damage Energy Rate Versus Applied Load for Specimen No. 1 With and Without Using Adaptive Mesh
Refinement.

Similarly, the danage energy releasedhite (DERR) and the total damage emgy releasedrate
(TDERR) areplotted for Specimen No. 2, in Figures 3-14a and 3-14b, respectiVély.adaptivemesh is
also applied. The final fractutead was 3.36&ip with or without adaptivenesh refinement.The results
show that there is no differences the ultimate loading forthe complete fracture.The finalDERR and
TDERR are found to be 0.253 an 0.511 ksi, respectively, with or witddagtivemeshrefinement.
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Figure 3-14a. Damage Energy Rate Versus Applied Load for Specimen No. 2 With and Without Using Adaptive Mesh Refinement.
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Figure 3-14b. Total Damage Energy Rate Versus Applied Load for Specimen No. 2 With and Without Using Adaptive Mesh
Refinement.

3.2.3 Flat Model Test Specimen No. 3

In this approach if aode of an element damagedthree nodewill be generated. One of the new
generated node is locatedtive center ofgravity of thatelement. The other twanew nodesre located in
the middle of the linesconnectedthe adjacennodes tahe damaged node. Tespecimen No. 3 was a
rectangulaflat panel plate is 4nches longand 1 inches wide.The totalthickness ofthe panel is0.015
inches. The panel is stitched laminated qoosite. Total of 30 layersare used with the orientation of
0,4/90,/0,,. The indeces 10 in orientation refer ttee number ofply used for each orientation. The
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3.0 Methodology of Adaptive Mesh Refinement in Progressive Failure Analysis

specimen is studied under tensile loadinthe panel is partitioned in@00 shell elementy QUAD) with
total of 231 nodes that is considered as coarse mesh and is shown in Figure 3-15.
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Figure 3-15. Test Specimen No. 3 Without Adaptive Mesh Refinement, Original Model
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All nodes at thdeft side ofthe model are fixed. The right side is free anddinéorm load is applied to

all nodes at theight side. Inthis example no adaptive mesh refinemieasbeenemployed. The damage
is initiated at nod@20 and 210, respectively. This is shown in Figure 3-16.

- e =
v
. . _ | 2710

Figure 3-16. Test Specimen No. 3 Without Adaptive Mesh Refinement, Damage Initiation

Figures3-17 shows thecrack propagation at finite element no. 75 for Test Specimen No. 3.

Figure 3-17. Test Specimen No. 3 Without Adaptive Mesh Refinement Damage Propagation, Finite Element No. 75

Figure 3-18 shows thiinal stage othe PFA craclkpropagation before the final fracture.



3.0 Methodology of Adaptive Mesh Refinement in Progressive Failure Analysis

Figure 3-18. Test Specimen No. 3 Without Adaptive Mesh Refinement Damage Propagation, Finite Element No. 76

In thesecond example, Test Specimen No. 8sied butusing the second approach iadaptivemesh
refinement. For this case tlilmmagesre initiated at nodeo. 61, 63, 65, anil94, respectively. This is
shown in Figure 3-19Note that the rechumbers are damaged nodes in the test specimen.
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Figure 3-19. Test Specimen No. 3 With Adaptive Mesh Refinement Damage Initiation, Finite Element No. 75

Figures3-20 and 3-2khowthe evolution ofthe crack inPFA, for finite elementnumbers 76and 77
until the final fracture.
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Figure 3-20. Test Specimen No. 3 With Adaptive Mesh Refinement Damage Propagation, Finite Element No. 76
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Figure 3-21. Test Specimen No. 3 With Adaptive Mesh Refinement Damage Propagation, Finite Element No. 77

The stress distribution (x-direction) fbnite element No. 75 and 7&epresented in Figures 3-22a and
3-22Db, respectively, without adaptimeeshrefinement.
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Figure 3-22. Normal Stress In X-Direction (Longitudinal Direction) o, Distribution Under Tensile Loading Condition Without
Adaptive Mesh Refinement For Two Sequences Of Finite Element Runs. (a) Finite Element No. 75, (b) Finite Element No. 76

Similarly, the stress distributiorfx-direction) for FiniteElement No.75, 76, and 77re presented in
Figures 3-23a, 3-23b, and 3-23c, respectively, with adapteshrefinement.
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Figure 3-23. Normal Stress In X-Direction (Longitudinal Direction) a, Distribution Under Tensile Loading Condition Without
Adaptive Mesh Refinement For Two Sequences Of Finite Element Runs. (a) Finite Element No. 75, (b) Finite Element No. 76,
And (c) Finite Element No. 77




3.0 Methodology of Adaptive Mesh Refinement in Progressive Failure Analysis

The results of adaptiveeshrefinement were compared with those without any refinement. Figures 3-
14a and 3-14b shothat for Specimen No 2. there is no gain if the adaptreshrefinement is used. On
the other hand irBpecimen No. 1 some benefit can be gained iattaptivemeshrefinement is used. The
later is shown in Figures 3-13a and 3-13bD&RR and TDERR.

In the thirdexample of specimen No. 3, the final loads fouwrstte 3.2kips and 2.6 kips, respectively,
without and with adaptivenesh. The differences in this case is about A& cent can bexplained inthat
adaptivemesh manyelements with a bad shapi®t the finite elemerdolver were not able to handle.

3.2.4 Verification Of Boeing Crown Panel with 38 inches Saw Cut

The Boeing Integrafirframe structure (IAS) crown panelith a 38-inchsaw cut is used for validation
of meshrefinement methodology iRFA. The finite element wdel used isshown in Figure3-24. The
specimen was simulated undke internalpressure loading. The FEM meslas partitioned into a coarse
mesh 0f2300shell elements (QUAD) with total of 3257 nodes (Figure 3-24).

Figure 3-24. 1AS Boeing Panel Finite Element Model

The skin and the stringers were made 8475-T7351 aluminunalloy and theframes of 7050-T7451-
aluminumalloy and theivets of 2017aluminumalloy. Thick shellelements (thehickness ofthe panel)
were used tonodel theentire structure. Since skirstringer, and frame thickness change waitation, the
thickness of elements was also changét location.

The staticprogressive damage analysis wattlaptivemeshing was performed dhe IAS panel. The
starting finite elementesh is shown in Figurg24. Computational simulatiowas also started with an
internal pressure of 1.0 psi. Fracturgtiated at thetip of thesaw cut at pressure of 8.5 psi. FiguB25 to
3-32 showthe meshsequences for various damagfages. Figur8-29 showsthe crackturning when it
reachedhe second frame.
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Figure 3-26. Adaptive Meshing At Damage Propagation Under Internal Pressure Of 8.67 Psi
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Figure 3-28. Adaptive Meshing At Damage Propagation Under Internal Pressure Of 8.97 Psi (Stage 2)
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Figure 3-30. Adaptive Meshing At Damage Propagation Under Internal Pressure Of 8.97 Psi (Stage 4)
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Figure 3-31. Adaptive Meshing At Damage Propagation Under Internal Pressure Of 8.96 Psi (Stage 5)
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Figure 3-32. Adaptive Meshing At Damag E Propagation Under Internal Pressure Of 8.96 Psi
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4.0 Progressive Fracture of Composite Structures Under Cyclic Fatigue

Progressive fracture in polymer matrix composite (PMC) structures subjeatedid¢datigue loading
was evaluated by computational simulation desessstructural responserelative to darage initiation,
damage growth, damage accumulation, damagpagation to fracture, defect/damage tolerance, and
identification of critical locations at which damage initiates. The purpote simulations was tdacilitate
evaluation and optimization dMC designiterations by providing amccurate numericatomputdive
means ofrapidly and coskeffectively assessinghe effects of onPMC aircraft structures undecyclic
fatigue loads caused by structural vibrations and fluctuating sysfassures. Arimportant aspect of the
developedsoftware isthe capability of using constituent material properties obtafinech experimental
coupon testing at the structural level to evaltiaeverall damage and fractupgopagation in composites.

4.1 LOW CYCLE FATIGUE

The GENOA-PFA code was modified toaccount forthe effects of low cyclic loading on PMC
structure, ashown inthe flow chart of Figure 4-1. Prior teach finite elemenanalysis,the composite
mechanics module computte composite propertieBom the fiber and matrix constituentcharacteristics
andthe composite lay-up.The finite elementnalysis moduleaccepts thecomposite propertiethat are
computed for eachode by thecomposite mechaniocsode and performsthe global structural analysis at
each load increment.

It is well known that cyclic loads can degradenaterials properties ovéime. This isindicated by the
typical stress vs. number lafad cycleg(S/N) curve of Figure 4-1, in whictthe ratio of residual tanitial
ultimate stress decreases markedIlytlas material strengttdegrades with aincreasingnumber of stress
cycles.

olo,

CYCLES TO FAILURE

Figure 4-1. SIN Curve for Aluminum

The amplitude and duration aftress cycles are predominantly responsibléor material property
degradation. Thereforehe total degradatiorshould be &unction of stressand loading cycles. The
GENOA software suite uses the slopBsdnd) of the twosegments othe curve inFigure 4-1land the
cycle nunter,N, in, thefollowing formulas to determined a property degradation factdolbsvs
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4.0 Progressive Fracture of Composite Structures Under Cyclic Fatigue

f=1,(N)f,(0)

)20 MO, fo = BilogN) (it N <N)
A )_Efo_(ﬁl_ﬁz)loch—logN (if N2N,)

f,= El.o—aig
0
Where f — property degradation factor.
f, — property degradation factor due to cycling
f, — property degradation factor due to stress
0 — stress component due to maximum loading
0, — strength component correspondingto
f B, B, a — coefficients which can be calibrated with experimental results.

N. — loading cycle number in which tBecoefficient changes, which can be determined
experimentally

N — loading cycle number.

4.1.1 NASA Test Coupon Simulation

The test couponvas 4incheswide andapproximdely 20 inches long. Itwas made of two T7475-
T7351 aluminumalloy panels lap joined with twelve 2017-aluminum alloy rivetstaaswn in Figure 4-2.

Rivet
L | v
L /“é—i['LH_LZ\ \ J
T T T R’ T )
0.06 in 0.11in 0.085in 0.06in0.17 in 0.06 in

Figure 4-2. Schematic of the NASA Lap Joint Test Coupon

Shell elementgeflecting thedifferent thicknessewere used to separatelyodel each half ofthe test
coupon. The FEMneshcreated (Figurd-3) had 980 (QUAD) elements and 120 nodes.
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4.0 Progressive Fracture of Composite Structures Under Cyclic Fatigue

Figure 4-3. FEM Mesh of the NASA Test Coupon

The rivetedlap joint was modeled with pairs afuplicatednodesthat moved and rotated identically.
Theresponse of @ode pairwas terminated if one othe nodes broke. If a rivet is brokéhe pair of
duplicate nodes that represented the rivet were separated automatichdhGIEN OA-PFA software.

For the cyclicloading analysis, one end dhe couponwasfixed while a tensile loadvas uniformly
applied to onthe other end. The coupon propertiedegraded athe number ofcycles increased until the
coupon failed. Thealegradation coefficienf was calibrated based on experimental resulfBable 4-1
shows the NASAcoupon results and tHeENOA predictedcoupon test resultdfhe maximum stress vs.
cycles to failure curveshown in Figuret-4 is in good agreement withe limited number ofNASA test
results.

Table 4-1. Test and Predicted Cycles to Failure vs. Maximum Stress

Maximum_ Cycles to Failure
Stress (ksi) NASA Test GENOA Simulation
24 not available 50,000
22 81,541 84,000
18 153,951/239,361/154,142 204,800
16 313,138 324,100
14 not available 505,000
12 not available 830,700
11 not available 2,500,000
10 not available 29,100,000
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S/N Curve for NANA Coupon
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Figure 4-4. S/N Curve From Simulation of NASA Test Coupon

4.1.2 Crown Panel Simulation
The IAS crown panel was simulated 8ing coefficients calibratedvith NASA coupon testresults

except for, which wasbased on testesults fromMill Hand Book 5G, Figure4-5 (7050Aluminum
plate: Kt =1.0, StresfRRatio =-1.0) NASA because coupon test the 3, rangewas not available. The
coefficient values used in tlemulationwere adollows:

3,=0.168

B,=0.0127

f,=1.196

a=1.15

N.= 10
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Figure 4-5. Material Property Degradation For 7050 Aluminum Plate (Max Stress Vs. Life Cycle )

Fracture patterns wereery similar forall stresslevels. Once damage occurred to a rivet nodepdn
propagated to adjacent rivet nodes. Figures 4-6 thrétighshowthe danage propagation sequence for a
maximum stresamplitude of 22 ksi, athe stresscycles wereincreased from84,000 cydes by small
increments.

m 157

u 100

Figure 4-6. Damage Initiation Under Cyclic Loading at the Stress Amplitude of 22 ksi and 84,000 Cycles
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Figure 4-7. Damage Propagation (Stage 1) Under Cyclic Loading With Maximum Stress of 22 ksi at 84,000 + A, Cycles.

Figure 4-8. Damage Propagation (Stage2) Under Cyclic Loading With Maximum Stress of 22 ksi at 84,000 + A, Cycles.
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Figure 4-9. Damage Propagation (Stage 3) Under Cyclic Loading With Maximum Stress of 22 ksi at 84000 + A, Cycles.

J-’E_\_J_|l [ i | %

1!
LY A

Figure 4-10. Damage Propagation (Stage 4) Under Cyclic Loading With Maximum Stress of 22 ksi at 84,000 + A, Cycles.
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Figure 4-11. Damage propagation (stage 5) under cyclic loading with maximum stress of 22 ksi at 84,000 + A, Cycles.
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Figure 4-12. Damage Propagation (Stage 6) Under Cyclic Loading With Maximum Stress of 22 ksi at 84,000 + A, Cycles.

4.1.3 Verification of Boeing 747 Crown Panel Simulation

The Boeing panel haskin andstringers made of T7475-T7351 aluminwatioy and the frames of
7050-T7451-aluminuralloy. The finite element odel used isshown in Figure4-13. Thick shell
elementswvere used to wdelthe entirestructure.The thicknesses othe elementswas governed by the

panelthickness as ithangedwith location. Acomparison of simulatiomnd experimental tesesults is
shown in Table 4-2.

Table 4-2. Summary of Results From Testing and Deterministic Simulation Analyses

Specimen Loading condition Maximum stress Simulation Testing
Crown Panel Static Loading Available 10.48 Psi ~10.3 Psi
(ultimate load)
Cyclic Loading (cycle Not Reported 10,720 Psi 10,333 Psi
to failure)
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Figure 4-13. IAS Boeing Panel Finite Element Model

The cyclic loadinganalysis ofthe Boeing panelwas conductedwith a symmetrical model with a saw
cut discretesource damag€éDSD) inthe skin 2.5 inches longThe maximum internal pressurefor the
cyclic loadinganalysis was 8.6 psi. Damaupitiated at9724 cycles ashown in Figured-14. At 10,720
cycles, the cracirew to thesecond frame (Figure 4-15).

Figure 4-14. Damage Initiation Under Cyclic Loading With Maximum Internal Pressure of 8.6 ksi at 9,724 Cycles.
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Figure 4-15. Final Fracture Pattern Under Low Cyclic Loading With Maximum Internal Pressure of 15 ksi at 10,720 Cycles.
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4.2 High Cycle Fatigue

4.2.1 High Cycle Fatigue Simulation Methodology

Figure 4-16 shows aflow chart for the computational simulation of higleycle fatigue with the
modified GENOA-PFA. The computational eigenvalues of vibration moded frequencies were used in
time history analysis dhe fluctuating stresses at each time increment

The composite mechanics modulecédled before and after eadinite element tine-history analysis.
Prior to each finite element analysis, tt@mposite mechanics module computies composite properties
from the fiberand matrix constituent characteristiasdthe composite layup.The finite elementanalysis
moduleaccepts theomposite propertiethat arecomputed bythe composite mechanicsode ateach node
and peforms the global structural analysiseatch load increment.

The differencdrom simulation oflow cycle fatigue ighe introduction of time history analysifter a
finite elementanalysis.The computed generalized nodfarce andmoment timehistoriesare supplied to
the composite analysis modutbat evaluates the nature and amounibcdl damage, if any, irthe plies of
the composite laminate.The evaluation oflocal danage due tacyclic loading isbased on simplified
mathematical models embeddedthe composite mechanics module (Murtipmd Chamis1986). The
complete details of thesaodelsareoutlined by Chamis and Ginty (1987)he fundamentalassumptions
in the development ofthese models are the following: (1) Fatigue degradesall ply strengths at
approximatelythe samerate (Chamisand Sinclair,1982). (2) All types of fatigue degrade laminate
strengthlinearly on asemilog plot including: (a)mechanical (tensiorgompression, sheagnd bending);
(b) thermal (elevated to cryogenic temperature); hygral (moisture)g@mbiinations (mechanical, thermal,
hygral, and reverse-tensioncompression). (3) Laminated composites generally exhibit linear

COMPOSITE DEGRADE LOCAL
MICROMECHANICS: — CONSTITUENT |——€— DAMAGE AND
PLY PROPERTIES PROPERTIES FRACTURE
COMPOSITE FLUCTUATING
LAMINATE AT NODES
PROPERTIES
ASSEMBLE EIGENANALYSIS: TIME
STRUCTURAL > VIBRATION MODES }—#»—— HISTORY
MODEL & FREQUENCIES ANALYSIS

Figure 4-16. Progressive Fracture Flow Diagram For High Cycle Fatigue
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behavior to initial damage undeniaxial and combined loading. (Ml ply stresse{mechanical, thermal,
and hygral)are predictable byusing linear laminate theory.

Individual ply failure modesare assessed bysing margins ofsafety computed byhe composite
mechanics moduleia superposition ofhe six cyclic load ratios. The cyclic loads thatare considered are
the Nx, Ny, Nxy in-planeloadsand Mx, My, Mxy flexural moments. The lower and upper limits of the
cyclic loads, thenumber ofcycles, and theyclic degradation coefficient betae supplied tothe composite
mechanics module aach noddor the computation of a complete failure analysis basedhermaximum
stresscriteria. The cyclic degradation coefficient beta has ldstarmined to be in the range@01 to 0.02
for graphite/epoxy composites.

Time-history dynamic analysis of composite structures subjected to cyclic excitation is conducted using
the nodal basis. Computedodal stressresultant time-historieare used toassesghe maximum and
minimum values ofthe localload cycles and frequencies at each nodlae composite mechanianodule
with cyclic load analysis capability evaluatéise local composite response atch nodesubjected to
fluctuating stressresultants. The number of cycles and tinee required to induckacal structural damage
are evaluated at each node. After dage initiation, composite propertiese re-evaluated based on the
degraded ply properties. The overall structural response parameters are recoitgratee application of
this computational procedunesults inthe tracking of progressive damage ithe composite structure
subjected tayclic load increments. Computational simulatiopcles are continued untilthe composite
structure failures. The number ofcycles for damage initiation artdle number ofcycles for structural
fractureare dentified in each simulation.

After damage initiation, thaumber ofload cycles will reach a critical level, ahigh damage begins to
propagate rapidly in aomposite structure. Aftethe critical damage propagatiostage is reached, the
composite strature experiences excessive damagdracture rendering it unsafe focontinueduse. The
generalizedocal stress-straimelationshipsare revised according tthe composite damage evaluataiter
each finite element timhistory analysis.The nodel isautomatically updateevith a newfinite element
meshhaving reconstituted properties, ahe structure is reanalyzed fduarther deformation and damage.
If there is no further damage aftecyclic load incrementthe structure is considered to be in equilibrium
and an additionahumber ofcycles are appliegossibleleading topossibly damage growth, accumulation,
or propagation. Simulation undeyclic loading iscontinued until structural failure.

In general, overall structural damageay include individual ply damge and through-the-thickness
fracture of a composite laminate. The computational simulation procesksean accuracy criteridiased
on theallowablemaximum number of damagexhd fracturechodes within a simulatiorcycle. If too
many nodesare damaged or fractured ithe simulation cycle, thenumber ofcyclesare reduced and
analysis is restartefdlom the previous equilibriunstate. Otherwise, ifthere is an acceptablmount of
incremental damagdhe number ofcycles is kept constant btite constitutive propertiesre updated to
account for damgefrom the last simulationcycle.

4.2.2 GENOA-PFA Maodification For Cyclic Fatigue Simulation

The cyclic loadingsimulationwasimplemented forharmonicloads usingadditional subroutines that
take over the analysis fdine cyclicprogressive fracture assessment under dynamic lodeéliiag. to a time
history dynamic analysis, a subroutiRRECYC prepares atMHOST input file for conduction of dree
vibration eigenvalueanalysis.The computed natural frequenciese supplied to subroutinddSTCYC
which prepares an inpdile to MHOST to perform dime history dynamic analysis overepresentative
time duration. To determine a representative time duratiocongarison ismade ofthe fundamental
vibration and harmonic load period. The greateheftwoperiods is selected as this representative period
and the time history dynamic response taken over one and a half timethe representative period as
subdivided into 30 time increments.
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After the time history dynamic analysis @nducted byMHOST, subroutineINFCYC is called to
read theMHOST postprocessinfije (unit 19). Subroutine INFCYQreadsthe time history ofgeneralized
stress resultants (Nx, Ny, Nxy, Mx, My, Mx§or each node and for each the 30time incrementfrom
fort.19file. At each nodethe maximum and ninimum valuesare determined for eacbkpecific stress
resultant. The time difference betwemnsecutive maximurand minimum values of a stresgesultant is
considered to be hathe cyclicloading period forthat specificstress component. SubroutifdFCYC
writes allinformation to unit 93SCRA93).

Next, subroutindCNCYC is called to preparéCAN input data forcyclic durability analysis for a
given time duration. The time duration @yfclic loading issimply the number of total load cycles times the
harmonicload period. For each node, subroutinlCNCYC writesthe ply data, checks and degrades
material properties according damage, and writethe maximum and minimum, loadsthe humber of
cycles, andthe cyclic degradation coefficienfeta, for eachstress resultant. The number ofcycles is
computed for each stress resultanth@satio of the cyclicload time duration tthe period of loadingycle
for the stress resultant computed in subroutiNECYC. Subroutine ICNCYCalls ICAN for each node
to compute theyclic loadingmarginswith the STRES2 function in ICAN. The resultsare written to unit
94 (SCRA94).

Subroutine PMICYC readsthe cyclicloading margins from SCRA94. Faeach ply at each node,
fiber failure is checketbased on upper and lower ply longitudistdess, SIGMA11, margins. Ifgyclic
load margin is negative, then a damage index is establigweddingthe danmage mode. Margins
associated with upper and lower pignsversestress,and in-plane sheastressare associatedvith matrix
failures only. The damage index for each failure mode is storedanmanthat is used to degratte fiber
and/or matrix stiffnesses in subsequent analyséfenthere is additionadlamage,the cyclic fatigue
analysis is repeatedver the same time duration. After @yclic fatigue analysis step, ihere is no
additional darage the time duration is incremented. This procedurerepeated untitthe composite
structure fails. Changes in structuresponse parametesach as natural frequencies gy damage are
monitored.

4.2.3 Simulation of PMC Panel Under Cyclic LOAD

The first specimen examined was a stiffened composite g&imlres 4-17) subjected to a transverse
line load. The boundary conditionsere simple supports at the two ends. The compasiterial is made
of AS-4 graphite fibers in &digh-modulus, higlstrength HMHS) epoxy matrix. The fiber andmatrix
properties were obtaineftom a databank ofcomposite constituent material properti@durthy and
Chamis 1986).

The HMHS matrix propertieare representative ahe 3501-6 resin. The fibervolume ratio is 0.60 and
the void volume ratio is 0.01. The laminate plyconfiguration is [0/45/90] for botlthe skin and the
stringer-stiffeners.The 0° pliesare oriented in the longitudinal direction and the 90° péiesoriented in the
transverse direction dhe stiffeners.

The two T5stringerswere stitched tahe skin panel prior tocuring. Thefinite element mdel used
thick shell elements withduplicatenodes to represeitihe attachment ofthe T5 flanges tothe skin by
stitching. Durability ofthe stiffened panel was evaluated under a transverse line load appiadisdan.

The panelwas simulated undercyclic fatigue loading. Thdirst three natural frequencies of the
cantileveredplate arecomputed bythe finite element module as[1,=245.4 Hz,[1,=246.5 Hz, and
[1,=342.9 Hz. The stiffenedpanelwas subjected to a fluctuatingyclic line load with full load reversal.
Harmonic loadexcitations at 50 Hz frequenayas applied to thecenter ofthe panel insimulationswith
three different cyclic pressure amplitudes. Damage progression seasputationally simulated as the
number ofcycles was increased (Figudel8). The percent daage volume irthe composite structure is
plotted as a function dhe number ofcycles atpressure amplitudes of 3.56, 7.&%hd 16.37 kN (0.80,

1.76, and 3.68 k) For all threecases damage initiation occurs by transverse tensile fracture of 90, 45, and
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0 degree plies ithe center ofthe panel at théree edge of thestiffeners. For the higher load amplitudes
damage initiation occurs at fewer numbercyfles. After damage initiation, damage growth continued by
ply transverse tensile fracture3he rate of damge growth depended dhe load amplitude. The higher
load amplitude caused a morapid growth of internal damage inthe plies of thelaminate. For the
majority of the fatiguelife transverse tensilisactures occurred gradually in pliedNear the very end the
fatigue life the O degreeplies at the edge of the blade laate fractured in longitudinal tension. The
location of this critical longitudinal ply fracture is the samenode as that of the dage initiation. After
this stage, fracture rapidly propagatesossthe laninate thickness, develops into a structdratture and
breaks the specimen into two pieces. Figure 4Hvs the degradation tfe first natural frequency as a
function ofthe number ofcycles endured. The degradationshefsecond andhird natural frequencies are
very similar as shown ifigures 4-20 and 4-21.The danage initiation andprogression stagedid not
affect thefundamental structuraksponsesignificantly. Only whenthe ultimate structural fracture stage
was entered due to pljongitudinal fractureswas the natural frequency othe specimen isreduced
significantly. Atthe ultimate structural failuréhe degradation of structurabsponse was vemapid and

consistent with a brittle fractur@ode.
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Figure 4-17. Stiffened Composite Panel and Loading AS-4/HMHS: 0.0 .45,, TETIE TS A0 A% A SR 4
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Figure 4-18. Damage Progression under Cyclic Loading AS-
4/HMHS: 48 Plies [0/45/90]{s6, Loaded at 50 Hz Solid line:
cyclic load amplitude of 3.56 kN (0.80 k) Short dashed line:
cyclic load amplitude of 7.83 kN (1.76 k) Long dashed line:
cyclic load amplitude of 16.37 kN (3.68 k)
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Figure 4-19. First Natural Frequency Degradation under Cyclic Figure 4-20. Second Natural Frequency Degradation under

Loading AS-4/HMHS: 48 Plies [0/45/90]$_{s6$, Loaded at 50 Cyclic Loading AS-4/HMHS: 48 Plies {0/45/90]s6, Loaded
Hz, Solid line: cyclic load amplitude of 3.56 kN (0.80 k) Short at 50 Hz, Solid line: cyclic load amplitude of 3.56 kN (0.80
dashed line: cyclic load amplitude of 7.83 kN (1.76 k) Long k) Short dashed line: cyclic load amplitude of 7.83 kN
dashed line: cyclic load amplitude of 16.37 kN (3.68 k) (1.76 k) Long dashed line: cyclic load amplitude of 16.37

kN (3.68 k)

4.2.4 Simulation Of Composite Plate Under Cyclic Loading

A graphite/epoxy laminated rectangular cantilever phas simulated to demonstrate higycle fatigue
capability. Theplatewas 102 mm (4.@h) long and 51 mm (2.(n) wide andconsisted of fourplies
configured ast45’ with atotal thickness of 3.73 mm (0.14i). Thefinite element rodel of the plate
contains 8 elements and 15 nodes Figure 4-22.

The compositewas made ofAS-4 graphite fibers in &igh-modulus, highstrength HMHS) epoxy
matrix. Thefiber andmatrix propertiesvere obtainedrom adatabank of composite constituentterial
properties(Murthy and Chamis1986). The HMHS matrix propertiesare representative othe 3501-6
resin. The fibervolume ratio was 0.558nd thevoid volume was assumed to be zero.

The first three natural frequenciestbé cantilevered plate wermomputed bythe GENOA-PFAS finite
element module a®,=217 Hz,w,=1,418 Hz, andv,=1,576Hz. Theplate was investigated subjected to a
fluctuating surfacepressure witHoad reversal. Aarmonic pressurexcitation of 50 Hz frequency was
applied to the entirsurface ofthe plate. Simulations withthree different cyclic pressure amplitudes are
conducted. Damage progression was computationally simulated ragmber of cycles was increased.

Figure 4-23 shows the damagegression withincreasingtime duration forthe threedifferent cyclic
pressure amplitudesThe percent daage volume developed ihe composite structure is plotted as a
function of time forpressure amplitudes of 110, 128d 165 MPa(16, 20, and 24psi). Forall three
pressure amplitudes damage initiation occurs by transtensie fracture of ply 1 at node(Bigure 4-22)
during the first cycle of loading.However, the evolution of damage growth and ultimate fracture depend
on thepressure amplitude.For the lowest pressuramplitude of 110MPa, damagehat was initiated
during the first load cycle remainsstable for along time duration ashown in Figured4-23. For the
intermediatepressureamplitude of 138VIPa, damageyrows bythe transverse tensile fracture ply 1 at
node 6(Figure 4-22) after a short duration ofclic loading. For the highest pressureamplitude of
165 MPa the transverdensile fractures immediatelgrogresswithin the first ply to nodes 4, 5, 6, 7, 11,
13, and 14. For the two higher pressure amplitudes ofat8865 MPathe danage volumewas exactly
the same for a considerabfgortion of the fatigue life. However, damag@rogressionfor the 165 MPa
pressureamplitude was more localized, thereforghe ultimate structural fracturestage occurs more
suddenly. For all pressure amplitudes #te ultimate fracture stage daage progressesthrough the
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laminate thickness at nodes 8, 9, 11, 15 after structural fracture was initiatedfdmymation of a through-
the-thicknesscrack at nodell. Simulationsindicated that node was damaged iplies 1, 3, and 4 by
shear failures as well as experiencing damage due to transverse tensile fgilyrel iand longitudinal
tensile failure in ply 4.Node 7 experienced transverse tensile fracturpliés 1 and 4 and longitudinal

tensile fracture in ply 3. The renmithg nodes experienced transvetseasile fractures irply 1 prior to
structural fracture ahe plate.
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Figure 4-21. Third Natural Frequency Degradation under Cyclic
Loading AS-4/HMHS: 48 Plies [0/45/90]s6, Loaded at 50 Hz
Solid line: cyclic load amplitude of 3.56 kN (0.80 k) Short -
dashed line: cyclic load amplitude of 7.83 kN (1.76 k) Long Figure 4-20. Composite Plate Finite Element Model

dashed line: cyclic load amplitude of 16.37 kN (3.68 k)

Figure 4-23 indicates that at higher pressures the ultifreatieireresponse is morbrittle. Results also

indicatethat logarithm ofthe time equired for structural fracture varies linearly with fhressure amplitude
as shown in Figure 4-24.

Figure 4-25 shows the degradationtieé first natural frequency as a function tbk time duration of
the fatigue loading. It ilear that the daage initiationstageaffectsthe fundamental structural response
significantly. Onthe other handthe danage growth stages dwot influencethe first natural frequency as
much. Figure 4-26 shows the second natinegjuencythat issomewhat morénfluenced bythe damage
growth stages comparedtte first natural frequency. Figure 4-Zhowsthe variation ofthe third natural
frequency with exposure to fatigue loadinGomparison of resultdepicted inFigures 4-25, 4-26, and 4-
27 indicatethat during thdater stages of fatigue life higher frequency vibration modeshanee sensitive to
the evolution of composite damage comparedh® lower frequencymodes. The mainreason isthat
localization of damag#hat occursprior to fracture has a greatefluence on thehigh frequencyvibration
modes. Therefore, structurahealth monitoring based orresponse measurements midkntify the
appropriate high frequency vibration modes that neddabked tcassess impendinsgructural fracture.

For this composite plate subjected to harmonicyclic loading, the simulation resultsmay be
summarized as follows:

1. Damage initiation by transverse tensile fracturetheffirst +45 ply occurs anode 5 forall three
pressure amplitudes considered.

2. Damageinitiation begins duringthe first cycle of loading for all three pressure amplitudes.

However,the extent of daage growth immediately after damage initiati@pends orthe cyclic
pressure amplitude.

3. Forthe example angleplied composite structure considiaethgarithm ofthe number ofcycles

endured prior to structural fracture isversely proportional tothe applied cyclicpressure
amplitude.
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4. Theamount of fundamental natural frequency reduction after darimitigtion depends on the
cyclic pressure amplitude. The higher the pressure amplitielgrgerthe reduction in the natural
frequency. However,the natural frequencies immediately prior to structural fracture are
independent ofhe pressure amplitude fahe platesimulated.
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Figure 4-23. Damage Progression under Cyclic Pressure :

Loading AS-4/HMHS: 4 Plies [+45]s, Pressurization frequency = Figure 4-24. Time of Fracture with Pressure Amplitude AS-
50 Hz Long dashed line: cyclic pressure amplitude = 16 psi 4/HMHS: 4 Plies [+£45]s, Pressurization frequency = 50 Hz
Solid line: cyclic pressure amplitude = 20 psi Short dashed line:
cyclic pressure amplitude = 24 psi
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Figure 4-26, Second Natural Frequency Degradation with
Fatigue Loading AS-4/HMHS: 4 Plies [+45]s, Pressurization
Figun:e 4-25. First Natural Frequency Degradation with Fatigue frgequ ency = go Hz Long dashed lI[ne: gyclic pressure
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Figure 4-27. Third Natural Frequency Degradation with Fatigue
Loading AS-4/HMHS: 4 Plies [£45]s, Pressurization frequency =
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4.2.5 Simulation Of Composite Airfoil Under High Cyclic Loading

A graphite/epoxy laminated cantilever airfeibsused as another example to demonsttiae cyclic
fatigue simulation of composite structures. The airfoil haawvamage length aB71 mm (14.6in) and the
width variesfrom 73.4 mm (2.89n) at thetip to 131 mm (5.14in) at thebase. The laminateonsists of
16 plies that areonfigured as [45/0/9045/90/0] with atotal thickness of 2.54 mnf0.10 in). The finite
element model othe airfoil contains 40 elements and 55 nodestaswvn in Figure 4-28.

The composite system is made Af5-4 graphite fibers in digh-modulus, highstrength (HMHS)
epoxy matrix. The fiber andmatrix propertiesare obtainedfrom the databank of compositeonstituent
material propertie$Murthy and Chamis 1986)The fiber andmatrix propertiescorresponding to thisase
are given in Tables 1 and 2, respectively. THEIHS matrix propertiesare representative afhe 3501-6
resin. The fibervolume ratio is 0.55 and the void volumeagsumed to beero.

The first three natural frequenciestbé cantileveredblate arecomputed bythe finite elementmodule
as w,=50.03 Hz,w,=190.1 Hz,and w,=263.6 Hz. The airfoil is investigated subjected to flaictuating
lateral forcewith load reversal. Thepecimen isloaded by applying darmonicloading of 50 Hz
frequency applied toall nodes ofthe airfoil. Simulations with fourdifferent cyclic amplitudes are
conducted. Damage progression is computationally simulatiéneg asmber ofcycles is increased.

Figure 4-29 shows the damageogression withincreasingtime duration forthe four different cyclic
pressure amplitudesThe percent daage volume developed ie composite structure is plotted as a
function of time for load amplitudes df1.83, 13.52, 15.25gnd 16.90 N(2.66, 3.04, 3.42and 3.8Ibs).
The loadingwas applied parallel to the axis thatwas oriented transverse tbe airfoil. The loading was
distributed taall free nodes sucthat the edgaodeswere loaded by half dhe load magnitudeapplied to
interior nodes. Corner nodegere appliedquarter ofthe magnitude compared the interior node loads.
For all four load amplitudes damage initiation occurs by transverse tensile fracplyelsf at node 4éhat
is the edge nodemimediatelyadjacent to thesupportalong the longeredge of theairfoil. However, the
number ofcycles required for damage initiatiokepends orthe load amplitude. For the 11.83 N load
amplitude damage initiation occurred after 50 X 19cles. When theload amplitudewas increased to
13.52 N damagénitiation requiredonly 50 x 10 cycles. For the load amplitude of 15.21 Nlamage
initiation occurred within the first 50 cycled-or the highest load amplitude d6.90 N damagénitiation
occurredimmediately asthe cyclic load was applied and itwas followed by damage growth in the
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longitudinal tensile fracturenode ofply 1 at node46. For all four load amplitudes considered, structural
fracture propagated due tiae growth of initial ply damage to a through-the-thickness laate fracture at

node 46.
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Figure 4-29. Damage Progression under Cyclic Loading AS-4/HMHS: 16 Plies [+45/0/90/-45/90/0]s, Loading frequency = 50
Hz Short dashed line: cyclic load amplitude = 11.83 N Medium dashed line: cyclic load amplitude = 13.52 N Long
dashed line: cyclic load amplitude = 15.21 N Solid line: cyclic load amplitude = 16.90 N

Figure 4-29 indicatethat for the first three lowest load amplitudethe composite structure endures a
significantnumber of cycles after damagetiation without additional damage. Qhe other hand, for the
highest load amplitude damage growth and accumulation immedialiely the danage initiationstage.
Thelevel of danage atthe structural fracturestage is approximateljndependent othe load amplitude.
Results alsdndicate that thdogarithm of the number ofcycles required for structural fractunaaries
approximately linearly with the pressure amplitudesfaswn in Figure 4-30.

Figure 4-31 shows thdegradation ofhe first natural frequency as a function thie number ofcycles
of the fatigue loading. It isclear that thefirst damage growthstage affectsthe fundamental structural
response significantly. Othe other handthe danage propagation stages immediatphjor to structural
fracture do not influencghe first natural frequency amuch. Figure4-32 shows the secondnatural
frequencythat issomewhat morénfluenced bythe ultimate damage propagatiestage as well as by the
damage growth stages comparethefirst natural frequency. Figure 4-33 shows ¥agation of the third
natural frequency with exposure to fatigue loadi@pmparison of resultdepicted inFigures 4-314-32,
and 4-33 indicate thaturing the later stages of fatigudife higher frequency vibratiomodesare more
sensitive to the evolution of composite damage compartg tower frequencynodes. Againthe main
reason isthat localization of daage that occursprior to fracture has a greater influence e high
frequency vibrationmodes. Therefore, structurahealth monitoring based orresponse measurements
shouldidentify the appropriate high frequency vibratiomodes bdracked toassess impendingtructural

fracture.
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The simulation resultfor this compositeairfoil subjected tdharmoniccyclic loading, the simulation
results may be summarized as follows:

1. Damage initiation by transverse tensile fractures of a -45 ply occurs at hodeallefdor pressure
amplitudes considered.

2. The number of cycles endured prior to damage initiation depenttie ayclicload amplitude.
3. Damage stability after damage initiation also dependb@myclicload amplitude.

For the airfoil specimen the amount of fundamental natural frequency reduction after daitizaigpe
is independent ahe cyclicload amplitude. The natural frequencies immediately prior to structural fracture
arealso independent dhe load amplitude fothe composite airfoil simulated.
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Figure 4-32. Second Natural Frequency Degradation with Fatigue Figure 4-33. Third Natural Frequency Degradation with
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4.3 CYCLIC LOADING OF BUILT-UP COMPOSITE STRUCTURE

Durability of a built up composite structure undasclic fatigue is oftenquite different thanthat of a
couponlevel specimen. The main advantage a@omputational simulation ighat structurelevel physical
parametersare included inthe analysis. Thereforepnce thematerial properties anthe degradation
parameterare ascertained/calibratesvith a couponlevel specimen,the results can be applied to the
simulation of structural components and built-up structures. Figuresh@Asthe cross sectiomnd plan
of a discontinuously stiffened composgianelthat is made othe same materialand laminate structure as
the simulated coupotevel specimen. Figurd-35 showsthe finite element nadel for the stiffenedpanel
with 626 nodesand 504 elements.The first three naturafrequencies othe stiffenedpanel arecomputed
by the finite element module as»=181.3 Hz,w,=200.0 Hz,and w,=388.5 Hz. Alternating surface
pressure loadare applied tthe flatundersideface of the finiteelement nodel.

A 23.29 kPa (3.378 psilternating surfacgressureamplitude is applied dboth 50 hzand 70 hz
frequencies. Anadditional simulation is carriecbut at 50 hzwith a pressureamplitude of 11.64 kPa
(1.689 psi). Figure 4-36 shows the damage progressidhddhreecases simulatedamage progression
characteristics arsimilar for all the threecases. For the pressure amplitude of 23.29 kPa the 70 Hz loading
frequency causes morsternal damge inthe composite structure compared that caused bythe 50 Hz
loading frequency. Neverthelessthe number ofcycles required for damage initiation and for structural
fracture are not affected bythe change inthe frequency of excitation. However, the number of cycles
required for damage initiation and for structural fracture deperidedoad amplitude.

Damage initiation occurs by transverse tensile fractutbeofdegree outer surface ply tife stiffener
web at the joint with the stiffener flange and the skin. Damage initiatioars approximately d@he center
of the stiffened panel. Initial daage remainstable for a considerabfeimber ofcycles then iprogresses
and spreads up inthe web of the stiffener, moving towardhe line ofsymmetry fromthe center of the
finite elementmodel. A secondtage of damge stability isfollowed by the transverse tensile failures
progressing to theap of thestiffener. Followed by daage growth bythe in-plane shear failures of the
45-degreeplies andthe longitudinal tensile failures ofhe 90 degreeplies in theweb of the stiffener.
Structural fracture occurs due to a laminate fracture in the wible sfiffener.

Figure 4-37 shows thdegradation ofhe first natural frequency as a function thie number ofcycles
endured. Thelegradations ofhe secondand thirdnatural frequencieare also very similar.The damage
initiation and progression stages it affectthe fundamental structuraksponsesignificantly. Only when
the ultimate structural fracture stage is entered due to a stiffegfeiaminate fracturéhe natural frequency
of thespecimen is reduced. Ate ultimate structural fracturstagethe degradation of structural response
is very sudderand consistentvith a brittle fracture mode. None of the threecases simulatedhows
additional number of cycles endured aftethe degradation of structuralesponse.Therefore, for this
composite structure therell be nowarning signs irthe form of responselegradation as a warning prior
to fracture.
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Figure 4-34. Stiffened Composite Panel Cross-section and Plan
AS-4/HMHS: 16 Plies [0/45/90]s2 (all dimensions are in mm)

Figure 4-35. Stiffened Composite Panel Finite Element
Model AS-4/HMHS: 16 Plies [0/45/90]s2

dashed line: cyclic pressure amplitude of 23.29 kPa at 50 Hz
Solid line: cyclic pressure amplitude of 23.29 kPa at 70 Hz
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Figure 4-37. Stiffened Composite Panel First Natural

Frequency Degradation with Fatigue Loading AS-4/HMHS:
16 Plies [0/45/90]s2 Long dashed line: cyclic pressure
amplitude of 11.64 kPa at 50 Hz Short dashed line: cyclic
pressure amplitude of 23.29 kPa at 50 Hz Solid line: cyclic

pressure amplitude of 23.29 kPa at 70 Hz

4.3.1 Summary Of Results

A summary ofinsights gained bythe development ofthe present simulationmethodology as
applicable tayraphite/epoxy laminated composite structures is as follows:

1. Damageinitiation by transverse tensile fractures tbke surface pliesoccurred for all cases

considered.

For the couporevel simulation, damag@rogression witithe number ofcycles enduredvas not

sensitive tothe changes irthe cyclic load frequency. Also athe coupon level the damage
progression characteristics waret significantly different fothe considered pressure amplitudes.
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3. The amount of fundamental natural frequency reduction during daimiéiggon andprogression
was negligible forll cases, including coupdavel and structural levedimulations.

4. For the structurelevel simulation the cyclic load amplitudewas the mostsignificant parameter
affecting fatigue life.

5. For all cases simulated ultimastructural fracturevasimmediately preceeded by ply longitudinal
tensile failures that initiatethe laminate fracture.

6. Damageinitiation by transverse tensile fracturestiog bladestiffener edge pliesoccurred for all
cases considered.

7. In general, ultimate structural fractukgas immediately preceeded by ply longitudinahsile
failures that initiatedhe laminate fracture.

4.3.2 Generalization Of Procedure

The presentcomputational simulation method &iitable forthe designand continued in-service
evaluation of composite structures subjected dgclic loading. Composite structures witldifferent
constituents an@ly layupscan beevaluated undecyclic pressures and bas&citation. The cyclic load
amplitude may be varied during the simulated fatigue Htatic anddynamic load combinationsay also
be applied in addition to cyclidoading. Structural healtimonitoring is based on damadelerance
requirementsdefined via the computational simulation method. #&yclic fatigue damagetolerance
parameter is described #w state of damage aftéine application of a givemumber ofloading cycles,
normalized with respect tihe danage stateorresponding taltimate fracture. Identification of damage
progression mechanisnad the sequence of progressifecture modesconvey useful information to
evaluatestructural safety. Computational simulation resa® be formulated for health monitoring
criteria, increasinghe reliability of composite structures.The simulated failuremodesand the type of
failure provide the necessary quantitative amglalitative information to design areffective health
monitoring system. Computddcal danage energy releasates arecorrelatedwith the magnitudes of
acousticemission signaland other damge monitoringmeanssuch as piezoelectristress sensors and
strain gageshat are an integral part ofcamposite structure. Fiber optidatanetworks embedded in the
composite structurean be used transmit detectediocal danage information to arexpertsystem that
provides feedback and reduces power to delay failure.

The basic procedure is samulate a computational model thie composite structure subjected to the
expected loadingnvironments. Variou$abrication defects andccidental darge may berepresented at
the ply and constituent levels, as well aghet laninate level. Computational simulatiomay beused to
address various design and health monitoring questions as follows:

Evaluation of damage toleranceComputational simulatiorwill predict the danage that would be
caused due to cyclic fatigue damage or overloading of a structlse, afabrication defect or accidental
damage produced by inadvertentdoay that is not an expecteskrvice loadcan beincluded inthe initial
computationalmodel. Once the composite damage is defined, damdglerance can bevaluated by
monitoring damage growtland progression fromthe damaged state taltimate fracture. Significant
parametershat quantify damage stability and fractupgogressioncharacteristicare the rate oflamage
increasewith incremental loadingandthe changes irthe structural responseharacteristics withoading.
Identification of damage initiation/progressionechanismsand the sequence of progressivieacture
modesconvey serviceablmformation to help withcritical decisions inthe structural desigrand health
monitoring process. Determination of desajlowables based on damagmerancerequirements is an
inherent use othe computational simulation results. Simulation of progres$imeture from defects
allows setting of qualityacceptance criteria fatomposite structures as appropriate for each functional
requirement.Detailed information on specific damage tolerance characteristics help establish criteria for the
retirement of a composite structure from service for due cause.

4-22



4.0 Progressive Fracture of Composite Structures Under Cyclic Fatigue

Determination of sensitive parameters affecting strucfraature: Computational simulatioindicates
the danage initiation, growthand progression modes in terms afamage index that is printed out for the
degradedplies at eacldamaged node. Iturn, the danage indexpoints out the fundamental physical
parameterghat characterizéhe composite degradation.For instance, ifthe danage indexshows ply
transverse tensile failuréhe fundamental physical parametexse matrix tensile strengthfiber volume
ratio, matrix modulus, and fiber transverse modulus; of witehmost significant parameter ithe matrix
tensile strengti{Murthy and Charis, 1986). Inaddition tothe significant parametengointed out by the
ply damage index, sensitivity toygrothermal parametersay beobtained by simulatinghe composite
structure at different temperatures and moisture contents. Similarly, sensitivity to resigsses may be
assessed by simulatirtbe composite structuréabricated at different cunemperatures. Identification of
the important parameterthat significantly affectstructural performance for eaatesign case allows
optimization ofthe composite for best structural performance. Sensitive paranmsgrsbe constituent
strength, stiffness, laminate configuration, fabrication process, and environmental factors.

Interpretation of experimental results for design decisi@osnputational simulation allowisteractive
experimental-numerical assessment of composite structural performance. Sinvalatin usegbrior to
testing to identify locations andhodes of composite damagd¢hat need bemonitored by proper
instrumentation and inspection tfe composite structure. Interpretation of experimemtata can be
significantly facilitated by detailedhformation from computational simulation. Subscabgerimental
results may bextended to full prototype structures without concernstaleeffectssince computational
simulation doesiot presume any global parameters but is based on constiéuehtianage tracking.

4.3.3 Conclusions

On thebasis ofthe results obtained frorthe investigated composifgateand stiffenedpanel examples
and from the generalperspective ofthe available computational simulation methodhe following
conclusions are drawn:

1. Computational simulatiortan be used to trackhe details of damage initiation, growth, and
subsequent propagation to fracture for composite structures subjected to cyclic fatigue.

2. Forthe considered composite structure, structural respohagacteristicare not affected by the
initiation and progression of composite damage to cyclic fatigue.

3. Computational simulation, witlthe use of established composite mechanics famig element
modules,can be used tpredictthe influence of compositegeometry aswell as loading and
material properties otine durability of composite structures.

4. The demonstrated procedure fiexible and applicable taall types of constituent materials,
structural geometry, and loading. Hybrmpositesand homogeneous aterials, as well as
laminated, stitched, woven, and braided composites can be simulated.

5. A new generalmethodology haseen demonstrated tonvestigate damage propagation and
progressive fracture of composite structutlas to cyclic fatigue.
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APPENDIX For Chapter 4.0

Table I: AS-4 Fiber Properties:

Number of fibers per end = 10000

Fiber diameter = 0.00762 mm (0.300E-3 in)

Fiber Density = 4.04E-7 Kg/m’ (0.063 1b/in’)

Longitudinal normal modulus = 200 GPa (29.0E+6 psi)

Transverse normal modulus = 13.7 GPa (1.99E+6 psi)

Poisson's ratio (v,,) = 0.20

Poisson's ratio (V,3) = 0.25

Shear modulus (G;,) = 13.8 GPa (2.00E+6 psi)

Shear modulus (G,;) = 6.90 GPa (1.00E+6 psi)

Longitudinal thermal expansion coefficient = -1.0E-6/°C (-0.55E-6/°F)

Transverse thermal expansion coefficient = 1.0E-5/°C (0.56E-5/°F)

Longitudinal heat conductivity = 301 kJ-m/hr/m*/°C (4.03 BTU-in/hr/in°/°F)

Transverse heat conductivity = 30.1 kJ-m/hr/m*/°C (.403 BTU-in/hr/in*/°F)

Heat capacity = 0.712 k] /kg/°C (0.17 BTU/1b/°F)

Tensile strength = 3.09 GPa (448 ksi)

Compressive strength = 3.09 GPa (448 ksi)

Table II: HMHS Matrix Properties:

Matrix density = 3.40E-7 Kg/m’ (0.0457 1b/in’)

Normal modulus = 4.14 GPa (600 ksi)

Poisson's ratio = 0.34

Coefficient of thermal expansion = 0.72E-4/°C (0.40E-4/°F)

Heat conductivity = 0.648 kJ-m/hr/m”/°C (0.868E-2 BTU-in/hr/in"/°F)

Heat capacity = 1.047 KJ/Kg/°C (0.25 BTU/1b/°F)

Tensile strength = 71.0 MPa (10.3 ksi)

Compressive strength = 423 MPa (61.3 ksi)

Shear strength = 161 MPa (23.4 ksi)

Allowable tensile strain = 0.02

Allowable compressive strain = 0.05

Allowable shear strain = 0.04

Allowable torsional strain = 0.04

Void conductivity = 16.8 J-m/hr/m?/°C (0.225 BTU-in/hr/in*/°F)

Glass transition temperature = 216 °C (420 °F)

Table 111: Composite Ply Properties; 60.0/ 40.0 AS-4/HMHS

Longitudinal modulus = 120.4 GPa (0.1746E+08 psi)

Transverse modulus = 8.963 GPa (0.1300E+07 psi)

Shear modulus G,, = 4.892 GPa (0.7095E+06 psi)

Shear modulus G,; = 2.864 GPa (0.4154E+06 psi)

Poisson's ratio v ;, = 0.2568E+00
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Poisson's ratio v ,; = 0.4037E+00

Therm. exp. coef. ay; = -0.5243E-7/°C (-0.2913E-07 /°F)

Therm. exp. coef. O ,, = 0.3497E-04/°C (0.1943E-04/°F)

Density = 4.09E-7 Kg/m” (0.05507 lbs/in”)

Heat capacity = 820 J/Kg/°C (0.1956E+00 BTU/Ib/°F)

Longitudinal heat conductivity, K;; = 181 kJ-m/hr/m?/°C (2.421 BTU-in/hr/in*/°F)

Transverse heat conductivity, K, = 2.241 kJ-m/hr/m?*/°C (0.030 BTU-in/hr/in?/°F)

Longitudinal tensile strength = 1.835 GPa (0.2661E+06 psi)

Longitudinal compressive strength = 1.266 GPa (0.1836E+06 psi)

Transverse tensile strength = 51.3 MPa (0.7430E+04 psi)

Transverse compressive strength = 304.9 MPa (0.4422E+05 psi)

In-plane shear strength 0;, = 112.0 MPa (0.1624E+05 psi)

Out-of-plane shear strength 0,; = 98.8 MPa (0.1433E+05 psi)

Table 1V: Through the Thickness Laminate Properties

Laminate thickness = 2.54 mm (0.100 in)

Elastic modulus E,, or E,; = 47.1 GPa (0.6832E+07 psi)

Elastic modulus E,, = 10.34 GPa (0.1499E+07 psi)

Shear modulus G,, = 18.12 GPa (0.2628E+07 psi)

Shear modulus G,, or G, = 3.878 GPa (0.5624E+06 psi)

Poisson's ratio v,, = 0.300

Thermal exp. coeff. o = 0.2893E-05/°C (0.1607E-05/°F)
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5.0 Simulating Manufacturing Process of Composite Textile Preform Reshaping

5.1 INTRODUCTION

A novel cost effective approachhiging explored byGE, for reducingfiber preform processing costs
by reshaping a simple, commerciadlyailable, low cost, cylindrical, tubular braidesktile fiber preform.
An important aspect of this approachtlie use of GENOA software to predict changes local fiber
orientation,fiber volume fraction, andhe extent to viich atextile tube might be reshaped without fiber
lock-up.

Sincethe reshaping operation can significantly chafiger orientations, ibecomesritical to evaluate
the extent othis changeits effect oncomposite performancendthe extent to vhich the changescan be
negated byadjustingthe braid angles ofthe tubular textile preform. In implementingthe proposed
reshaping process costly atiche consumingrial and errorexperimental evaluationsan beavoided by
use ofthe GENOA computational simulatiotool. This software allows attainment tbie best preform net
fit to adesired shape without occurrences of buckling and fiber wrinkling/crimping by: ilgrative FEM
analysis utilizing resin matrix composite micromechanics; Byediction of the effects of changes of
braid/weave angle on resmatrix composite micromechanical propertiasd 3) use of aterative contact
algorithm for analysis of sockonformance to a shaped toollhe proposed simulatioriool hasbeen
developed by BhaSTAR in support oNASA fundedAST GE project and verified against experimental
results of GE tests of reshapipgeforms forconical bent and ellipticalomponents.

The proposed process a@eneratingshapedfiber preformsfor composites involvesghree steps: 1)
braiding a simple, commingléiber tubular preform, 2) reshapirige preform over a mandrel of a desired
shape (Figure 5-1), and 3) processing (heatimgyeshaped preform tow the resin matrix material
around the high strength fibers.

Figure 5-1. Initial and Reshaped Textile Preform

5.1.1 State of Software Simulation

During the designstage it ishighly desirable to simake the mechanical behavior of proposed
composite structurén order tofacilitate designoptimization and cost reduction. Thesmulationscan be
cost effectively accomplished withGENOA, a computercode written specifically for thispurpose.
However its use requires amaccuratedescription ofthe structural material involved. Inhe case of a
reshaped tubular textile preform, the determination of angular relationsthmesfibers (or tows) isneeded
to describethe reshaped geometry. Currentlgshapedoreformshave to beempirically evaluated iorder
to assesdiber orientationangles. This makes rendering shape-optimization process difficult, time
consuming, and very costly. A computational solutather than empiricaheans ofevaluation is needed
such ascan beachieved with GENOA.

The GENOA code has provided theeded capabilities fahe fiberpreformreshaping processsed in
large, complex, PMC component®.(, GE90 Turbine blade) madwith ply drop-offs toaccommodate
aero-elastic tailoring, Figure 5-2 (a-d) by:slhnulating use of multipleeshaped preforms dfifferent sizes
with commingled fibers, 2) simulatingly drop-offs, 3) supportingaero-elastic tailoring, and 4)
transferring offiber orientation data directly tdesignand manufacturing process softwarkhe proposed
effort will benefit significantlyfrom the verified GENOA software previouslydeveloped to simulate
reshaping of tubular fiber textile preforms in a cooperative exploratory effibriGiE.
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Tubular fiber textilepreformscan beprepared using a variety of fabr@onfigurations ashown in
Figure 5-3. The proposed effodll be directed tasimulatebraided preformsrecognizingthat adaptation to
any fabric configuration (woven or stitched) is readily feasible. dddna pending pate@ENOA can
simulate2D/3D braided/ woven/stitched composiseich as satiweaves of Figure 5-4 (cany type of

woven textile fabric).
.

Figure 5-2 (b) Step 2 : Preform Sock of ~ *45 Orientation
Fitted On A Flat Mandrel

Figure 5-2(a) Step 1: As received Preform Sock of ~ +45
orientation to be fitted on a flat mandrel

Figure 5-2 (c) Step 3: Preliminary fit of Step 2 Achieved
Orientation To Be Fitted On A Curved Mandrel

Figure 5-2(d) Step 4:Best Fit Orientation Was Achieved And
Fitted On A BoeingGE90 Mandrel
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Figure 5-3. Variety of Fabric Structure Such as Woven, Knitted, Braided, & Non-woven Will be
Considered for Best Trade Selection

Figure 5-4. Current Weave Status of GENOA to Simulate 2D/3D Braided Fiber Architecture to
Perform Ply Drop-offs

Aspects offiber architecture thaBENOA cansimulateare: 1)wavinessbased on wave lengttyave
amplitude, and fiber/matrix stiffness; 2) tow pinching by using different zonal specifications at pinched tow
locations; 3) fibercurvature at cross over locations; 4) float length dependent shear strepgtim weave
preforms 5)fiber volume fraction, 6uneven spreading aompression towspeciallywhen draped over
double axis surfaces, andal) types of irregularities.
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5.1.2 State of Software Development and Concept Verifications

Figures 5-5 through 5-8howsthe current capability othe GENOA software to conform a preform
sockFEM model to a FEM model of lzent andapered circulamandrel. The degree of anformance is
indicated bythe color coding. Dark blushowsnegative distanceneaning preform (sockfEM is has
entered themandrel FEM. Figure 5-6showsthe simulation of a tubular soclpreform expanding to
conform to anexterior conical die. Figure 5§howsthe fiber angles after final reshaping tfe preform.
The fiber orientationangles, presented inalor codedformat, rangefrom 44 to 57degrees with the
majority being within 44 to 46 degrees

Based orexperiencewith the prototypecode and empirical GEdata, thefollowing enhancements of
GENOA havebeenmade and ardiscussed ithe following paragraphs.

Mesh-Fitting Algorithm Improved . This improvement was accomplishag 1) dividing mandrel
meshinto slices normal to the center line femsystraightening and progressive bendingttef mandrel; or
2).definingthe mandrel mesh by sections, wigither thesame number of nodder each section or an
index to thenumber of nodes foeach sections. Thaep remaining is to defirtbe type of finite element
meshes to based for describinghe mandrel and adapting the mesh-fitting algorithntadee these external
meshesdnto account

Boundary Conditions Established for the Base. The first step ofthe nesh-fitting process is
generally to merge the basestlué tubular sock andghe mandrel by inposing displacements dhe sock.
Unfortunately imposed displacements mlat allow for the redistribution ofthe stresses irthe structure,
sometimesgiving incorrect resultsThis mayinduce parasite effects in a non-cylindricabndrel. Less
constrained boundamonditionsneed to beapplied, depending othe shape ofthe mandrel. Thiseffect
explainsthe scatter between experimental data and simulations llibial cases. Irthe case ofthe bent
elliptical cylinder, theboundary conditions dhe base were ill adjusted fdihe merging ofthe sock and the
tooling basesreating parasitistresseshat caused incorrect angle computations.

Jamming Angle Computation Introduced. The jamming is aresult of the scissoring action
illustrated inFigure 5-8. Jamminganglesare currently nottaken into account. Th&ENOA micro-
mechanicsodewas enhanced by incorporati®E’s empirical equation for estimatingmmingangles in
order to evaluate if particular braid can be used meanufacture a specific cgranent. GE’s jamming
equation expressele braid angle as a function of braithmeter in thgammedstate,the number ofcarrier
yarns, the width ofhe fiberyarn, and a compaction factor.

Algorithm to Calculate Forces Applied to Reshape a SockZomputingthe reactionforces on the
base gives madinglevel on astructure. Load vs. time profilesn beobtained for use bynanufacturing in
reshaping tubular preforms. This approach has been proven accurate by simulatiothagsuisingood
accord with the experimental results.
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..... g Figure 5-6. The Simulated State Of Conformance Of A Sock
L= FEM to a Exterior of a Mandrel

Figure 5-5. The simulated state conformance of a preform
FEM to a interior of a bent mandrel

lock up

Figure 5-8. GENOA Current Status to Simulate 2D/3D Braided
Fiber Architecture
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Figure 5-7. Simulated Fiber Orientation Angles in Ply No. 1
After Reshaping

5.2 TECHNICAL APPROACH

In order to predict the fibaronfiguration of a reshaped preform, the whole reshaping prémeasthe
original shape ofhe braided fiberpreform tothe final configurationmust be simulated. Woven/braided
fiber preforms are modeled as composites with very soft-matrices. fhese tubular fiber preforms
GENOA can evaluatechanges irfiber orientations and dynamically chang@®undary conditions as a
tubular fiberpreform conformed to a tool.

A typical preform shaping computationalycle isdefined inFigure 5-9 [7].The current geometry is
compared tdhe shape ofthe mandrel andmposedloads ordisplacementsire computed taconform the
preform to atool shape. Nextthe mechanical properties d@he mesh nodesare determined by the
composite mechanics module startingh the ply properties(based on arelastic constitutive law). The
laminate propertiearethen determined. Displacement analysis under a load increment is méuefinite
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element mdule. Usingthe computed deformation dhe structure, a neviber orientationFEM mesh is
established.

Application of Loads to Reshape Preforms.The meskHitting algorithm either use loads in order to
push the sock towards the mandrel (Figure 5-10), or tpull the sock to stretch iaroundthe mandrel
(Figure 5-11).

Computation of the
c Bczjgndary Computation of the New
onditions (5) \ Fiber Orientation (4)
l and the New Deformed
Geometry
Composite
Micromechanics (1)
Ply Properties
i FEM Analysis (2)
Mechanical Equilibrium
Composite
Micromechanics (1)
Laminate Properties

Figure 5-9. Computational Simulation Cycle

Figure 5-10. Pushing Loads Figure 5-11. Tensile Pulling Loads

Reshaping by Pressure Loading.The process of reshapingeatile fiber preform issimulated using
finite elementmodels of a tubular textile preforamnd the shaped die orandrel tool to which it is to bf.
The simulation ofthe reshaping process is accomplisheddwaluation of incremental changes of fiber
orientations in a preform. Pushit@pdsare computed normal tthe tubular sockpreform inthe direction
of themandrel.

Reshaping by Applying TensionLoading. The tensilepulling loads are imposed at arabsolute
level. They can be either indirection in the global system ortime direction ofthe sock.

A tubular preformloaded under tension at one endsli®wn inFigures 5-11. A decrease in a fiber
angleupon an incremental increase in loading will result in increatiffidess ofthe composite athat
location. Preform elongation will tend toward a limit controlledth®yessentially fixed lengths difie fibers.
The necessity offiber angle adjustment isshown by comparison dhe curves in Figure 5-12. The
nonlinearity ofthe curve generated withoaingleadjustment is due tthe large effect of fibedisplacement
and the updated Lagrangian schersediin GENOA.

Globally, large strains are governed bythe preform Poissonratio. This ratio is computed very
accurately by thecomposite mechanics module, based on a sstiain code,whose validity can be

5-6



5.0 Simulating Manufacturing Process of Composite Textile Preform Reshaping

extended tdarge strains usinghe updated Lagrangian scheme foreformsapproximated as very soft
matrix fiber reinforceccomposites. As shown in Figure 5-IBanges in thé>oissonratio of apreform in
tension become increasindbrge for incremental changes in lengthtégh elongations. This necessitates
reducing the size of a load incremeloiring a simulation athe preform elongation increases.
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Figure 5-12. Elongation vs. Load With & Without Angle e ‘ ! ‘ o ‘ ‘
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Figure 5-13. Poisson’s Ratio at Different Elongations For A
Rectangular Plane Panel

Fiber Angle Computation Assumptions. Mechanical properties of fiber textile areassumed to
remain constant during small incrementfiber angle changes permitting uncoupliniiper orientation
changes, mechanical property calculations fimite elementsolutions inthe computation cycle further
assuminghat:

1. Fibers in a textile preforrare symmetrically placed with respect to a coordinate axis system.
2. Fiber elongation is negligible becausehiagh stiffness

Computing the Change of FiberOrientation. The configuration ofthe fibers in a preform is
initially subjected to small loaddirected tomake the preform conform tahe shape of a mandrel afie.
The simulation is conductegith very small load increments during whittie properties ofthe preform
areassumed constasincethe changes irthe fiber orientations will besmall. After each load increment,
the computed strain is used to determine new orientatiobsadt fibers.

A FEM mesh igienerated based dhe symmetry ofthe fiber orientation. After each load increment,
strains are recomputed. tal strains; i.e.summations othe strain increments dhe incremental steps.
Using previous values, new fiber orientations are computed at each node. A nefildripubhen generated
to providethe new orientations fothe next load increment calculations.

Boundary Conditions. Two methodsare available to describe contaobnditions. The first method
defines arexplicit contact conditionWhen afinite element node of a braidgaoreform comes ircontact
with a tooling surface, a displacemdrdundary condition ispplied to the nodsuch that itstays on the
tooling surface. The boundary condition is representedrojeasupport that disablethe displacement of
the node in direction normal to the tooling surface i®own in Figures-14. The contacting nodeemains
free tomove inany direction tangential tthe mandrel surfacebut is constrainednot to leave it. The
complexity of thisimposed displacement constraint depends the shape ofthe tooling. The more
complex the surface,the more difficult it will be to program, and the more non-linearthe resulting
resolution.
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The second method is to impose a boundary condition based on a load condition (Figure ®4%). A
is exerted on a noddepending orits distancefrom the tooling surface. This loadchust allow the finite
elementmesh tocome near the tooling surfabet shouldnot besufficient to allowthe nodes toenter the
mandrel.

This second solution isasier tgprogram,becausehe only computational requirement isdistance
between a point and a surface (represented repudsiveload) and anormal vector to this surfac@he
direction ofthe repulsive load).

Contact Algorithm for the sock and the mandrel. The distance between sophkints andhe tooling
can befound by averaginghe surfacenormals ofthe sock elemengroupthat thesock point is anember
of to get thetrue surface normal whicbanthen be used to contact each elementhef toding surface
within an error ban@Figure 5-16). Neathe beginning stage afonformancehe distance of sock to tool is
shown in Figures-16 by color coding. Thelosestcontact pointmight thus beinside the tooling to the
slight extent allowed bthe error bandFigure 5-17).

Mold
Mold
Finite Element Finite Element
Source Source
Figure 5-14. Contact Condition Figure 5-15. Load Condition

|
Figure 5-16. Example of FEM Model of Sock FEM Model
Conforming to Mandrel (Grey) FEM Model

Figure 5-17. Example of FEM Model of Sock Entering FEM
Model of Mandrel (Grey) Because of the Lack of a Sufficient
Preventive Scheme.
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Assumptions A tooling surfacecan berepresented by four sid€gUAD elements. The four nodes of
the elementsare sequenced ithe element definition in a counter clockwise directiomking from the
positive side ofthe surface. The element density iBigh enough taallow the elementsurfaces to be
approximated as a planar surfacdhe sock isthe secondary surface and is definedth the same
constraints athetooling surface. Both surfacese sinilar in size and shape (Figure 5-18).

Method. For each element dhetooling and sock surfaces, the surface normedl@ilated by taking
the cross-product ofhe diagonal vectors. The vector framode 1 to node 3 irossedinto the vectorfrom
Node 2 to node 4. The cross-product vector is then normalized.

Mesh Fitting Strategies A convenient way tdit a preform FEM mesh to #ol is tofirst merge it
with the base ofthe tool to givethe nunerical simulation stability. The preformmesh isthen pushed
towardsthe tooling surface usinghe boundary conditions previously described. This procedunes very
well for acone shapedool where displacementith free movement irthe tangent planéfom normal or
tensile loads givethe exacksame results.

During the physical fitting ofthe tubular sockpreform to a toolpuckling of the fibers may occur. In
numerical simulation thisanresult in instabilities irthe computercode. The effect obuckling can be
considered fothe bent cone example éfigure 5-18.

Automation Process An automated process to reshgpeform must employ a method to push the
sock towards the tooling surface without havinghe bucking occurring and takingito account the
following:

Fitting of straightmandrels is very easy and the process is very stable, whether displacentaands or
areused.

Severe buckling occurs wheime mandrel is bent for more than a few degrees,

When the sock andthe tooling surfaceare distant, extensiveiser intervention isnow required to
supervise the mesh-fitting process.

The simulation of a simple automation process starts with a strait mandrel and we bent it progressively
using small enough steps to maintain stability. Therefore, no user intervention is requireftqiapéring
the step-sizes). The boundaryconditions between two ste@se equivalent, whether normal loads or
normal displacementare used. This process hbeenevaluated using experimentadsults provided by
GE.

Comparison Between Simulations And Experiments. Favorable comparisons of GENOA
simulation results with Gener&lectric experimentalesults on sevefiber preformreshaping tests (Figure
5-19) have strongly encouraged GE faursue furtherdevelopment ofthe proposed preform reshaping
technology as a promising cost effective fabrication methoddmplex PMC components.

Durability Analysis of Manufactured Tube. t#pical manufacturing case héeensimulated (Figure
5-19). Astraight fiberweave cylinder haveen shaped ovebent cylinder of thesame diameter. The
damageprogression is shown in Figure 5-20. The simulatiothésstopped;ocal laninate fracture occurs
in thetube (i.e., when erackappears). According to this figutee manufactured tubeansustain darger
pressure.
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Figure 5-18. Fitting of the cylindrical mesh over a cone. (a) Merged bases, (b) Intermediate step, (c) Final mesh.
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Figure 5-20. Damage Progression In Manufactured and [+45] Tubes

53 COMPUTATIONAL SIMULATION CYCLE

CODSTRAN is anintegrated and open-endeddedeveloped fothe simulation of structural response
of fiber composite structures [1]. It consiststiafeemodules:(1) composite mechanics, (Bhite element
analysis and (3) damag®ogression modelingThe composite mechanics module [2] conduoticro-
mechanics, macro-mechaniaad laminate analysighe finite elemenmodule [3]usesanisotropic thick
shell and three-dimensional solid elements as appropriate. We havetae@diity to evaluatethe change
in fiber orientation and to change dynamically foeindary conditions dhe structure to fitthe preform. A
typical computational cycle is defined kigure 5-21

First, the distance betweetthe mold and the fiber weave isassessed. A meslitting algorithm

dynamically generatesome pressureandimposed displacements fib the fiber weave over the
mold. An extensive description dfis algorithm is provided in paragraph.should bementioned
that it respectsthe redistribution of stresses ithe fiber weave, and it is compatibleith the

assumptionsnade in thecode.

The mechanical properties thie mesharethen computed in theomposite mechanics module, first

the ply propertiesbased on an elastic constitutidaev) thenthe lamnate properties. Sinctne code

require the presence of matrix, a very soft matrix is used (several order of magnitude softer than the
fibers)

The structural analysis under a load increment is carried out fimitkeclementmodule.

Using the computed deformation dhe structure,the new local fiber orientation andhe new
deformed geometry is determined.

The basicpremise ofthe computational method is thaturing one simulationstep, the deformations
are small. Therefore, althouglthe fiber angles change, this change is small enoughstmumethat the
properties ofthe materialremain constant. This allowsr the uncoupling betweerihe fiber orientation
changethe property computatioand the finite elemergfolution in the computatioaycle.
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e New Load Increment

Defines the boundary conditions
to push fiber weaves towards mold

i Mesh Fitting Algorithm:

Computation of the
new fiber orientation and the
new deformed geometry

i
|
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Composnte Micromechanics :

A
Ply properties '

; | Finite element Analysis :
v R v L Mechanical equilibrium

Composite Macromechanics :
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Figure 5-21. Computational Simulation Cycle

5.4 FIBER ANGLE CHANGE

Modeling the change offiber orientation isbased orthe assumption of symmetrically wovdibers.
The fibershave avery high stiffness so their elongationniegligible. Accordingly, dox with fibers as its
diagonals will deform into a box with a different aspect ratio (Figure 5-22).

h—dhy \/%

15

r

Figure 5-22. Deformation of an Elementary Box
The angled' is suchthat
h+dh_ Q+&,)h _1+e
6‘ ) » tan9

R (GE)T TRE,

The new angle is computed with respect to the incremental strain during a finite-edpenithus the
anglecomputation is coherent with the updated Lagrangian resolution scheme.

tanG'—
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5.4.1 Validity of the Large Strain Approach
Assumingthat thefibers cannot be elongated leadshi® following analytical relationship

h:1/2—l2 tanezrl

These analytical relationships were useddmpute elongationand strainsplotted in Figureb-23 for
comparison with similar results from computational simulation relyingpufated lagrangian smaitrain
anistropic elastic constitutive law.

90

Fiber Angle (Degrees)

Elongation (%)
T T

-100 -80 -60 -40 -20

—— Analytical solution

m CODSTRAN

Figure 5-23. Fiber Angles For Different Elongation Of A Rectangular Plane Panel.

The results othe analytical nodel and ofthe computational simulatiormre invery good agreement,
which givescredit to thecomposite mechanics module (whde physical properties dhe structure are
computed). As wean expect, the angtends to 0 for an elongation of 41%hich correspond tthe point
where the fibersreall stretched out.

There appears a slight difference (of about 5 degrett® ifiber angles) wherthe panel iscompletely
extended by more than 35% his can be explained with a closer look the deformation.

For soft matrix compositethe mechanisms ofleformation donot depend orthe properties of the
matrix (very low stiffness compared tthe fibers, thereforethere isvery small effect on the global
properties) and those tife fibers (which cannot be elongated). The behavior is only drivethebl?oisson
ratio.

The theoreticaPoissonratio v of the deformation described in this Figuoan becomputed if we
remarkthat
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The fiber cannot be elongated, so

1) 12+h?=(h+dhyf +( +dI} = (@-ve, Fh?+([1+ e, FI?

At the first order in€« , this equation becomes

|2 1
2 V= =
2) h" tan’0
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Figure 5-24. Poisson's Ratio at Different Elongation For A Rectangular Plane Panel

When the elongation goewer 30%,the Poissonratio increases at a vesjeep rate. At thismoment,
the assumptiorthat the propertiesare constant during a step is no longetid. The Poison ratio ishen
underestimatedeading to desser decrease the fiberangle.This explainswhy the fiber angles values
computed bythe computational simulationare slightly higher thanthe analytical ones at extreme
elongation. The smallehe fiber angles (orthe longerthe elongations), smaller incremeate required in
simulations.

Also, whenthe fibers arevery elongatedihe load required to deforrthe structure increases. This leads
to possible stretching dhe fibers. Thiseffect is taken into @ount inthe computercodeand not in the
analytical model, which also explaipart of the difference at high elongation levels.

Globally, though, this approach gives very good resuéigye strains involves byhe Poissonratio that
is accounted forvery accurately by thecomposite mechanics modulélherefore, although the
computational simulation is based on a small straute,its validity can beextended tdarge strains in the
case of specific materials suchwasy soft matrix fiber reinforced compositesfiber weaves.

5-14



5.0 Simulating Manufacturing Process of Composite Textile Preform Reshaping

5.4.2 Possible areas of Improvements

Fiber stress Monitoring

The main area ofmprovementjfor the fiber anglecomputation, ighat of fiberstress monitoring. In
somecases, it is possiblthat theoverall constraintapplied to aneshwill create fiber elongation and/or
unreasonable stress tme fibers. Forinstancejmposed displacements migtreateshearstresses in the
structure.

It appears to be easy to add a fisgess monitoring subroutine. gach stepCODSTRAN computes
the damage initiation inthe composite andgince there is nonatrix, the programdetects matrixdamage
evenfor very small loads. Consequently, damage treatmenibdwsdisabled by modifying subroutine
PFM. The “fiber tension failure" damageode could bemonitored to ensurthe mechanical resistance of
the fiberpreform.

A way to monitorthe fiberstresswould be to recovethe actual value of the fibatress fromiCAN.

A question arises as wehat should be&lone in case of fiber fracturBome gtions are:

* Do nothing (currenstatus).

» Changethe loading conditions.For instance,the imposed-displacements/contact conditions may
createunreasonable loading difie structure. Thigase,reverting to load instead of displacement
controlleddeformations gives more control ovee stresslevel attained by thetructure E.g. the
loads defined byhe program can be restricted to a given maximal value at each step.

» Changethe boundary conditionsThe biggeststressesare more likely to appear athe more rigid

parts ofthe structure, where the fibers require more load to reach a displac@hentnay be due
to ill-defined boundary conditions.

Non elastic Fiber Constitutive law

These fiberdave plasticity. Let us assumethat aconstitutive lawthat allows for plastic elongation of
fibers is used in simulations.

In that case, the@ssumptionthat thefibers donot elongate is nanore valid. A different way to
compute thdiber anglemust be found.

In the case of largearbitrary displacementsgeach individual fibersmust be followedThe fiber angles
will no longer besymmetrical. A method to determittee fiber anglechanges, is as follows:

» Define the vector V representirtige fiberdirection before the deformation step,
» Perform the deformation step,

» Define the gradient tensor F
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where U is the displacemeand XYZ are theaxes.

«  Find the new direction vector v fothe fiber, V= FV

Using this new direction, find thigber anglewith respect tdhe new configuration and tdhe new
element coordinates.

Note that, in this method, any constitutive law can be usegte wefollow each individual fiber. This
method will also allow for more that 2 fibers.

5.5 FAN BLADE MESH FITTING SIMULATION

According tothe use of the previous algorithm(the one used fothe tube cases)the edges were
difficult to model. Inparticular, they were naiccurately and reliabliseen’ by the geometrical algorithm.
For instance, in Figure 5-6, tiseck goes inside the fan blade ancbiliges rest over one sidetbé fan.

T

s
-
= -

Figure 5-25. Sock over fan blade, initial geometrical algorithm

Some methods were proposed fistther evaluation:

Use the same kind of resolution as itme tube casesStart with a straight blade Wich is

progressivelycurve dusing small steps. This processasier andtan befine tuned to respect the
edges.

Use a different geometrical algorithrmhe load/displacementare currently driven bythe position
of the sock with respect to the mandrel. This logan bereversed.

Use a different representationtbk sock to givemore importance tthe edges, in particulausing
spline functions for smoother geometry.
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5.5.1 Evaluation of the different methods
The following conclusions havaeen reached:

» Spline functionscan be used tdescribethe edges orthe whole mandrel and wilkllow easy
flattening or bending othe surface. Inthe case ofthe edges, thideads tomaking a specific
algorithm to take into accourthe edge, vhich is of little interest since we canse a specific
algorithm forthe finite-element edge.

» Use of amandrel-driven geometrical algorithieads tothe same problemgncountered with the
sock driven algorithm.

* An algorithm is needed that is able to differentiate the sides/ed¢fessufck and thenandrel.

We are currently developing a method based on sepatiagirgiges andhe sides ofthe surface. The
principlesare:

» Account forthe two sidesand thetwo edges othe mandrel. Divide the sock with theame kind of
geometrical consideratione. make the distinction between sides and edges.

» The algorithm is to be modified to fit one side/edg¢hefsock over its corresponding side/edge of
the mandrel.Note that a specifiditting-algorithm needs to be developedeaiasurethe edges are
fitted with enough freedom ahe mesh.

» To respect the redistribution dfe stresses, some points the edge of thesock must beable to
move over to one side and leplaces by points dhe sides becoming othe edges. This ensures
that theedgesare covered atll times. Note thathis processwill require ameshrefined enough
around the edges $lat these points are near each other.

For the sake ofhe stability of the fitting algorithm and to preverttuckling, we use a two-stgrocess
for the simulation. This is used to soltiee two problems which are (1) elongation/reduction of diameter of
the sock (where buckling appearshd (2) fitting ofthe mesh ovemultiple curvaturesThe process is as
follows:

» First, the sock is fittedover astraight mandrel which has theame diameteand same average
thickness around the edgestlasfan Blade. There is nourvature inthe plane of thesock, so the
points ofthe edges othe sock should stay ornthe edges. Atthe end ofthis process, whave asock
with the good diameter Figure 5-26).

» Use this sockand fit it over the farblade. Depending othe stability of this resolutionthe first step
might be abandoneahd all theresolution be done ahce.
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Figure 5-26. Sock over straight mandrel

At this time (September 29the project is at thpoint:

A straight mandrel is generated accordingheofan bladenesh.

A fan bladewhere the edges and sida® sorted isavailable.This required building amdex for
each element.

The sock has been added an index to sort the sides and edges as well.

Remains to belone aresome programmingnd debugging othe modified fitting-algorithmwhich

should bedone soon, andthe evaluation ofthe needandthe consequences of allowinthe points of the
edges othe sock to nove tothe side and be replaced by pointshafside.

5.5.2 Modifications to the code
Modifications are:

The MANDREL file format has been updated dwstinguish (via elements) betwedne sides and
edges othe mandrel.

The sock needs distinction. This is storedhia file SCRA grid which should beyenerated by the

meshgenerator as well ake CODINP file. The distinction forthe sock is nodebased(to define
weather a nodshould go on aide or orthe edge)

The distance and update boundary subroutines leste heavilymodified to include a side specific
and edge specifialgorithm. Basicallythe algorithm is:

Find the displacements to fit one side thie sock tothe equivalentside ofthe mandrel. Do the
same forthe otherside.

Find the displacement to pulthe edge of thesock towards the correspondingedge of the
mandrel.

5-18



5.0 Simulating Manufacturing Process of Composite Textile Preform Reshaping

3. Transformthesedisplacements in contact conditions,
4. Write the contact conditions in the Finite Element file fmocessing

Note that naalgorithm has been developed to allow one poirthefedg e of theock to slide to the side
of the Mandrel. According tehe geometry ofthe blade, this should have very little effect e results.

A fitting algorithm and to preventbuckling, uses a two-stepprocess to determine (1)
elongation/reduction of diameter thfe sock (where buckling appeargnd (2) fitting of the mesh over
multiple curvatures. The process is as follows:

» First, the sock isover astrait mandrel which hathe same diameteaind sameaveragethickness
around the edges #% fan Blade. There is nourvature inthe plane of thesock, sothe points of
the edges othe sockshould stay orthe edges.

« Fit this sock it over the fahlade.

According tothe first evaluations ahe code, this twestep process cannot be avoid€de results are
shown in Figure$-27 to 5-29.

Figure 5-27. Initial Sock and Fan Blade
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Figure 5-29. Step 2: Fitting the Previous Sock Over The Fan Blade.
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6.0 Probabilistic Failure Analysis

Methods and corresponding computer codes are discussed relative to evaluation of progressive
damage and fracture in stitched and unstitched composite laminates. A computer code utilized for the
simulation of composite structural damage and fracture assesses. Structural response during degradation
probabilistically. The effects of design variable uncertainties on structural damage progression are
guantified. The Fast Probability Integrator is used to assess the scatter in response of the composite
structure at damage initiation. Sensitivity of the damage response to design variables is computed.
Methods are general-purpose in nature and are applicable to fracture processes stitched and unstitched
composites in all types of structures undergoing damage initiation and unstable crack propagation up to
global structural collapse. Results of the methods are demonstrated for polymer matrix composite panels
under edge loads indicate that composite constituent properties and fabrication parameters have a
significant effect on structural durability. Design implications with regard to damage progression and
damage tolerance of composite structures are examined.

Graphite/epoxy composite structures are used in the design of various structural components such as
aircraft wing and fuselage structures, jet engine cowls, pressure vessels, containment structures, and
rocket motor cases. In these applications it is important to achieve low weight, high strength, stiffness,
and safety. For a rational design it is necessary to quantify the damage tolerance of a candidate structure.
The assessment of damage tolerance requires a capability to simulate the progressive damage and fracture
characteristics of composite structures under loading. Damage tolerance of a structure is quantified by
the residual strength, that is the additional load carrying ability after damage. Composite structures are
well suited for design with emphasis on damage tolerance as continuous fiber composites have the
ability to arrest cracks and prevent self-similar crack propagation. For most fiber reinforcement
configurations, cracks and other stress concentrators do not have as important an influence in composites
as they do for homogeneous materials. Another important aspect is the multiplicity of design options for
composites. The ability of designing composites with humerous possible fiber orientation patterns,
stitching, braiding, choices of constituent material combinations, ply drops and hybridizations, render a
large number of possible design parameters that may be varied for an optimal design.

Flawed structures, metallic or composites, fail when flaws grow or coalesce to a critical dimension
such that (1) the structure cannot safely perform as designed and qualified or (2) catastrophic global
fracture is imminent. However, fibrous composites exhibit multiple fracture modes that initiate local
flaws compared to only a few for traditional materials. Hence, simulation of structural fracture in fibrous
composites must include: (1) all possible fracture modes, (2) the types of flaws they initiate, and (3) the
coalescing and propagation of these flaws to critical dimensions for imminent structural fracture. The
comprehensive simulation of progressive fracture presented herein is independent of stress intensity
factors and fracture toughness. Concepts governing the structural fracture simulation are described in
reference [1]. Based on these concepts, a computational simulation procedure has been developed for (1)
simulating damage initiation, progressive fracture, and collapse of composite structures and (2)
evaluating probability of structural fracture in terms of global quantities which are indicators of structural
integrity.

It has been recognized in the structure community that uncertainties in the structural parameters as
well as in the service environments need to be considered in the evaluation of structural
integrity/reliability. Alpha STAR has developed GENPAM (Figure 6-1), computer software that
integrates probabilistic methods, finite element methods, and composite mechanics for probabilistic
composite structural analysis. The available probabilistic methods for GENPAM include 1) Monte Carlo
Simulation (MCS), 2) advanced reliability algorithms and 3) importance sampling methods. MCS,
traditionally used for reliability assessment, is deemed too computationally expensive for large structures
or structures with complex behaviors. Consequently, over a period of ten years of probabilistic structural
analysis research funded by NASA, advanced reliability algorithms and importance sampling methods
were incorporated in the GENPAM program. It is well documented that these algorithm methods are
thousands of times faster than Monte Carlo simulation thus significantly reducing computational time for
probabilistic analysis of large structures or structures with complex behaviors. The GENPAM software
has been integrated into the GENOA suite of codes.
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GENPAM code is constructed in such a way that any real value in the input file of the deterministic
analysis can be selected as a random variable. An interface module can interfaces with any deterministic
code as long as the uncertainties are real values shown on the original deterministic input file. Integration
with many commercial or in-house computer codes is greatly simplified.

Composite mechanics is embedded in the GENOA-PMC3 module that is an Integrated Composite
Analyzer. GENOA-PMC3 will provide ply and laminate properties based on input of fiber, matrix, and
fabrication properties. Isotropic material can be modeled by setting the fiber volume fraction to a
negligible value and using the isotropic material properties as matrix properties. GENOA-PMC3 also
determines ply stress, ply strain and ply strength for failure consideration. Random variables can be any
fiber matrix property, ply thickness or orientation, fiber or void volume ratio, temperature, moisture or
3D-braid configuration.

Various responses can be selected to be analyzed probabilistically, such as the cumulative
distribution function (CDF), the probability distribution function (PDF), and sensitivities to design
random variables. Displacement responses can be specified with node numbers and the three transition
degrees-of-freedom. Material response can be specified with node number, layer number, and as
selection from a menu of 20 choices as follows:

1. Longitudinal strain 11. Transverse strain

2. In plane shear strain 12. Longitudinal stress

3. Transverse stress 13. In plane shear stress

4. Longitudinal tensile strength 14. Longitudinal compressive strength

5. Transverse tensile strength 15. Transverse compressive strength

6. In plane shear strength 16. MDE failure criterion

7. Hoffman’s failure criterion 17. Interply delamination failure criterion

8. Fiber crushing criterion (compressive strength) 18. Delamination criterion (compressive strength)
9. Fiber microbuckling criterion (compressive strength) 19. Longitudinal normal shear stress

10. Transverse normal shear stress 20. Transverse normal shear strength
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6.1 CONCEPTUAL MODEL AND MESH MAPPING

Probabilistic structural analyses are inherently computational intensive due to the large number of
deterministic analyses required to accurately simulate the effect of uncertainties on the desired structural
response (stress, displacement, ultimate load etc.) for structural reliability assessment. Probabilistic
structural analysis using finite element models can be economically performed when relatively coarse
mesh is employed. However, finite element analyses using coarse mesh not only raise questions
regarding the convergence on the deterministic values but also significantly alter the true probability
distribution of the structural response. It is important, therefore, to evaluate the influence of mesh
refinement on the accuracy of the probabilistic structural response and reliability.

The accuracy of the probabilistic structural response is most affected by two factors. The first is the
accuracy of the probability distribution of the random variables involved in the analysis. The second is
the coarseness of the finite element model. The random variables are independent of the finite element
model and are assumed to be accurately described by the users. Therefore, error in the probabilistic
structural response for a given finite element mesh is directly caused by the FEM mesh. A mapping
method was developed for coarse finite element mesh use that would give simulation results matching
those obtained with fine finite element mesh use within 10 to 20% effectiveness

6.2 COMPUTATIONAL SIMULATION PROCEDURE

The progressive fracture of stitched and unstitched composite laminates is simulated via an
innovative approach independent of stress intensity factors and fracture toughness parameters.
Computational simulation is able to evaluate damage initiation, damage growth, and fracture in
composites under various loading and environmental conditions. It has been applied to the investigation
of the effects of composite degradation on structural response [1], effect of hygrothermal environment on
durability [2], damage progression in composite shells subjected to internal pressure [3], the durability of
stiffened composite shell panels under combined loading [4], and damage progression in stiffened
composite structural components [5]. The purpose of this paper is to describe combination of
computational simulation with probabilistic methods to identify the salient material and structural
parameters for design with damage tolerance considerations.

Computational simulation is carried out by an integrated and open-ended computer code consisting of
three modules: composite mechanics, finite element analysis, and damage progression modeling. The
overall evaluation of composite structural durability is carried out in the damage progression module [6]
that keeps track of composite degradation for the entire structure. The damage progression module relies
on composite mechanics [7] for composite micromechanics, macromechanics and laminate analysis, and
calls a finite element analysis module that uses anisotropic thick shell elements to model laminated
composites [8]. The composite mechanics module is called before and after each finite element analysis.
Prior to each finite element analysis, the composite mechanics module computes the composite properties
from the fiber and matrix constituent characteristics and the composite layup. The finite element analysis
module accepts the composite properties that are computed by the composite mechanics module at each
node and performs the analysis at each load increment. After an incremental finite element analysis, the
computed generalized nodal force resultants and deformations are supplied to the composite mechanics
module that evaluates the nature and amount of local damage, if any, in the plies of the composite
laminate. Individual ply failure modes are assessed by the composite mechanics module using failure
criteria associated with the negative and positive limits of the six ply-stress components in the material
directions. In addition to the failure criteria based on stress limits, interply delamination due to relative
rotation of the plies, and a modified distortion energy (MDE) failure criterion that takes into account
combined stresses is considered [7]. Depending on the dominant term in the MDE failure criterion, fiber
failure or matrix failure is assigned. The generalized stress-strain relationships are revised locally
according to the composite damage evaluated after each finite element analysis. The model is
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automatically updated with a new finite element mesh having reconstituted properties, and the structure is
reanalyzed for further deformation and damage.

If there is no damage after a load increment, the structure is considered to be in equilibrium and an
additional load increment is applied leading to possible damage growth, accumulation, or propagation.
Simulation is continued until global structural fracture.

The phenomenon of fracture in composite structures is further compounded due to inherent
uncertainties in the multitude of material properties, structural geometry, loading, and service
environments. The effect of all types of uncertainties must be designed-in for satisfactory, reliable, and
affordable structures. The various uncertainties are traditionally accounted for via knockdown (safety)
factors with generally unknown reliability. An alternate approach to quantify those uncertainties on
structural fracture is to use probabilistic methods as described herein.

Probabilistic evaluation of damage and fracture progression, an integrated probabilistic analysis code
[9] is used in conjunction with progressive damage simulation. The probabilistic analysis code considers
the uncertainties in material properties as well as in the composite fabrication process and global
structural parameters. The effects on the fracture of the structure of uncertainties in all the relevant
design variables are quantified. The composite mechanics, finite element structural simulation, and Fast
Probability Integrator (FPI) ave been integrated into the probabilistic analysis code. FPI, contrary to the
traditional Monte Carlo Simulation, makes it possible to achieve rders-of-magnitude computational
efficiencies which are acceptable for practical applications. Therefore, a probabilistic composite
assessment becomes feasible which can not be done traditionally, especially for composite
materials/structures which have a large number of uncertain variables. Probabilistic analysis starts with
defining uncertainties in material properties at the most fundamental composite scale, i.e., fiber/matrix
constituents. The uncertainties are progressively propagated to those at higher composite scales subply,
ply, laminate, and structural. The uncertainties in fabrication variables are carried through the same
hierarchy. The damaged/ fractured structure and ranges of uncertainties in design variables, such as
material behavior, structure geometry, supports, and loading are input to the probabilistic analysis
module. Consequently, probability density functions (PDF) and cumulative distribution functions (CDF)
can be obtained at the various composite scales for the structure response. Sensitivities of various design
variables to structure response are also obtained. Input data for probabilistic analysis is generated from
the degraded composite model available as progressive damage and fracture stages are monitored.

6.3 SIMULATION OF COMPOSITE PANELS

Rectangular panels of stitched and unstitched graphite/epoxy laminate are considered. The laminate
consists of 48 plies that are configured as [0/45/90]s6 with a total thickness of 0.25 in (6.35 mm).
Stitching is done using 1200 denier Kevlar thread using a spacing of 0.25 inch and a pitch of 0.1 in. The
direction of stitching is along the 0-degree plies. The specimen has a width of 4.0 in (102 mm) and a
length of 8.0 in (406 mm). The 0-degree plies are oriented along the 8.0 inches. direction and the 90
degree plies are oriented transverse to the 8.0 in. direction. The finite element model contains 260 nodes
and 184 elements. The composite system is made of AS-4 graphite fibers in a high-modulus, high
strength (HMHS) epoxy matrix. The graphite fiber volume ratio is 0.55 and the void volume ratio is one
percent. The composite is manufactured by resin transfer molding (RTM) of the stitched preform. It has
been cured at a temperature of 350F (177C). The use temperature is 70F (21C).

Each panel is subjected to gradually increasing loading. The specimens are loaded by restraining one
end and applying uniformly displaced tensile, compressive, in-plane shear, and out of plane transverse
loads at the other end. Damage progression is computationally simulated as the loading is increased.
The rate of increase in the overall damage during composite degradation is used as a measure of
structural propensity for fracture. Figure 6-2 shows the simulated damage progression with increasing
tensile and compressive loading on the stitched and unstitched panels. There is no difference in the
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damage initiation loads for stitched and unstitched panels. Damage initiation under tension occurs at a
lower load compared to compression. Also, due to the large extent of ply transverse tensile failures,
composite structural damage reaches a much larger magnitude under tension compared to compression.
After the completion of a well defined damage growth stage, the state of damage remains constant until
the ultimate load is reached. For tensile loading of the stitched panel damage at the ultimate load is lower
than that of the unstitched panel. However, for compressive loading of the stitched panel damage at
ultimate load is higher than that of the unstitched panel. Also, the unstitched panel is able to carry a
larger compressive load at the ultimate fracture stage.

Figure 6-3 shows the damage progression for in-plane shear and out-of-plane flexural loads. For the
ultimate fracture stage of the in-plane shear loading the magnitude of damage is greater for the unstitched
panel. On the other hand, for the out-of-plane flexural loading, the stitched panel reaches a much higher
damage level compared to the unstitched panel.
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Y L%gAD (3|2|PSL Figure 6-3. Damage Progression Under In-Plane Shear And
Out-Of-Plane Flexure; Graphite/Epoxy: 48 Plies [0/45/90]S6;
Figure 6-2. Damage Progression under Tension and Compression; Solid Lines = Unstitched Composite; Dashed Lines = Stitched
Graphite/Epoxy: 48 Plies [0/45/90]s6, Solid lines = Unstitched Composite

Composite, Dashed Lines = Stitched Composite

The probabilistic analysis code was used to characterize the damage initiation stage for the composite
panels. For the out-of-plane flexural loading, the damage initiation stage that occurred at a lateral load of
182 N (41 Ibs) was controlled by the modified distortion energy (MDE) failure criterion according to the
progressive damage simulation. Therefore, the effects of constituent material uncertainties on the MDE
failure criterion as well as the end displacement were computed to assess probabilistic failure at the
damage initiation stage. The Cumulative Distribution Function (CDF) of the MDE failure criterion and
the end displacement was evaluated. Figure 6-4 shows the CDF for the MDE failure criterion and Figure
6-5 shows the CDF for the panel end displacement at the damage initiation stage. The average value of
the MDE criterion is 0.9973 and the standard deviation is 0.3944E The average value of the end
displacement is 4.78 mm (0.188 in) and the standard deviation is 0.01888 mm (0443310
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The sensitivity of the 0.001 and 0.999 cumulative probability for the MDE criterion and the panel
end displacement to uncertainties in design variables were evaluated. The design variables were (1) Fiber
transverse modulus, (2) Matrix tensile strength, (3) Fiber volume ratio, (4) Void volume ratio, (5) Fiber
misalignment and (6) Ply thickness. Figure 6-6 shows the sensitivity of the design variables to MDE
failure criterion. The fiber volume ratio was the most significant design variable affecting the MDE
failure criterion and it had the highest influence at the 0.001 probability level. The ply thickness, fiber
transverse modulus, matrix tensile strength, and the void volume ratio had also significant influences.
However, their influences were maximum at the 0.999 probability level. Ply misalignment did not have a
significant influence on the MDE failure criterion. These results indicate that: (1) the damage initiation is
strongly dependent on uncertainties in the indicated five design variables and (2) damage initiation can be
most effectively reduced by controlling the fiber volume ratio and the ply thickness.

Sensitivity of the panel end displacement to the design variables was also probabilistically assessed.
Figure 6-7 shows the sensitivity of design variables to end displacement due to out-of-plane flexural
loading. The fiber misalignment and the ply thickness were the most significant design variables that
affected the end displacement. The influence of fiber misalignment was maximum at 0.001 probability
and the influence of ply thickness was maximum at 0.999 probability. The fiber volume ratio had a
somewhat lower but significant influence on the end displacement. Additionally, the sensitivities of the
end displacement to fiber transverse modulus, matrix tensile strength, and void volume ratio were very
small. These results establish that (1) the fiber volume ratio, ply thickness, fiber transverse modulus,
tensile strength of the matrix, and the void volume ratio are the most significant design variables at
damage initiation, and (2) panel end displacement may be controlled by adjusting the fiber misalignments
and the ply thickness.
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6.4 CDF AND SENSITIVITY ANALYSIS OF ARA MODEL WITH LAP JOINT

The IAS ARA panel was simulated under static loading to determine the damage initiation load. At
the pressure of 29.24 psi, fracture damage initiated at the some rivet location. After fracture initiation the
panel arrived at an equilibrium. Probabilistic analysis was conducted at this damaged equilibrium stage.
The random variables selected were the thickness of skin in the lap joint area, specifically thickness
location of 0.06 inches, of 0.17 inches, and thickness of the frame. The coefficients of variation for all the
design variables were taken as five percent. All random variables were assumed to have normal
distributions. The response variables for probabilistic analysis were the circumferential stress and shear
stress.

Figures 6-8 and 6-9 show cumulative distribution function of the circumferential and shear stresses
respectively. The sensitivity of the stresses to the three design parameters varies as a function of the
probability level. Figures 6-10 and 6-11 show the sensitivity of the stress response to the design variables
at the 0.999 probability level.
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6.5 CDF AND SENSITIVITY ANALYSIS OF CROWN PANEL WITH 38-INCH SAW CUT

Probabilistic analysis was also performed on crown panels with a 38-inch saw cut. Deterministic
analysis was used to determine the damage initiation load. At a pressure of 8.5 psi, damage initiated that
grew into fracture at the crack tip. Probabilistic analysis was conducted at the equilibrium stage after
fracture initiation. The thicknesses of skin, frame flange, frame blade, and stringer were selected as
random variables. The coefficients of variation for all the design variables were taken as five percent. All
random variables were assumed to have normal distributions. The response variables for probabilistic
analysis were the circumferential stress in the direction of frame, stress in the direction of stringers, and
shear stress at the crack tip where the fracture initiated.

Figures 6-12 to 6-14 show cumulative distribution function of stress at the crack tip. The sensitivity
of the stresses to the four design parameters varies as a function of the probability level. Figures 6-15 to
6-17 show the sensitivity of the stresses response to the design variables at the 0.999 probability level.
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Figure 6-12. Cumulative Distribution Function Of Circumferential Stress At the Crack Tip Where Damage Initiated
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Results have demonstrated that the probabilistic evaluation of a damaged composite structure can
determine responses, which take into account the uncertainties of the design random variables. Further,
the sensitivities of the responses to the design random variables quantified to help with design
optimization decisions.
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7.0 Mechanics Of 3-D Woven, Braided And Stitched Composites

Because ofthe nunerous possibilities withmaterial combinations, lamate structure,braid yarn
configurations, andoading conditions, it is essential thave an integratedomputational capability to
predict the behavior of three-dimensionalkginforced composite structures for any loadiggometry,
composite materiatombinationsandboundary conditions. GENOA-PFA provides this computational
capability with regard to progressive fracture traclkamgl assessment fsfilure modesusing failurecriteria
associated with the negative and positimdts of the six local stress components tine material directions.
Also, elastic orthotropic ply properties and stress limits of three-dimensiaraifprced fibercomposites
can beevaluated anthe effects of fibeorientations in weave arfataid textiles definedvith reference to
composite structural coordinates.

The stress limits ithe threeprincipal normal material directiorere computed separately for tension
andcompression bythe micromechanics equations ICAN based on constituerdtiffness,constituent
strength, and fabrication process parameters [Ref 1-Murthy and Chamis, 1986]. Sistilesly,limits are
computed forthe threeshearstress components the material directions. The equations used for ply
stress limitsare given inthe ICAN Usersand Programmers ldnual [Ref 2-Murthy and Charis, 1986].
In the evaluation of 3D braidedomposite propertieshe ICAN composite mechaniasquations are used to
compute stress limits the principal material directions for each braid/weave.

Three-dimensional compositese reinforcedwith three dimensionaltextile preforms, whichare fully
integratedcontinuous-fiber assemblies withulti-axial in-plane and out-of-planiiber orientations.These
composites exhibit several distinct advantages, whicha@reealized in traditiondlaminates. Firstbecause
of the out-of-plane orientation ocfome fibersthree-dimensional compositggovide enhancedtiffness
and strength ihe thickness direction. Send, the fully integrated nature of fibearrangement irthree-
dimensional preforms reduces or eliminateghe inter-laminar surfacescharacteristic of laminated
composites. Thirdthe technology oftextile preforming provideshe unique opportunity of near-net-shape
design and manufacturing of composite components and, hence, minimizesedor cutting and joining
the of parts. The potential aducing manufacturing costs for special applications is high.

Three-dimensional textile preforms candagegorized according to themanufacturingechnigue. These
include braiding, weaving, knitting and stitching. Braiding preforms are formed with trasie techniques,
namely two-step, four-step and multi-step braidinghimcase of two step braiding (Florine 1992), the
axial yarnsare stationary and theraider yarns movamongthe axialyarns. In four-step braidingyl yarn
carriers change theprositions inthe braiding process and dwot maintain a straightonfiguration. Multi-
step braiding (Kostar and Chou 1994)is an extensiothadour-step braiding. By allowindgor both
individual controls of a given track/column atie insertion ofaxial yarns, the range of attainable braid
architecture is greatly broadened in multi-step braiding.

In woven preformsthere arawo major categoriesThe first is the angle-interlock multi-layer weaving
technigue which requires interlacitie yarns inthreedimensionsThe warpyarn in this three-dimensional
construction penetratagveral weft layers ithe thidknessdirection, and thereforthe preform structure is
highly integrated.The second isthe orthogonal wovens, for which the yarns assumehree mutually
perpendicular orientations &ither aCartesian coordinateystem or aylindrical coordinatesystem. The
yarns inthe Cartesian weavare not wavy, and as a resultpatrix rich regions often appear ithese
composites.

The process of stitching mmainly basedupon an existing technology for convertitwgo-dimensional
preforms tothree-dimensional onedhis process igelatively simple.The basicneedsinclude asewing
machine, needle and stitching thread. Major conceritiseoftitching operatiorinclude depth of penetration
of the stitching yarns and, hendbe thickness of two-dimensional preforms titan bestitch-bonded, as
well asthe degree of sacrifice dhein-plane properties due to the damage to in-plane yarns.

Three-dimensional knitted fabrican beproduced byeither aweft knitting or warp knittingprocess.

The technique of knitting is particularly desirable for produgingforms withcomplex shapebecause the
variability of the geometricforms is almostunlimited. The largeextensibility andconformability of the

7-1



7.0 Mechanics Of 3-D Woven, Braided And Stitched Composites

preformsenable them to beesigned and manufactured for reinforct@mposites subject toomplex
loading conditions. The versatility of knittedpreforms offers a new dimension #extile structural
composite technology.

Even though three-dimensional (3-D) composhiase attractednuch interest due to their unique
mechanical properties, such as enhanced transverse moduli and strength, and improved shear resistance and
impact damage tolerandhe actualuse ofthe 3-D composite material in engineeridgsign poses many
problems. The mainproblem comes fronthe complex geometry o8-D composites.The fiber geometry
is so complexhat thegeometric mdelingitself is very difficult, much lessaccuratestress distributions.

For example, irplain weavetextile compositesthere aremany fiber tows (warpand fill) interlacingeach
other. Therecan benesting ofthe fiber tows of onelayer in adjacentayers. The existence ofnatrix
pockets adds to theomplexity ofthe geometry. In factmany research papetsave beerdevoted just to
modeling the geometry of 3-D composites (Pierce 1987, Pastore and Ko 1990, Du and Chou 1991).

The inherent geometricomplexity of 3-D composites makes detailed stress analysisvery
formidable. Mostanalytical and numerical techniquase merelyused to predicthe stiffnessproperties of
3-D compositesThere are few modelsthat have beemleveloped fordetailed stress analysigWoo and
Whitcomb 1994, Yoshino et al 1981, Kriz 1983astore et al 1993) artide strength prediction ofextile
composites. Talate, there is nmformation inthe existing literature orsimulatingthe entireprocedure of
damage propagation 8tD composites. Some ttfie earlier works forpredicting elasticonstants, damage
propagation, and strength of woven and braided composites are highlighted.

7.1 METHODOLOGY FOR ANALYTICAL SIMULATION OF 3D COMPOSITES

The standardCAN code was enhanced to computhe elastic properties angtress limits ofgeneral
3D composites. The enhanced ICAN uses micromechanics modealuate intraplyhybrid composite
properties whichare computed separately for eadiber orientation present in a 3braided/woven
composite.

The 3D braidedcomposite propertiegre obtainedfrom stress-strairrelations after using tensor
transformations tootatethe localcoordinate axes dhe braids to the structural coordinate systenthef3D
composite.. Thelocal coordinateaxes of araid is takenwith the xaxis along the fiber direction of the
braid. For each braid orientation, the ICAN infilgt is modified todefinethe direction of the braid x axis
by inputting the angles made byhe braid axis with the threeglobal composite structural coordinates.
Unless thdocal xaxis is in the global z direction, thacal yaxis of the braid isdetermined irthe direction
of the crossproduct ofthe global z axis and thiecal x axis. Ifthe local xaxis is inthe global z direction,
the local yaxis is taken to be ithe direction of the crossproduct ofthe local xaxis by the global x axis.
The local zaxis is determined by taking tloeossproduct oflocal x andlocal y directions. Components of
the unit vectors of braidocal coordinates written with respect to the composite structural coordihefine
the coefficients ofthe braid orientatiormatrix:

1115005 B
[é] = %21522@35 (7-1)
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7.0 Mechanics Of 3-D Woven, Braided And Stitched Composites

The coefficients in théirst row represent componentstbé unit vector alongthe braid fiber direction,
defined with respect tahe composite global X, y, z coordinate$he secondand third rows respectively
represent components thie unit vectors alonghe braid transversdocal y and z directionswith respect to
the composite x, y, z coordinatesThe elastic properties rotatiomatrix is defined interms of the
orientation matrix lij coefficients according to the following relations [Ref 3-Lekhnitskii 1977]:
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The properties of each bradge transformed tehe structural directions, multiplied hige ratio of fibers
in that braid to the total compostibers, and superimposed ontthe 3D composite propertiesWhen the
contribution of each braid is added, composite structural proparéasbtained. The 3D elastic, thermal,
and hygral propertieare represented bthe following equations:

[EC]:Tz:fM[RM]T[EM][RM] (7-3)
(a)=E]=3 t[R.J[E][o] (-0
(7-5)

(s3=[e]=3 t.[R[E.][8]

where N, indicatesthe number of weavely directions, [R;] is the coordinatetransformation matrix
Nw

for the jthweave, {; is thejth weave or braid plyolume fraction, (viz.z fy, =1), and E; is thestiffness
=1

matrix in thelocal coordinatesystem ofthe jthweave ply.
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7.0 Mechanics Of 3-D Woven, Braided And Stitched Composites

The structural properties may be supplied to afgiiiz elementmodule for global structural analysis.
Similarly, the generalizedforce-deformation andnoment-curvature relationfr laminate analysis are
represented bthe equations:

(7-6)

{ CT/X}
{ CT€X}

{ Ncw,x}

-
= {Mcwx}

D:DDDIJ

H
D_
H

oo

ANa} B %Acx] [Co]EH Ec ) g

Mo e fCo] [Do|EHWo)

Where {N,} representsthe appliedin-plane forces, {M,} representsthe bending moments, {E.}
representshe in-plane strains, {W} representdhe out-of-plane curvatures, {N,«} representghe termal
forces, {Mx} representsthe thermal moments, {N..x} representsthe hygral forces,and {M¢yx}
representshe hygral moments.The laminate equations contaime contribution of weave obraid plies as
well asthe contribution ofthe in-plane plies afollows:
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7.0 Mechanics Of 3-D Woven, Braided And Stitched Composites

The through-the-thickness composite propertgigen by Eq. (6) may be supplied to a structural
analysis modulghat usesshell finite elements. After afinite elementanalysis,the computedgeneralized
nodal force/moment resultantnd deformationscan besupplied tothe modified ICAN module that then
evaluates the nature and amountoofl damage, if any, ithe plies of thecomposite laminate. Individual
ply/braid/weave failure modes aessessed byia failure criteria associatedith the negative and positive
limits ofthe six ply-stress components ine material directions,and modified distortion energyMDE)
combined streskilure criterion [Ref 4-Murthyand Chamis, 1986].

Fiber volume ratios may be different for each braid orientation as specified by material in@é{slto
Also, different fibersmay beselected for differenbraids and laminae. Resultslicate theimplemented
method is consistent with published results [} thereremain somalifferences betweethe computed
elastic properties and experimental data. These differences may betluieftects offiber waviness and
residualstressesntroduced bythe curing process.

The fundamental distinction ahe present method ithat the augmentedCAN code isalso able to
compute the 3D composite stress limits by accumuldtisgontribution of each braid/weave/ply ¢ach
composite strength componerid tensor transformations décal strengths inthe absolute value. The
stress limits inthe composite structural coordinates correspondinfiygo ply failure (FPF) are written in
general as:

(7-14)

(833 tfadR.) {0

Where S representghe positive or negativestress limits inthe composite structuratoordinate
directions;
S. representshe stress limits irthe localcoordinatesystem ofeach braid or ply; anfAbs(R,] is the
propertyrotation matrix taken in theabsolute value. In composite strengtbhmputationsthe fiber and
matrix contributionsare considered separately to enatble representation of matrix damagfeat degrades
the composite properties prior to fracture.

Each ofthe threecomposite normastress limitsare computed in bothension ancdcompression. At
the stage ofmatrix damage initiation, tensile stress limare determined bythe stress contributions from all
componentexcepting the fibetensile strength. In computirtge composite tensiléracture strengths, only
the contributions offiber strengthsare considered. Compressiveormal stress limitsare also computed
with reference to matrix crushing afider fracture. Similarly, shearstrengthsare obtainedwith reference
to the threeglobal structurabxes bythe accumulation of absolute tenswansformations obraid shear
strengths andhe relevantnormal strength contribution$he appropriate normastrength components for
the computation of sheastrengthsare thecompressive strength itme braid longitudinal direction and
tensile strengths in theraid transverse direction..

The computed elastic properties anddbenposite stress limitfor each ofelevenspecimensare given
in Tables 7-1 and-2. The computed components of strength (withmesending withthe letter “f”)
correspond tdhe stress limitsfor fiber fracture inthe absence oimatrix degradation irthe composite.
Strength components ( withamesending with the letter “m”) indicate the matrix damageinitiation
stresses. Angeneral 3Dcomposite structure with arbitrafiper orientationscan be analyzetbr stress
limits as well axcomposite elastic properties.]
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7.0 Mechanics Of 3-D Woven, Braided And Stitched Composites

The following woven composite examples assuiimat the xaxis istaken in thedirection of the stuffer
fibers, the y axis is taken in the directiontbé filler fibers, andthe zaxis istaken in thenormal direction.
Warp fibersare invarious directions depending tre specimen.

7.1.1 Stiffness Properties of Three Dimensional Composites

The stiffness averaging method whisls developed byKregers et al (1978, 1979) is widalkged to
predict the deformation characteristics of a composite with three-dimensional reinforceroemt tifie
known mechanical properties dfs conponents.The basic idedehind stiffnessaveraging method is to
treat thefibers and matrix as set ofcompositerods having various spatial orientationhe local stiffness
tensor foreach of theseods is @lculated and rotated in spacefitahe global composite axeS.he global
stiffness tensors oéll the compositerods are then superimposed withiespect to theirelative volume
fraction toform the composite stiffness tensor. This approach is alled the Fabric Geometry Model
(Pastore and Gowayed, 1994) or Orientation Averaging Mefhuelstiffness ofthe individual directions
of reinforcement are averaged in accordance with the folloaxpgessions:

12 i
Ajklm :v ; Vl Aj(lld)m

N
V=;\/i

WhereA,, are thecomponents othe stiffness
tensor of the three-dimensionally reinforced
composite:V, is the calculatedsolume of the i-th
direction of reinforcement; N ighe number of
discrete directions akinforcement, Nk 1.

(7-15)

Fiber yarn segment

Ko (1986) presented geometric rodel for
three-dimensional braid composite using the
concept of averageosine toevaluate the tensile
strength andnodulus of ahree-dimensional braid
composite.The three-dimensionabraid composite
wasdivided into aseries of unit cells anthe yarn
segment wasdealized as straight in a urdell as
shown in Figure 7-1.

_ _ Figure 7-1. Idealized Fiber Yarn Segment in Unit Cell of 3D
To obtain an averageepresentation of yarn Braid Composites
orientation,the averagecosine of yarn angles was
used:

cosf = ND, / D, (7-16)

Where N = number ofarns inthe fabric, D, = yarnlinear density, D; = fabric lineardensity. The
predicted composite tensile strength and modulus in the longitudinal direction babedmrage angle of
yarn, in general, were within 38ercent of theexperimental results.

The concept of unitell structurehave beerused bymany investigators téacilitate thedescription of
complex geometry of 3-D composites. Uit cell is arepresentative volume element small enough to
reflect the structural details, yleirge enough to represent the overalsponse ofhe conposite. Wherunit
cells are repeated, they will reconstruct ¢éiméire structural geometry.
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Yang efal. (1986) presented a “Fiber Inclination Model”gredictthe elastic properties oB-D textile
structural composites. The umitll of acompositewastreated as aassemblage dhclined unidirectional
laminate. The orientation dfie yarns, for a 3-D braided composite tire braidedpreform iscontrolled by
the three orthogonal motions. Therefore, the resultantpreform is a continuous interwovestructure
composed of yarneriented in various directions. Adealized unit celktructure is constructed basedon
the fiber bundles oriented ifour body diagonal direction in a rectangular parallelepipdtchvis shown
schematically in Figur@-2, the unit cell is considered as an assemblagefadr inclined unidirectional
laminae, and each unidirectional laminae is characterizedubygaefiber orientation anall the laminae
have thesame thickness and fiber volurfiaction of each lamina iassumed to bthe same aghat of the
composite. The laminate approximatiortled unit cell structure isshownschematically in Figur@-3. The
properties of each laminean be obtainedfrom the classical laminatedblate theory, the composite
propertiescan beobtained frontheselamina properties based e stiffness averaging approach.

~
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Fiber bundle / 2
Inclined unidireMal laminar

Figure 7-2. The Unit Cell Structure of a 3-D Braided Structural
Composites With Yarns Moving in Three Orthogonal Figure 7-3. The Unit Cell of the “Fiber Inclination Model”
Directions Composed of Four Unidirectional Laminae

Whitney et al.(1989) extendedhe Fiber Inclination Mbdel to predicthe in-plane elastic properties of
3-D angle-interlock textilestructuralcomposites. Irthe case of angle-interlock geometrihe unit cell is
inherently more complex.Since thereare no repeatablenits in the thickness directionthe unit cell
essentially occupiethe entire preform thickness. Also,the yarns can occupyany number of positions
within the unit cell. Yarns inwarp andweft directions may occupy positions whichare horizontal or
inclined in thethickness direction. Taccount for varyindundle positionsthe authors dividedthe unit cell
into micro-cellsthat arerepeated to reconstrutiie entireunit cell, andthe calculationsare made on a
genericunit cell with micro-cells. Crimping of fibers tite corners ofthe cellandthe intersection of fibers
at the unit cell center are ignored.

Stiffnessaveraging methodvasalso used to predi@lasticconstants of two-stepraided composites
by Byun etal. (1991). The architecture ofhis materialwasinvestigated by identifyinghe geometric and
braiding process parameters which inclue lineardensity ratio betweemxial and braideryarns, the
aspect ratio oéixial yarn and the aspect ratio of braider yarhe predictedesults ofaxial tensilemodulus
showsreasonably good agreements widist resultshowever,shear moduli sow alack of agreement
between predictiomnd measurement.
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All the aforementioned modelare based onthe concept of averagingtiffness. Ma etal. (1990)
developed anothemethodology based on an energy approadtvatuate elastistiffness of 3-Dbraided
textile structuralcompositesThree types of elastic strain energieghia compositerods were taken into
account. These included the strain energies due to bending, extensiaogordssion ovethe region of
fiber contact. Closed form expressionfor axial elastic moduli andPoisson’sratio were derived as
functions of fiber volume fraction and fiber orientationdNumerical resultsshow that the axial elastic
moduli are sensitive tathe geometrical braiding patterihe moduli increase as thgarn orientationangle
decreases, that ithe fiberbecomes moralignedwith the tensile axis.

Fiber bundle orientations athe essential geometrical properties for determining mechanical behavior.
For the sake of simplicity,the geometry of 3-Dcomp ositeshave beerrepresented bydealization rather
than reality bymost researchers. Most modéiave dealtwith perfectly regular structure3he fibers are
assumed to bsetraight inside a unit celHowever, real compositesare highly irregular, and waviness of
fibers is unavoidableThe angles betweexial tows and braiders change in an irregular way. In order to
take account of these irregularitieSpx and Dadkhah (1995) promoted a mopgactical approach to
characterizethe geometrical inconsistencies of typical triaxially braidemposites. Out-of-plane
misalignments wergaken into account bintroducing a cumulative probability distributi¢@PD) for the

misalignment anglé . Typical CPDs can bdit quite well by asymmetricnormal distribution FE(E) with

corresponding density functio@(f) =dF,/d¢ given by

(8= — exp(-&2/207) (7-17)

The standard deviatiorP¢ can be determined experimentallyThe Young’'s modulus E, can be
determined by

-] -

Where E, (¢) is Youngs modulus for anidirectional composite under a load onenteartgjef to
the flberdlrectlon X. E (E) can beexpressed by
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(7-19)

7.1.2 Stress and Strength Analysis of Three Dimensional Composites

Strength of3-D composites is mordifficult to predict tharstiffness. Thissection summarizesvork
done on predictinghe strength, fracture, and damage tolerance behavigdibtomposites.
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Ishikawa and Chou (1983)developed a 2-D fiber undulation model basddssital lamination theory
which consideredhe undulation in thefill yarn direction but neglectatie undulation inthe warp yarns of
woven compositesThey modeled nonlinear shear response of laghfill yarns andhe interstitial matrix
along with the effects of transverse cracking tife warp yarns to predicthe knee in thestress-strain
response of woven composites. K{B85) used a generalizgdane strain finite element mdel which
assumed a linear undulation pathtlee fill and warp yarns to studie effect oftransverse cracking on the
stiffness and internal stresses afl@ass/epoxy plain weave composite.

Stanton and Kipp (1985) developed a nonlinear constitutieeehfor plain weave carbon-carbon
composites whiclaccounted forthe differences in tension armbmpression responsearp-fill crossover
damage and multiaxisdtressinteractions using &imple interaction formula along withexperimental
stress-strain data f@il six components undeension anccompressiorioading. Jortner (1986eveloped
a 2-D mechanistic model which modelingé undulations ofthe fill yarns but neglectedhe undulations of
warp yarns. Haised a stress-averaging scheme which accountdbefoonlinear shear response the fill
yarnsand thetransverse cracking dfie warp yarns t@nalyze plairweave carbon-carbon composites.

Ko and Pastore (1985)used a fabgeometry model tadefine the yarn aientations in athree-
dimensional braided composite. They udleelyarn orientations to first estimatbe strength ofthe fabric
preform and thencompute composite strength usingimple rule of mixtures. Ko (1989)alsaised the
fabric geometry modetogetherwith a maximum strain energy criterion to prediglarn failures and
ultimate strength of a 3-D braided composite.

Dow and Ramnath (1987) modeled wovéabric composites using a simple geometry moithat
assumed dinear undulation path fothe fill and warpyarns.They computed constituerftber andmatrix
stresses fronfocal yarn stressewhich werecalculatedusing an iso-strain assumptiand predicted failure
based orthe averagestresses ithe fiber and the matrix along with amaximum stress riterion. Dow and
Ramnath (1987) usdtie fabric geometry modetogetherwith a simplelinear yarn bending radeland an
iso-strain assumption to computeerage fiber anthatrix stresses whictvere used to predidbcal yarn
failure and strength for 2-D triaxial braidedmposites.

Naik (1994 & 1995yeveloped amicromechanics analysis technigfe the prediction of failure
initiation, damageprogression,and strength oR-D wovenand braidedcomposite materialsThe yarn
architecturewas discretely modeled using sinusoidal undulations at gemssovers. @rall thermal and
mechanical properties weoalculatedbased on an iso-strain assumption. This analysis techiniduded
the effects of nonlinear shear response and nonlimederial responsalue tothe accumulation of damage
in the yarnsand the interstitiamatrix and alsahe effects of yarn bendingndthe geometrically nonlinear
effects of yarn straightening/wrinkling duriraxial tension/compressiotoading. Parametristudies were
also performed othe woven and braided architectures to investighteeffects of yarn size, yarspacing,
yarn crimp, braid angle, and overall fibevolume fraction on the strength properties ofhe textile
composite.

Three-dimensiondinite elementmodels (FEM)have alsobeenused forthe prediction of nonlinear
material properties (Bhandarker et al 1991) and the modeling of damage (Blacdkd@R&eofplain weave
composites. The 3-D FEMs are highly computer intensive and also requsiglerableime and effort for
model generation. Foye (1993) developed homogenized replactmitentlements an@nalyzed sub-cells
within the repeating unitcell to overcomethese limitations. However, he had tmanually calculate the
orientations ofthe different yarn directions, yarn interfacial planes and volfmagtions, for each element in
the 3-D model. FEMis, therefore,not well suited forperforming parametricstudies toinvestigate the
sensitivity of composite strength properties to fabric architecture parameters.
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Compared withthe regularfinite elementanalysis, agloballlocal finite elemenmethod which was
developed by Sun and Mao (1988 and 199@)ase efficient to analyze textiieompositesThe global/local
finite elementmethod was based dhe regular finite element method in conjunction with thieesic steps,
i.e. theglobal analysisthe localanalysis andhe refined global analysis. Ithe first two steps, aoarse
finite elementmesh was used t@nalyze the entirstructure to obtaitthe nodal displacements which were
subsequentlyused as displacemehbundaryconditions forlocal regions of interest. Thedecal regions
with the prescribedboundaryconditionswere then analyzedith refined meshes tobtainmore accurate
stresses. lthe thirdstep, a new global displacematistribution based othe results ofthe previous two
steps was assumedor the analysis, from which,such improved solutionsfor both stresses and
displacements were produced.

Woo and Whitcomi{1994 and 1996) utilized global/lodfiite elements tanalyze textilecomposites.
A relatively crude globainesh wasused to obtairthe overall response othe structure and refinetbcal
mesheswere used irthe region of interest where rapid stress changemay occur. The honogenized
engineering properties could be used in the cgideal meshawayfrom the free boundary anttansitional
regions. Inthe local meshes,the details of the coarse microstructure dextile composites(e.g., the
individual tows andmatrix pockets)could be modeled discretely. Inthe transitional range of
microstructure, however, discrete modeling may nqtrbetical everwith supercomputerdue tothe huge
computer memoryand CPU requirements. Use of homogenizeathterial properties is also usually
inappropriate. In this range, speciakcrofinite elementscan beused. The macro-elements employ a
number of subdomains or subelementsatmount for the micro-structural details inside individual
elements. Whitcomb at. (1994) discussed two types of macro-elements. The elements described in these
referencesarebased on single or multipiessumed displacemetfiglds.

The global/locamethod withlocal refinementassumeghat theregion, which, requires further mesh
refinementcan belocalized. If the solution behavior is complicated everywhetbe correction by the
global/local iteration does natecessarilyeflectthe nature ofthe true solution accuratelfror example, if
the solution behavior is complicated everywhere anty someportion of the global domain igefined in
the localmesh, theglobal/local iteratiormay do more harm than good in solvitng problem. A solution to
this problem is using an engineerigipbal/local analysis. In this procedurdhe initial coarseglobal
solution isassumed to belose enough fothe purpose at handThat is, no global/local iteration is
employed.The local problem is solved onlpnce with boundary displacements frothe coarseglobal
solution.

7.1.3 Woven Patterns

Xu et al. (1994) providedcomplete statements dhe rather complex sequencing of through-the-
thickness yarns. Figure 7-4 shows theetypical types of weave iwoven compositesjamely, (a) layer
to layer, (b) througlthe thickness angle interlock, (c) orthogonal interlock weaves.

In woven compositedhe stufers and fillers alternate itayers through thicknesshe stuffers and
fillers form a coarse U90° array shown in Figure7-4 for most woven composites. Nevertheless, the
proposed method allowtke arbitrary orientation otuffersand fillers inthe X-Y plane. Thethrough the
thickness reinforcement, or wasgeavers, may beriented in any directiorwith reference tothe 3D
composite coordinate axes. Stitclemposites may be modeled Wgaver or stitctiibers that are oriented
perpendicular to the X-Ylane and parallel to thé-axis of the composite.

7-10



7.0 Mechanics Of 3-D Woven, Braided And Stitched Composites
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7.1.4 Fiber Arrangement

Complete understanding of arrangement of fibers, including stdiffer, and warp weavefibers, is
essential to predidhe engineering properties accuratelyfoven compositeare typically composed oh,
layers ofstuffersandn +1 layers of fillers througlhe thickness as shown in Figure 7-5.

In order to estimatéhe elastic properties 08-D woven composites, ampproach based on modified
laminate theory and orientation averagesed. First ofall, compositesare divided into plies so thagvery
ply containseither stuffer orfiller fibers asshown in Figure 7-6Since the weaverfibers go through the
entirethickness, each plgnust containsomeweaverfibers for wosen composites.

* filler “
t stufTer "
v \ z
t * t filer  feeen. ' X
4 stuffer y Swaffer
filler ’ fller 2SS Plies
_——___[Plie
Figure 7-5. Representative Layer Sequence of Fillers and x
Stuffers Through the Thickness, With the Layer Thickness - - Py
Ty and T, Defined. For the Case Shownp, = 2 Figure 7:6. Schemacttl;n:foili}t'eglwsmn in 3D Woven

For orientation averaging, a three-dimensional fiber arrangement can be considered as composed of
two types of structures, the baseline structure formed by fibers in X-Y plane direction, such as stuffer
fibers and filler fibers, and the interwoven or braided structure composed of warp weaver fibers which
penetrate the thickness of composites. Therefore each ply contains two types of domains, the primary
domains which consist of baseline fibers, and the weaver domains which consist of weaver fibers, the
occupying volume fractions of these domains are denotefg bpd f,, respectively. Each domain is
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characterized by an orientation along which the fibers within it are presumed to lie. All of the fibers in the
primary domains are assumed to be parallel to X-Y plane and each ply can consist of the primary fibers in
the same direction. Warp weaver fibers are always assumed to be piecewise straight and their orientations
are defined by the directional angles to the X,Y,Z axes.

Let [E(“)] denotesthe stiffness matrixfor domainQ@ . Basing onorientation averaging ethod, the
composite stiffness matripE.] of 3-D woven compositean bepredicted bythe following equation:

[E.]= z fa[ﬁ(")] (7-20)

Where [E®] denotes[E®] transformed from domaim material coordinatesystem into the
composite coordinatsystemandf, denotes voluméraction ofdomaina.

7.1.5 Three Dimensional Hygrothermoelastic Properties

The first step in the computation of composite propertiesuigrfiber configuration is the evaluation of
the local orthotropic properties of a unidirectional composite pfrom composite mechanicgJones,
1975), the compliance (inverse stiffness) matrix in material axes for each orthotropic ply written in terms of
the engineering constants is

Ei Vo Ys 5 o9 0 S
DEll E22 E33 D
ol 1 U 4 45 @
OB, E, Es 0
c1i_0E: E, E .
[E] =0 ™ 2 O (7-21)
0o 0 o — o0 o0
O Gy, 0
O 0
0o 0 0 0 G% 0N
Ul 1 Ul
O 0 o o o O
H G, H

Total ply stiffness properties of a composiéger containing one primary in-planiber orientation and
N, weaver orientationsan beobtainedfrom combination ofthe primary domainand weaverdomain
properties according to their volunfiaactions.Note that it ispossible for gly to have multiple weaver

domains,but only one primary domain is consideredThereforethe stiffness matrixfor the ith layer
containingthe primary and weaver doains may bewritten as:

E]= RTIER] 5 1R T [E7][R) (722)
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where
E is thethreedimensional lamina stiffness matrix it ply.

R is thethreedimensional coordinatansformation matrix from primary domaingaterial axes
to composite structural axes. tie anglebetween materiahxesand structuralaxes is@, R" can be
expressed by

0 cos’6 snfé 0 O 0 2cosfsing O

E sin’o co8 0 O 0 —Zcosesineg
rr=d O 0 1.0 o0 =

n O 0 0 cosf -sinf 0 0

S 0 0 0 sin6 cos6 0 S

Fcosfsind cosfsnd 0 O 0 cos’O-sin’6g

fp is theprimary domain volume fraction

N,, is thenumber ofweaverdomains, each weaver domain consistsveverfibers inthe same

direction. If weaverscontain fibers in different direction, theghould be groupednto different weaver
domains.

R" is thethreedimensional coordinatiansformation matrix fromjth weaverdomainsmaterial

axes to composite structurakes. Since directions of weaven® arbitrary, there dimensionalcoordinate
transformation matrix isised here. Ithe direction cosines betweethe weaver local axesand structural

axesard, m, ..., n, ﬁwj can be witten as (Lekhnitskii 1977),

oy mon l,m, mn, n,
D 2 2 2

[]'2 m, n, lan my,n, n2|2
0o m  n l,;m, myn, Ny

R" = 7-24
i %hlz 2mm, 2nn, (Lm,+l,m) (mn,+mn) (nl,+ny) (7-24)

E?lzls 2mm, 2n,n, (Lm+1;m,)  (mng+myn,)  (nl; +ny,)
@2, 2mm 2ngn (Ibmo+imy)  (mpng+ming) (gl + ;)

OOoOOoOOodOogno

ij is thejth weaverdomain volume fraction

Note: f, + z f, =1

H - . =1 . - - . . .
EW‘ is theStnifneSS matrix irthe local coordinatesystem ofjth weaver inith ply. Before damage

occurs, EW" should be same farachi since weassumeevery layer to havéhe sameweaver arrangement.
But after damagegvery layermay have itsown property degradation whicbould be different between
layers, therefore degradeEjWj could be different for differerit
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In order to differentiatehree dimensional propertiefrom two dimensionalproperties which are
discussed irthe next section, an overbar is addedthcee dimensional stiffness matricesxd coordinate

transformation matrices, such EE] and [F_\}]

The averaged properties thie entirecomposite laminatean beobtained bysumming upall the layer
properties and the properties due to integiitortion energy (Murthy, P.L.N., Chamis 1986Jhe interply
distortion energy terms represehe stiffening effects of changes the primary fiber orientation angles
between adjacent layers. Thereftitecomposite laminate stiffness matrix is written as:

[Ec]= t§z+l JE]+ ZH[ﬁ]D (7-25)

where
E.. is thethreedimensional stiffness matrix @ntire composite.
t. is the thickness dhe entirecomposite.
N, is thenumber ofplies of the entireomposite.
Z is the distancérom reference plane to the bottom @ ply.
H, is the interplylayer distortion energy coefficient.
S is thecan begenerated from following equation [Murthy and Chamis, 1986]:

OA2 -A> 0 0 0 -ABO
O 5 no 0
oA A 000 ABf
. 0o 0 000 00O
[S]= 0 (7-26)
0o 0 000 0
Uo 0O o0o0o0 oU
i , O
FAB AB 0 0 0 B?fH

A=sin26,,, -sin26,
B = cos26,,, — cos26;

91 is the fiber angle gth ply from material axes to composite structural axes.

Thermal and hygral coefficients of expansion althetcomposite structural axesn beobtainedfrom
the following equations:

a=t[e]"3 G- RT[E]R et + 5 R [E7 )R [ar £ a2m)

I:II:I
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(5} = HE]'S (o WRTETRY ) 3[R [E7 )[R A7) Jr-2e

Where{ } { BC} are thermal andnoisturecoefficients of expansion abotite composite structural
axes.

{a.} = {acu,aczz NP S 1ac12} (7-29)
()

7.1.6 Two Dimensional Hygrothermoelastic Properties

In mostcases computational evaluation of composite structures is camtidal using plate and shell
finite elements. Therefor¢he composite propertieaeed beexpressed as two-dimensiomddite stifness
with membraneand bending degrees of freedom. The resultant forces and moments in téiesiofdle
surface extensional strain and curvatuas beexpressed as:

ANvo_dA] (BT 0. N.}O N, }O _
AMg e [D]Sé{K}D é{w}% E{MM}B (7-31)

where

INF={N N N

{ Bcn ) ﬁczz ’ Bc33 ) 18(323 ) :BCE 1 Bclz } (7'30)

Cl

M ={m,.m, M}

{e} ={Ex,£y,sxy} is the reference plamaembrane strains.
{k} :{KX,Ky,KXy} is the reference plane curvatures.
{ NT}, { NM} is the resultant forces due to temperature and moisture change.

{MT},{ MM} is the resultaninoments due to temperature and moisture change.
For a three-dimensionallyeinforced laminate containing layers qfrimary and woven fiber

reinforcementdomains,the resultant forces due texternal loadcan be obtainedfrom the following
equation:
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{N.}= if;{q} dz
) Z [ [E]({e} +x})dz

(7-32)
-5 1 HIRTI=IR1+3 1€ o o)
-[Ae) +[8))
where
[E]= t[R] [E7][R] + z €] s

#1= 3, e =) R[=[] 3 0 [
81=35 (2 - 2R [ R] 5 0[]

and E is the two dimensional lamina stiffness matrixtbfply.

EP is the two dimensional lamina stiffnesspmfmary domain ofth ply in local axes.

0 O

Di _YUn 00

0Eu 1E22 0
=0Y% 1 0 7-34
Fl=ge & °n (739

U 1 0

0o 0 —0O

O 2 [

RP is the two dimensional coordinat@nsformation matrix of primary domain.

0 ‘o2 1. N
gcos’6,  sin’6, Esmzai 3

O O
[RP] =[gsin°6, cos’ 6, —%sinZ@i 0 (7-35)
D_ . . O
(7Sin26, sin26,  cos26
O O

EW" is the twodimensional stiffness oveaver domain in structural axes. ttan beobtained by

extracting relevanterms, which correspond t,, 0,,, 0;,, from the threedimensional stiffness matrikat
can begenerated byhe following transformation:
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— T — —
[R"]1E"][R"] (139
Superimposinghe stiffness contributions due to interdgyer distortion energy:

[A=[A]+ 3 3]

N . ] N g N (7-37)
=3, -2 )RT[E][R]+ 3 0 [E" o 3 i8]
[m4M+z H[s]
(7-38)

=33 (F-2)BIRT[E]R]+ 5 18] 5 2ms)

where Z is the distancefrom the interply layer tothe composite referencelane (mid-thickness).
Similarly,

ZL ) } zdz
- ;J’zil,l[Ei] {€} +A«}) zdz

(7-39)
=51 DURTIENRT 5 1 6 [he )z
=[B}{e} +[D]{x}
where
015 NZ (#- ‘3-1)§fp[ R E][R]+ INZ f[E" ]é (7-40)
Superimposinghe stiffness due to interpliayer distortion:

[0]=[0]+ Y 7°H][s]
- (7-41)

N, 0 Ny - 0 N, -1 ’
=32, -2 RT3 8]0, 3 aws]
For the primary domairthe thermal forces are

{ne} =1 [Er]aT{artdz= -z aT[E]{ar) (7-42)
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For thejth weaver dorain, the thermal forces are

{Ne}=1 [Bv]aT{a"} dz= (2 - 20aT[E"{a"} (7-43)

Transforming N{’ and N%V ' to global axes, and then averaging thenteims of the weight of their
volume fraction to get resultant force fith ply in global coordinatsystemdue to temperature change:

{Nn}=fp[R”]{NT‘?}+NZWfwj[RWj]{N%“}

(7-44)
1z nRE e} -5 R [ o)

Summing upthe N, for all plies to gethe resultant thermal force famntirecomposite structure:

Ny

{M}:Z{M}

1=1

K (7-45)
=3 27 (-2 )R} 5 [ [E [or}

Similarly, {N }{ M } and{ M }can begenerated by:

(N =3 -l SR felE e
(=33 Bz -2 RNt S R} e

(=25

D]]lglj

e A G Gy RN LY G L

7.1.7 Stresses in the primary domain and in the weaver domain

In order toperform damage propagation simulation, one needsaloatethe stresses in stuffefiller,
and weaveffibers andmatrices. For most composite structurtte first step for stress analysis is the
assembly of &inite elementmodel usingthe stiffness propertiegiven in theprevioussection. After finite
element analysis, the resultdotces andmomentsare obtained for each nod&rom equation(7-31), we
can write:

s}D JA] [B]D_lﬁj{N}D []+ _
a5 fel (o5 EmE é{ o E{{ (7-49)

The strainsand stresses imglobal axes for aspecific ply—theith ply can beobtain from following
equations:
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(e} ={e} - )
=[A{NY +{N} +{N} - [Bl{K}} - 2}

(7-50)
{0} =[E] ({“%} -oT{a} _AMi{Bi}) (7-51)

where

=1 o) () ()
{Ei} —{5111522’512}

=170 50 (@)
{Ui} —{011’022’0-12}

the otherstress components'y,a(),a{) can beobtained fromthe transverse shear resultaqts, Q.

and thetransversepressuresP,, R by following equation (Vladimir, 1975):

O 15 4720 0
= tQB%_ tZz H U
wyH0 U c ¢ O
000 0 15 4720 0
0% 0= Ql"'% 5 ] 0 (7-52)
él3)|] 0 tC tc O
0P +P 162° [
LR R

Stresses irthe primary and weaverdomainsare computed fromthe corresponding strains using the
appropriate stress-strain relationSince the primary domain is in samplane as thely, it hasthe same
strain components dse ply, that is

{e"} =[R°]{&} (7-53)
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and the primary domain stresses are computed from:

{0} =[E7)[R]1AT (N} +{ne} +{Nu} - [BI{K})
{e)at{ar} +am{sr} + 4R'Yict)
Sincethe weaver is not in theameplane as th@ly, one needs to transforthe threedimensionalstrain

components othe ply to the weaveraxes toobtainthe weaver strains. Weavaetomain stressesan be
computed fronthe weaverstrains.

(7-54)

The threedimensional stress-strain-temperature-moisture relationship can be expressed as:
{o} =[E]({e} -aT{a} -am{B}) (7-55)
where
{g} ={00.08,09.08,00,08}
{g)={el, 2,60, 69,60, 2}
From (7-25)and (7-27), wecomputed £),£3),%,0{),0%),0%). Now, in terms of (7-30), we may

find the other threestrain componentsey, &5}, €5 . Transferringthe strains {€} to weaveraxes we
obtain the weaver strains in local material coordinates:

(e} =[R ]t (50
Then theweaverstressesan beexpressed as:
(o'} =[e" (e} -anfar} -amfar ) (75)

7.1.8 The Influence of Fiber Waviness

In woven 3-D composites, nominalsgraight in-planeyarns, stuffersand fillers,are often much more
wavy than those in conventional laminabesause othe existence of weaveiibers. The most important
effect of tow vaviness orelastic properties is to reduce tidal stiffness of a towSincethe microstructure
of a woven composite isighly complexandthe waviness offibers is randomrather thanpossessing a
single characteristic wavelength or amplitude, it is not currently practicabdelthe actual towgeometry.
Idealization is mandato ry-or simplicity, a composite unitell with wavy fibers shown in Figure7-7 is
analyzed in this section.

To simulate the fibeconfiguration, the followingorm of waviness is assumed,

y:£(lx—x2) (7-58)

|2

7-20



7.0 Mechanics Of 3-D Woven, Braided And Stitched Composites

Wherel is the half-wavelengtiandC is the amplitude ofvaviness. Thereforghe length ofyarn S(I,C)
can beexpressed by

§,C) =I;w/1+ y'? dx

20 0O 2 O 0O 2 00 (7-59)
:lxlz +16C? +iLEI]n 1+£+£ In 1+£ _4c B
2 16 C 5 Z 1y 71 Hg

Supposinghat thecomposite unisustainsaxial tensile loado, as shown in Figure 7-The extension
of theunitin the X direction is caused by two parts: one is due to éikiat extension undeaxial tensile
load, andthe second i-due tothe reduction of
fiber waviness,i.e. the fiberwill become more y
straight under the axial tensile load, and
therefore,additional extensionwill occur to the T
composite unitSince the first component has
beenwidely studied in the literature, this section g,
is focused onthe second component--the x
extension due tothe reduction of fiber ¢
waviness. Fibeaxial extension is notaken into v
account when considering the second
component  contributing to  composite
extension. Therefore, it is reasonable to
assumethat thelength of fiber yarn remains  rigure 7.7 Wavy Tow Model for Analyzing the influence of
unchanged, i.e. S(I,C) is constant when Fiber Waviness on Longitudinal Stiffness of Unidirectional
analyzingthe second component of extension. Composites
When the fiber waviness reduces, the
amplitude C decreases and the wavelength increases.

fiber bundle
2 AAAAA [
AXTAY
PCEAMNLOTN
A 5

MAMMAIMM

>
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SinceS(1,C) is constant, one may write

K,0=2351+255c=0
ol oC

Thereforethe change in composite length becomes:
oS /oSU
ol=- —C=-F(,C)oC 7-60
%/ e (.€) (7-60)

Where
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F(1,C)=
VI2 +16C? 16C 12 00/ 16c? , 4cU Ds‘ 1602 4cDj
+ = . 5 2|j]n 1 —7 In
2C V12 +16C°  16C° | O H H\
1,,16C" _ | 4C? 1 oc | 1+ cd O, 16C 16C2 4053
2\7" 12 gC+IP+C? IIZ+16C SCQ 31 E "B
(7-61)

Assumingthe original length ofthe composite unit id,, afterthe axialload is appliedthe length
increases tb, then extension ahe unit can beexpressed by

(0}
|—|0:€;|0+5| (7-62)

1

Where E) is the compositéongitudinal modulus based amientation averaging methoel‘.j—(l,l0 is the
1
extension due to fibeaxial extension,d is the extension due to reductionfibier waviness.

Whenthe composite unitell is subjected to tensile load. =0,A., the fiber bundle is subjected a
tensile forceT; =0, A; . Sincethe fiberbundle is not straightheremust bebalancing reactiorg as shown

in Figure 7-7 to counteratlie verticalcomponent off;. According to equilibrium equatioq, can be witten
as

=—oa 3= A (7-63)

Where9+ is the longitudinal stress the fiber and\ is thecrosssection area ahe fiber.

The compressive stress ithe composite unitcell in Y direction due toq can be expressed by

, 6C
___Ezz 2~ Ezz _Ezz_ (7-39)

where 0, is transverse stressue toq, € is transverse strain due tp T is the thickness of the
composite, andEy, is transverse modulus tfe composite.

Substitutingg from (7-39) to (7-38), webtain

0
g o A =- E,ToC (7-64)
C
and
8C>
so=-2C A (7-65)
ESIT
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Assumingthe compositeand the fiber bundle havke same strain ithe X direction,

If fiber volumefraction is denoted ag , then
A=AV, =CTV, (7-66)

Therefore, (7-34fan berewritten as
_8C°E0,V,
EEpl’

(7-67)

Effective strain€, can beexpressed as

_I-1,

& |
0

100, O

== I+F(I,C)oC
TSR ARAE

_10o, . 8C°E,o,L,V,F(I,C)O
== ESES® O

(7-68)
Therefore

0,
E,= 8_1 =KE; (7-69)
1

whereK is a knockdown factor of longitudinal modulus foe composite,
1
K= 7-70
8C3EfVf F(I , C) ( )
1+

E,l°

Equation (7-70) can be used to estimhaewaviness knockdowractor for misorientedunidirectional
compositesegments wittaxially loaded wavytows. The value ofK is less tharone and depends on the

ratios of C/I and E; /Ej,. The largetthe C/I and/orE, /E3,, thesmallerthe K.

7.2 RESULTS AND DISCUSSION OF 2D/3D WOVEN COMPOSITES

The developednethodwastested by simulating an experimental study ebevenwoven composite
specimengCox and Dadkhah1995]. Five ofthesespecimenswere lightly compacted wittiber volume

ratios of approximately 0.35The remaining sixspecimenswere heavilycompacted withiiber volume
ratios of approximately 0.60 (Table 7-1)
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Table 7-1. Designation of Woven Composite Types

Symbol Description
LL Lightly compacted layer-to-layer angle interlock
LT Lightly compacted through-the-thickness angle interlock
LO Lightly compacted through-the-thickness orthogonal interlock
HL Heavily compacted layer-to-layer angle interlock
HT Heavily compacted through-the-thickness angle interlock
HO Heavily compacted through-the-thickness orthogonal interlock

Table 7-2 shows thdiber volume ratios fothe different tows of each specimerll of the specimens
had stuffer and filler fibers made of AS graphifhe LL and LTwoven composite specimens consisted of
one with warpweaverfibers made of graphite and one with wavpaverfibers made of glassAll fibers
were made of graphite faihe heavilycompaded composites.All heavily compacted composites (HL, HT,
and HO) were made withall graphite fibers. Each type oheavily compacted composite material was

represented by two specimens with different stuffer/filler/wagaver fiber ratios.

Table 7-2. Fiber Volume Fraction of Specimens Considered

Total Fiber Volume

Specimen Nominal Volume Fraction Fraction by Volume of all Fibers Lying Inc
Thickness Fraction Stuffers Fillers Wrap Weavers
Composite (cm)? V,° 2 v,/ Vv f f; f,
j-1-1 1.26 0.14 0.15 0.07 0.35+0.03 0.385 0.418 0197
[-L-2 1.24 0.14 0.20 0.05 0.370+0.005¢ 0.347 0.502 0.151
0.066+0.004 "
1-T-1 1.02 0.16 0.21 0.05 0.466+0,003 0.381 0.504 0.115
1-T-2 0.97 0.18 0.22 0.04 0.408+0.0209 0.406 0.497 0.097
0.044+0.004"

I-0 0.88 0.18 0.15 0.04 0.483+0.010 0.387 0.524 0.090
h-L-1 0.561 0.38 0.20 0.05 0.620+0.008 0.587 0.340 0.073
h-L-2 0.525 0.33 0.21 0.025 0.557+0.015 0.580 0.375 0.045
h-T-1 0.573 0.37 0.22 0.065 0.613+0.003 0.571 0.331 0.098
h-T-2 0.577 0.36 0.23 0.035 0.592+0.014 0.571 0.369 0.069
h-0-1 0.579 0.37 0.22 0.045 0.619+0.008 0.586 0.340 0.073
h-0-2 0.587 0.35 0.23 0.065 0.593+0.014 0.545 0.353 0.102

2in direction normal to wrap and weft directions

bV, = volume fraction of stuffer (straight wrap) tows

%V, = volume fraction of filler (weft) tows

4V, = volume fraction of wrap weaver (3D wrap) tows

9graphite fibers
"glass fiber

¢measured by acid digestion
fdetermined from weaver's specification
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The couponspecimenswere made withthe most commontypes of PMC weaves:layer-to-layer,
through-the-thickness angle interlock, and orthogonal interlock weaves (Figure“3t8jfer” and“filler”
tows form an orthogonarray suggestive of a course 0/90 laminatbjle “wrap weaver'tows provide
through-thickness reinforcemenigure 7-8alsoshowsthat stuffers and fillers are inreality not straight.
The irregularity omwavinesscan be quitedramatic for fillers. It is generally larger for fillers thatuffers
becausehe stuffers, being wrapyarns,are held in tensionduring weaving, whereashe fillers are non-
tensioned wetft.
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Figure 7-8 Specimen with Three Different Weave Types Stuffers and Wrap Weavers Appear as Light Ribbons while Sections of
Fillers Appear as Dark Patches.

The enhancéCAN composite mechanics modulgas able to predict 3[lzomposite properties and
stress limits (Appendix B3onsistently forall elevenspecimens. Comparisons thieseresults withthose
computed by Cox and Dadkhah and those obtained from experianeptesented in Appendix C. In the
majority of caseshe enhancedCAN module evaluatethe 3D stiffnessproperties closer to experimental
measurements than die orientation averaging method reported ®gx and Dadkhah. However, in the
direction offiller yarns, stiffness computations the extendedCAN code, as well as those computed by
Cox and Dadkhahwere considerablpigher thanthe experimentally measured values. Composite stress
limits computed bylCAN based orfiber strength andnatrix strength always provided uppand lower
boundsbracketingthe experimental failure strengths.

GENOA-PFA’s 3D composite analysis methoehablesthe assessment of dage tolerances and
structural responses bfraided andvoven composites. Howeveahe developedmethodscan befurther
improved by quantifyinghe effects of towwaviness on compositstructural responsand stress limits.
Additionally, analternativeformulationthat preserveghe spatial configurations ofindividual stuffer and
filler tows may be more appropriate for composites subjected to bending.

7.2.1 Formulation Of The Effect Of Ply Waviness On Composite Properties.

Simulationscarried out onthe different types ofwoven composite specimerisdicated thatCOD6
simulations oflightly compactedspecimensthat did not take into actint fiber misalignmentdue to
waviness significantly over predictéie stiffnessand failure load. In order tonprovethe simulation of
general 3D fiber reinforcedomposites a new methodas developed to quantifithe effect of fiber
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waviness(theratio W of the wave amplitude C to wavelength L) @momposite responseThe method
considers the transverse equilibrium dfber bundlethat is half avavelength long. The cambered shape

of the fiber isapproximated by a quadratmolynomial. The axial force carried bythe fiber bundle is
assumed to remain constarithe total lateral force igroduced bythe fiberaxial forces due tdghe curvature

of each fibersegment. The change inthe wave amplitude due taxial loading depends orthe lateral

support provided bthe transverse stiffness dfie composite surroundinthe wavy fibers. Ifthe ratio of

the fibermodulus to composite transverse modulus increases then the reduction of composite stiffness due
to axial loading igjreater.

Resultsindicatethat for typical compositefiber modulus totransversemodulusratios the reduction in
composite stiffness may beegligible forvery small values othe wavinessparameter. However, as the
waviness increases, composite stiffness is significantly reduced. The redudtierstiffness isinversely
proportional tothe cube of thewavinessparameter Wplus unity. For example, ifthe ratio of fiber
longitudinal modulus to composite transversedoius is 70then a waviness dfV=0.06 wouldreduce the
stiffness by only one percent. Howevelthé wavinessparameter increases W=0.20 thenthe reduction
in composite stiffness becomes gércent. Many of the 3D reinforced woven and braidedcomposites
containdifferent levels ofwaviness irtheir fiber tows. Inthose cases an effectivalue of thewaviness
parameter s1eed to bedentified for the assessment afomposite properties. Additional work is in
progress to determirthe effect of fibemaviness and other possible factors in 3D composites.

Changes to input data

The nodenumbers foiwhich ply stressesandmicro stressesre to beprinted out are specified by the
user inthe input immediately befordhe ICAN statement in onéne using a (24X,i8) format tgive the
number of nodes for which ply stresses and micro stresses beprinted out. Subsequelies give the
specific node nulvers using (10i8) format

Another change was made to eliminate unnecesdatey lineswhen simulating 3D reinforcedoven
or braidedcomposites. The LTYP, PLY, and MATCRD statementsare thesame as irthe previous
(COD6) version. Howeverthe STUFFER, FILLER,and WEAVER statementshave beereliminated.
Instead, for each fiber orientation that has an out-of-ptameponent a BRAIDcard is used to specify the
braid number,the fiber/matrix constituentsthe threedirectional anglegdegrees) ofthe fiber orientation
with respect to the laminate x,y,z coordinates, and the ratiwaaf fiber volume tothe total fiber volume.
The BRAID card uses (a8,i8,2a4,3f8.2,f8.0) fornfdte last braid parameter (i.ethe ratio of braid fiber
volume tothe total fiber volume) is computed fronthe weight of stitching threadys, and the stitches’
pitch and row spacings, ps and rs.
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7.3 SIMULATION OF THE WOVEN COMPOSITE

The developed method was first used to evaluate the structural response properties and damage
tolerance characteristics of plain-weave and non-woven composite panels subjected to in-plane loads.

The plain weave composites were inside from 16 layers of fabric preforms and non-woven laminates
contained 32 plies contained 32 plies arranged in a [Q{9foss-ply configuration.

The fiber volumeatio was 0.64 and the panel thickness was 0.20 for all cases. Simulations were
conducted using a 2in.x2in. square finite element model with 400 quadrilateral elements and 441 nodes.
The panels were restrained along one of their edges and loads were applied along the unrestrained edges
to represent biaxial stress states. Five in-plane load combinations were considered. Each load
combination contained Nforces applied as either tension or compression plus a smaller intensity of N
in-plane shear forces. The five load combinations consisted of the following cases: (1) Tension plus
shear with a ratio of M N,,=20; (2) Tension plus shear with a ratio gf N,, =10; (3) Tension plus shear
with ratio of N/ N,, =5; (4) Compression plus shear with a ratio of N,, =10; and (5) Compression
plus shear with a ratio of NN,, =5. Each load combination was applied to both woven and non-woven
composite panels.

Figure 7-9 shows the stress-strain relations for both the plain-weave and non-woven composites
subjected to loading case (1) with the tension/shear ratidl=20. The simulated ultimate tensile stress
for the woven composite was 103 ksi, whereas the simulated ultimate tensile stress of the non-woven
laminate was 143 ksi. However, the non-woven laminate experienced significant stiffness degradation
after the tensile stress exceeded 125 ksi. As the stiffness degradation at 125 ksi was due to fiber fractures
in the 0° plies, the practical strength of the non-woven laminated composite may be assumed to be limited
to 125 ksi. The stiffness of the plain-weave composite was less than that of the non-woven laminate.

Figure 7-10 shows the damage energy for both woven and non-woven composite. The damage
energy for (the nomvoven composite surged to a very high level immediately before ultimate fracture.
The damage energy of the woven composite was also expected to surge at the ultimate load. However,
the damage energy is computed only for equilibrium stages and for the woven composite the last
equilibrium point was prior to the beginning of the ultimate surge in the damage energy. Prior to the
ultimate load the damage energy levels appeared to be the same for 60tli composites except during the
damage growth stage when the woven composite expanded more damage energy.

Figure 7-11 shows the structural damage volumepkoduced in both woven and non-woven
composites. Damage initiation, growth, and propagatioroeturred sooner in the woven composite
subjected to tensile loading with five percent shear.

After simulation of case (1) additional simulations were carried out, under tensile loading with higher
values of shear. Figure 7-12 shows the stress-strain relationship) for tensile loading with 10 percent
shear, or N' N,, =10. In this case tensile strength of the woven composite was 71 ksi and tensile strength
of the non-woven laminate was 123 ksi. The stiffness of the non-woven laminate was greater than that of
the woven laminate as in case (1). Figure 7-13 shows the damage energies for woven arid non-woven
laminates for case (2). More energy was released by the woven composite during the damage growth
stage. In this case, the surge of damage energy at ultimate loading was captured for the woven composite.
However, Figure 7-13 shows only as a slight upturn of the damage energy for the last equilibrium point of
the non-woven laminate. Figure 7-14 shows the percent increase in the structural damage volume Vd
with applied stress. Damage volumes for the damage initiation, growth, and propagation stresses were
consistently higher for non-woven composites compared to those of woven composites.
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Next, case (3) simulation with 20 percent shear, or N.,/N.,y=5 was carried out on both woven and
non-woven composites. 'Figure 7-15 shows the stress-strain relationships for case (3). |,7or this case the
ultimate strength of the woven composite was 46 ksi and that of the non-woven composite was 76 ksi.

The stiffness of the non-woven composite was higher than the stiffness of the woven composite as in
the previous two cases. Figure 7-16 shows the damage energy released by the woven and non-woven
composites. Similar to the previous cases, more energy was released by the woven composite during the
damage growth stage. For this case the ultimate surge in the damage energy was captured for both woven
and non-woven laminates. Figure 7-17 shows the percent damage voluioe ddse (3). Damage
initiation, growth, and propagation stresses shown in Figure 7-17 are lower for the woven composite
compared to those of the non-woven laminates as in the previous cases.
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Figure 7-18 shows the effect of shear, to tensile loading ratio on the tensile strength of woven an non-
woven composites. In all cases the tensile strength is degraded with the increased shear component.
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Figure 7-17: Structural Damage with Stress for Graphite/Epoxy
Woven and Non-Woven Composite Laminates Subject to
Tension and Shear N /N, =5.

After the simulation of tensile loading cases, the previously outlined two cases subject to compressive
loading with shear were simulated. Figure 7-19 Shows the stress-strain relations for case (4) woven and
non-woven composites subjected to in-plane compression with 10 percent shear, or N./N.,y=10.
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Compressive strength of the woven composite was 79 I<sl and the compressive strength of the non-
woven laminate was 88 ksi. The stiffness of the non-woven laminate was greater than that of the woven
laminate as in tension. Figure 7-20 shows the damage energies for woven and non-woven laminates of
case (4). Ithe case of compression with shear loading a significant amount of damage energy was
released during the damage initiation stage. More energy was released by the woven composite.
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Figure 7-19: Stress-Strain Relations for Graphite/Epoxy Woven : "fss xx (kst) .
and Non-Woven Composite Laminates Subject to Figure 7-20: Damage Energy with Stress for Graphite/Epoxy
Compression and Shear N /N, = 10. Woven and Non-Woven Composite Laminates Subject to

Compression and Shear N /N, = 10.

Figure 7-21 shows the increase in the structural damage velmith applied stress. The damage
initiation stress was lower for the woven composite. However, the ultimate damage volume was the same
for woven and non-woven composites.

Next, case (5) simulation of in-plane compression with 20 percent shear, or N,/N,y=5 was carried out
on both woven and non-woven composites. Figure 7-22 shows the stress-shear relationships for case (5).
In this case ultimate strength of the woven composite was 39 ksi and that of tile non-woven composite
was 61 ksi. The stiffness of the non-woven composite was higher than that of the woven composite as in
the previous four cases. Figure 7-23 shows the damage energy released by the woven and non-woven
composites. Similar to case (4), more energy was released by the woven composite during the damage
initiation stage. Figure 7-24 shows tile percent damage volume Vd for case (5). Damage initiation and
propagation stresses shown in Figure 7-24 are lower for the woven composite compared to the non-
woven laminatas in case (4) However, in case (5) the total damage volume is slightly higher for the
woven composite.
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Structural response of woven in non-woven composite panels subjected to compression and shear

may be summarized as follows:

» The average compressive strength of woven composites was 22 percent lower than that of non-woven

composites.

» The stiffness of woven composites was 16 percent lower than that of non-woven composites.

» The damage initiation stage occurred at a lower load for woven composites.

« After damage initiation was completed there was no damage growth stage.
occurred suddenly with the compressive failure of O' plies for both woven and non-woven

composites.

As the shear component of the load was increased the ultimate strength was decreased for both

woven and non-woven composites.
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* Increasing the shear component of loading increased tile difference. between the strengths of woven
and non-woven composites.

Figure 7-25 shows the effect of shear to compressive loading ratio on the compressive strength of

woven and non-woven composites. Compressive strength is degraded with increase of the shear
component

TRANSVERSE LOADING OF BEAM - Next, tile response of a short, simply supported,
and centrally loaded beam as shown in Figure 7-26, with 1.5 in. span, and 1.25 in. width, made of
AS4/3501-6 Graphite/Epoxy composite with fiber volume ratio of®.64 was investigated. Both non-
woven and layer-to-layer angle interlock woven composite beams were simulated. In each case the
composite thickness was 0.2-inch. The woven specimen had a 3-D angle interlock preform whereas the
non-woven composite contained 32 plies arranged with a [g/9ayup.
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*] Figure 7-26: Short Beam Flexure Specimen for Graphite/Epoxy
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Figure 7-25: Effect of Shear on Ultimate Strength for
Graphite/Epoxy Woven and Non-Woven Composite
Laminates Subject to Compression with Shear

Figure 7-27 shows the force-displacement relationship for the transversely loaded beam. In this case
the ultimate load for the woven composite was 44 kips, whereas the ultimate load for the non-woven
laminate was 18 kips. Also, after damage initiation the displacements for the non-woven composite were
significantly greater than those of the woven composite. However, the deflections at the ultimate loading
were approximately the same for the woven and non-woven specimens. Figure 7-28 shows the damage
energies for the transverse loading case. The non-woven composite expanded a much larger damage
energy at a lower load level compared to the woven composite. Figure 7-29 shows the percent damage
volume V4 for this case. The structural damage volume during the damage initiation stage is
approximately the same for woven and non-woven composites. However, the damage growth and

propagation stresses shown in Figure 7-29 are lower for the non-woven laminate compared to the woven
Composite.
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Structural response of woven an non-woven simply supported composite short beams subjected to
transverse loading my be summarized as follows:

The flexural strength of the woven composite was more than twice the flexural strength of the non-
woven composite.

Both woven and non-woven composites begin (damage initiation by transverse tensile fractures of the

90° plies under the same loading. However, damage growth was more pronounced and abrupt for the
non-woven Composite.
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» After-damage initiation, the apparent stiffness of the woven composite was significantly higher than
the stiffness of the non-woven laminate

» Deflections at failure were approximately the same for both woven and non-woven composites.

» The damage energy increased much more rapidly for the non-woven composite.

7.3.1 Conclusion

» Progressive damage and fracture of woven and non-woven composites has been simulated under
tensile and compressive loads with the presence of shear, and also under short beam flexure.

* Non-woven composite panels are stronger thawen composite panels whaabjected to in-plane
tension or compression with shear.

» Non-woven composite panels are stiffer than woven composite panels when subjected to in-plane
tension or compression with shear

e Both woven and non-woven cross-ply composites are sensitive to the presemoagaitdide of in-
plane shear stresses.

» Under compressive loading, the magnitude of in-plane shear stresses affects the woven composites
more significantly compared to the effects on non-woven composites.

* Non-woven composite panels are weaker than 3-D woven composite panels when subjected to short
beam flexure.

* Non-woven composite panels are less stiff than 3-D woven composite panels when subjected to short
beam flexure.

7.4 STITCHED SIMULATION CAPABILITY

GENOA's verified algorithm for simulating stitched PMC materials was used in the composite
mechanics module (PMC3) by ASC to simulate S/RFI materidlse S/RFI composites were divided
into a series of unit cells (Figure 7-30) with both the fiber and stitch segments idealized as linear in the
unit cells. The modified PMC3 module computes S/RFI stress limits by adding the oriented contribution
of each stitch to each strength (longitudinal or transverse tension, compression or shear) component by
tensor transformations in the absolute value.
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Figure 7-30. Idealized Fiber Stitch Segment in Unit Cell of 3D Braid Composites

7.4.1 Modification of Delamination Criteria Based on Stitching.

Introduction of stitching capability required the delamination criterion to be modified to reflect the
effect of the stitching on the longitudinal compressive failure mechanism (Table 7-3) responsible for
delamination failure as shown by Equation 7-71. The maodification to account for the stitching effect on
delamination was verified against coupon tests as shown in Table 7-3.

e = FOB e (7-71)
Where
F=1.0+1%,Cos8, f(o}) §(c", 3
Vyy = woven fiber volume fraction

6,y = Angle between woven fiber and Z axis
wy _J0 1f g)'<0
fl(al)_{l 1f o}'20

f (O'W SW) _ [ 0  1f woven fiber broker(o""zsw)
2 ' -

1  1f woven fiber not broken(ucr""s SW)

7.5 TEST OF SIMULATING STITCHING EFFECT ON A COMPOSITE PANEL

Rectangular panels made of stitched and unstitched graphite/epoxy composite laminates were
simulated to gain confidence in the capability of GENOA to determine the effects of stitching.
Experimental test results were not available to verify the simulation results. The simulated
laminates consisted of 48 plies configured in [0/+,-45/90]s6 orientation with a total thickness of
0.25 inch. The panels were 8.0 inches long and 4.0 inches wide. Stitching was in the 0° fiber
direction and was done with 1200-denier Kevlar thread at a spacing of 0.25 inch and a pitch of
0.1 inch. The composite system was AS-4 graphite fibers in a high-modulus, high strength
(HMHS) epoxy matrix. The graphite fiber volume ratio was 0.55 and the void volume ratio was
1%.
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Table 7-3. Contribution of Stitched Fibers to Delamination Failure Criteria

Simulation With New Simulation With Old
Specimen Delamination Criterion Delamination Criterion Test Results
(GENOA-COD7 COD5)

Short Block Compression 28.81 (3.9%) 20.32 (22.58) 30.0
Longitudinal Tension 31.98 (5.0%) 32.23 (33.40) 30.38 315
31.5
29.8
29.6
29.6
Transverse Tension 9.90 (2.9%) (9.85) 10.20 10.3
10.2
10.1
Longitudinal Open Hole Tension 16.41  (9.8%) (13.1) 1845 17.6
17.8
29.8
Transverse Open Hole Tension 6.73 (4.2%) 7.02 (7.34) 7.03 6.93
6.95
7.21

Each panel was loaded with one end restrained by applying uniformly displaced tensile, compressive,
in-plane shear, and out of plane transverse loads at the other end. Figure 7-31 shows the simulated
damage progression with increasing tensile and compressive loading on stitched and unstitched panels.
There was no difference in the damage initiation loads for stitched and unstitched panels, although
damage initiation under tension occurred at a lower load compared to compression. Also, due to the large
extent of ply transverse tensile failures, composite structural damage was much greater under tension than
compression. After the completion of a well-defined damage growth stage, the state of damage remained
constant until the ultimate load was reached. For tensile loading the stitched panel damage at the ultimate
load was lower than that of the unstitched panel. For compressive loading the stitched panel damage at
ultimate load is higher than that of the unstitched panel which was able to carry a larger compressive load
at the ultimate fracture stage.

Figure 7-32 shows the damage progression for in-plane shear and out-of-plane flexural loads. At the
ultimate fracture stage the magnitude of in-plane shear loading damage was greater for the unstitched
panel. On the other hand, for the out-of-plane flexural loading, the stitched panel reached a much higher
damage level compared to the unstitched panel.
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APPENDIX A - CONSTITUENT MATERIAL PROPERTIES

The following properties were used in the ICAN databank to represent the fiber and matrix constituents:
ASW4 Graphite Fiber Properties:

Number of fibers per end = 10000

Fiber diameter = 0.00762 mm (0.300E-3 in)

Fiber Density = 4.04E-7 Kg/m® (0.063 Ib/in’)

Longitudinal normal modulus = 235 GPa (34.08E+6 psi)

Transverse normal modulus = 17.0 GPa (2.47E+6 psi)

Poisson's ratio (v;,) = 0.25

Poisson's ratio (v,;) = 0.27

Shear modulus (Gy,) = 55.1 GPa (7.98E+6 psi)

Shear modulus (G,;) = 6.90 GPa (1.00E+6 psi)

Longitudinal thermal expansion coefficient = -1.0E-6/°C (-0.55E-6 °F)
Transverse thermal expansion coefficient = 1.0E-5/°C (0.56E-5 /°F)
Longitudinal heat conductivity = 0.302 J-m/hr/m?/°C (4.03 BTU-in/hr/in*/°F)
Transverse heat conductivity = 0.0302 J-m/hr/ m*/°C (0.403 BTU-in/hr/ in*/°F)
Heat capacity =712 ] /Kg/°C (0.17 BTU/Ib/°F)

Tensile strength = 3,723 MPa (540 ksi)

Compressive strength = 3,351 MPa (486 ksi)

SGLW Glass Fiber Properties:

Number of fibers per end = 204

Fiber diameter = 0.00914 mm (0.360E-3 in)

Fiber Density = 5.77E-7 Kg/m® (0.090 Ib/ in®)

Longitudinal normal modulus = 84.8 GPa (12.3E+6 psi)

Transverse normal modulus = 84.8 GPa (12.3E+6 psi)

Poisson's ratio (vy,) = 0.22

Poisson's ratio (v,3) = 0.22

Shear modulus (Gy,) = 34.8 GPa (5.04E+6 psi)

Shear modulus (G,;) = 34.8 GPa (5.04E+6 psi)

Longitudinal thermal expansion coefficient = 0.504E-5/°C (0.280E-5 / °F)
Transverse thermal expansion coefficient = 0.504E-5/°C (0.280E-5 / °F)
Longitudinal heat conductivity = 3.90E-3 J-m/hr/m*/°C (5.208E-2 BTU-in/hr/in*/°F)
Transverse heat conductivity = 3.90E-3 J-m/hr/ m*/°C (5.208E-2 BTU-in/hr/in’/°F)
Heat capacity =712 ] /Kg/°C (0.17 BTU/Ib/°F)
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Tensile strength = 2,482 MPa (360 ksi)
Compressive strength = 2,069 MPa (300 ksi)

Dow Tactix 138 Epoxy resin with H41 hardener Matrix Properties:
Matrix density = 3.35E-7 Kg/m? (0.0450 1b/in’)

Normal modulus = 2.99 GPa (435 ksi)

Poisson's ratio = 0.300

Coefficient of thermal expansion = 0.72E-4/ °C (0.40E-4 /°F)

Heat conductivity = 8.681E-3 BTU-in/hr/ in*/°F

Heat capacity = 0.25 BTU/Ib/°F

Tensile strength = 85.0 MPa (12.3 ksi)

Compressive strength = 423 MPa (61.3 ksi)

Shear strength = 147 MPa (8.17 ksi)

Allowable tensile strain = 0.02

Allowable compressive strain = 0.05

Allowable shear strain = 0.04

Allowable torsional strain = 0.04

Void conductivity = 16.8 J-m/hr/m*/°C (0.225 BTU-in/hr/ in’\ °F)
Glass transition temperature = 216°C (420°F)
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APPENDIX B - COMPOSITE ELASTIC PROPERTIES AND STRESS LIMITS COMPUTED BY
EXTENDED ICAN.

The following notation is used:

Exx= Elastic modulus in stuffer direction

Eyy= Elastic modulus in filler direction

Ezz= Elastic modulus in normal direction

Gyz= Shear modulus in the filler-normal plane

Gzx= Shear modulus in the stuffer-normal plane

Gxy= Shear modulus in the stuffer-filler plane

NUxy= Poisson's ratio in the stuffer-filler plane

NUyz= Poisson's ratio in the filler-normal plane

NUxz= Poisson's ratio in the stuffer-normal plane

SWxxTf= Tensile strength in the stuffer direction based on fiber stress
SWxxTm= Tensile strength in the stuffer direction based on matrix stress
SWxxCf= Compressive strength in the stuffer direction based on fiber stress
SWxxCm= Compressive strength in the stuffer direction based on matrix stress
SWyyTf= Tensile strength in the filler direction based on fiber stress
SWyyTm= Tensile strength in the filler direction based on matrix stress
SWyyCf= Compressive strength in the filler direction based on fiber stress
SWyyCm= Compressive strength in the filler direction based on matrix stress
SWzzTf= Tensile strength in the normal direction based on fiber stress
SWzzTm= Tensile strength in the normal direction based on matrix stress
SWzzCf= Compressive strength in the normal direction based on fiber stress
SWzzCm= Compressive strength in the normal direction based on matrix stress
SWyzS= Shear strength in the filler-normal plane

SWzxS= Shear strength in the stuffer-normal plane

SWxyS= Shear strength in the stuffer-filler plane

Specimen 1 (LL1) Computed Properties

Exx= 0.45227E+07(psi) 0.31183E+11(Pa)
Eyy= 0.46543E+07(psi) 0.32090E-+11(Pa)
Ezz= 0.11917E+07(psi) 0.82166E+10(Pa)
Gyz= 0.31874E+06(psi) 0.21976E+10(Pa)
Gzx= 0.67230E+06(psi) 0.46353E+10(Pa)
Gxy= 0.38089E+06(psi) 0.26261E+10(Pa)

7-41



7.0 Mechanics of 3-D Woven, Braided and Stitched Composites

NUxy= 0.46757E-01

NUyz= 0.35303E+00

NUxz= 0.49432E+00
SWxxTf=0.91530E+05(psi) 0.63108E+09(Pa)
SWxxTm= 0.81016E+04(psi) 0.55858E+08(Pa)
SWxxCf= 0.82377E+05(psi) 0.56797E+09(Pa)
SWxxCm= 0.28341E+05(psi) 0.19541E+09(Pa)
SWyyTf= 0.78840E+05(psi) 0.54358E+09(Pa)
SWyyTm= 0.57421E+04(psi) 0.39590E+08(Pa)
SWyyCf= 0.70956E+05(psi) 0.48922E+09(Pa)
SWyyCm= 0.28617E+05(psi) 0.19731E+09(Pa)
SWzzTf= 0.18630E+05(psi) 0.12845E+09(Pa)
SWzzTm= 0.11901E+05(psi) 0.82058E+08(Pa)
SWzzCf= 0.16767E+05(psi) 0.11560E+09(Pa)
SWzzCm= 0.47279E+05(psi) 0.32598E+09(Pa)
SWyzS= 0.16716E+05(psi) 0.11526E+09(Pa)
SWzxS= 0.30041E+05(psi) 0.20712E+09(Pa)
SWxyS= 0.17531E+05(psi) 0.12087E+09(Pa)

Specimen 2 (LL2) Computed Properties

Exx= 0.47564E+07(psi) 0.32794E+11(Pa)
Eyy= 0.60985E+07(psi) 0.42047E+11(Pa)
Ezz= 0.11685E+07(psi) 0.80567E+10(Pa)
Gyz= 0.35379E+06(psi) 0.24393E+10(Pa)
Gzx= 0.44924E+06(psi) 0.30974E+10(Pa)
Gxy= 0.41936E+06(psi) 0.28914E+10(Pa)
NUxy= 0.40003E-01

NUyz= 0.37639E+00

NUxz= 0.46028E+00

SWxxTf= 0.84600E+05(psi) 0.58330E+09(Pa)
SWxxTm= 0.74442E+04(psi) 0.51326E+08(Pa)
SWxxCf= 0.75540E+05(psi) 0.52083E+09(Pa)
SWxxCm= 0.30148E+05(psi) 0.20786E+09(Pa)
SWyyTf= 0.10800E+06(psi) 0.74463E+09(Pa)
SWyyTm= 0.47825E+04(psi) 0.32974E+08(Pa)
SWyyCf= 0.97200E+05(psi) 0.67017E+09(Pa)
SWyyCm= 0.23835E+05(psi) 0.16434E+09(Pa)
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SWzzTf= 0.90000E+04(psi) 0.62053E+08(Pa)
SWzzTm= 0.11007E+05(psi) 0.75888E+08(Pa)
SWzzCf= 0.75000E+04(psi) 0.51711E+08(Pa)
SWzzCm= 0.47902E+05(psi) 0.33027E+09(Pa)
SWyzS= 0.15996E+05(psi) 0.11029E+09(Pa)
SWzxS= 0.21372E+05(psi) 0.14735E+09(Pa)
SWxyS= 0.17107E+05(psi) 0.11795E+09(Pa)

Specimen 3 (LT1) Computed Properties

Exx= 0.61217E+07(psi) 0.42208E+11(Pa)
Eyy= 0.76844E+07(psi) 0.52982E+11(Pa)
Ezz= 0.13440E+07(psi) 0.92668E+10(Pa)
Gyz= 0.40277E+06(psi) 0.27770E+10(Pa)
Gzx= 0.65706E+06(psi) 0.45303E+10(Pa)
Gxy= 0.49072E+06(psi) 0.33834E+10(Pa)
NUxy= 0.32469E-01

NUyz= 0.34154E+00

NUxz= 0.47028E+00

SWxxTf= 0.11034E+06(psi) 0.76080E+09(Pa)
SWxxTm= 0.74093E+04(psi) 0.51085E+08(Pa)
SWxxCf= 0.87420E+05(psi) 0.60274E+09(Pa)
SWxxCm= 0.30012E+05(psi) 0.20692E+09(Pa)
SWyyTf= 0.12683E+06(psi) 0.87444E+09(Pa)
SWyyTm= 0.50119E+04(psi) 0.34556E+08(Pa)
SWyyCf=" 0.10048E+06(psi) 0.69277E+09(Pa)
SWyyCm= 0.24978E+05(psi) 0.17222E+09(Pa)
SWzzTf= 0.14469E+05(psi) 0.99762E+08(Pa)
SWzzTm= 0.11259E+05(psi) 0.77629E+08(Pa)
SWzzCf= 0.11463E+05(psi) 0.79036E+08(Pa)
SWzzCm= 0.49199E+05(psi) 0.33921E+09(Pa)
SWyzS= 0.15954E+05(psi) 0.11000E+09(Pa)
SWzxS= 0.25400E+05(psi) 0.17513E+09(Pa)
SWxyS= 0.17520E+05(psi) 0.12080E+09(Pa)
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Specimen 4 (LT2) Computed Properties

Exx= 0.61907E+07(psi) 0.42684E+11(Pa)
Eyy= 0.73329E+07(psi) 0.50559E-+11(Pa)
Ezz= 0.12385E+07(psi) 0.85393E+10(Pa)
Gyz= 0.38965E+06(psi) 0.26865E+10(Pa)
Gzx= 0.45656E+06(psi) 0.31479E+10(Pa)
Gxy= 0.47943E+06(psi) 0.33055E+10(Pa)
NUxy= 0.36262E-01

NUyz= 0.37852E+00

NUxz= 0.43640E-+00

SWxxTf= 0.10699E-+06(psi) 0.73766E+09(Pa)
SWxxTm= 0.67638E+04(psi) 0.46635E+08(Pa)
SWxxCf= 0.87205E+05(psi) 0.60126E-+09(Pa)
SWxxCm= 0.28568E+05(psi) 0.19697E+09(Pa)
SWyyTf= 0.12131E+06(psi) 0.83639E-+09(Pa)
SWyyTm= 0.50269E+04(psi) 0.34659E+08(Pa)
SWyyCf= 0.98700E+05(psi) 0.68051E+09(Pa)
SWyyCms= 0.25053E+05(psi) 0.17273E+09(Pa)
SWzzTf= 0.78919E+04(psi) 0.54413E+08(Pa)
SWzzTm= 0.10851E+05(psi) 0.74816E+08(Pa)
SWzzCf= 0.65766E+04(psi) 0.45344E+08(Pa)
SWzzCm= 0.48938E+05(psi) 0.33742E+09(Pa)
SWyzS= 0.15707E+05(psi) 0.10830E-+09(Pa)
SWzxS= 0.20686E+05(psi) 0.14263E+09(Pa)
SWxyS= 0.17224E+05(psi) 0.11875E+09(Pa)

Specimen 5 (LO) Computed Properties

Exx= 0.68661E-+07(psi) 0.47340E+11(Pa)
Eyy= 0.83406E+07(psi) 0.57506E-+11(Pa)
Ezz= 0.20268E+07(psi) 0.13974E+11(Pa)
Gyz= 0.42243E+06(psi) 0.29126E+10(Pa)
Gzx= 0.39636E+06(psi) 0.27328E+10(Pa)
Gxy= 0.50941E+06(psi) 0.35123E+10(Pa)
NUxy= 0.44636E-01
NUyz= 0.23683E+00
NUxz= 0.24207E+00
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SWxxTf= 0.10876E-+06(psi) 0.74989E+09(Pa)
SWxxTm= 0.59287E+04(psi) 0.40877E+08(Pa)
SWxxCf= 0.83541E+05(psi) 0.57599E-+09(Pa)
SWxxCm= 0.29547E+05(psi) 0.20372E+09(Pa)
SWyyTf= 0.13667E+06(psi) 0.94230E-+09(Pa)
SWyyTm= 0.48424FE+04(psi) 0.33387E+08(Pa)
SWyyCf= 0.10498E+06(psi) 0.72379E+09(Pa)
SWyyCms= 0.24133E+05(psi) 0.16639E+09(Pa)
SWzzTf= 0.15649E+05(psi) 0.10790E-+09(Pa)
SWzzTm= 0.95529E+04(psi) 0.65865E+08(Pa)
SWzzCf= 0.12020E+05(psi) 0.82876E+08(Pa)
SWzzCm= 0.47609E+05(psi) 0.32825E-+09(Pa)
SWyzS= 0.15209E+05(psi) 0.10486E-+09(Pa)

SWzxS= 0.15096E+05(psi) 0.10409E+09(Pa)

SWxyS= 0.16863E+05(psi) 0.11627E+09(Pa)

Specimen 6 (HL1) Computed Properties

Exx= 0.12664E+08(psi) 0.87313E+11(Pa)
Eyy= 0.78820E+07(psi) 0.54344E+11(Pa)
Ezz= 0.18247E+07(psi) 0.12581E+11(Pa)
Gyz= 0.58689E+06(psi) 0.40465E+10(Pa)
Gzx= 0.97941E+06(psi) 0.67528E+10(Pa)
Gxy= 0.86847E+06(psi) 0.59879E+10(Pa)
NUxy= 0.43653E-01

NUyz= 0.32418E+00

NUxz= 0.42246E+00

SWxxTf= 0.20875E+06(psi) 0.14393E+10(Pa)
SWxxTm= 0.51780E+04(psi) 0.35701E+08(Pa)
SWxxCf=  0.13084E+06(psi) 0.90213E+09(Pa)
SWxxCm= 0.21210E+05(psi) 0.14624E+09(Pa)
SWyyTf= 0.11383E+06(psi) 0.78484E+09(Pa)
SWyyTm= 0.70545E+04(psi) 0.48639E+08(Pa)
SWyyCf= 0.71350E+05(psi) 0.49194E+09(Pa)
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SWyyCms= 0.35158E+05(psi) 0.24240E+09(Pa)
SWzzTf= 0.12220E+05(psi) 0.84255E-+08(Pa)
SWzzTm= 0.11452E+05(psi) 0.78961E-+08(Pa)
SWzzCf= 0.76596E+04(psi) 0.52811E+08(Pa)
SWzzCm= 0.52479E+05(psi) 0.36183E+09(Pa)
SWyzS= 0.16392E+05(psi) 0.11302E+09(Pa)
SWzxS= 0.22701E+05(psi) 0.15652E+09(Pa)
SWxyS= 0.18343E+05(psi) 0.12647E-+09(Pa)

Specimen 7 (HL2) Computed Properties

Exx= 0.10925E+08(psi) 0.75324E+11(Pa)
Eyy= 0.74970E+07(psi) 0.51690E+11(Pa)
Ezz= 0.16265E+07(psi) 0.11214E+11(Pa)
Gyz= 0.52363E+06(psi) 0.36103E+10(Pa)
Gzx= 0.76341E+06(psi) 0.52636E+10(Pa)
Gxy= 0.74773E+06(psi) 0.51554E+10(Pa)
NUxy= 0.43899E-01

NUyz= 0.35415E+00

NUxz= 0.41978E+00

SWxxTf= 0.18122E+06(psi) 0.12495E+10(Pa)
SWxxTm= 0.48686E+04(psi) 0.33568E+08(Pa)
SWxxCf= 0.12368E+06(psi) 0.85277E+09(Pa)
SWxxCm= 0.21460E+05(psi) 0.14796E+09(Pa)
SWyyTf= 0.11279E+06(psi) 0.77768E+09(Pa)
SWyyTm= 0.65485E+04(psi) 0.45150E+08(Pa)
SWyyCf= 0.76981E+05(psi) 0.53077E+09(Pa)
SWyyCm= 0.32636E+05(psi) 0.22502E+09(Pa)
SWzzTf= 0.67675E+04(psi) 0.46661E+08(Pa)
SWzzTm= 0.10946E+05(psi) 0.75467E+08(Pa)
SWzzCf= 0.46189E+04(psi) 0.31846E+08(Pa)
SWzzCm= 0.51746E+05(psi) 0.35678E+09(Pa)
SWyzS= 0.15988E+05(psi) 0.11024E+09(Pa)
SWzxS= 0.19790E+05(psi) 0.13645E+09(Pa)
SWxyS= 0.17721E+05(psi) 0.12218E+09(Pa)

7-46



7.0 Mechanics of 3-D Woven, Braided and Stitched Composites

Specimen 8 (HT1) Computed Properties

Exx= 0.12217E+08(psi) 0.84235E+11(Pa)
Eyy= 0.76116E+07(psi) 0.52480E+11(Pa)
Ezz= 0.18565E+07(psi) 0.12800E+11(Pa)
Gyz= 0.57941E+06(psi) 0.39949E+10(Pa)
Gzx= 0.10334E+07(psi) 0.71249E+10(Pa)
Gxy= 0.84644E+06(psi) 0.58360E+10(Pa)
NUxy= 0.44398E-01

NUyz= 0.31640E+00

NUxz= 0.43024E+00

SWxxTf= 0.20523E-+06(psi) 0.14150E+10(Pa)
SWxxTm= 0.55990E+04(psi) 0.38604E+08(Pa)
SWxxCf= 0.12978E+06(psi) 0.89481E+09(Pa)
SWxxCm= 0.21743E+05(psi) 0.14991E+09(Pa)
SWyyTf= 0.10957E+06(psi) 0.75544E+09(Pa)
SWyyTm= 0.71343E+04(psi) 0.49189E-+08(Pa)
SWyyCf= 0.69286E-+05(psi) 0.47771E-+09(Pa)
SWyyCm= 0.35556E+05(psi) 0.24515E+09(Pa)
SWzzTf= 0.16220E+05(psi) 0.11183E+09(Pa)
SWzzTm= 0.11688E+05(psi) 0.80587E+08(Pa)
SWzzCf= 0.10257E+05(psi) 0.70718E+08(Pa)
SWzzCm= 0.52090E+05(psi) 0.35915E+09(Pa)
SWyzS= 0.16566E+05(psi) 0.11422E+09(Pa)
SWzxS= 0.25014E+05(psi) 0.17247E+09(Pa)
SWxyS= 0.18438E+05(psi) 0.12713E+09(Pa)

Specimen 9 (HT2) Computed Properties

Exx= 0.11641E+08(psi) 0.80263E+11(Pa)
Eyy= 0.79638E+07(psi) 0.54909E+11(Pa)
Ezz= 0.17288E+07(psi) 0.11920E+11(Pa)
Gyz= 0.56226E+06(psi) 0.38766E+10(Pa)
Gzx= 0.86794E+06(psi) 0.59842E+10(Pa)
Gxy= 0.81056E+06(psi) 0.55886E+10(Pa)
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NUxy= 0.42309E-01

NUyz= 0.33746E-+00

NUxz= 0.42197E+00

SWxxTf= 0.19197E+06(psi) 0.13236E+10(Pa)
SWxxTm= 0.51484E+04(psi) 0.35497E+08(Pa)
SWxxCf= 0.12476E+06(psi) 0.86021E-+09(Pa)
SWxxCm= 0.21964E+05(psi) 0.15143E+09(Pa)
SWyyTf= 0.11796E+06(psi) 0.81332E+09(Pa)
SWyyTm= 0.66731E+04(psi) 0.46009E+08(Pa)
SWyyCf= 0.76666E+05(psi) 0.52859E+09(Pa)
SWyyCms= 0.33257E+05(psi) 0.22930E+09(Pa)
SWzzTf= 0.94306E+04(psi) 0.65021E+08(Pa)
SWzzTm= 0.11197E+05(psi) 0.77198E+08(Pa)
SWzzCf= 0.61291E+04(psi) 0.42259E+08(Pa)
SWzzCm= 0.52106E+05(psi) 0.35926E+09(Pa)
SWyzS= 0.16170E+05(psi) 0.11149E-+09(Pa)
SWzxS= 0.21217E+05(psi) 0.14629E+09(Pa)
SWxyS=  0.18034E+05(psi) 0.12434E-+09(Pa)

Specimen 10 (HO1) Computed Properties
Exx= 0.12920E+08(psi) 0.89079E+11(Pa)
Eyy= 0.77892E+07(psi) 0.53705E+11(Pa)
Ezz= 0.23411E+07(psi) 0.16142E+11(Pa)
Gyz= 0.49392E+06(psi) 0.34055E+10(Pa)
Gzx= 0.59733E+06(psi) 0.41184E+10(Pa)
Gxy= 0.70879E+06(psi) 0.48869E+10(Pa)
NUxy= 0.53865E-01

NUyz= 0.22979E+00

NUxz= 0.22127E+00

SWxxTf= 0.20390E-+06(psi) 0.14058E-+10(Pa)
SWxxTm= 0.41234E+04(psi) 0.28430E+08(Pa)
SWxxCf= 0.12786E+06(psi) 0.88154E+09(Pa)
SWxxCm= 0.20550E+05(psi) 0.14169E+09(Pa)
SWyyTf= 0.11365E+06(psi) 0.78358E+09(Pa)
SWyyTm= 0.69853E+04(psi) 0.48162E-+08(Pa)
SWyyCf= 0.71264E-+05(psi) 0.49135E+09(Pa)
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SWyyCm= 0.34813E+05(psi) 0.24003E+09(Pa)
SWzzTf= 0.16379E+05(psi) 0.11293E+09(Pa)
SWzzTm= 0.10070E+05(psi) 0.69430E+08(Pa)
SWzzCf= 0.10270E+05(psi) 0.70812E+08(Pa)
SWzzCm= 0.50186E+05(psi) 0.34602E+09(Pa)
SWyzS= 0.15345E+05(psi) 0.10580E+09(Pa)
SWzxS= 0.15215E+05(psi) 0.10491E+09(Pa)
SWxyS= 0.17737E+05(psi) 0.12229E+09(Pa)

Specimen 11 (HO2) Computed Properties
Exx= 0.11681E+08(psi) 0.80535E+11(Pa)
Eyy= 0.76406E+07(psi) 0.52680E+11(Pa)
Ezz= 0.26057E+07(psi) 0.17966E+11(Pa)
Gyz= 0.47795E+06(psi) 0.32953E+10(Pa)
Gzx= 0.55656E+06(psi) 0.38373E+10(Pa)
Gxy= 0.65578E+06(psi) 0.45215E+10(Pa)
NUxy= 0.55867E-01

NUyz= 0.20306E+00

NUxz= 0.19595E+00
SWxxTf=0.18509E+06(psi) 0.12761E+10(Pa)
SWxxTm= 0.44334E+04(psi) 0.30567E+08(Pa)
SWxxCf= 0.12002E+06(psi) 0.82753E+09(Pa)
SWxxCm= 0.22095E+05(psi) 0.15234E+09(Pa)
SWyyTf= 0.11304E+06(psi) 0.77937E+09(Pa)
SWyyTm= 0.67972E+04(psi) 0.46865E+08(Pa)
SWyyCf=0.73301E+05(psi) 0.50539E+09(Pa)
SWyyCm= 0.33875E+05(psi) 0.23356E+09(Pa)
SWzzTf= 0.22095E+05(psi) 0.15234E+09(Pa)
SWzzTm= 0.97808E+04(psi) 0.67436E+08(Pa)
SWzzCf= 0.14328E+05(psi) 0.98788E+08(Pa)
SWzzCm= 0.48745E+05(psi) 0.33608E+09(Pa)
SWyzS= 0.15341E+05(psi) 0.10577E+09(Pa)
SWzxS= 0.15167E+05(psi) 0.10457E+09(Pa)
SWxyS= 0.17516E+05(psi) 0.12077E+09(Pa)

7-49



7.0 Mechanics of 3-D Woven, Braided and Stitched Composites

APPENDIX C - COMPARISON OF COMPOSITE PROPERTIES COMPUTED BY THE

EXTENDED ICAN WITH COX [COX AND DADKHAH, 1995] AND EXPERIMENTAL
DATA.

Specimen 1 (LL1) Woven Composite

Property ICAN Cox Experiment

Exx (GPa) 31.18 36.8 30+/-6
Eyy (GPa) 32.09 38.7

Ezz (GPa) 822 9.0 57
Gyz (GPa) 22 21

Gzx (GPa) 4.64 6.0

Gxy (GPa) 2.63 23

NUxy  0.0468 0.023 0.024
NUyz 0353 0216

NUxz 0494 0207 022

Specimen 2 (LL2) Woven Composite

Property ICAN Cox Experiment

Exx (GPa) 32.79 349 285
Eyy (GPa) 42.05 47.6

Ezz (GPa) 8.06 7.0 59
Gyz (GPa) 244 22

Gzx (GPa) 3.10 3.2

Gxy (GPa) 2.89 24

NUxy  0.040 0.027 0.11
NUyz 0376 0.310

NUxz 0460 0457 0.50
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Specimen 3(LT1) Woven Composite

Property ICAN Cox Experiment

Exx (GPa) 4221 473 27
Eyy (GPa) 52.98 59.5

Ezz (GPa) 9.27 94 8.0

Gyz (GPa) 278 27

Gzx (GPa) 453 5.6

Gxy (GPa) 3.38 3.0

NUxy  0.0325 0.02 0.048
NUyz  0.342 0.243

NUxz 0470 0541 0.375

Specimen 4(LT2) Woven Composite

Property ICAN Cox Experiment

Exx (GPa) 42.68 435 39
Eyy (GPa) 50.56 51.6

Ezz (GPa) 854 7.0 79

Gyz (GPa) 2.69 24

Gzx (GPa) 3.15 3.1

Gxy (GPa) 3.31 2.6

NUxy  0.036 0.027 0.021
NUyz 0379 0.325

NUxz 0436 037 0.37
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7.0 Mechanics of 3-D Woven, Braided and Stitched Composites

Specimen 5(L-O) Woven Composite

Property ICAN Cox Experiment

Exx (GPa) 47.34 519 30+/-2
Eyy (GPa) 57.50 63.9 45.5+/-1.5
Ezz (GPa) 1397 13.7 7.0+/-1
Gyz (GPa) 291 27

Gzx (GPa) 273 2.8

Gxy (GPa) 351 3.1

NUxy  0.0446 0.034 0.053
NUyz 0236 0.183

NUxz 0242 0.184 049

Specimen 6(HL1) Woven Composite

Property ICAN Cox Experiment

Exx (GPa) 87.31 915  85+/-8
Eyy (GPa) 54.34 562 438
Ezz (GPa) 1258 121  16+/-2
Gyz (GPa) 4.47 41

Gzx (GPa) 6.75 7.1

Gxy (GPa) 599 54 6.2
NUxy  0.0437 0.034 0.061
NUyz 0324 0.286

NUxz  0.422 0.456

Specimen 7(HL2) Woven Composite

Property ICAN Cox Experiment

Exx (GPa) 75.32 812 80
Eyy (GPa) 51.69 55 42.3
Ezz (GPa) 11.21 102 14.0
Gyz (GPa) 3.61 3.6
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Gzx (GPa) 526 5.3

Gxy (GPa) 5.16 4.6 5.8

NUxy  0.0439 0.035 0.13

NUyz  0.354 0.298

NUxz 0420 0425 0.45+/-0.05

Specimen 8(HT1) Woven Composite

Property ICAN Cox Experiment

Exx (GPa) 84.24 886 79

Eyy (GPa) 5248 544 425
Ezz (GPa) 12.80 12.8 13.8
Gyz (GPa) 3.99 4.0

Gzx (GPa) 7.12 7.8

Gxy (GPa) 584 53 56

NUxy  0.0444 0.033 0.054
NUyz 0316 0.248

NUxz  0.430 0.486

Specimen 9(HT2) Woven Composite

Property ICAN Cox Experiment

Exx (GPa) 80.26 851 72
Eyy (GPa) 5491 57.6 458
Ezz (GPa) 1192 11.2 139
Gyz (GPa) 3.88 3.9

Gzx (GPa) 598 6.2

Gxy (GPa) 559 50 57
NUxy  0.0423 0.033 0.097
NUyz  0.337 0.280

NUxz 0422 0.443
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Specimen 10(HO1) Woven Composite

Property ICAN Cox

Experiment

Exx (GPa) 89.08
Eyy (GPa) 53.71
Ezz (GPa) 16.14
Gyz (GPa) 341
Gzx (GPa) 4.12
Gxy (GPa) 4.89
NUxy  0.0539

93.1
56.4
17.3
4.1
4.7
5.4
0.051

NUyz 0230 0.192
NUxz 0221 0.190

88
39.9
154

5.0
0.055

Specimen 11(HO2) Woven Composite

Property ICAN Cox

Experiment

Exx (GPa) 80.54
Eyy (GPa) 52.68
Ezz (GPa) 17.97
Gyz (GPa) 3.30
Gzx (GPa) 3.84
Gxy (GPa) 4.52
NUxy  0.0559

83.8
55.9
20.4
4.0
44
49
0.052

NUyz  0.203 0.158
NUxz  0.196 0.157

69+/-5
41.6
22.3

0.07
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8.0 Impact Loading of Woven/Braided/Stitched Composite Structure

Impact loading of woven/braided/stitched composite structure is performed by; 1) modification of PFA to
perform Pseudo-dynamic (include inertia, and acceleration) analysis, and 2) post processing of PFA static
analysis to generate Pseudo static (excluding inertia, and acceleration) impact.

8.1 MODIFICATION OF CODSTRAN FOR IMPACT SIMULATION INCLUDING INERTIAL
EFFECTS OF THE IMPACTED STRUCTURE

Formulation of this implementation is similar to that of the former pseudo-static analysis of a composite
cylindrical shell containment structure impacted by an escaped engine blade. However, in the new approach,
the inertial forces of the impacted structure are not neglected.

The escaped blade (impacting object) has a mass m and initial contact wglocifter contact, the
escaped blade loses its velocity due to the impulse of the impact. According to the first law of
thermodynamics the reduction of the kinetic energy of the escaped blade is equal to the work done by the
impact force, therefore the velocity of the blade may be computed from:

(1)
1 . 1 .
=Moo = =M =W,
2 2
If the time history of the impact forde and the change in the velocity of the impactor are known, the
amount of time elapsed with reference to the initiation of contact between the impactor and the impacted
structure may be computed from the impulse-momentum relationship.
(2)
t
mu,, — mu, = _[ Fdt
to

wherem is the mass of the escaped blade. The equations of dynamic equilibrium are written for the combined
containment structure and impacting escaped blade dynamic system from the time of initial contact that starts
the impact. The system dynamic equations in matrix form are:

[MI{(} +[D]{G} +[K][u} =[O] (3)

where [M] is themass matrix of combined containment plus blade fimkement model[D] is the damping

matrix, [K] is the stiffness matrix, and {u},{u'}, and {u '},are thdisplacement, velocity, an@cceleration

vectors of the system. The right hand side of Equation (3) is zero since the impact force is internal to the system.
The mass matriM] may be decomposed into the component mass matrices of [M$_c$] and [m] corresponding to
the masses of containment structure and blade, respectively. Therefore, the dynamic

equations can be written as:

[M:I{0} +[m{G,} +[ DG [K){u} ={C} (4)

Where thg M.] {u. }term representshe vector of inertialforces onthe containment anthe [m]{u,- } term
representshe inertial forces orthe blade.For pseudo-static analysis withodémping,the [M.] {u.- }and the
[D){u -} terms may be neglected and #ystem equations written as:

[mI{G,} +[KI{d} ={CG (5)

In which the sum ofM [{ u, }inertial forces represents the negative of the impact féfjge Therefore the
equations of pseudo-static equilibrium are written in the form:
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8.0 Impact Loading of Woven/Braided/Stitched Composite Structure

[KHu} = {F};
(6)

Equation 6 may be solved via computational simulation for displacements and damage as a function of the
impact force. The instantaneous velogilg } of the impacting blade is obtained from Equation 1 in which
the right hand side is evaluated by computing the work done by the impact force

ub

V\{B:‘!qu

(7)
where y is the current displacement thie impactingblade.

Whether ornot the inertial forces of the impacted structurenay beneglected depends dhe size of the
impacted structure arttle impact velocity. The largerthe size ofthe impacted structure anthe higher the
impactvelocity the more importantare theeffects ofthe inertial forces ofthe impacted structure. It is not
alwaysfeasible to make an a priori determinationtlo importance ofinertial forces onthe simulation of
impact response.Therefore, it is necessary Iave theability to includethe effects of inertialforces of the
impacted structure. If structural damping is negledtszidynamic equations can be written as:

[MJ{u} +[ml{up} +[KI{u ={0}
(8)

The computational simulation of progressive damage and fracture in the CODSTRAN code is a step by step
procedure using a small load increment. The incremental equations of dynamic equilibrium may be written
as:

[M1A{u} +[mIA{u} +[K]A{U ={C}

(9)

As before, considering that the impact force exerted on the structure is the equal and opposite of the force
exerted on the impacting object, we write:

[M IA{U} +[K]A{u} = A{F},
(10)

Computational simulation dhe incremental loading analysidescribed by Equation 10 is implemented
by treating theimpact force {F} as theindependent variable. After each incremeiitading analysis, the
change in the velocity dhe impactor is computed from Equation 1 and the tinteement is computettom
Equation 2. Next, nodal velocities othe impacted structurare computed aghe ratio of the incremental
displacements tthe time increment. Nodal velocitiese saved in a scratcfile to enablecomputation of
nodal accelerations ite next increment. Nodalccelerationsare computed aghe ratios ofthe changes in
velocities tothe time increment. lhodal accelerations dhe impacted structurare multiplied by the nodal
masses the inertial forces[M,] {u.} in Equation 8 would be obtained. Howeveince computational
simulation is carriecbut in terms ofthe incremental formulatiorgiven by Equation 10,the incremental
changes in nodal accerations are required. Therefore, nodal acceleratsmsed in a scratch file to compute
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the incremental changes in accelerationsthia next step. Multiplying the incremental changes imodal
accelerations bythe nodal massesgives the inertial loadincrements[M,] {u.} required inEquation 10.
Simulation ofthe impact response begins withe initiation of contact whernhe impact force, displacement,
velocity, and acceleration tifie impacted structure have zero initial conditions.

The analysis of dynamic impact is implemented by modifying the CODSTRAN simulation process to
include inertial forces of the impacted structure as follows:

1. Subroutine INITIM is cded by CODEXE prior to the start of an impact simulation. lhitializes
impact variables (force, displacementyork) and the files VELOC.SCRATCH.OLD and
ACCEL.SCRATCH.OLD to zero.Eachfile containsthreeentries pemnode as the x, ynd z components
of the velocity and acceleration vectorsspectively.

2. Subroutine VELOC is called b§ODEXE after each simulation step. filist computeshe velocity of the
impactor from Equation 1. Next, it computie time increment from Equation 2Then itcomputes the
velocity vector at each node e ratio of incremental displacement time incrementand writes them to
a scratch filenamed VELOC.SCRATCH.NEWNote that VELOC.SCRATCH.OLD data wilheed to be
reordered when elements are deleted and nodes are renumbered. HoeS\EIrOC.SCRATCH.OLD
file from the last equilibrium stageeed besaved inVELOC.EQUIL.OLD in casethe analysis needs to
be restartedrom the last equilibrium stage. AlternatelW/ELOC.SCRATCH.OLDcan besaved in the
equilibrium databas8CRA76.

SubroutineVELOC also computesiodal accelerations. tomputesthe accelerations at each node by
taking the difference betweenVELOC.SCRATCH.NEW and VELOC.SCRATCH.OLD data and
dividing by the time increment. Accelerationgus computed are written to a scratcHile named
ACCEL.SCRATCH.NEW.

Note that ACCEL.SCRATCH.OLDdata willneed to beeordered when elemertse deleted and nodes
are renumbered. Howevethe ACCEL.SCRATCH.OLDfile from the last equilibrium stage need be
saved iPACCEL.EQUIL.OLD in casehe analysis needs to be restarfesn the last equilibrium stage.
Alternately, ACCEL.SCRATCH.OLD can be savedhe equilibrium database SCRA76.

3. Subroutine INERLD is called b ODEXE before a finite elemeranalysis. It computes tracceleration
increments by takinghe difference betweedCCEL.SCRATCH.NEW and ACCEL.SCRATCH.OLD.
The acceleratiomcrementsare multiplied by the lumped mass ateach node to obtaithe inertial load
increments. SubroutinDlERLD maodifiesthe MHOST input file SCRAS55 to wite the inertial force
increments. SubroutinNERLD also computeshe lumped mass value associatedwith each node.
(Units of massareIbs-sedin.)

At present inputata to dynamic impact simulation requitke selection ofthe first 3 displacements to be
tracked as the X, y,components of displacement foclearacteristic node of contact betwekaimpactor and
impacted structure. Additionallhe CODINP file requiresthree additionakards in sequence. Thiest card
of which must start withthe IMPACT keyword. The secondcard containsthe impactor total mass (Ibs-
sec/in), theinitial velocity (in/sec), andhe number of impactor nodes ést directed input. Thaext card(s)
contain the nodenumbers ofthe impactor nodes. Irthe current versionnumbers ofthe impactor nodes
should comébefore the nodaumbers otthe impacted structure nodes to prevent change®aé numbers on
the impactor if elements othe impacted structure are removed after fractures.
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Output is the same as a typical CODSTRAN run except for a new file SCRA24 that contains the impact
force, displacement, and velocity of the impactor. The code stops when the impactor penetrates through the
impacted structure, the structure breaks into two pieces, or if the impactor velocity is reduced to zero
(impacting object is stopped by the impacted structure).

8.2 MODIFICATION OF CODSTRAN FOR IMPACT SIMULATION NOT INCLUDING INERTIAL
EFFECTS OF THE IMPACTED STRUCTURE

8.2.1 Summary Of The Governing Equations
Equilibrium Equation:

[MN{d} +[DN0 +[KKu ={F(t)}

In the present work:

[KKu}i = {FO}

(11)
Kinetic energy :
1 . 1 .
> MUb0 — > mu§ =W,
12)
m is the mass of the escape object (blade)
Uy” U, is the initial and impact velocity of the blade respectiviey
W ={F},"{u,
Impulse Law:
t
mu,, — MU, = I Fdt
to
(13)

8.3 RESULTS AND DISCUSSION

Pseudotatic, and Pseudo dynamic analysigastested using AnEscapingblade impacted a composite
cylinder. Theimpactedblade had arnitial velocity of 1400 ft/sec. The cylinddtength = 96. In,R-= 36.1
inch, thickness = 0.25 in.) used graphite/epoxy (FVR = 60%, VVR =1 %) , with (0/45/90/0-45/45/90/3s of 48
uniform plies. Figure 8-1 shows thiecation ofthe damaged nodesnd Pattern of Failur@uring the initial
impact. Figure 8-2:showshe simulated Photo-Elastic Isocromatic PatterrFaiture. Figure:8-3. Shows
Stress in Xdirection Critical Impact Event Beford-ailure, andFigure 8-4showsthe zoomed stress in X
direction near the damaged zofégure 8-5showsthe Final Failure pattern,Figure 8-6 identifiesthe Most
Contributing Failure athe Transverse Tensile). Figure 8showsthe Comparison of Forcé/s. Time for
fully dynamicandstatic of PMC Cylinder impacted by blad&igure 8-8 Comparison of Displacement Vs.
Time forfully dynamic and static @MC cylinder impacted by blade. Figui®9 Comparison o¥elocity
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Vs. Time for Pseudostatic and fully dynamic. Figure8-10: Comparison of Damage Vgime for
Pseudo. Figur8-11: Comparison oDERR Vs.Time for Pseudo dynamiand static of PMC cylinder
impacted by bladd-igure8-12: Comparison of TDERR VsTime for fully dynamic and static of PMC

cylinder
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Figure 8-1. Damaged Node Pattern during Failure Figure 8-2: Photo-Elastic Isocromatic Pattern at Failure
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Failure
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Figure 8-5 Final Failure
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Figure 8-6: Most Contributing Failure (Transverse
Tensile)
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Figure 8-7: Comparison of Force Vs. Time forPseudeo
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Figure 8-11: Comparison of DERR Vs. Time for Pseudeo

dynamic and static of PMC cylinder impacted by blade Figure 8-12: Comparison of TDERR Vs. Time for
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9.0 Graphics User Interface in GENOA

GENOA Graphics Usemetrface(GUI) can be utilized to executdl other GUI's such asGENEX,
Post Cycle, 3CPlot, Xgenoa2D. (Figure 9-1). Figure 9-2 shows the @bt cycle tool bar used to extract
the desiredfile for post analysiviewing. Figure 9-3 Shows 3D Plot GUIittvvisualizationl CONS.

=| GENOA Toolbar L

Copyright 1998 AlphaSTAR Comoration

Use GEMEX to import & prepare data, then execute analysis modules.
9-1. GENOA Graphics User Interface : GENEX, Post Cycle, 3D Plot, Xgenoa2D

={ GENOA Post Cvele Toolbar a

Use ¥Tract to extract desired cycles for post analysis viewing.
9-2. GENOA Post Cycle Tool Bar

Heip

EI_I_I_I EIDI_I-I

~ Boundary X ~ PLYANGLE T E ~ 0.020 — Longitudinal Tensile

~ Boundary ¥ ~ PLY ANGLE 2 | < 0.067 - Longitudinal Compressive

v Boundary Z ~ PLY ANGLE 3 | - 0.959 - Transverse Tensite

~ Boundary MX ~ PLY ANGLE 4 | ~-0.0471 - Transverse Compressive

~ Boundary MY ~ Color - Ualue | ~~0.000 - Normal Tensite

s Boundary MZ | o Disabte Pryancres  |B| ~ 0.000 - Normat Compressive

~ Disable Boundary < ol | - 0.067 — in Piane Shear (+)

= ~~0.082 — In Plane Shear(-)

< 0.000 — Transverse Normal Shear (+)
~0.000 — Transverse Normal Shear ()
~0.000 — Longitudinal Normal Shear (+)
~0.000 — Longitudinal Normal Shear (=)
~ 1.000 — Modiified Distortion Energy Criteria
~0.908 — Refative Rotation Criteria
~ Benumbered Failed Nodes

 Disable Criteria Choice

I Coordinate Axes
I FEM Mesh

||| I Ferd Surface

I FEM CGs

I FEM Label

I~ Node Label

I Duplicate Nodes

I Nodie Thickness

I Node material Type

I FEM Normals
Node Forces
Pressure
Boundary Conditions
Py Angites
Dispfacements

.. ... 3833333382

 FORCEX
~ FORCE Y ;
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< FORCE MX T 13 |~ & Upper
< FORCE MY 1 ? | By Upper
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|| < Show Color Surface |
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~~ Show Wireframe

~ Show Color Values Edge Tractiorn 1oadin
~ Show Piain Surface
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Figure 9-3. An Up-Close View of Default Display Properties Initiated from a Pull-Down Menu
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9.1 Display of Stress, Strain, EIgenValue and Damage

The graphical presentation feature of GENOA-PFA is designed to generate 3D plots for visualization
of: 1) PFA input file data, and 2) stress, strain, and damage results.

PFA Input File Visualization

The menu to specify the PFA input file visuaization is shown in Table 9-1. The entry “CODINP” in
Table 4.7-1 is an example of a typical GENOA-PFA input file name. The GUI can plot the PFA input
file data relative to: 1) global coordinate axes, 2) FEM mesh, 3) FEM surface, 4) FEM cg, 5) FEM
element label, (6) Node label, 7) master/slave (duplicate) nodes, 8) node thickness, 9) node layer
types, 10) FEM normalas (clockwise or counter clockwise), 11) Node Forces, 12) nodal Boundary
conditionss, and 13) Ply angles.

Table 9-1 Visualization of PFA STRESS, STRAIN, DAMAGE DATA

PLOT ------- PLOT PFA STRESS, STRAIN, DAMAGE DATA -------- PLOT
L) (A) | POLYMER PFA
Filename SET A ON LINES 1 Through 4
1) CODINP GENOA-PFA Input data
2)
3)
4)
5)
OUTPUT SET A ON LINE 7
1 NONE | POST CQUAD FILE
COMMANDS: HE - HELP, RE - REFRESH, BA - BACK, / - EXPRESS BACK
PRESS ENTER TO CREATE THE POST FILE - / TO RETURN TO PFA

PFA Stress, Strain, Figen modes, Damage, and Original FEM Visualization

The menu to specify which GENOA-PFA stress, strain, and damage result files are to be generated by
the POST program for use in subsequent graphical presentations is shown in Table 9-.2. _The user can
plot any state of stress, strain, damage, and eigen modes occuring at any iteration in the simulation by
inputing the selected iteration number and the associated file name (e.g. FEMO18;.pat=FEM of
PATRAN neutral file, at iteration number 018, STR018.nes= stress file at iteration number 018,
EPS018.nes=strain field at iteartion number 018; DAMO18.nes=state of danmage at iteration number
018, and FEM019.pat=PATRAN data number 019). The first entry (e.g., FEMO018.pat) must be made in
all cases. The other entries are optional. The user can also visualize the original FEM and compare
the displacement vector from the current visualized iteration.
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Table 9-2. Visualization of PFA STRESS, STRAIN, DAMAGE DATA

PLOT ------- PLOT PFA STRESS, STRAIN, DAMAGE DATA -------- PLOT

L) (A) | POLYMER PFA
Filename SET A ON LINES 1 Through 4

1) FEMO18.pat PATRAN DATA

2) STRO18.nes STRESS DATA

3) EPS018.nes STRAIN DATA

4) DAMO018.nes DAMAGE DATA

5) EIGENO18.nes | EIGEN VALUE DATA

5) FEMO19.pat PATRAN DATA Number 019
OUTPUT SET A ON LINE 7

1 NONE | POST CQUAD FILE

COMMANDS: HE - HELP, RE - REFRESH, BA - BACK, / - EXPRESS BACK
PRESS ENTER TO CREATE THE POST FILE - / TO RETURN TO PFA

The user can “click on” a damage icon and a list will be presented giving the percent of damage that
occurred in each of 14 damage modes. Clicking on a damage mode in this list will produce
graphical plot showing the distribution of damage in that damage mode. This manner of presentation
is a powerful feature by which GENOA-PFA presents results in a clear and very accessible manner.

There are several sub-menu s are available in XGENOA. These are as follow:

Examples of the GENOA-PFA post-processing graphical outputs are shown in the Figures 9-4 through

9-10.

isolate FEM Nodes: picks user selected FEM nodes.

zoom of certain area of the model

change the color of outlined or filled polygons, or the background color.

project in either the orthotropic or perspective mode.

optionally stand and View in -y, +y, -X, +X, -z, +z, or default view.

capture the screen and save in the RGB format
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9-2

PFA/FEM Attributes Visualization

File_View _Display _Mode _Properties _Window _Hide

Help

FEM ELEMENT CGs

FEM Mesh
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Figure 9-4 (a). The Starting View of an Open Hole
Tension FEM Mesh of a Model

Figure 9-4 (b).

FEM Mesh Display After Activating All
Display Attributes
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Gan be displayed.

Figure 9-4 (c). Distribution of Modified Distortion

Energy Damage

Figure 9-4 (d). Distribution of Y-Moment Generated
Stress Mode
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Figure 9-4 (e). Simultaneous Display of Multiple Figure 9-4 (f). FEM Mesh Showing Ply Angle in Color
Properties And Modes on an FEM Mesh Value Mode with Angle Values Labeled on Mesh
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' Figure 9-4 (g). FEM Mesh After Selecting Ply Stress
Distribution Option

Figure 9-4 (h). Boundary Conditions (Xdir)
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Figure 9-4 (i). Center Of Gravity (Cg) For Each Figure 9-4 (j). Normal FEM Mesh And A Comparison
Element With The Second Displacement FEM

P

Figure 9-4 (k). FEM Element Number Figure 9-4 (I). Forces_Ap_pIie_d On Each Nodal Force
Distribution

Figure 9-4 (m). FEM Nodes Material Identification | Figure 9-4 (n). FEM Mesh And Global Coordinate
(Layer Type) System
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Figure 9-4 (0). FEM Node Number

Figure 9-4 (r). Top Ply Schedule Orientation (Ply 1
Angle)

Figure 9-4 (s). Second Ply Schedule Orientation
(Ply 2 Angle)
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Fiéure 9-4 (t). Applied Nodal Pressure
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Figure 9-4 (u). FEM Mesh With Node Thicknesses

Given
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9.3 MENU VISUALIZATION
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| FEM Mormals Fig
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Boundary Conditions -
Piv Angles -
Displacements -
Figure 9-5 (a). display Menu
Save Model to File_Ctri+S|| | Inactive Nodes |
Save lmage Cirl+f - Inactive Elements
Save PostScript CirfrP - Damage Surface
Exit CHE0) - Figen Surface
= Figure 9-5 (c) Field Menu | FEM 2 Surface
Figure 9-5 (d) Hide Menu
Reset View certA| Pick Tools curteC||
View Orientation - Properties Ciri+ T
View Aftributes  Cirl+V/ MNode Shelf Cirf+N
Background - Element Shelf Cirf+E
- Hide Dispiay Text Quick EditView  Cirl+K
1 ZOOM Mode Ciri+Z Damage Graphs Cirl+G
- Animate! Cirf+A Moviepiaver Clrf i
Figure 9-5 (e) Reset Menu Figure 9-5 (f) Window Menu
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9.4

MODE OF FAILURE VISUALIZATION
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Figure 9-6 (a). Modified Distortion Energy Damage

Figure 9-6(b). Distribution Of Upper Surface

Index Isochromatic Photo-Elastic Fringe Pattern
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Figure 9-6(c). Distribution Of Upper Surface Isoclinic
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Figure 9-6(d). Percent Damage Vs. Force
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Figure 9-6(e). Total Damage Energy Release Rate Vs. Figure 9-6(f). Local Damage Energy Release Rate Vs
Load Load
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Figure 9-6(g). Collapsed Fem Model With Adaptive Meshing

Figure 9-6(h). Fracture Path And Damage Progression With Adaptive Meshing (2148 Nodes, 1707 Elements|
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9.5 Region Picking

The pick command allows the user to select FEM attributes (nodes) for further parameter

editing options as shown in Figures 9-7(a-l), 9-8, and 9-9

Pick Mode

Change Yiew

Y
P
vl

Region Mode

l=|.i foofs i a ilg-j

(a) Pick A Complete Bound
Line Through Nodes Using
Elements For Search Normal

Default Picking Mode

(b) Pick A Complete Bound
Line Through Nodes Using
Elements For Search

e |

(c) Pick A Segment Through
Nodes Using Polar Angles

Nodes

(e) Region Mode: Normal
Default

A Region

(h) Region Pick: Mode 2 Hides
The Selected Region

Window - Region Picking

(k) Region Pick: Mode 3
Swaps Hidden Regions

() Region Pick: Mode 4 Restores
All Regions

Figure 9-7(a-)). The pick command allows the user to select FEM attributes (nodes) for further parameter

editing
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REGION MODE PICKING REGION MODE PICKING

A

Figure 9-8(8. Duplicate Nodes 1 Figure 9-8(b). Duplicate Nodes 2

REGION MODE PICKING

/\ ——  CURRENTNODES — SELECT PARAMETER
-E

y N wones 00 R

/ \ Create/Assign Duplicate Nodes to Current Nodes

Assign Current Nodes to a Master Node : -

Apply Above Parameter to Current Nodes
/ \ -xo Current Nodes - from Current Nodes

)z
\ X/ el
Figure 9-8© Duplicate Nodes 4 Figure 9-8(d). Duplicate Nodes 6 Was Added To FEM

E Cuplicate Modes have been added.

o

Figure 9-8(e). Duplicate Nodes Have Been Added
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Figure 9-9(d). Pick A Segment Through Nodes Using

FEM Mesh

Figure 9-9(b). From (B) Pick A Complete Bound Of
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Figure 9-9(a). Normal Default Mode
Figure 9-9(c). Activated Region Mode

FEH Mesh
FEM Mosh

Figure 9-9(e). Pick A Complete Region Of Nodes

9(f). Regional Shaded Mode

Figure 9
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Movie of Failure --Graphics Visualization in PFA

9.6 Movie Of Failure Events

The movie player allows the user to animate the entire PFA simulation. The user can animate
the desired files generated by post: at each equilibrium, or the entire loading session. The data
can be loaded into memory or directly processes as batch files. The movie player allows the user
to play fast forward (FF) or Rewind (RW) to slowly animate each sequence of failure. Figure 9-10
(a) will add to the simulation the damage energy release rate, and percent damage history as a
function of loading.

: | —Damage Graphs

- Movie Model Player

nan o B | 0 P

STORE IN MEMORY [~ Damage Energy Release Rate (DERR)

Iy ||| L

— X Axis Mode

FRAME : 000 PIaybackSpeed:- Juworn || || [~ Force |+ Pressure

— Graphs to Display

Figure 9-10(a). Movie Player Figure 9-10(b). Damage Window
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Figure 9-10 (c) Snapshot 1of Fracture Pattern Figure 9-10 (d) Snapshot 1of Fracture Pattern
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