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ABSTRACT

Application of different damageodeling approachdsr use with composite
materials and composite material structures has grown with increasing computational
ability. Howeveras sumpti ons are often made for HAwor
modeling technigesresulting inapproximating defects ashole ornotch in a plate
instead of mdeling actual flaw geometry. These analytical tools have helped bound
composite material and structure capabilities, but do not allow for comprehensive
understanding of theffects of defects as the characteristic parameters of the defects vary.
In order to develop a tool that will allow for accurate analysis of a congileteture,
includingdefects of different parameteraodeling approaches must be optimizéd.
was theoptimization of these ggroaches that ve&ainvestigated herewith specific
application toward establishing a protocol to understand and quantify the effects of
defects in composite wind turbine blade&.systematic, threeound study of increasing
compexity was performed to understand the effectthadetypical blade manufacturing
defects while investigatingontinuum, discrete, and combined damage modeling.
Through the three rounds thfe benchmark material testing, significant coupon level
testingwas performed to generalize the effects of these defects. In addition, material
properties and responses were analyzed and then utilized as material inputs and
correlation criteria for each analytical techniqurarallel tothe material testingeach of
the three roundsicreasedn analytical complexity to ensure that models were only as
complex as necessary to achieve acceptable correl&@immelation was compared both
gualitatively and quantitativelfpr an initial case and other cases were ingastid only
if initial correlation was acceptabléVhile each modeling tge offeredcertain attributes,

a combined approach yiedthe most accuratanalyticalexperimentatorrelation
Thus, a unique comparison of several different analytical approachemposites with
respect to manufactuignfor consistencyaccuracy, and predictive capabilaljowing for
improved blade reliability and composite structural assessment.
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INTRODUCTION

Structures made from composite materials are being utilized mwev@re, as
they typically offer significant benefitsTypically these benefits include weight
reduction, fatigue resistance, corrosion resistancetherability to tailorstructural
propertiesas seen with the recent project by Boeing to incorporage feinforced
composites into the 787 Dreamlin®arbero, 1999Smock, 200Y. While anisotropy
allows laminated composites to be tailored to exhibit specific properties and responses,
engineering analysis becomes more difficainpared t@onventionakinglephase
materials This is due not only to the heterogeneous composition and orthotropy of
laminates but also to the probabilistic nature of composite failure (MDBK-17-1F,
2002) Moreover, additional difficulties associated with manufacturitbtgrocompound
the difficulty and complexityof composite analysisEven highly controlled
manufacturing procedures are prone to variances, such as fiber misalignment, inclusions,
voids, and insufficient cure, which result in degradation from ideal mepedperties
Some of these variables are able to be controlled by ensuring consistent environmental
conditions this type ofcontrol is attainable for some portions of the composites
community (e.g aerospace, automotive) but is seen aspastibitive for lower cost
areas (e.gsporting goods, wind)Regardless, it is difficult to comprehensively quantify
material properties and response, given these variables (Hallett et al., 2009)
Compliance with design and safety requirements are generalhealttay
utilizing safety and model factors to account for load uncertainties and material damage

resistance These factors are often based on woeste scenarios due to lack of accurate
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predictive analytical tools for assessing damage progression &haatetrength of a
structure Thesefactors therpotentially negate the advantages of using composites by
incorrectly predicting response, especially in the lower cost areas of the industry (Long
and Narciso, 1999; Lekou and Philippidis, 2008% outlined by MIL-HDBK-17 (2002),
standards have been set to determine material allowables, utilizing the approach seen in

Figurel.

Figurel: Approach for designing composites structures per-MRBK-17 (20@).
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Beginning at the bottom, coupon level testing is specified for 30 specimen from at
least five independent batches of material in longitudinal compression and tension,
transverse compression and tension, arlane shearWhile less testing is requd
during progression from coupons to components, the testing itself becomes complex,
time-consuming, and costlyDesign allowables are generated from this testing which
account for the variations noted above by assuming that testing a large number of
speimen from a variety of batches, combined with a quality assurance plan, will account
for the material response associated with such a variation. Based on the associated time
and costs with generating design allowables, even in areas that can affoet these
gualification criteria, it is very difficult to choose composite structures, and is often
unattainable for lower cost areas of the composites market where design requirements are
often set experientially.

A viable path around such a qualifican program is to utilize analytical tools to
predict material response, thereby reducing the amount of testing necessary. In short,
accurate prediction would allow for factors, especially experientially based factors, and
designs to be optimized. Clastaminated plate theory is an excellent tool that offers
simple analysis of composite laminates and with some initial testing allows for prediction
of elastic properties and initial failure (Barbero, 1999). The calculations assume
uniformity and do noaccount for inclusion of any flaws, defects, or damage in specific
areas. Instead, this approach handles these areas with simple material knockdowns.
More complex approaches are being utilized including many different types of analytical

tools Typically, these tools predict material response by determining damage
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progression and residual strengibamage progression, which can also be analyzed as
damage resistances, mathematically modeled and the nature and extent of the damage
are predictedTay etal., 2008) While damage progression models have been developed,
an accurate analysis method is not currently available for damage tolerance certification
due to the complex nature of damage progression and large number of influential
parameters (DOT/FAAR-97/79, 1998)

Modeling methods have progressed significantly with increased computational
ease and availabilityFinite element analysis is typically used, and many models are able
to predict responses up to damage initiation, but beyond initiaticuracy is limitediue
to the complexities associated with damage progression (Pal and Ray, 28G2ich,
models are often not truly predictive from casease, andhe application of prediction
analysiss made complex by a multitude of failure nesdBoyer et al., 1997)0ften
models only consider few, and in many cases only one, failure(s)odekich is
insufficient for assessing structural response and intedritprovements have been
made whereby models are able to generate stochasticalodids material properties that
are input to an analytical model to assess material response at certain conditions
(Whiteside et al, 2012)These improvements allow for generation of allowables, given
known distributions of variance parameters such akaoa material properties

While these approaches potentially allow for test reduction or removal of
experientially based factors, little work has been done to compare different modeling
methods across a variety of design and manufacturing variancese&s a&onsistency,

accuracy, and predictive capabilityhisis especially true for the development of
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predictive analytical tools that are often correlated with experimental results and are often
tuned to minimize correlation differences, thereby redupiedictive capability (Tay et
al., 2008) Predictive capability must be assessed for other flaw types, materials, and
flaw geometries to ensure that these capabilities are Ireatidition, it is imperative to
test the notion that in order to accuhat@odel and predict damage in a composite
structure, a model must treat fiber and matrix individually (Kassapoglou,.2013)

Many facets of the composites manufacturing community would benefit from
such a studyincludingthe composite wind turbine bladelustry where manufacturing
quality is a more critical issueThis issue is critical due to a combination of the
continually increasing largecale ofthe bladegFigure2, left), the comparatively low
cost manufacturing process and the increased demand for blades (Riddle et al.,.2010)
The reader may take note of the large scale of wind turbines, and the blades in particular,
as seen in the left ¢figure2 where a full size pickup truck is seerttad bottom of the
tower. Scal e and demand are i mpacted by recent
Energy by 2030 progranDOE/G(G-1020082567, 2008) and other incentive programs
designed to develop the wind energy industry rapiély such, more and dger are key
drivers for the wind industy, ardbwntimedue to blade incidents are increasfrgyure
2, right). For examplefocuson blade qualityhas been highlighted as recently as April
2012, when one owindtutline manafacturerdexperielacedg e s t
catastrophic failures as a result of manufacturing def€atbert, 2012) Failures like
that call into question whether the standards designexsiare reliability ovea desired

20-year design life are accurate.



Figure2: Typical wind turbingleft), with a blade failure (right).

The DOEsponsored Blade Reliability Collaborative (BRC) has been formed to
perform researcto improve blade reliability Led by Sandia National Lalatoriesthe
BRC isa collaborative of wind farm owners/operators, turbine manufactamaishird
party investigatorsThe BRC charged the MSUCG with the goaliafierstanithg and
guantifying the effects of manufacturing discontinuities and defects with regpadhd
turbine blade structural performance and reliabilg noted, two coordinated distinct
tasks were established to meet this goal: Flaw Characterization and Effects of.Defects
The work herein describes the latter, Effects of Defects, as a bashk as focused on

performing mechanical testing of flawed composite specraed on developing
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predictive progressive damage models for correlation with experimental test results
More generally, thisvork allowsfor theunique comparison of differeanalytical
approaches to model progressive damage in composite laminates with typical
manufacturing defects for consistency, accuracy, and predictive capability that will allow
for improved blade reliability and composite structural assessment

The work inthis document is organized as follawa review of the BRC goals
and work scope along with relevant previous research of both flaws and progressive
damage models is offered in Chapter2 addition, the objectives and research plan are
summarized Next, in Chapter 3, the significant combined effort to assess the response of
inclusion of typical manufacturing flaws by performing benchmark testing is presented
Each of chapters 4 through 9 comprehensively outlines a specific model and assesses
how wellthe model was able to correlate with the results from Chapta&rc®@mparison
of all these correlations is offered and discussed in Chapter 10, with conclusions and

recommended future work outlined in Chapter 11.
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BACKGROUND

While the unique comparisoregormed herein could be performed based on any
number of composite structures with representative defects, thisnvastkased on
composite wind turbine blades with manufacturing defects typical to their processing
such, an outline of the Blade Rdlikty Collaborative (BRC) and of thEffects of
Defectstask herein as associated with the BRC, is offered to allow the reader a better
understanding of the impetus behind this taskxt, bothanexplanation of
manufacturingrelated defect types commegrfbund in composite blades as defined by
the BRC and previous research related to mechanical response of these flaws are
presented An outline of both continuum and discrete techniques, along with related
previous works, is given to provide an understagaf each analytical approach

Finally, a summary of work is offered outlining the rest of the document

BRC Outline

It has been well established that wind turbine blades with reliability issues, such
as those related to manufacturing, can be cdsiyto extensive downtime and expensive
repairs (Paquette, 2012J o face this problem, the Blade Reliability Collaborative
(BRC) was established to publicly better understand: the primary causes of premature
blade failure; the ability of inspection mettwto detect flaws and damage; the effects of
prominent manufacturing defects on blade materials; and the adequacy of design tools
and certification testing to replicate operational.lifes Paquett e summari ze

BRCO s o0 b is ®]anmpiowe ¢he reability of blades delivered to the field so that
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remediation work before operation can be reduced and the service lifetimes can achieve
the20y ear targets that are expected by wind |
The BRC has divided its work into siagsks with an experienced leader and

expert taking each task:

1. Blade Defect and Damage Datahabggregate data from blade
manufacturers, service companies, and operators to determine largest
sources of unreliability.

2. Inspection ValidationEvaluate the alitly of inspection techniques to
accurately characterize blade defects and damage in manufacturing plants
and in the field.

3. Effects of DefectsDetermine how common manufacturing defects affect
blade strength and service life.

4.  Analysis Validation Assess th ability of design analysis tools to find and
characterize potential failure modes.

5. Certification TestingEvaluate the ability of certification testing to
uncover potential reliability issues and find innovative ways for testing to
provide better insight

6. Standards and Partnerships: Interface with international standards
committees and industrial partners to identify pathways to implementing

improved design, manufacture, and inspection.
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The BRC led by Sandi®&National Laboratoriedhas beemade up of a
collaborative of wind farm owners/operators, turbine manufactumadsthird party
investigators To assist in these tasks, the MSUCG has been charged with the Effects of
Defectstaskin order b understand and quantify the effects of manufacturing
discortinuities and defects with respect to wind turbine blade structural performance and
reliability. Two coordinated distinct subtasks were established to meet this goséend
originally named Flaw Characterization and Effects of Defects, thouglphbugtessed
beyond this nomenclatur&’he Flaw Characterization subtask may be found as
comprehensively addressed by Riddle (2018 defined by Riddle he Flaw
Characterizatiosubtask has two major objectives: foquisition of relevant defect
statisticsand defect laden lamina response, and (2) Developmengrobabilisticmodel
to assess the global structurasponse, probabilityf failure, and estimation of time to
failure for flawed wind bladesBoth of these objectives are addressed within dimeext
of a framework called the Probabilistic Reliability Protocbhe work herein describes
the Effects of Defects subtask, which has focused on performing mechanical testing of
flawed composite specimen and developing predictive progressive damagjs food
correlation with experimental test resulithe BRC has also added an investigation,
similar to the research herein, to understand and model defectllyypound in
adhesive joints. Theesults of this investigation will be published by Peiars the
futurewho is investigating promisingew techimquesfor commoninteractiondetween

and withinthe isotropic adhesevand anisotropic laminates
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In this studythe following goals werproposed:

1.

Understand critical flaw types.

a. Determine critial flaw types from flaw database and probabilistic

modeling.

b. Use previous research specific to blades or from other applications.
Characterize the mechanical properties of common flaws deemed critical
to composite blades.

Determine the criteria at crititey threshold of each flaw type.

a. Determine flaw type, size, and location.

Use a thregound study to elvelop coordinatedD analytical and
experimental analogs for damagg®gressiorand residual strengths
necessary for blade reliability

a. Develop finiteelement model initially at individual flaw scale.

b. Improve model toward full blade scale with combinations of flaws.
Understand and model how these flaws contribute to the entire structure.

Complement ofgoing activities of the entire BRC.

While the majortty of the work outlined was performed on coupon level

structures, the implication that each method must ultimately allow for analysis of a full

structure was considered throughoAts s uc h, t HSewasHriReGdedsto Hea s k

culmination which was todba BRCwide coordinated effort performing validation tests

on two 9 m blades with asanufactured flawsFurther, the worklow diagram shown in
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Figure3 maps out the progression necessary to achieve each of these individsizhgoa
a systematipath buildingtoward improved models to be uded larger scale validation
by attempting correlatianThis workflow diagram shows three distinct rounds of testing
and modelingapproached whickystematicallyncreag in complexity The first round
was intended to develop simple continuum models based on initial testing, once
preliminarydefect types and parameters had been establigtmahd 2 then improved
upon and developed new models to more accurately predict response wh#simgthe
complexity of the modeling techniqu€orrelations were performed consistently and a
systematic increase in complexity was followed here as well in order to test each
modeling technique as fully as possiblenhe third round saw developmenttbé most
complex model and attempted validation with a full scale 9 m validation wind turbine

blade before the overall comparisons and publisherginoccurred

Common Composite Structure Manufacturing Flaws

Three composite materilhw types werenvestigated after being deemgitical
to blade function and life cyclg@orosity,out-of-plane (OP¥iber waviness, and Hplane
(IP) fiber waviness. These flaw types wereedtined by the BRC, whicimay be
considered a Delphi Expert Panel due the arhotiexpertise within the group. Since
these flaw types are not exclusive to wind blades but are commonly found in composite
structures, xensive studies have been reported on each of the sliefeetatively thin
laminates utilizing varying advancedraposite materialsMuch less research related to

these and other structural details has been performed for wind turbine blade materials
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Further, it must be notedahmuch of this research has been performed for industries
where manufacturing is on a smaller s@teexpense is less criticabmpared to some
industries such as aerospachklost of this prior research offers a preliminary basis for
this work, but itis known that acceptable defects often included in wind turbine blades
far exceed what would be acceptable in other industfiiess, research specific to
understanohg the criticality of defects common teind turbinebladesvas deemed
necessary.

Significant research of composite manufacturing and design flaws has been
performed by the MSUCG and othells particular, Montana State University
Composites Groupb6bs SNL/ MSUASsB@™MBUCMD)hgsosi t e M
tested over 12 coupons for over 13Daterial systems (Mandell and Samborsky,

2013). This database has been extremely useful as most of the material systems tested
are those utilized and found in composite bladeach of the flaw types and a brief
accounting of applicable research is offiérin particular, the MSUCG has a significant
history analyzing misaligned fibers relatedhic work butis not directly applicable

As such, each flaw type was characterized in detail as discussed below in Chapter 3.

Porosity

Porosity and voids arommonly used to describe the same phenomenon of air
trapped within the laminate=or the purposes herein, porosity is used to describe uniform
air inclusion, whereas voids describe largepaickets that are large geometric
discontinuities [figure4). Given this definition, voids are extreme porosity cases and,

given the need to determine critical fl@@ometriestheir parameters were not
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considered further hereirunless otherwise noted, porosity is characterized as percent
by-volume, meaning the percentage of total volume of the composite laminate being

evaluated

Figure4: Comparison of porosity and voids

Significant research has been performed to understand the effeotesitypon
mechantal properties, and the reseaveaisin agreement that these properties degrade as
the percenbf-volume of porosity increasegudd(1978)providead an appraisal of
research performed and methods utilized to detect porosity in composite laminates
Findings indicate that mechanicaloperties degrade significanfiyup to 7% decrease in
strengtld with as little as 1%vorosity In most casestudies only investigated up &
maximum betweeb% and12% porosity by volumewhile 2% has been noted as a
guality control standartby the wind industry (Riddle, 201.3However, effects of
porosity on mechanical properties hdezn found to be influenced by void shape,

location proximity,and sizecausing a difference in results within test groups of similar
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porosty content(Wisnom et al., 1996; Baley et al., 2004; Costa et al., 2005; Pradeep et
al., 2007; Zhu et al., 2009; Guo et al., 2009)

Wu et al.(1998) assumed homogenization of porosity within the laminate and
offered graphical representations of the imipad increasing porosity {8%) on
mechanical properties as showrfFigure5. It must be noted that the increasing presence
of porosity only minimally affects the axial moduld). Whereas, the transverse
modulus Er) and bah axial Ga) and transverses;) shear are detrimentally affected as
porosity increasesThis result indicate that as the porosity increased, the matrig wa
more susceptible to deggtation at lower loads whichde¢o decreased material

properties

0 02 04 08 0B 1 0 02 04 08 08 1
apparent fiber fraction apparent fiber fraction

Figure5: Effect of porosity in fiber reinforced composites (Wu et al., 1998).
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Given the difficultyin understandinglamage mechanisnasidtheinconsistent
testresults of the décts of porosity, modeling has been noted tdiffecult. In addition,
discretely modeling each case is not only extremely intensive and computationally
expensive but also requiragriori knowledge of the flaw sizes, locations, proximity
effects, and shape#\s such, generalized models have been deeeldpr inclusions, as
in this case air, in composites, beginning with Bruggeman (1937) and Kerner.(1956)
These initial works developed relations basksticity solutions consideringé law of
mixtures Wu et al.(1998) utilized a proven generalizesifsconsistent method derived
from property predictions of a tmghase composite (Christensen, 199@)particular,
transverse bulk modulds axial modulus,, axial Poisson ratios, and axial shear

modulusGp are approximated by:

_ k,(k +Gy)e, +k (k, +G,)c,
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wherethe material volume ratio sandthe subscriptsandm refer to inclusion and

matrix phases, respectivelffhis model was verified and compared to experimental
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trends with good correlation notedAs such, these approximations are useful in that they

can offer material properties for damage progression analysis

Out-of-Plane (OP) Fiber Waviness

Fiber waviness studies have most commonly investigated the effectioless
on compressive strength 6P waves An OP wavewasdefined as a fiber wave thagas
through the thickness of the laminate as showkigare6. It wasevident that the fiber
misorientation, or th&ber misalignment agle, variedgreatly within each wavena each
wave wa different Thus, averaging the misalignment angle 6r the amplitudeA)
and wavelengthda§, was utilized to characterize each wavighe misalignment angieé
was the angléetween the wavy fiberacline and the nominal fiber direction, while
amplitudeA is the maximum height difference at the peak of wavy fibers to the nominal
fiber, and wavelengtkis the length of the span of wavy fibers in the nominal fiber

direction

Figure6: Example of an OP fiber waviness found in the skin section of a wind turbine
blade
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In general OP wavines$ias been found to decrease static compressive strength
Adams and Bel(1995)investigatedDPwaves isolated within a thermoplas@ninate
and determined that compressive strength decreased approximately 35% when more than
33% of 0° layers contained was/ePrevious research by Adams and H{E¥96)also
determined that static compressive strength decreased up to 36% with sudden,
catastrophic brooming failures near the waves

Related research has been performvédin the MSUCG, not necessarily directly
on OP waves but on similar geometric discontinuitisich can be learned from these
findings that allow for a basis for undersdarg OP waves as based on the similar fiber
misalignment when comparing to an IP wavevery et al.(2004) noted that the
geometries ifFigure7 were similar to OP fiber waviness in that, in the area of ply drops
or build-ups, fbers were misaligned as nominal overatllayer thickness changed

Avery et al. utilized the known sensitivity of compressive strength related to fiber
straightness in order to study structural details such as ply drops and ply joints. By
varying paameters such as ply thickness, fraction of ply drops, location, gap and mold
geometry, and pressure, it was found that ply drops and joints can provide adequate
compressive strength. However, severe knockdowns occurred where large fiber
misalignments weranduced. Cairns et al. (1999) determined that suppressing damage
and delamination iservice emanating from ply drops was not possible, though in most
cases there was a threshold loading under which little progression after initiation was
noted. Basedrothese results, rules defining acceptable thickness and proximity were

established for ply drops.
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Figure7: Examples of fiber misalignment resulting from ply drops and sl (Avery
et al., 2004).

Wanget al.(2012) utilized ply drops to develop a manufacturing procedure for
16-layer laminates with an OP wave of varying misalignment angle3@.3). This
method was developed based on the three step process established by Adams and Bell
Two mirrored ply drops with a filvevave in between create a laminate of consistent
thickness Figure8). The number of plies dropped and the slope of the ply drop may be
adjusted to achieve different misalignment angiBsough Lemansket al.(2013) credit
Waryg et al.with experimental results in compression, the results are found only in
Lemanski e Regadlesspas expeotedkfailure load drops significantly as fiber
misalignment angle increaseshi s drop i s worth noting beca

modeling techniques are of interest in later discussion.



Figure8: Wanget al.(2012) utilized a mirrored ply drops to manufacture OP waves.

In-plane (IP) Fiber Waviness

IP fiber waviness has been examined to a lesser extefdrdegy to the
gualitative assessment that IP waves are less impactful on mechanical properties and
strength An IP wavewasdefined as a fiber wave in théape of the surface that
impactedthe thickness very little, if at alF{gure 9). The same characterization
parametersvereutilized d, A, anda), in the same methods as for OP waves unless
otherwise noted

As noted by Avenetal.( 2004), fAwaviness i s expected
strength due to two factors: (1) the fibers may be put into a geometry which exacerbates
the basic fibg strand, or layer buckling mode of failure, and (2) the waviness shifts the
fiber orientation off the axis of the ply longitudinal direction, producing matrix

dominated failures for plies nominally orientated in the primary load direction (0°)
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Figure 9: Example of an IP fiber waviness seen on the surface of the skin section of a
wind turbine blade.

The second factor may also affect tensile strength in severe €&s@pared with typical
aerospace prepreg laminates, blad@mags are thicker, and blade fabrics tend to be both
thicker and more heterogeneous, with strands of fiber either woven (usually over a small
strand) or stitched together. o

As noted bywang(2004),blade manufacturing often utilizeacuum assisted
resin tansfer moldingVARTM) which can induce waviness in some conditioAs
example of unintended Waviness in a largeow carbon fiber stitched fabric induced
duringVARTM processing is shown irigurel10. Based on the awvinessof this type, a
reduction instrength propertiewas compared t@ laminate wittstraight, unflawed°
fibers It was interesting to note that théimate failure, in compression fail three

cases, appeadto take place at the maximum fiber misaligmhangle



Figure10: Examples of unintended IP waviness in coupons resulting from infusion
process\(Vang,2004 Avery et al., 2004)

Wangdetermined that static compressive strength reductions increased as the
maximum fiber nsalignment angland percentage of layers witlaves in the laminate
increased.Failures were noted to be at the maximamgle offiber orientation Further,
in-plane waves were found to have a significant reduction in static tensile strength,
decreasig further as wave severity increasécensile failures were characterizasl
delaminations and fiber fractureb both compressive and tensile cases, wave severity

was characterized by aspect ratdej.

Digital Image Correlation

Digital image correlation (DIC) was first introduced into mechanics as a
metrologytool to determinesmall strains by Peters and Branson (1982). DIC is ideal for
measuring an area, or volume if used stereographically, wheséigity and norcontact

are beneficial (Parker, 2009). As a subject is deformed, cameras record images. These
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images are than analyzed by division into smallerimdges from which displacements
can be measured from a consistent starting pamé&ges and suimages are then
compared through the deformation sequence using a correlation function (Parker, 2009;
Aramis, v6.2). This methodedls with images as discrete, real functishere @ch
pixel onthe image has a numerical value and the imagedealt with simply aarrays
of these values. Image correlation between images igperformedat user speciéd
control points wherdeformations are then determined by variations in the array of these
control points. Thewithin eachimage, the othesubimages are then located relative to
these pointsillowing for individual displacements and ultimately strains to be known. It
should be noted that the MSUCG has significant experience with DIC and the reader is

referred to Parker (2009) farmore comrehensive explanation and detailed information

Progressive Damage Modeling Approaches

When considering composite structures, damage is better explained as a creation
andprogressiorof a crack(sheginning on a micrgcale and continuing through the
medium (Lamaitre and Desmorat, 2009 the damage progresseésnay be viewed as
discontinuities, and in many cases the laminate still has k@adearrying capacityp to
ultimate failure Damage progression becomes even more exaggerated for Esmantht
asmanufactured flaws when compared to unflawed lamind¥kxsleling this damage
progression is an especially difficult problem that has been tackled in many different
ways, most traditionally with the use of micromechanics (Kassapoglou,. 2048

this method has been widely used, it is difficult to utilizgwa complex geometry such
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as thegeometry of an unintended defect or larger scale strucAsesuch, continuum
and discrete damage modeling techniques are often utilized to model daithage
pseuderepresentation or with a dire@presentation respectively These two techniques
are the basis for the comparisons performed herein and are performed on the flaws
determined to meet the BRC Effects of Defects.task

There are two cruciaonsiderations when modeling damage: the failure theory
and ways to account for the damagéere are many different failure theories and a
criterion may be used regardless of the modeling technifyeaical failure criteria such
as the maximum stresfiet maximunstrain, Hashin, TsaHill, and Tsai Wu are widely
usedbecause they are simple aaby tautilize (Barbero, 2001Christensen, 2008 The
maximum stress and maximum strain criteria are typical examplescailsdnon
interactive theories wbh have been shown to prodymmsor predictions in general,
though maximum strain can offer easy insight into final fail@eteria, such as the
Hashin criteriathat allow interactiommongstress componengenerally perform better
(1980) In recent eviews by Daniel (2007) and Icardi (200W®jde variations in
prediction by various theoriegereattributed to different methods of modeling the
progressive failure process, the Horear behavior of matredominatedaminates, the
inclusion or exclusiowf curing residual stresses in the analysis, andtihized
definition of ultimate failure Unfortunately there is no clear definition of ultimate
failure, and it is often defined #ise maximum attaineldad the occurrence of first fiber
failure, or theoccurrence of last ply failureSince each of these definitions is

theoretically based and difficult to determine experimentally, they all can be difficult to
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implement As such, experimentally derived failure theomdsch have separate
predictionsof fiber-dominatedand matrixdominated failuretave become populaihe
Hashin theoryallsinto thiscategory of popular failure theories and so it is in widespread
usein progressive failure modelingVany other failure theories exist, each withatgn
attributes and capabilities (Christensen, 2008; Hansen, Kenik and Nelson, A1)
it was not the case that all failure theories were able to be included in the comparisons
performed herein, each criterion utilizeds identified and explained idetail within its
respectivesection Accounting for the damage ke secondey factorin indicating the
difference between a continuum technique and a discrete technique, as described in more
detail below

The importance aboth ofthese two key fetors failure method and damage
accountingmay be identified ifFigure11 which outlines a typical logic tree for
progressive damagénce the model has been created with applicable model inputs, a
stress analysis is performeadlowed by a failure analysis where the specified failure
criteria are implementedA check for failure then occurs, and if failure is noted, then
damage has occurred and must be accounted for in some way before ultimate failure is
checked and the modstiops or iteratesWhile each of these two key factors may be
adjusted independently, each of the various models utilized herein investigates one
specified combination

Significant prior work has been performed in this area with many investigations
looking at various damage progression schemes. Many different failure criteria and

damage accounting approaches have been utilized with various continuum methods, with
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fewer utilizing discrete methods based on their direct approach. Based on the
consideratias noted above, a brief background on each is offered below with special

consideration paid to the failure theory and method of accounting for damage.

Stress Analysis
Update Stresses &
Straing

Mo Failure
Increase Load

Model Inputs

Material Properties Check
Geometry Failure Analysis for

BU's & Loads Apply Failure Criteria Failure

Check
far
Ultimate

. Local Failure
Failure

Account for damaga

Figurell: Typical decision tree for progressive damage logic.

Continuum amage Modeling (CDM)

Continuumdamagenodeling (CDM) derives from the assumption that a material
is continuous and fills an entire region of space. Fronrdgi®n the materials broken
into representative volume elemdRVE) unit cells as shown iRigure12 such that

constitutive equations relatetfiRVE to the entire structurd his breaking down allows
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for the relating of equations to heterogeneous micozesses that occur during strain of
materials locally, and duringfrain of structures globally, insofar as they are to be
described by global continuum variables given theirnomogeneity (Chaboche, 1988)
Simply put, actual description of damage is difficult, especially when the damage is on a
grain, cell, or micrescale; however, a change in global material response is rather easily
noted from the onset of damags such, 1 is oftenusefulto homogenize, or smear, the
material properties of the RV& processvhich is not always f&sible when studying
composites.In some instances, the two different materials cannot be represented
accuratelyn such avay, especiallywvhendamage accumulation occurs independently in
one of the constituentsThus, care must be given to the failure modes and types when

accounting ér the changes in constitué\properties through the damage phases

Square array Unit cell

Cross-sectional view of continuous
fiber reinforced composites

Hexagonal array Unit cell

Figurel2: Schematic illustration of idealized fiber arrays and their corresponding unit
cells(Sungkha77,72013)
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This constitutive type of analysis is rodt® an approach developed by Kachanov
(1958, 1986) for isotropic solidkachanowleveloped mathematical damage
descriptions for changing material structures based on their increasing entropy during
damage. As damage occurs, the elastic properties@versibly affected in ways that
are similar to those in a general framework of an irreversible thermodynamic préesess.
shown inFigurel3, this takes place by reducing the elastic properigdt, 312, 332,
andG;,) in thestiffness matrix C) of the stresstrain relationship. While such damage is
not directly measurable from this approach, the damage is estimated for the continuum as
an increasing mathematical entity by altering observable properties: strength, stiffness,
toughness, stability, and residual life. As noted above, damage may be viewed as the
creation of discontinuities, and Kachanov suggested a single scalar variable as a measure
of the effective surface density of these discontinuities. His approach astanead
redistribution to undamaged areas or ligaments occurs, and effective stresses increase,

until all igaments are severed at failure. This tensorial representation can take any
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Figurel3: Stressstrain relation for @aransversely isotropic laminate where the stiffness
matrix, C, is made up of five elastic constarts, Ey, 31, 332, andGy (Barbero, 1998).
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direction in the continuum, but it must be expanded to at least a second order tensor for
utility of an orthotropic material, or to a fourth order tensor in order to remove all
material symmetrieghusgeneralizing thiprocedurgChaboche, 1995; Carol et al.,
2001; Luccioni and Oller, 2003; Ortiz, 1985; Simo and Ju, 1987; Cauvin and Testa,
1999)

Application of CDM in orthotropic or transversely isotropic materials, sash
fiber-reinforced plasticgesults in additinal difficulties due to thenorphology ofthe
materialwhichinduces some preferred directions ¢doackprogression (Maimi et al.,
2007). That isgrack orientations are not ontyduced by the loads, geometandor
boundary conditiondyut also by te morphology of the materiallhe interface between
fiber and matrix is weakehan the surrounding material, meaning that many modeling
techniques have to attempt to model these constituents separately. In attitacial
debondings thought to wrmally bethe first damage mechanisntypically, when a ply
fails, its elaic properties are set to zero ahe failure analysis is then repeateith the
modified laminatebased on updated stiffnasstrices untithe next initiation of failure
is reached. As such, the ply discount method is based on this assumption, whereby the
entire set of stiffnesgroperties of a ply is removed from consideration if the ply is
deemedo have failedPal and Ray; 2002; Prusty, 2009)his approach works in
laminated plate theories because even after leaaumghe stiffness of entire failed plies,
the assembled laminate stiffness matrix is didgonally dominantDifferent ply-
discount strategighat assumenly chosen material properties of the failed pbee

reduced depending avhetherthe failure mechanisms responsible for the ply failure
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have been implementé@hu and Sun; 1993; Kim et al, 1996; Chang et al.., 1986).
comparison of thanalyticalexperimentaftesultsindicatedthat the predicted flire
occurredat a substantially lower load than teperimentally determined failure loath
short, itwas generally observed that the qi{scountmethod underestimates laminate
strength and stiffnestue to an overestimation that the entire ply wasaged and
removed instead of an estimation that damage was being localized with additional load
carrying capacity.

Another method to address these issues common to modeling composite materials
was the use of multiscale modelingsing homogenization lawsnultiscale models
define relations between a mesoscatgmally the scale of the finite elementsRVE,
where material is considered homogeneous tlamdnicroscale, which is the scale of the
fiber andmatrix constituentsThis technique allows for éhprogression outlined in
Figurelto be followed with models accounting for local damage while assessing the
global impact on the larger scale structufée constitutive models adefined at the
microscale, and the strain asitlesdields atboththe microscke and the mesoscale are
solved usindinite elements (Car et al., 2002; Oller et al., 2004atzenmilleret al.
(1995) attempted to address these issues by developingpke model for the nonlinear
analysis of compos material within the framework of continuum damage mechanics
thatreducedhe complicateghrocess of damage progression ddawa few essential
features This methodncluded the specification of elastic and inelastic range of
deformation, failure plarggand damage moded o deal with thgghenomenological

treatment of the state of defects dheimplications on the degradation of the stiffness
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propertiesdamage variablesereintroduced Consistent wtitthe work herein, all
material properties and ohegeprogressiorfunctions were taken or estimated from
guaststatic, monotonic, uniaxial testing’ he modelallowed forconstderation ofrefined
loading criteria or evolution laws, especially wittspect to interaction termglowever,
the model involvd issues with stability due to strain softening, a fairly common issue
that may not be overlooked, especially with consideration of the geometric discontinuities
associated with manufacturing flaws.

In the literature overall, progressive damage modetsmiposite structures
range from théairly simplematerial property degradation methods (MPDdd)shown
above inFigure13to morecomplexMPDM thatcombineCDM and fracturenechanics
(Tay et al., 2005) The idea of MPDM is thahe materiagoes through several stages up
to final failure First, the material is fully intact and all material properties are normal
Once damage initiatiooccurs which is often defined as failure of an element, a
reduction in material propertiegsually stiffness, is enactedhis reduction continues
through the damage evolution phase up to final failure where no addlbadadarrying
is achieved; all the ligaments have been seveféis method has been widely used, and
typical example of MPDM utilize a 2Dprogressive damage model faminates
containing central holes subjected teplane tensile or compressive load{@hang and
Chang, 1991; Tan et al., 2005)nternal sate variablescommonly called degradation
factors,D; , are usedo simulate the stiffness degradation of failed elementshese
cases, the material properties are degraded sucbh;tisad value between zero and 1 that

is factored with the original stiffness valu€Bhe result is that the material properties are
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knockeddown as elements fail, in some cases all the way to zero, which-kKoaak
then may be argued to be an overestimatitemet al.(2005) found he predicted
damage progression patterns agreed with experimental results obtainet from
radiographieexamination of the specimens, but the predicted ultimate strength values
were very sensitive to the selected valulethe internal state variables

Similarly, Camanho antatthews (1999) developed3® finite elemenMPDM
to predict damage progressiamdestrength of mechanically fasterjethts in carbon
fiber-reinforced plastics failing in bearing, Aension and sheaputmodes Four failure
modeswverea s sumed by wusi ng ,Mbesleacmniode hddaidiffetente t he
degradation factor ramgg from 0.07 for longitudinal tension to 0.4 for transverse
compression By assuming the first load dregdf as the failure load anehacting these
knockdown factorsa good agreement between experimental resnttsrumerical
predictions wasbtained

Theseresults mpl vy t hat the agreement of MPDMOGSs
abovemay be effective, but they are difficult to use confidently in a predictive fashion
This difficulty is due to the degradation factors utilized being a constant value, often
approximately 0.1, and as such the material response is binary though it is not seen
experimentally In turn, degradation factors must essentially be tuned to reach
agreement, meaning that while they agree for one set of circumstances, the MPDM may
not beuniversal even within the same materi8keveral studies have been performed
attempting to generalize this procedure by replacing the constant degradation factor with

a gradual stiffness reduction scheme (Reddy et al., 199%his case, Wwen element
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failure is indicated by failure criterion, the stiffness properties of that element are
reduced gradually only tolavel at which the failure criterion is no longer satisfidthis
gradual stiffness reductiaatheme results in the partial unloadingel@ments and allows
repeated failurer damage accumulatioior thesame elementin order to simulate
this graduablegradation, an assumption is made that the degeddstit properties of
equivalent damaged elements are constant multiples of steel@perties beforany
failure. In short, the degradation factor is replaced with what Retldy.calledfithe
stiffness reductiooefficien which may have an adjustablalve between 0 and 1
These values still required tuning in order for agreet to be achievedSuccessful
attempts have been made to reduce the tunable parameters, Badbeas et ab s
(2002)approachwherea seconebrder damage tensor wasoposedvith eigenvalues
represenng the density of distributedamage Additiondly, a fourth-orderdamage
tensor wa defined with the damage variabl&he damagg@arametersverecalibrated
from experiments in order to determine the damage evollaves

With recent computational advances and continued decreasing computational
expenseMPDM schemes are often implemented in FE cadesre common
implementation is achieved through usefined subroutines such as UMAT fslbaqus
(Chen et al., 1999; Xiao and Ishikawa, 2002; Goswami, 2005; McCairtidy2005;
Basu et al., 2007)To most accurately model all damage modes, it is thoughBihat
elements should be usbdcause damage in composites is 3D in nature, with strong and
complex interactionsFor example, delamination propagation in compasitectures is

a 3D phenomenon bagse a delamination frequently propagates in asetrsimilar
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fashion and may kink into other plies and propagate along anothietgatiace (Tao and
Sun, 1998) Furthermore, the presence of microcragken interfers with the direction
and shapef delaminatiorprogression Unfortunately,modelingthis usually means that
the computational timand resourceneeded are quite substantial, andlgses based on
2D plate or shell elemengse stillwidely usedto save computational expense (Reddy et
al., 1995; Pal and Ray, 2002; Xiao and Ishikawa, 2002; Basu et al., 2007; Laurin et al.,
2007).

Si mpl e CDMO6s hwith #nitelelensent analysis that aceodnt for
damage in the fiber and matrindependently Utilizing a simple material property
degradation model, Chang and Ch&tb@87)presented a progressive damage model for
laminated compositesith acircular hole in tensiofFigure14). Convergence between
stress and failure analyses were performed utilizing ckldaimination theory
considering material nonlinearity and property degradation resulting from damage,
respectively Nonlinear finite element analysis was performed and agreement was found
between the analytical and experimental détethe stress anadys, the equilibrium
equation and stresgtrain relations were derived he equilibrium equation took into
account that once the laminate was damageeddistribution of the stresses and strains
resulted in degraded material propertiéhus, the equibrium equation was solved at
each step utilizing a NewteRaphson iteration schem@&he failure criteria were defined
based on the failure mechan@mesulting from damageamely,from matrix cracking,
fiber-matrix shearingand fiber breakageBased o these criteria, a property reduction

model was implemented reducing certain properties to zero upon fdileneg alogic
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structuresimilar to that inFigurell, Chang and Changods withesul t s

respect tadhe analytical ancexperimental data for seven independent lamindtater,
Chang and Lessard (199igrformed similar work on damage tolerance of laminated

composites in compressivith a circular hole.

Figurel4: Continuum progessive damage oflaminated compositesith acircular hole
in tensionwhere no actual damage is physically noted but is accounted for with a
material property degradation.

Additional research in this area has been performed by others for many different
conditions (e.g material, matrix, loading, fastening, etcBveil (2008)developed a 3D
failure analysis methodology for composite laminafEsis analysis utilizes a similar
logic to Chang above with failure criteria based on Hashin and Wéhzation of this
advancement to 3D improved error from2®%6 to as low as 2.6%rTay et al.(2005)
have compared material property degradation models, element failure setiastrain
invariant failure theory Material property degradation is the methoddlis each of the
papers above wherkd element failure method modifies nodal forces to reflect damage

and is employed with micromechanics based failure critdria suggested that these
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and other alternative approaches may be superior when tragskgirts from specimen
level to component and structural levels

While these simplified versions show reasonable correlation to experimental data,
the accuracy with which they can predict damage beyond initial fiber or matrix failure is
dubious This is largely due to the oversimplified property degradation and failure
criteria, though these simplified methods do attempt to account for the constituents
independently Furthemore these simple models are utilizing a-dimectional material
Hanseretal. (1994)presented a multicontinuum technique that keeps each constituent
independent and allows for the introduction of additional constituents for more complex
materials such as woven fabridy utilizing a volume fraction mixture theory, the
composie average stress or strain may be estimated by summing the stresses, or strains,
of each constituent based on the volume ratio of that constitBgrdecomposing the
average composite stress/strain state into constituent average stress/straintsisitess a
formed from which damage evolution may be predicted at a point of intdiess,
constituent failure criteria may be based on the constituent average stress which
potentially increases the level of accuracy of the modkis has been the fouation for
the multicontinuum theory that is the basisriecent compositegnalysis software
packagse.

In summary, many different approaches have been attempted to model the
damage progression of composi.tWilelthaysme nat es
largely based on utilization of experimentally determined properties, some properties,

such as degradation factors, are generally found iteratively, which impacts the predictive
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capability of the modelincreasing model complexity has been one agaround this
issue but comes at the expense of computational intesstguch, there is no clear,
identifiable CDM that generalizes progressive damage in composite matéviaile it
is likely that there exists a reasonable option depending on déice @ase being analyzed,

few options were found for the type of manufacturing defects investigated herein.

Discrete Damage Modeling (DDM)

Discretedamaganodeling(DDM) is considered by many to be more consistent
with the physical damage of thermosettiragyner reinforced composite#\s noted, a
continuum approach relies on representing the damage as a change in material properties,
whereas observed damage is typically local failure of the constituents (matrix and/or
fiber). Constitutive properties do hphysically change in a continuum sense and the
degradation is a consequenceaddcal failure As such, DDM attempts to directly
model damage as it would actually occur within a strudfeigure15). It must be noted
however that this method is generally more expenswomputationallyand is more mesh
dependent than CDKBreitzman et al., 2010)Iin addition, knowledge priori of the
damage location is very helpful as an initial crack may have to be placed depending on
thetype of model

A form of discrete damage modeling is the Virtual Crack Closure Technique
(VCCT), which has been used with great success for delamir@abgnessionn
composite materials and structurd8CCT calculates the fracture energy at the ctark
by calculating the emgy required to close the crack (Krueger, 200B)e work required

to bring nodes togetheés utilized to calculate strain energy release rafidss technique
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Figurel5: Discrete damage modeling (DDMhere damage is actually modeled as
shown with crack growth and separation f@chinate.

is particularly useful for establishing or confirming critical strain energy release rates in
either Mode | or I1G,c andG, ¢, respectively The authors have us#uis techniquefor
delaminatiorprogressiormodeling, but VCCT is relatively mature procedure, and as
such,the results are not presented heraor is this method considered for use.
Severalbothertechniques for discrete modeling exist such thatkcdeevelopment
and path may be modele@riginally, DDMs followed adiscrete crack propagation by a
re-meshing with the new geomeincluding the crack in future incrementghis cycle
wasrepeated until ultimate failure wasached based on one of e&l crack propagation
criteria (Bouchard et al., 2000T he discontinuity created by the crack can make re
meshing difficult and extended finite element modeling (XFEM) allows for a crack to
propagate withoutaving to remesh at each step (Areias andyBehko, 2005) While

significant work has been performed in this area, XFEM has been left out of this
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investigation as it is currently being considered by others within the MSUCG in areas
where it is more applicable.

Cohesive elementas described idetail belowhave gained attention as they are
able to discretely model damage within composite materidie ideaof cohesive
elementss based on thBugdalé Barenblat cohesive zone approgalhich can be
rel at ed theoryGfifracture whietheGcshesive zone size is negligible compared
with other characteristidimensiongDugdale, 1960; Barenblatt, 1962)he intent of the
cohesive zone is to add an area of vanishing thickness ahead of the crack tip to describe
more realistically the fraate process without the use of the stress singularity utilized in
linear elastic fracture mechanics. Barenblatt (1962) theorized that a cohesive zone, that is
much smaller that the crack length, exists near the crack tip and has a cohesive traction
on theorder of the theoretical strength of the solid. In addition, the parameters defining
size of the zone and traction at onset are independent of crack size and extremal loads.
Finally, no stress singularity exists because stresses are finite everyvdhadema the
crack tip. It is important to note that energy dissipation is an intrinsic mechanism of
fracture with the cohesive approach in contrast to classic continuum fracture mechanics.

Cui and Wisnom (1993)sedthis type of element to predict delaration
progressionn specimens under thrgmintbending andn specimens with cut central
plies Duplicate nodesvereused along the interfadetween distinct plies, and two
independent, zero thickness springizontaland verticalwereused to conect them
As may be expectedhe cohesiveelements useshoweda sudden discontinuous change

in stiffness when the failure criteriovasreached Wisnom (1996) and Petrossian and
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Wisnom (1998) further developed this process and created an elemgmothdeda
smootler transitionfrom linear elastidoehaviorto plastic behaviar A quast3D model
was proposed bwisnom and Chang (200@) predict with reasonable resultisoth
delamination and intrpaly damage prior taltimate failure in a crosply laminate with a
center crack loaded in tensiorPlanar elements/ereusedon the surface of each ply and
werethenconnected togethevith nonlinearsprings as aboveto model delamination
between different pliesA similar techniquavasused to moddongitudinal splitting

along the fibers by means of spring interface elements across tpedpendicular to the

notch where splitting is expected.

Part 1

-

cohesive elements

1 Part2

Figurel6: Cohesive elements placed in a stringer where discrete, phygeaatsen
may be noted (Daussault Systems, Abaqus v6.12, 2012).

Common configurati ons,andinanany oaes ehesivet i | i z e
elementsaredouble cantilever bea(®CB), andend notched flexure (ENRs these

tests are commonly performed taetenine the Mode | and Il loadingBigurel7). Meo
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and Thieulot (20053tudiedMode | fracture for a double cantilever beasing shell
elements for theomposite plies and ndmear springs for the interfacdorg et al.
(2001) extended the workf Crisfieldet al.(1997)using three orthogonal springs to
connecthe interface in order to devele3D model which alloedfor Mode |, II, 11,
and combinedbading In this model, the dissipated work wasedto control the
unloading path in the cohesive zomsamilar to the tractioiseparation aboveXie and
Waas (2006¢reated 2D DDM with cohesive elements simulate fracture initiation
andprogressionn each of these configuratianSimulation resultsverefound to be in
agreement with experimental results B and ENRests

For 2D plain strain conditiongnks of cohesve elements have been used to
analze fracture in DCB (Chen and New, 2001; Alfano and Crisfield, 2861 )n free
edge delaminations (Schellekensl&orst, 1994). In short,layer of zero thickness
cohesive elements with specific tractis@paration criteriareplaced in areas of interest
such asreasetween layers of the laminaté bi-linear criterionis thenused as shown
in Figurel8where he initial stiffnessK, of the cohesive element is linear up to the
damage initiation point at maximum tractidia. From this point to the failure
separationp, the slope estimates the damage evolution of ebttte cohesive element
up to failure ngy. At this point, the tractiorseparation criterion is met for a specific
cohesive element, a separation occurs resulting in crack propagation, and théislemen

deleted
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Figurel7: Double Cantilever Beam (DCB) specimen just prior to first Mode | crack
propagatior(top) andEnd-Notch Flexure (ENF) specimen just after Mode Il crack
propagatior(bottom)

As such, damage evolutionable tobe modeled discretelylt must be noted that
to achieve accurate results, significant timefngmt may be needed to build meshes
models can become very detaildd turn, this can potentially result in high computation
expense to run theseoatels The exact values for this-bhear response may not be
known and must be adjusted in an iterative apprtaatiesulsin multiple model
analyses to establish reasonable experimental/analytical corrglatowever, once
correlations are deteimed, they are thought to be consistent for a specific composite

material system
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Traction-Separation Curve for Cohesive Elements
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Recently, the use of cohesive elementthis wayhasprovento bea viable
option for modeling laminated composites and does not require ah anéck be placed
in the model (Karayev et al, 2012; Lemanski et al., 20T8 work of Lemansket al.is
of particular interest as it utilizes cohesive elermg@atmodel an owuf-plane fiber wave
in compression Progresimg from the work of Wanegt al.(2012), four different
configurations were modeled utilizing cohesive elements placed in areas around the
misaligned fibers It was noted that both the quatitee results, location and shape of
failed specimen, and quantitative results, failure load, predicted by the models correlated
well to the experimental results in all cases

Il n summary, |l i ke the CDMés above, many
been utilized for composite material€ohesive element methods have shown promise

and have progressively improved in their ability to accurately predict damage in
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composite structuredn particular, they have shown promise when utilized in

composites wih defects and, as such, cohesive elements are utilized.herein

Overview of Work

While the BRC and this Effects of Defects study are the impetus for this work, the
benefits of this work are applicable to composite structures univer3adds/work was
begun with Benchmark Material Testing (BMT) to determine material properties and to
characterize damage progression in coupons both flawed and unfl@eeeral different
analytical models were created and generated utilizing these results, and wertedorrela
to the BMT effort while allowing for the prediction accuracy of each model to be
determined and for overall comparisons among model types to be ascerfanstsure
accuracy, efficiency, and development of worthwhile predictive tools, a systematic
approach was taken throughout this study whereby consistent, simple cases were

correlated and modeling techniques became more complex..

Benchmark Material Testing (BMT)

As noted above, three composite material defect types are currently being
investigated fter each was deemed critical to blade function and life cycletaine (IP)
waviness, oubf-plane (OP) waviness, and porositi/hile extensive studies have
reported on each of the defect types in thin laminates utilizing varying advanced
composite matgals, less research has been performed for wind turbine blade materials
Furthermore, it must be noted that much of this research has been performed for

industries where manufacturing is on a smaller scale and where expense is less critical
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Most of this prior research offers a preliminary basis for the work herein, but it is known
that acceptable defects often included in wind turbine blades far exceed what would be
acceptable in other industries, such as aerospéugs, testing specific to understathe
criticality of defects common to blades is necessbegt groups in particulavere
utilized, each more complex than thesvious as outlined in Chapter 3 and in Riddle
(2013) As such, many different cases for each flaw type are tested herewinglifor
progressive damage quantification, material property definition, and development of

many correlation points in this wark

Systematic Approach

A systematic approach was employed@ompae different modeling methods
discussed hereirr{gure19) for each of the models generated and run in Chapt@rs 4
All of these models utilized material properties and responses generated in the
Benchmark Material Testing (BMT) effatliscussed in Chapter ¥For each different
modelmethod, flaw complexity was increased, starting with a consistent unflawed case
and initial IP wave case, until the correlation was deemed acceptable or unacceptable
Acceptable modeling methods were able to predict and match flawed material response
for multiple flaw types utilizing unflawed material properties and flaw geomettiés
worth noting that a qualitative/quantitative approach was utilized herein that is similar to
that utilized by Lemanslat al.(2013), though strains at peak stress vedse considered
In short, acceptable models correlated well both qualitatively, as matching failure

location and shape, and quantitatively, as matching peak stress at failure strain
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As shown inFigurel9, if correlation was ot achieved by a model at any point
during the systematic increase in flaw complexity, the model was deemed unacceptable
and was discarded. Unless otherwise noted, the increase in flaw complexity in each case
went from unflawed controls to porosity to tiewave baseline case to the initial OP
wave case, and then to other IP and OP geometries. Acceptable models were able to
accurately and consistently predict each of these cases, and with this consistent
systematic approach, the different techniques able to be compared easily.

Acceptance criteria was defined to allow for consistent analysis at each decision
point of Figure19. First, a qualitative assessment was performed and correlation was
deemed acceptablesfrain acumulation and daage progression visually matched the
BMT results. While this assessment method may seem crude, it allows for quick analysis
of several key factors including an energy comparison. An energy comparison ensured
that the energy is conservbedtween the strain energy available and energy dissipated.
Qualitative comparison of the unrecoverable energy, or area under the curves, was
deemed sufficient for the work herein as models that do not conserve energy were evident
and were not consideredceptable. While conservation may be inherent in finite
element analysis, it was shown that this comparison gave rapid indication when a model
was unrealistic as seen with the Amear shear approach in Chapter 7 below. As such,
gualitative assessmepitovided a rapid go/ngo gage. It is also interesting to note that
classical fracture mechanics approaches would not allow for this comparison to be easily

made, reinforcing the use of cohesive zone modeling as the discrete method.
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If the qualitativecriteria are met, a quantitative assessment was performed. First,
the strain at peak stregms compared and deemed acceptable if it was within 10% of
BMT results. If acceptable, peak stress was compared and also deemed acceptable if it
was within 10% oBMT results. While these acceptance criteria were beyond the
variability noted in the BMT, if these criteria were outside 10%, but within 20%,
correlation was considered moderate. It is important to note that this consideration was
only made for corretson with other flaws and/or materials after acceptable correlation
had been achieved for the initial IP wave case. As such, models were considered
predictive if correlation was achieved with these other cases utilizing the same input

parameters as theitiial IP wave case.

Overview of Analvytical Approaches

Several different CDM methods were used to generate and run models with
increasing computational difficulty in order to prove the capabilities and expose the
deficiencies of each model type. In thiseacomputational difficulty refers to a
combination of complexity of model type, one which requires more user time to setup
and more overall model computational expense. First, linear elastic models were run
with neither damage criteria, nor nbnear naterial response, nor any sort of material
defect to confirm accurate correlation to initial stiffness response as outlined in Chapter
4. Once this was achieved, Hashin failure critéB@arbero, 1999)vere added to
porosity, IP, and then OP wave modedsshown in Chapter 5. This Abaqus (Daussault
Systems, v6.12, 2012) built capability allowed for prediction of damage onset based

on fiber and matrix properties before following an energy based damage evolution law.
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Figurel9: Flow chart depicting systematic approach to determine correlation acceptance

and predictive capability.

Next, in Chapter 6, the linear elastic model was modified with-distned failure

criteria where mixed stress/strain based failure criteria wgskemented Instead of

following a damage evolution law, material properties were directly degraded once

failure had occurred in order to reduce material proper8everal different property

reduction schemes were investigated with varying degreesrefation though, in short,

it was found that degrading properties to zero was an overestiméti@hapter 7, a

userdefined material card was implemented to match thelinear shear response
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Given the fiber misalignment found in both IP and OP waskear between the tows and
layers, respectively, was observed to be the critical failure mbloes, generation of a
nonlinear response possibly allowed for better approximation than the standard linear
approximation.

The DDM effort was utilized, asistussed in Chapter 8, focusing on the use of
cohesive elements placed in all areas of possible damage progressidre{@gen fiber
tows and between pliesYhe use of cohesive elements has prdedrea viable option
for modeling laminated composst@nd does not require an initial crack be placed in the
model(Karayev et al., 2012)In short a layer of zero thickness cohesive elements with
specific tractiorseparatiorcriteria areplaced in areas of interest such as between layers
of the laminate As the tractiorseparation criterion is met for a specific cohesive
element, a separation occurs resulting in crack propagalioms, damage evolution is
able tobemodeleddiscretely Models are generated with cohesive elements between the
fiber towsfor the baseline IP wave case

Finally, a combined CDM/DDM approach was implemented that incorporated a
CDM norntlinear shear usesubroutine with DDM cohesive elements placed between the
fiber tows as discussed in ChapterThis combination of appexhes allowed for
damage to progress between the fiber tows, as initially seen in the BMT damage
progression, while then allowing for fiber degradation to occur, thereby reducing the
load-carrying capacityf the composite

In summary, these models wareated, run, and correlated to responses outlined

in the BMT effort and modified to improve correlatioRlaw complexity and
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computational difficulty were both increased within and between model types,
respectively While correlation was found rathersélg in some cases, other cases
required significant modification, or tuning, of input parametémssome cases,
correlation was able to be achieved by small amounts of acceptable parameter tuning,
such as viscous regularization, maximum element degoadand shear stress
coefficients These acceptable tuning parameters, in most cases, were adjusted to assist
with convergence, and the effects on the model, or eleseetion, were able to be
tracked In other cases, material propertwesre modifiedas a final approach to attempt
correlation Adjustment of these types of parameters was considered to be unacceptable
tuning, and while correlation may have been achieved, the model type was considered to
be a failure founbiasedredictionefforts It must be noted that these unacceptable
tuning methods were performed only to better understand the effects on modeling and are
not included hereinBelow, each case is presentadiiscussion is offered for each
correlation, and either modification of impparameters is justified or the model type is

found to be inaccurate
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BENCHMARK MATERIAL TESTING

Introduction

In order to meet the purpose of comparing different modeling methodologies,
baseline information was needed to establish and understamétheal properties,
failure points and modes, and damage progression of both unflawed and flawed
specimens As noted above, a three round benchmark material testing (BMT) program
was implemented to providhis informationfor typical wind turbine blad8aws and
materials For each step in the three rounds, additional variations of the critical flaw
parameters were tested, as well as additional matehiakould be noted that all three
rounds of testing were a shared effort between the two MSU®& ltated above with
results being necessary for both tasks such, the portions of the BMT led by the
author are included herein, namely Round 1 and portions of the BRC validation blades,
while the Round 2 and remainder of the validation blades effaaysbe found as
detailed by Riddle (2013)Results from all three rounds were utilized herein establishing
material properties, response, and damage progression.

To ensure testing accuracy, controls were directly compared to previous results
listedintet Mont ana State University Composites

Material Database (MSICMD) (http://www.coe.montana.edu/composifasd?). In

some cases, material responséhe unflawed controldid not adequately matcthese
existing resulteand MSUCMD or other published results were utilizethese cases are

investigated completely and the logical process for utilizing this data source is justified


http://www.coe.montana.edu/composites/
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The flawed specimens were not able to beanmed to database values as the database
does not include flawed materialslowever, it was clearly evident that once a flaw was
introduced, the material response in the flawed area dominated the overall response in
most casesln some cases, such as ®@&ves in compression, material response was
inconsistentlue to eccentricitand did not allow for correlation data to be attained

These variant cases are also noted

Round 1 BMTCoupon Testing

Coupon testing was performed utilizing a vacuum infude@-Devoldfiberglass
with a Hexion resin systemepresentative of the materials commonly found in wind
turbine blades Unflawed controls and flawed specimens with waves, porosity, or
delamination were tested in tension and compression with seMéeaént ply
orientations. Mterial response was measured with digital image correlation (i@
least ongepresentative sample from each test grdd|fC data was not gathered for all
samples given the time necessary for eachttesiextensive numbef test variations,

and the large number of tests performed.

Flaw Characterization

In order to ensure the applicability of the specimen tested in Round 1,
coordination with the Flaw Characterization portion was necessathis vein, Riddle
et al.(2011)determined the priorities and characterized both the IP and OP waves to be
analyzed in this study based on a survey of wind turbine blades containing these defects

Digital images were analyzed and waves were discretized and mathematically
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characterizedising a sinusoidal curve fit to determine wavelength, amplitude, and fiber

misalignment angles as shown belowrigure20. Statistical analysis of these

parameters and scaling were performed to determine thesv@alle tested as outlined in

Table Ifor the initial round of testingFor more information regarding this topic, the

reader is referred to the companion work performed by Riddle where this work is

addressedomprehensively.
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Figure20: Explanation of parameters used in wave characterization as outlined below in
Table 1 for inplane and oubf-plane waves (Riddle et al., 2011).
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Tablel: Parameters for each of the OP and IP waves used in Round 1BdThe
(Riddle et al., 2011).

OP1 Wave [mm] As-Built Scaled IP1 Wave [mm] As-Built  Scaled
Max Amplitude 8.5 2.9 Mean Amplitude 3.7 1.9
Mean Wavelength 67.4 22.8 Mean Wavelength 47.5 23.8
Angle [deg] 34.9 36.8 Angle [deg] 24.8 24.8
OP2A Wave [mm)] As-Built Scaled IP2 Wave [mm] As-Built Scaled
Mean Amplitude 1.9 0.7 99% Amplitude 9.0 4.5
Min Wavelength 15.8 5.4 Mean Wavelength 47.5 23.8
Angle [deg] 35.0 34.8 Angle [deg] 48.9 48.9
OP4A Wave [mm] As-Built Scaled IP3 Wave [mm] As-Built Scaled
Mean Amplitude 1.9 0.7 Mean Amplitude 3.7 1.9
Mean Wavelength 7.4 2.28 10% Wavelength 20.0 10.0
Angle [deg] 9.7 9.4 Angle [deg] 47.8 47.8

Test Manufacturin@ndMethods

Four layer panels containiragsingledefect and defedtee control panels were
infused under vacuum with one layer of ppi on the top and bottom surfacasd one
layer of flow medium orhe top surface of the laminat®ostly unidirectional PPG
Devold 1250 gsm areal weightdgtass wasnfused using a vacuum assisted resin transfer
molding (VARTM) techniquevith a Hexion RIM 135 resin system in all cagegure
21). Laminates for each case were manufactured with fiber directions of both 0° and
+45° The cure profile for each panel was 48 hours at room temperature followed by 8
hours at 80°C The nominal fiber volume fraction of the panels was 55% with a redmin

thickness of 3.2 mm
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Figure21l: Materials and VARTM process utilized in making plates through entire BMT.

The manufacturing process was adapted to include each of the three defect types
with significant assistance from maafthe members of the MSUCG including Julie
Murettaand Daniel GuestFor Round 1, ia bubbles were introduced into the resin
directly byinducingcavitations during the mixing process prior to infusidih waves
were introduced by pulling the fibers mallyfor one entire wavelengths outlined
below. OPwaves, also for one entire wavelength, were creatédlly by placing a
resin form of the proper amplitude and wavelength under the lamiA&gr it was
determined that bonding issues prevemexper adhesion, a method was created
wherdoy discontinuous fibers were placed transversely to build up the waveform as

outlined below Among the vavelengths, amplitudeand estimated fiber misalignment
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anglesthat were testedre listed inTable labove It is important to note that for
correlation purposes a 2% wavewas used for initial correlations, while 16° and 48°
cases were used for additional cases given an increment of approximately 15°
addition, fber misalignment angles were deemedae consistent method of wave

severity characterization thaspect ratio for this study (Riddle et al, 2011).

Porosity Methods Manufacturing composite laminates with a specified amount

of porosity is extremely difficuJtand inclusion of specific #and shape is near

impossible Thus, content was controlled as much as possible with measurement of these
parameters after laminate manufactiaréully characterize the porosity of samples next

to those that were testeds exact values of the amouritpmrosity commonly included

in wind turbine blades is unkam, it isknown thatgreater than% is undesirabléased

on information given to the BRfZom blade manufacturerdn this initial Round 1 of

testing, porosity was introduced by cavitating tbgim while mixing resulting in a 2%

porosity by volume inclusionTechniques were later developed to created isolated areas

of porosity for Rounds 2 and 3 (Riddle, 2013).

IP Wave Manufacturing InstructionlP waveswereformed manually one ply at a

time. The first step in the method of formihig waveswasto lay the fabric over a piece
of polyethylene tubing oriented transvdyse the 0°fiber angles in order to formwave
of approximately the desired amplitude and wavele@fhvith the fabric This was
accomplished by pressing the ply gently over the tubing by hand, using only enough

force to cause the tows to form around the tube ensure fiber integrity, this must be
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performed slowly due to the stiffness of the towxt, steel barasereplaced on either
side of the tubing to act as an ancfar the fabric when the hose sveemovedFKigure
22). With these steeldrs in place by hand, the hoseswiaen unclamped and removed

(Figure23). It was essential that the steel bars remain in place to constrain the wave

through the entire process.
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Figure22: Fabric over polyethylene tubing constrained by steel bars.

Once the polyethylene tubing sveemoved the process ofmsforming the as
formed OP wave into al® wave beganFirst, the wavesveremanually pressed over, or
essentially rotatedo lay at approximately 45° to their initi@P orientation Then the

steel barsvereremoved and placed at a distance apatherwork table such that the



Figure23: After the tubingwas removed, the wave is ready to be pressed over in#® an
wave.

fabric layerwas laid between thenvhile usng them as end constraints for the tows
(Figure24). The partially formed waveserethen maipulated further by hand, with
care taken to keep the peaks of the waves aligned transversely to the 0° fiheOagle
the wave formhadthe approximatéeesired dimensions, the fabric sveoveed with 3/8"
thick glass, while still remaining constrained by the steel lfagsi{e25). The fabric
resedin this configuration for at least two housadlowing stresses in the fibers to be
relievedand wave measurements ® taken through the glas®nce thisvascomplete,
the plieswerestacked on the mold for the standard vacuum assists resin injection

process.



Figure24: Partially formed waveonstrainedetween steel bars.

Figure25: Finished wave relaxing under glass ready to be measured.
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OPWave Manufacturing Instructiorhe first step in building a plate with OP

waveswasto secure the bottom layer of peel ply to the mold tool to ensdig it shift
during tre infusion processA form for the OP wave vwgathen constructed using
individual fiber tows The fiber tows used for the wave buig@ werecut to the width of
the laminate The wave buileup was created by stacking fibeywsin a pyramid fashion
until the desired amplitude and wave length valueseapproximately reachedrigure

26). The OP wave sectiongerethen placed onto the secured peel ply perpendicular to

the direction of resin flow and to the orietita of the laminate fiber tos.

Figure26. Chopped wave perturbation tows (top) and chopped tows as implemented for
creation of OP waves (bottom)

Layers of fiberglass sheetgerethen placed on top of the mold while ensuring
that the OP wave buidpsdid not shift and remain perpendicular to the fiber direction

The buildup wa completed by securing the top layer of peel ply and flow médime a
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vacuum wa pulled, the OP wave buildups are rolled to enswatno air pockés or

voids haeformed Infusion wa then completed using a VARTM methdtgure27).

Figure27: Plate under vacuum with OP waves

Coupon Geometry and Test Setup

Test coupons were cut from the parfelsuse in tension and compression testing
Tensile coupons were cut to approximately 50 mm wide by 200 mm long and were
tabbed resulting in a gage length of 100 nfdompression coupons were cut to
approximately 25 mm wide by 150 mm with mominalgagelength of 25mm, which
was extended t88 mm where the wavelengths were greater than 25 ffne control
and porosity samples wesgmmetri¢ while each of the wave samples lacked symmetry

along the axis in the direction of the particular wavest metlbdology was considered
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when determining layp and coupon dimension€oupons were constructed with
representativeof blade materials and construction processes though scale was reduced
Scaling was required to achieve compatibility with the Instror2&8D kN testing
machine and @p capacity(Figure28). Static ramp tests on the specimens were
conducted aarate of 0.05 and 0.45 mm/s for tension and compression, respec#vely
complete listing of all the combinations &dtin Round 1 of the BMT are shownTable
2 below. Overall, more than 150 coupons were tested withSitoeach test group

depending on the consistency of the results

Figure28: Representative®Gensile (left) and +45° compressive (right) samples being
tested.



Table2: Round 1 BMT matrix

Defect Parameter 1 Parameter 2 Test Layers | Samples Properties
Control -- -- -- -- Tension 4 5 Axial (Tensile)
Group A:  |control - - -- -- Compression 4 5 |Axial (Compressive)
Control Control -- -- -- -- 45’ Tensile 4 5 |Shear
Control -- -- -- -- 45° Compression 4 5 Shear
OP Waves 2.9 22.8 Tensile 4 5 Axial (Tensile)
OP Waves 2.9 22.8 Compression 4 5 Axial (Compressive)
OP Waves 2.9 22.8 45° Tensile 4 5 Shear
. |OP Waves 2.9 22.8 45° Compression 4 5 Shear
GI’O-U.p B: OP Waves 0.7 5.4 Tensile 4 5 Axial (Tensile)
Initial OP Waves 0.7 Amplitude 5.4 Wavelength|Compression 4 5  |Axial (Compressive)
Properties OP Waves 0.7 (mm) 5.4 (mm) 45° Tensile 4 5 Shear
OP Waves 0.7 5.4 45° Compression 4 5 Shear
(OP Waves) OP Waves 0.7 2.3 Tensile 4 5 Axial (Tensile)
OP Waves 0.7 2.3 Compression 4 5 Axial (Compressive)
OP Waves 0.7 2.3 45° Tensile 4 5 Shear
OP Waves 0.7 2.3 45° Compression 4 5 Shear
IP Waves 1.9 23.8 Tensile 4 5 Axial (Tensile)
IP Waves 1.9 23.8 Compression 4 5 Axial (Compressive)
IP Waves 1.9 23.8 45° Tensile 4 5 Shear
. |IP Waves 1.9 23.8 45° Compression 4 5 Shear
Gro_u_p C: IP Waves 4.5 23.8 Tensile 4 5 |Axial (Tensile)
Initial IP Waves 4.5 Amplitude 23.8 Wavelength|Compression 4 5 Axial (Compressive)
Properties IP Waves 4.5 (mm) 23.8 (mm) 45° Tensile 4 5 Shear
IP Waves 4.5 23.8 45° Compression 4 5 Shear
(IP Waves) IP Waves 19 1 Tensile 4 5 Axial (Tensile)
IP Waves 1.9 1 Compression 4 5 Axial (Compressive)
IP Waves 1.9 1 45 Tensile 4 5 Shear
IP Waves 1.9 1 45° Compression 4 5 Shear
Group D: |Pelamination 381 | crack Length—— - DCB 4 5 [outof Plane
.- Delamination 38.1 -- -- 45° DCB 4 5 Out of Plane
Initial Delamination 38.1 (mm) -- -- MMB 4 5 Out of Plane
Prope rties |Porosity 2% - - Tension 4 5 |Axial (Tensile)
Porosity 2% -- -- Compression 4 5 Axial (Compressive)
(Delam & Porosity 2% % Volume -- - 45 Tensile 4 5 |[Shear
Porosity) [porosity 2% - - 45 Compression | 4 5 |Shear

¥9
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All coupons were tested with tiestron8802, and several ASTM standards were
utilized as guidelinesASTM D695, D3039, D341@3518, D6641; 2007 It should be
noted that the geometric discontinuities associated with both wave types were non
symmetrical about at least one axis. The associated stiffness variation resulted in a
bending moment where a stress variation occurs sitihheswvidth for IP waves and
through the thickness for OP waves. This stress variation necessitated consideration of
grip fixity during testing to ensure the bending reacted out by the grips was not
significant. Utilizing a similar finite element analgsto Agastra and Mandell (2010), it
was noted that strains varied by less than 8% across the thickness with a fixed grip
condition in tensionKigure29). Bending due to these asymmetries was a significant
issue when testing iropression, especially with an embedded OP wave as discussed
below. In compression, D695 was most closely followed, as the fixturing required in the
other compression standards did not allow for a large enough gage section to test either
wave configuratia. As such, the digital image correlation (DIC) data was analyzed to
ensure minimal bending which in turn allowed for simplified assessment of material

properties outlined below.
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E, E11

fraction = -0.774597

(Avg: 759%)
+1.002e-02
+9.178e-03
+8,338e-03
+7.499e-03
+6.659e-03
+5.819e-03
+4,980e-03
+4,140e-03
+3.300e-03
+2,461e-03
+1.621e-03
+7.814e-04
-5.831e-0S

Figure29: Axial straindistribution of a typicalP wave in tesion indication minimal
bending in the straight fiber area above and bel@wave.

Several different ASTM standards were utilized for reference and for material
property calculation definition. Material properties were calculated for@agbon and
then averaged for each grou/here bending was found to be minimal enough to be
disregardedyltimate tensile or compressive strength was calculated:

o 0 ™ (1)

whereF" is the ultimate tensile or compressive strengff is the maximum load

before failure, and\ is the average cross sectional area. This equation was modified to
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calculate the stress at each poth}, (hecessary for plotting of stressain curves, by
substitutingP;, the load at théh point, forP™®. Similarly, ultimate shear strength was
calculatedor £45° specimen

t 0 Fcd (2)

wheret is maximum inplane shear.

Strain was calculated utilizing the DIC system lolase the full field of the
coupon such that it &s calculated for the entire gage section showigare29. To
ensure a consistent method that would allow for calculation for both unflawed controls
and flawed specimenstrain was generalized for the entire gage lemdtich was the
samefor all coupons This allowed for consistent comparison given the different flaws,
specifically the variation of fiber misalignment angles. It is worth noting that through
each of the three rounds of the BMT the relation of strength aedrfilsalignment angle
was investigated. As suggested by Wang (2001), and further confieneid andy
Riddle (2013), it was determined that regardless of amplitude and waveldtigtate
strengthandstraindegraded as misalignment anglereased In addition waves with
the same fiber misalignment angle, but different amplitude and wavelengths\oieale
to have similar resultsAs such, this method of determining strain for the entire coupon
field was justified for the analytical/experimental@ations performed herein since the
same coupon geometry was utilized in all modeling efforts. This methdichiof s
calculationwasalso utilizedfor the lateraktrainswhich were then utilized with the

longitudinal straing o c al c ul a tratio df theeunflRwed cordgrolsn 6 s
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Once both stress and strain were calculated, modulus of eladfcias
calculated for each specimen utilizing this data. Initial linear portions ofséads
straincurve(generally 0.10.3% strainwvere choseto ersure accuracy and consistency
of the chord modulus utilized:

o VY, ¥ (3).

Digital Image CorrelatioiDIC): A 5 megapixel Aramis digital image

correlation systenfFigure30) was usedd measure and to dgae the displacement and
strainof the entirdield for at least one representative sampleaxth specimen type

(Aramis, v6.2). This system consisted of two cameras allowing for 3D stereographic
measurementA consistent measuring volume of approxietatl75 mm by 150 mm was
utilized with a relatively consistent depth since-ofsplane motion was minimal during
these tests. As such, a set of 17 mm lenses were utilized and the resulting pixel size was
approximately0.005mm2. Load data wagcordedautomatically from the load cell at a
frequency of 5 Hz and tabulated by the system allowing for immediate analysis of stress
and strain. Image capture rates were varied between 2 and 12 Hz tuidbghesting.

As noted above tsain analysis was penfimed for the full field and local points and
crosssections were analyzed where appropriate, though the full field results were found

to be best for analytical/experimental correlations.
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Figure30: Aramis digital image correlatio(DIC) system utilized during entire BMT
effort (Aramis, v6.2).

Round 1 BMTResults and Discussion

Testing was péormed on unflawed controls and flawed specimen of each type
Load cata wereobtained(Figure31) from each test and were then utilized to calculate
stress for each sample, while the DIC data were utilizegetmsure displacement and
calculate strainl ni ti ally, displacement data were
variable differential transforer (LVDT), but this data was found to be dubiolis.
appeared that the LVDT was influenced by elastic response in the entire system and

varied by a factor related to load and stiffness of the specimen. While this factor could be
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determined, it was deemedtside the scope of this work. Instetee DIC data were
utilized and within the Round 1 effaat leasbne data set was able to used to calculate
the material properties discussed. However, it is important to note that while the original
displacemendata waslubious, thailtimate stress andad-displacement curves were
consistent within each group where variations of peak stress and ultimate displacement
were less than 8%. This consistency was noted to hold where multiple specimen were
measured wih the DIC and as such the baseline information data from this initial round
of testing was deemed acceptalie additionto load and displacement datésual
observations regarding damage and failure were noted, while DIC data wenseaify
damageand failure type correlationOverall increased severity of the flaw reduced

ultimate load as seen Figure31

Control

Tensile and compression tests were carried out on control 0° and £45° laminates
with no intentional defects introducedrigure32 shows the tsessstrain curve used for
correlation. The unflawed®@oupons exhibited a nearly linear material response up to
failure where testing was stopped in both tension and casipre Howevert45°
coupons were initially linear before softening and some load redistribution took place.
Testing was continued to ensure that the entire load redistribution phase was captured

before complete failure.
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Figure31: Loaddisplacement data taken from representative samples during BMT.
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As outlined below in more detail,aterial properties were calculatedd compared to
the MSUCMD. The data indicate that the highest strength was observed with the 0°
tensilecontrol group with an average of peak stress of 990 MPa while it was
approximately 580 MPa for the 0° compressive grda@ilures were initiated by matrix
cracking followed by ply delamination, load redistribution and ultimately ply failure
Shear streswas approximately the same for both tension and compression at 112 and
124 MPa, respectively, as would be expected based on the observed matrix failures in the
+45° laminates In addition, a representative sampling of results fronDi@and
associatedtrain field of the 0° controls shown inFigure33 belon. This image shows
the uniformity of the strain field on the surface of the coupon just prior to failure with
some initial fiber breakage indicated by the small areacvéased strain on the left of

the lower edge



Stress-Strain Response of Unflawed Control and 2% Porosity Coupons
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Figure32: Stressstrain of unflawed control and 2% porosity coupons tension utilized for analytical/experimental correlations.
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Comparison to MSKCMD: Material propertie$or each coupon were calculated

and averaged for each flaw group as noted abadeare shown below ifiable3 and
Tabled. Standard deviations are offered for ultimate stress to indicate the consistency of
each test. However, since thecuratelisplacement data was limited, standard
deviations are not offedefor other properties as they would be meaningledsonly
one or two datasets per test group being gathe&sgen this limitation andotensure
accuracy of these values, comparisons were made between the control results and the
results of similar tés published in the MSICMD. In particular, modulus of elasticity
and maximum strain were chosen as points of comparison as they were critical for
analytical inputs and correlation

An overview of comparisons of the MSCMD and BMT is shown below in
Table5. These comparisons indicdtthat while the material properties compare
acceptably for tension, the compressive group failure strains from theappBared
dubious This was likely due to the unrestrained thed of testing in compression which
resuledin bending and buckling in the BMT specimeMhile the modulus values
appeaedto be reasonable in an initial response, the sstas curves overall sheed
an unlikely amount of softening when compareditoilar material systems in
compression As such, the material properties from the MEWID wereutilized for
analytical inputs where it vealeemed crucial to haaecurate dataThese dataverealso
used in initial comparisons to the unflawed controls

It is worth noting that the DIC images did indicate that a small amount of bending

was occurring in these unflawed control compression. tétisvever, much less bending
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was noted in the flawed specimen, indicating that damage was occurring at the flawed
area prior to bending occurringVhile this bending was not eliminated cpletely, the
reduction indicatethat both these data and the flawed tension data may be utilized for
the purposes herein and may be used as correlation points for the comdadifencot

analytical tools

Porosity

Specimens containing porosity were analyzed wibanning electron
microscope (SEM) to determine the volume of porosity included, which was found to be
approximately 1.8%HKigure34) (Riddle et al., 2011).As notedin Table3 andTable4
above samples with porosity were shown to have decreases in ultimate str&g¥4B4
and strains at fure (82-98%) compared to the control sampl€onfirmation of this
result may be observed by comparing the control and porosity strain fajdsg34 and
Figure35) and the stresstrain curve showm Figure32 above which indicate lower
strains approaching failurdt should must be noted that unless otherwise identified, all
images show Ofibers in the vertical directionComparison of these two strain fields
also appar to indicate that there are more concentrations of higher strain in the porous
laminate While these are likely to be associated with areas of increased porositgr f

testing would require thigssociatiorio be determined conclusively.



Table3: Static properties for laminates tested in tension and calculated percentage of control laminates.

Tension Control Porosity IP1 P2 IP3 OP 1 OP 2A OP 4A
0° +45° 0° +45° 0° +45° 0° +45° 0° +45° 0° +45° 0° +45° 0° +45°
Ultimate Stress (MPa) 990 112 950 103 521 108 344 109 226 107 417 84 742 101 752 102
Standard Dev (40) (2.0) (19 (1.5) (24) (4.1 (43) (1.1 (24) (4.7) (26) (5.3 (79) (2.2) (43) (2.8)
% Contrd - - 96% 93% 53% 97% 35% 98% 23% 96% 42% 75% 75% 91% 76% 91%
Strain at Failure (%) 2.64% 261% | 254% 3.32% | 166% 3.23% | 1.66% 3.07% | 1.66% 241% | 4.77% 4.91% | 4.92% 4.06% | 4.56% 4.43%
% Contrd - - 96% 127% 63% 124% 63% 118% 63% 92% 181% 188% 186% 156% 173% 170%
Modulus of Elasticity (GPa)| 41.1 16.2 39.6 16.6 39.6 18.7 34.8 16.8 24.1 16.6 17.3 5.9 30.8 16.1 31.2 15.3
% Contrd - - 96% 103% 96% 115% 85% 104% 59% 100% 42% 36% 75% 100% 76% 94%
Poisson's ratio 0.27 -- -- -- -- -- -- --

Table4: Staticproperties for laminates tested in compression and calculated percentagea@iaminates.

Compression Control Porosity IP1 P2 IP3 OP1 OP 2A OP 4A
0° +45° 0° +45° 0° +45° 0° +45° 0° +45° 0° +45° 0° +45° 0° +45°
Ultimate Stress (MPa) 582 124 491 125 257 165 216 181 216 139 95 43 227 90 207 86
Standard Dev (28) (1.2) (20) (1.5) (23) (2.8) (10) (5.0) (9.0) (3.0) (13) (2.1) (3.4) (7.5) (5.7) (0.78)
% Contrd  -- - 84% 101% 44% 133% 37% 147% 37% 112% 16% 35% 39% 2% 36% 70%
Strain at Failure (%) 1.76% 1.16% | 1.44% 1.06% | 0.84% 059% | 0.84% 051% | 0.92% 0.82% | 0.70% 1.11% | 1.04% 0.94% | 0.92% 0.84%
% Contrd - - 82% 91% 48% 51% 48% 44% 52% 71% 40% 96% 59% 81% 52% 2%
Est. Modulus of Elasticity (§ 37.2 15.5 36.5 16.4 34.2 25.4 30.9 28.7 29.4 19.7 8.2 4.5 23.1 12.4 23.4 11.9
% Contrd - - 98% 106% 92% 164% 83% 185% 79% 127% 22% 29% 62% 80% 63% 7%
Poisson's ratio 0.28 -- -- -- -- -- -- --

L)

Table5: Comparison otontrol BMT results to published MSOMD resultsin tension and compressioft indicates exact
material match not availabénd asimilar material system used.)

Test Tension Compression
Material Orientation 0° +45° 0° +45°
Data Source CMD BMT CMD BMT CMD BMT CMD BMT

Modulus of Elasticity (GP§) 41.1 40.6 14.9 16.2 38.4* 37.2 14.4* 15.5
Strain at Failure (%) 2.7 2.6 2.9% 2.6 2.4 1.8 1.6 1.6
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Figure34: Scanning electron microscopy (SEM) image of porosity sample tested.

Stage 107 o . . .
: 0° Porosity Stage 107 Major Strain
Time 107.00 s

10.0 Section 0 [%]

75
6.0+
45

3.0\

15-

0.0 T T 1 T T
0.0 15.0 30.045.0 60.0 75.0 95.7

Section length [mm]

Major Strain [%)

9
—— 8
7
6

Boe point 0

Stage point 0

Major Strain [%]
(o)
1

(=2 ]

0 20 40 60 80 100 116 Fiber Direction
Stage 107 Strain stage []

Figure35: RepresentativBIC image near failure of 0° porosity laminate tested in
tension.
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The exception to the observation of reduced ultimate stress wa43hgroup
when tested in compressiomhich was found to be higher in ultimate stress (101%) even
though the strain at failure was reduced (91%yo0 of interest was the observed
increase in estimated modulus of elasticity for both £45°groups126%) compared to
the control Thisincreasendicatal that shear failure occurrgdior to the cracks that are
likely to originate and propagate throughout included po@she increase could
indicate thathe stiffness waincreased due to the reSiBicreasedbrittlenesswith
increased porositgs noted above (Judd, 1978Yhile these initial findingsvereof
interest and appeadlto agree with previous results where applicable, additionahgest
various porosity levels vealeemedecessaryor the later round$o determine critical
levels of porosity It must, however, be noted that these data conclusively state that
approximately 2 porositydid decrease resultgith botha 616% strength decrease and
a 218% reduction in the strain at failur&hese conclusionaere in agreement with
previous research noted aboveurther, the decrease in strength and increase in modulus
of elasticity for the £45° compression groupdd not appear to differ enough from the
control groups to warrant furthersteng As with the other groups tested, these +45°
groups tenddto fail from edge effects resulting negligible differences in material

properties from control groups.

IP WaveResults

Test results for th&#? wave groys are also noted ifable3 andTable4. Results
from test observation and tbdC suggest that each of tif@ wave groups was noted to

have similar damage progressigiigure36). First failures were noted in &g where
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fibers were not continuous through the length of the sanipieough furthereviewof
the test data, imageand digital image correlatiatata, it was apparent that initial
damage occurred in easlave at low loading levels on the ends of tamples where
fibers ended on theouponedge (Figure37). Due to the wave pattern inttaced when
the samples were cut to make the coupon speciitbens through the wave were cut
resulting in discontinuous filbg along the sampledge where initial failure was noted
(Figure38). As strain levels increased, cracks initiated in the rlestween the towsf
the wave before delaminating apbgressg through the entire wave sectj@andthey
ultimatelyresuledin fiber failure Thesematrix cracksvere noted to start at the point
there the fiber appeared to be at the largest misalignment arfgeDIC images
indicated that the strain accumulated in the wave pn@gressg transversly from the
angled fiber toward the peak of the wawgber breakage appeared to initiate at the point
where the strain accumulations from each side of the waveThese observations
combined with the strains at failure indicate that damage accuaoruiatisat lower
strainsthan the control grougndwasthe result of shear in the area of the waks
noted and detailed below, the amount of shear was directly related to the magnitude of

the fiber misalignment angle
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Figure36: DIC image of initial matrix cracking di° (vertical) fibers withlP wave
shown below irFigure37in tension with distinct strain perturbation around wave.
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Matrix Cracking Ultimate Ply Failure

Figure37: Damage progression t® Wave 1 with initial damage accumulating at the areas where fibers are not continuous
through the length of the sample
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Figure38: Close up oFigure37 showing initial failures wex noted at the edges were fibers were discontinuous as circled
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Ultimate stress values for the each of théFOvave groups tested in tension were
found to have a significant decrease in ultimate stBe¥% down to 25% of the control
for waveslP1 throughlP3, respectively As noted inTable 1 the amplitude and
wavelengths for eaotf these waves variednd even thoughPl had the highest ultimate
stressit also had the largest amplitudeurthemore IP2 has larger amplitude and
wavelength thathP3, while the ultimate stress for each waggproximately the same,
thoughlP2 hada larger strain at failure thaR3. Based on previous research, similarity
of the results was expected betweenlBieandIP3 groupsas the fiber angles were
similarin the two groups.

It is also interesting to note that teffnessfor these groups was &6% of the
control. Thus, initial stiffness was similar to the control even though the ultimate stresses
and strains were notably lowefhiswaslikely duetothd oad matri x Al ockir
fibers into place at the ends of each wave before the matrix cracking noted skoye
similar results and trends were also noted for thi® ®fave groups tested in
compression Overall, IP waves resulted ireducednaterialproperties when included in
0° laminates

The +45° groups tested in tensiare noted to have a similar damage
progression as th@° wave groups as noted uftimate stress values very similar to the
control group (98% of control)andthe strains &failure were found to beeslatively
consistent with the contrg®2-112%6). Of note was thstiffnessincrease compared to
the control groupl(03-113%), likely for the same reasogssen forthe 0°IP groups

noted above, which resulted in significantywe r v al ues f.dhe Poi ssono
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+45°compression results were rather remarkatsehe ultimate stress for # wave
groups was significantly higher compdrto similar control groups (12I85%) even
though strains at failure were lowdi852%). This resulted in significantly stiffer £45°
|l ami nates causing a nlegavdgroupsinéompresgsoonods r at
These results are due to the increase-tmadying ability of the laminates caused by the
fibers in the wave approaching. 0®owever, botHP2 andIP3 had the same fiber angle
though the ultimate stresses in eadredifferent 181and139MPa, respectivelyThis
differencemay be from unexpected responses during manufacture that resulted in
differences between initial impad@mplitudes, wavelengthisber anglesandthefiber
content otthe final laminate Variation of these parameters was confirmed by Ridtle
al. (2011) throughthe nondestructive testing of theseupons In short, while properties
decreased in 0° lamates includindP waves, laminates including £+45° performed as
well or better than contrpéliminating the need for further analysis addition, these
data offereasonableonvergence points for the analytical modsfsrts as discussed

and compare in following chapters



Figure39: DIC image oft45° IP wave specimen in tension with similar strain
perturbation agigure36.

Variations in IP Wave Laminate#\s reported by Riddlet al.(2011),there was

variation of the IP waves included in each of the four layers of the coupons t&sted
medicalimaging CT scannexrasusedto generatehiree dimensional renderings of test
specimenallowing for precise measurement of ti@ual flaw geometrintroduced into
the coupons This measurement allowed for an understanding of the exact flaw. tdétsted
wasof critical importance to have accurabeasurements of the introduced flaws in
developing analytical/empirical damage correlatiofRsr examplewaves maybe
measured on the surfadmit therevasno guarantee that the sabrface layers contasa

a flaw with the same geometrAs shown inFigure40, not only did the susurface
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layers have varying geomets, but the peaks of the wave, as indicated by the dotted
purple line, also were not aligneth order to best approximate the wave pattern for each
coupon, Riddle et atook the average amplitude, wavelength, and fiber misalignment
angle for each of thiayers to be used as inputs for analytical modeling efforts described
herein These data were then used to determine the averaggisfiber angle for the

entire laminate which was the parameter utilized in all models below.

Figure40: Each of the four layers of an-tested IP wavavith variations in geometry and
alignment.
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Baseline Correlation Justificatiort is important to note that among several

conclusions, Riddle (2013) was able to conclude that the fiber misalngramele for

waves was the critical parameter for ultimate strength degradation. In short, there were
direct correlations to decreasa strength with increases fiber misalignment angle

Based on this conclusion, and to assure compatibility, therhisalignment angle

parameter was utilized throughout. Considering the variations noted in the coupons, the
values listed in Table 1 were updated as shown foedlosbmodel of the IP wave 1 case

that has been utilized as the baseline correlation mett®ib As seen inFigure41, this
particularwaveoffered consistent results through this BMT effehien the raw load

displacement data are compared

Tension 0° IP Wave 1 Samples
Load-Displacement Curve

110

=Sample #1

=Sample #2

Load (kN)

Sample #3
=Sample #4

=Sample #5

0 2.0 4.0
Displacement (mm)

Figure41: Loaddisplacement data from all RoundPLwave 1 coupons.
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As noted above, these displacement data were taken with the LVDT and include
any displacements in the entire testing system. While these displacements are not
accurate enough for calculating strain, they are useful in determiningtemty of the
data for this particular flawVariationfor each specimewas determinety calculating
the standard deviation gfeak stress and associated stfaireach flaw caseThe strain
variations were then adjusted by the rati®&€ strain toLVDT strain. As such, a
variation for tension 0£0.15% strain and58 MPawas determined comparing values at
peak stress based on the variability noted in these data. This variability is niéigare
42 below with windows indicating the associatedriability of stress and strain for each
case Similar calculations were performed for all cases and were found to be within the
10% acceptance criteria noted in the systematic approach utilized notechatlase
such are not shown in the correlations below

In addition to the consistency of the results, the IP wave 1 caskebeshses in
material strength, and significant degradation was nate#ingthe result thathis case
wasoptimal for baseline use-urther, it was decided that since this case had a fiber
misalignment angle close to 30t would be a good median case and allow for variations
to approximately 15and 45 following the systematic approacfihe resulting stress
strain cuives, utilizingthe DIC data from this test group, for this IP wave case in tension
and compressioare found below ifrigure42. Data beyond failure and maximum stress
was gathered to begin to establish a material understatindinmay be applied to future
work with larger substructures and structures. While only this one data set was initially

available from the Round 1 effort, confirmation of these results was achieved in Round 2
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as outlined by Riddle (2013). As such, theometry and these results were utilized as

the baseline model for experimental/analytical correlation of each modeling type outlined

below.

Stress-Strain Response of IP Wave 1 in Tension & Compression
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Figure42: Stressstrain of IP Wave 1 in tension and compression utilized for baseline
model correlationsvith associated experimentariability.

OP Waves Results

Test results for th©@Pwave groups are also notedTiable3 andTable4 above
Results from test observatiamd theDIC suggest that each of tk# wave groups was
noted to have similar damage progressiaiso like the behavior of IRvaves, as strain
levels increasedtracks initiated in the resimetween the layeis the ends of the wave

before delaminatingHowever, unlike théehavior oflP waves, after delaminaticand
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significant fiber straighteninghe failure area for th@Pwave specimens as
concentrated at the peak area of the walas was due to the fibers being pulled
straight and the centef bending being at the peak of the waltemust be noted that the
waveforms for all of the OP wave 1 grodglaminated during testingrhis resulted in
an extreme decrease in the ultimate stressaffidessresults of the OP1 groups in both
tensionand compressionAs such, OP wave 1 was deemed unusable for correlation in
both tension and compression

The two other cases, OP wave 2A and OP wave 4A, were found to have a more
consistent responséJltimate stress and strain at failure values for@favave2A and
OPwave4A 0° and +45° tension groups were decreased compared to the control but
were increased compared to tRavaves Thus, modulof elasticity valuesveresimilar
to the controbue to load being transferred more consistently throlighvave than seen
with IP wavesdue to the configuration described abo@ven the consistency of these
waves intension, the OP wave 4A cas@s utilized for correlationHowever,
compression testing of the OP waves proved to be very difficultygeswaavelengths
necessitated a long unsupported gage lenfins resulted in significant bending as the
load transferred through the wavas such, gnificant decreases italculated moduli of
elasticity,ultimate strengthand strain at failure wereotedand results were considered

unusable for correlation given these responses
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Stress-Strain Response of OP Wave 4A in Tension
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Figure43: Stressstrain of OP Wave 4A in tension utilized for initial OP wave model
correlations.

Physical Testing Conclusions

Static test restd have been presented from approximat&@tests including
four test groups, each of different defect type, in both tension and compr@ssite?).
Testing parameters for each of the defect types were determined astpeartiafv
Characterization study and were representative of wind turbine blade laminates with
scaling as necessary for coupon level testinggeneral, the static testing performed has
allowed for initial analysis and will allow for convergence pointstidral analytical

models Use of theDIC system allowed for confirmation of the calculated strain and
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damage progression through strain field measurement during teBangage
progression was found to vary for each defect type, but was found to lemsave
matrix cracking, ply delamination, load redistributiand ultimately ply failure
More specifically, the followingtems were observed and concluded from this

portion of the BMT:

1. Porosity was found to have a similar decrease in tensilegsir€d3% of
control) compared to previous research even though this previous research
was not performed utilizing specific wind turbine blade materials

2. IPwaves included in 0° laminates resulted in decreasing tensile properties
(54-25% of control) asilber misalignment angle increasede to
increased shear response

3. IPwaves in £45° laminates indicated an increase in compressive strength
(112133% of control) This observation may be due to the fibers in the
wave approaching 0° and, therefagainedan increasetbad-carrying
ability.

4. OPtesting was hampered lagymmetry andelamination of the wave
forms utilized however, the dateonfirmed similar associations between
strength and fiber misalignment angle

5. Strength decreases (2%4% of contol) with the increase of fiber
misalignment angle (@8°, respectively) within 0° laminates

6. Due to the strengiremaining static or increasing, the £+45° groups may

be excluded from further testing.
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7. Independently amplitude and wavelength are insufftdier wave
characterization
8. When compared to MSIEZMD, some variations did exist, and the MSU
CMD datawereutilized for unflawed controls in compressio@therwise,
all data appear consistent and reasonable to be used for the purposes

herein.

Multi-Angle Laminate Physical Testing and Results

As an adebn to the Round 1 testinjlulti-Angle Laminate(MAL) testing was
performedo enable analytical and experimental correlation with a more complex load
displacement curveln short, the more complex lamate would likely have more
damage accumulation through the sstiwould require a higher level otauracy from
associated modeld/Nhile this testing was not originally planned, it was determined that
this additional testing was necessary to enswditiear elastic modetiffnessvalidation

in Chapter 4 was effective

MAL Tension ResultandDiscussion

Tensile tests were carried out BA L @vih fiber orientation of [0°+45° -
45°,0°] with no intentional defects introduceldaterial properties @re calculated as
outlined by ASTM D 3039 which was used as a guideline for this testing and resulting
analysis Similar to BMT above, modulus of elasticity was calculated and compared to
similar material layups in the MSUCMD: 33.2 and 32.1 MPa, respeely. In addition,

maximum strain values were compared and found to be 2.6% and 3.0%, respectively
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Peak load and straia-failure was fairly consisterior each specimenyith differences
of approximately 3% and 12%, respectivelyhe peak averagersess of approximately
561 MPa was lower tha@90 MPanoted inthe BMT above This is easily explained
with the change to the MulAngle laminate from the usdirectional laminateised in the
BMT. In conclusion, these data appsdireasonable and suffemt for the purposef
providing additional unflawed data for correlation attais, tirther discussion of these
salientobservations may be found below within tleapter 4analytical/experimental

correlations

MAL Compression ResulendDiscussion

Basd on the same logic for performing the tensile tests above, compressive tests
were carried out oM A L dvih fiber orientation of [0°+45°-45°,0°] with no
intentional defects introduced/aterial properties were calculated as outlined in several
ASTM standards that were used as guidelines for this testing and resulting analysis
Similar to BMT above, modulus of elasticity and average maximum strain were
calculated; 33.0 MPa and 1.32%, respectiv@éyrect material comparisons were not
able to be maddue to lack of compression testing of a similar laminate within the MSU
CMD. However, when these values are compared to tension values noted above, similar
trends are observed between this material system and others within thR€ MBUIn
short, betweetension and compressiastjffnessvalues are very similarThe maximum
strain values in compression were found to be approximately 60% of the maximum strain
in tension, comparing absolute values, while in this case it was found to be 51%

However, maxnum strains in compression were noted within the M3WD to vary as
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much as 26% within the same material system due to inherent difficulties in compression
testing of composite material¥Vhile the strain value appears to be slightly low, it does
appear easonable when compared in this fashiBeakstressaand strairat-failure were
fairly consistentwith differences of approximately 3% and 12%, respectivkikewise,
the peak average stress of approximadd®MPa was lower thab82 MPanoted inthe
BMT above This is easily explained with the change to the MAitigle laminate from
the unidirectional laminate used in tBMT. Below, Figure44 confirms the same two
variationsfrom the unidirectional tests iBBMT: a smallincreasen softening up to
failure andthen a short loadedistributionbefore ultimate failure Similar to the tensile
tests a damage progression sectiorswated in the curves between the initial failure and
theultimate failure allowing for more acurate assessment of experimental and analytical
convergenceAs with tension abovehese data appeatreasonable and sufficient for
the purpose of providing additional unflawed data for correlation and timtiserf
discussion of these saliepibsenations may be found below within the Chapter 4

analytical/experimental correlations.
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Multi-Angle Laminate Compression Samples
Stress-Strain Curve

350

300

250

& 200
=
< + Sample #1
vy
E 150 m Sample #2
v
Sample #3
100
50
O .
0.0% 0.2% 0.4% 0.6% 0.8% 1.0% 1.2% 1.4% 1.6%

Strain (%)

Figure44: Multi-Angle laminate compression testing stre8ain curves

Delamination Testing ResulgésydDiscussion

As noted above, deldamation damage analysis of composites is common and
widely performed due to much lower strengths comparad péare strength Failure
occurs as the result of delamination, which must be considered as part of an accurate
analytical tool This is especidy true for discrete damage modeling where cohesive
elements are placed between layers so that crack propagation may occur not only within
the layer but also between layei®his discrete approach is discussed in more detail

below. Also as noted aboveépuble cantilever beanD(CB) andend notched flexure



o8

(ENF) tests were performed to determine critical strain energy release rates in Mode 1
and Mode 2, respectively

An increasing crack resistance behawiasnoted due to fiber bridging asd
crack prpagatedhrough each sampl@dble §. This resultwasdue to secondary
cracking and fiber bridgingonsistent with previous testing found in the MEWID.
Only initial cracking was considered for ENF testiagd these values are found below in
Table 7 Representative loadisplacement curves may be found bel&ig(re45and
Figure 46. Initial values are fairly consistent and appear reasonable for use in
delamination prediction in modeling efforts as outlined bel®atawere collected
utilizing a primarily 0° unidirectional material to attain the lowest possible values for G
and Gi.. Thus, resultsvereconservative when applied to cases with otbeel
associatediber angles These dataorrelated well with MSUCMD published values
and were utilizedn complex modeling efforts for analytical/experimental correlation,

specificallyfor discrete damage modeling as outlined further below.

Table6: Mode | critical strain energy release rate deteeaifrom DCB testing.

Sample | Initial Glc | Secondary Glc Final Glc | Units

DCB_01 295 506 720 J/m"2
DCB_02 287 651 854 J/m"2
DCB_03 320 659 843 J/m"2

AVERAGE 301 605 806 J/m"2
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Table7: Mode Il critical strain energy release rate determined from ENF testing.

Sample Gllc Units
ENF_01 1321 J/m”2
ENF_02 1883 J/m”2
ENF_03 1367 J/m”2
AVERAQE 1524 J/m”2

Effects of Defects Round 2 Out-of-Plane Testing: DCB_01 Initial Crack Growth
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Figure45: Representative loadisplacement results from a Double Cantilever Beam
(DCB) test diring initial crackprogression
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Effects of Defects Round 2 Out-of-Plane Testing: ENF_02 Crack Growth
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Figure46: Representative loadisplacement results from a Ehbtch Flexure (ENF)
test during crackrogression

Round 3 BRC Validation Blades

Two complete 9 m blades were manufactured unge¥#lidation Blade subtask
of the BRC As eloquently outlined by Rumsey, these two blades were manufactured at
TPl Composited, Inc., located in Warren, RI to allow damage tolerance and damage
progression to be assessed as part the Effects of Defect42@a8y In addition, these
blades were used for inspection validation to assess the capabilities of several non
destructive inspection techniques before being shipptektblationbRenewable Energy
LaboratoryNational Wind Technology Center (NREL/NWTGjructural Testing

Laboratory (STL), in Boulder, Colorado, where the two blades were subjected to a series
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of proof and fatigue tests failure The two blades followed the standard Sandia
National Laboratory BSDS blade design (BeangdBerg, 2008) anthe only intended
variation between the two blades was the material\adth of the spar cap: the first was
fiberglass, and the second was carbon fiber.

With assistance from the MSUCG, manufacturing defects were added, largely in
the spar cap, to eachthie two blades using the techniques abdReldle offers a
detailed justification of flaw size and placement in each of the two blades (2Uh3)
same three defect types were used, porosity, IP waves, and OP waves, and flaw
placement was added to tmanufacturing documents to insure consistency andtygual
(Figure47). IP waves were added to the spar leggersprior to blade layup and great
care was taken to ensure consistent wave shape and placemerg mtiglt(Figure48).
OP wave forms were added between layers during layup, and porosity was injected
through the vacuum bag shortly after infusidrhis method of porosity introduction was
utilized in Rounds 2 and of the BMT to allow for localized areas of porosity (Riddle,

2013).
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Figure48: The group effort requed to place and align the spar cap without disturbing
the IP waves (Rumsey, 2013)

A test plan was created by NREL/NWTC staff, with three objectives

(NREL/NWTC, 2013):

1. Determine structural properties of the blade through fatigue testing.

2. Determine fatige strength and failure mode of the blade.

3. Investigate NDI technologies for damage detection structural health

monitoring.

Test loads were outlined and modified as necessary through the test Hii@tilade
was placed as shown iigure49. The blade was then instrumented for continuous NDI,
including painting key areas as determined by Riddle for DIC data collection (2013)
During fatigue testing, periodically the testing was stopped to allow for DIC imaging
(Figure50) to attempt to capture damage progression resulting from the manufacturing

flaws added to the blade before failuregure51).
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Figure49: The test layout with the actuator on tkeé& bnd root fixture on the right
(NWTC/NREL, 2013).
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Figure50: Representative image strain field of area shown beldwiguare51.
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Figure51: Fatigue failure of BRC blade nean OP wave placed in the spar ¢ape
Riddle, 2013 for more detail)

After each image set was captured with the DIC, the data were processed and
analyzed to determine if strain concentrations and/or average strain incrédsés
average strain waoted to increase throughout the test due to either increased static
loading during imaging, or increased fatigue cycles, few consistent strain concentrations
were identified The exception was a complex OP wave on the high pressure (tensions)
side at locaon 3750 (HP3750) Damage was identified in this area by both acoustic
emissions and DICHigure52). As noted above, typical observed damage progression of
an OP wave in tension was initial delamination from the wave forntremdbetween
layers which reduced interlaminar shear allowing the fibers straighten and carry
significant load before failureThe progression pattern for the HP3750 flaw location
appeared similarWhile this area was noted to have an increased stragentration

fairly early in the loading schedule, damage progression was slow and only showed an
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increase in concentration, not an increase in dtzether, the OP wave introduced into
the spar cap in this area was not easily identifiable in any DICensagcorrelation
between the flaw and the damage progression was not po<Sibler areas imaged
showed only increases in average strain as noted and as such no sufficieetelata
gathered to allow for analytical/experimental correlatidhis may beexplained by
noting that the spar cap was bonded directly to the shear web which was thieéikely
carryingmember in this assembly and overshadowedioitedized strain concentratiaf
the defects Overall, test results from the DIC were inconclusanel no direct damage
progression was noted from the manufacturing flaws resulting in no correlatiortdata
recommended that future work take place at the new MSUCG Structural Testing Facility
to bridge the gap from coupon to blade testing which dvbkély allow for more

complete understand of the effects of defects on a substructure and structure.

0.6

0.4

0.3

{mm] 0.0

Figure52: Strain field of HP3750 showing high strain concentration after initial damage
before ultimate failure
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CONTINUUM MODELING INTRODUCTION AND LINEAR

ELASTIC MODULUS VALIDATION

Introduction

A systematic approach, outlined in this chapter, was employed to compare
different continuum damage modeling (CDM) methoA# of these modeling methods
utilized material progrties and responses generated in the Benchmark Material Testing
(BMT) effort outlined in the previous chapteis noted above, a CDM approach does
not directly model damage, but instead degrades material properties of specific elements
based on the stregondition calculated in that elemefithis material property
degradation then allows for the global material response to be analyzed

As noted above, there are many different material property degradation methods,
and are they commonly based on vasidifferent failure criteria or specifications of a
material responseWith the former methods, once damage initiation has occurred, the
element follows a damage evolution criterion before completely failing and usually being
deleted In the latter caseslements follow a path of degradation or are assumed to have
zeroload-carrying capacitypased on calculated stress/strain conditions

Several different CDM methods were used to generate and run models with
increasing computational difficulty to prottee capabilities and expose the deficiencies
of each model typeWhere applicable, flaw complexity was increased within a model
type based on acceptable correlations of less complex dasear elastic models were

run first with neither damage critarinor nodinear material response, nor any sort of
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material defect to confirm accurate correlation to initial stiffness resp@see this was
achievedthe Hashirfailure criteria wereadded to porosity, IP, and then OP wave
models Hashin 1983. This Abaqus (Daussault Systems, v6.12, 2012) 4uilt
capability allows for prediction of damage onset based on fiber and matrix properties
before following an energy based damage evolution law after damage initiation

Next, the linear elastic model was difted with userdefined failure criteria
where mixed stress/strain based failure criteria were implemelnsigad of a damage
evolution law, material properties were directly degraded once failure had occurred to
reduce material propertieSeveral diferent property reduction schemes were
investigated with varying degrees of correlation though, in short, it was found that
degrading properties to zero was an overestimatamally, a useddefined material card
was implemented to match the Alamearshear responsésiven the fiber misalignment
found in both IP and OP waves, shear between the tows and layers, respectively, was
observed to be the critical failure modehus, generation of a ndimear response
allowed for better approximation than tstandard linear approximation could.

These models were created, run, and correlated to responses outlined in the
Benchmark Material Testing (BMT) efforts, and modified to improve correlati@hile
correlation was found rather easily in some cases, o#ts&s required significant
modification, or tuning, of input parameters some cases, correlation was able to be
achieved by small amounts of acceptable parameter tuning as viscous regularization,
maximum element degradation, and shear stress coefficithese acceptable tuning

parameters, in most cases, were adjusted to assist with convergence, and the subsequent
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effects on the modelere able to be tracedn other cases, material properties, such as
modulus of elasticity, were modified as a fiagbroach to attempt correlation
Adjustment of these types of parameters was considered unacceptable tuning, and while
correlation may have been achieved, the model type was considered a failure for
prediction Each case is presented in detail in theiérs below, and a discussisn i
offered for each correlation. Acceptabtedification ofcertaininput parameters is
justified or the model type is found to be inaccuralteere modification does not improve
results or is unacceptable as described abotree explanation of the systematic

approach in Chapter 2.

Linear Elastic Modulus Validation

A continuum based, linear elastic model was created and utilized to ensure that a
standard model could match the modulus of elasticity of control samples eddih
Thiswasconsidered a continuum based approach because the individual materials (fiber
and matrix) are not modeled separately, but are instead modeled with smeared properties
Two model types with different laminates were run and correlated sioteand
compression: a [(Q) laminate, and §0/£45/0] laminate In both cases,
analytical/experimental correlation was achieved that confirmed the ability of the models

to predict initial material stiffness response without the need for tuning aaymetars
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Methods

A standard linear elastic model with no damage or failure criterion was
developed Geometry was set up to match the intended couponXigenim x 50 mm
established during the BMTA 2D model Figure53), with quadrilateral, plane stress
shell elemerg(S4R)was generated in Abaqus where each element was generated to be
consistent with the nominal fiber tow width (1.0 mnbisplacement and boundary
conditions were applied at the top and bottom, respegtit@match the BMT testing
conditions and, as such, full field calculations were made to match the BMT data for

load-displacement and stresiain correlations

Figure53: The 2D model setup utilized in the linear elagatdation models.
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Even though a 2D model was utilized, SidELL SECTIONeyword option was
utilized to specify the laminate through the thickness as shown in the snippet of code
below. Use of theCOMPOSITEoption allowed for various properties for each
theoretical layer of the specified element $8tATE with the specifiedSLOBAL

orientation:

*SHELL SECTION,COBIF@,ELSET=PLATERRATIONGLOBAL

1.0,1,PP®.0

1.0,1,PP®.0

1.01,PPG,0.0

1.01,PPG,0.0
The properties for each layer are defined on eaeh tiickness (1.0 mm), number
integration points through the thickness (1), material name (PPG), and rotation from
defined direction (0.0), respectivelyThus, the total laminate thickness modeled was 4
mm. This model was then easily adapted to matetj0/+45/0] laminate by simply
changing the middle layers to +45.0 aA8.0, respectively:

*SHELL SECTION,COBIFE,ELSET=PLATERNRATIONZLOBAL

1.0,1,PP®.0

1.0,1,PPG,48

1.01,PPG45.0

1.01,PPG,0.0

Elastic naterial properties that were genecfrom the BMT discussed above
were utilized Table8). Since no damage or failure criterion were utilized, only the
elastic properties were necessary for this effidte that aummary of the key points of
the code are presented here, while complete code may be found below in the Appendices

Several assumptions were made to simplify this modeling effort. First, it was

assumed that all fibers were parallel and uniform in the intended direction with reference
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to the widthwise edge. It was also assumed that all the fibers were parallel and aligned
through the thickness. These assumptions greatly simplified the modeling approach even
though they were a possible source of the variation noted within the BMAddition,

perfect bonding between the layers was assumed.

Table8: Material properties generated as outline8MT section

E, = Ay Gy, Gia Gos
Tension (GPa) 40.6 16.3 0.27 16.8 16.8 16.8
Compression (GPa) 38.4 14.4 0.28 14.4 14.4 14.4

ResultsandCorrelation

Two distinct models of unflawed control geometries were run as outlinee:aédo
[(0)4] laminate and a [@45/( laminate both in tension and compressianad
displacement and strestrain data were generated for each case and used to compare and
correlate, respectively, to BMT resultResults and correlation for each ardlioed

below.

[(0)4] Laminate

As these were the first modeling efforts of this research, several steps were taken
to ensurehatpropermodelingdetails such as mesh densityere being considered
assure convergencdhese stepalso allowed for samparison of boundary conditions
and assured model integrit@iven the simplicity of the model, it was confirmed that
these criteria were achieved with a square element size having an edge length equivalent

to the width of a fiber tow (nominally 1.0 mmyVhile equivalent results were achieved
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with a coarser mesh, this finer density was utilized with the intention of keeping it
consistent through all analytical approximations in this progr@mcessing times with
this finer mesh were still short and wdess than 1 minute in length.

BMT results clearly showed that coupon failure was fairly sudden and complete
Fiber failures were noted starting from the edges or near the grips, and brooming out
across the entire coupollVhen fiber failure wasitially noted, a small amount of load
transfer was also seen in the stiffness reduction up to failtire purpose of this initial
model was t@orrelatenitial responsewhich was achieved as seerfFigure54 and
Figure55below. Visually, the modeindicatedstress concentrationBigure54) in the
same areas where first fiber failure was noted in BNIfiese stress concentrations are
the result of the boundary conditionsieh constrain the model from reducing width on
the ends to match the grip conditions during BMY comparison of the stresdrain
curves Figure55 andTable9) indicatesenergy was caervedas the areas under both
curves are approximately equal. In additide initial stiffness matclteto within
approximately 0.2%, ensuring that this is a reasonable starting point for the systematic
modeling approach

Similar to the tensile castie model was also run in compression. Sis&s8n
results indicate similar initial correlat:i
predict initial response to within approximately 2.8% of the actual value from the BMT
(Table9). As noted earlier, the coupons tested in compression had softening beginning at

approximately 0.2% strain. As such, the linear elastic does not match, nor was it expected
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to, once this softening occurs due to lack of eithdamage definition or ndimear

elastic response in compression.

b i

Figure54: Linear elastic mode[(0)4] laminatg longitudinal stress respongth
increased stress due to the boundary conditions constraining the toptiama &dges to
match the grip conditions during BMT.
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Figure55: Comparison 0f(0)4] laminateBMT Control and lineaelastic model in
tension results indicating good correlation

Table9: Comparison ofctual experimental and analytical predictions for initial linear

elastic models.

Tension Compression
((0)a] [0/+45/0] [(0)] [0/+45/0]
Actual iPredictedi Actual :Predicted| Actual iPredicted Actual iPredicted
Modulus of Elasticity (GPa) 40.6 40.5 38.0 39.1 38.4 39.6 28.9 30.3
% difference -0.2% 2.8% 3.1% 4.9%

[0/£45/0] Laminate

The linear elastic model was modified to add shear by sandwicHi#®g°a

between 0° pliesDuring the BMT it was observed thstiffnesswas less anthere was

more significant softening in both tension and compression compared to the four ply 0°

laminate, as seen ifable9. The only adjustment made to the analytical model was to
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change the orientations ofettwo middle layers of the laminate; no material properties
were modified Initial stiffnessvalues correlated well, indicating that the calculated
modulus by the mode&Vasaccurate for both tension and compression with variations of

3.1% and 4.9%, respeeely.

Linear Elastic Modulus ValidatioBiscussiorandConclusions

Beginning the three round, systematic approach, an initial linear elastic model
validation was performed to ensure that this basis for many of the following models was
able to accurtaly match the generally linear response of unflawed specimen from the
BMT. Two laminates were tested and modeled with increasing complexity and different
elastic moduli to ensure the model was able to accurately predict lastiffasswith
differentlaminate orientations, which was deemed necessary given the focus on fiber
misalignment flaws In both laminate cases for tension and compression, initial modulus
was matched with a linear elastic model up to damage initiaNorfailure criteria were
included and, as such, it was not expected that the models would predict the material
response once any softening occurrétiese results confirmed that the models were able
to accurately predict the initial stiffness response of the different lamirsge wath
material data from the BMTWhile these models offered a jumping point for the
systematic approach of this work, they were deemed insufficient for damage progression
modeling due to the lack of a failure criterion and/or damage respbusso the lack of
failure and/or damage parameters, flawed geometries were not considered with this initial

approach, but in each case modeled flaws were run linear elastically to ensure initial
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modulus matched prior to invoking any failure criterfss sud, addition of these
parameters was the next logical step in predicting material response, and several different
methods have been implemented, as outlined in the Chapters below, to attempt more

complete correlation.
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LINEAR ELASTIC CDM WITH HASHIN FAILURE CRITERIA

Introduction

Continuing with Round 1, the continuum based, linear elastic model initially
utilized above was modified to include damage progression built into Abaqus for the
elasticbrittle nature of fiberreinforced compositesThis tool utlized the Hashin failure
criteria, and damage was characterized by implementing a stiffness degradation that
neglects the plastic deformation commonly missing in the response oefdib&rced
composites This approach required the user to specify @rallinear elastic response, a
damage initiation criterion, and a damage evolution respdngally, two different
models were created and utilized to model the effects of porosity and an IPlwéegh
cases, analytical/experimental correlaticesvwnade, and in the case of porosity, was
sufficient and showed prediction potenti# the case of the IP wave, correlation was
acceptable in certain regions depending on the amount and type of acceptable tuning of
model variables indicating additionabrk with this technique was worthwhilés such,
an OP wave case was generated, and run very similarly to the IP wave case, with results
similar to those that were found in the BMFinally, additional wave cases and a case
with different material, a ¢hon fiber unidirectional, were generated and compared with
BMT results In all cases, the model was able to consistently correlate to the BMT results
as did for the initial IP wave case, not only indicating the promise of this technique but

also verifyng the systematic approach of increasing flaw complexity taken hérein
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short, the initial IP wave cases showed to be a good baseline for preliminary technique

correlation

Methods

The standard linear elastic model used above was modified and thie Falsire
criteria were added Again, geometry was set up to match the intended couponl§i@e (
mm x 50 mn) established during the BMTTo determine if initial correlations were
reasonable, 2D modelBigure56) were generated with both unflawed and IP wave
geometries, witlguadrilateral, plane stress shell elersé8#R) in Abaqus where each
element was generated to be consistent with the nominal fiber tow width (1.0Trhen)
IP wave modeled haah amplitu@ (A) of 3.8 mm, a wavelengti®)of 47.6 mmand
average offaxis fiberangle of 28.7° Local coordinate systems were defined for the
elements oriented to form the wave such that the fiber direction remained consistent
through the wave, and the material properties were modeled exitpmatch these
properties Displacement and boundary conditions were applied at the top and bottom,
respectively, to match the BMT testing conditions and as such, full field calculations
were made to match the BMT data for ledigplacement and stresgain correlations.

In reviewing the test data, imagesid DIC data, it was apparent that iditia
damage occurred in eaalave at low loading levels on the ends of the samples where
fibers ended on theouponedge Due to the wave pattern introducedem the samples
were cutfibers through the wave were cut resulting in discontinuous fibers along the

sample lengthBased on this observation, it was assumed that these portions of the
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laminate were not of interest when considering the goal of isoldéfeggts Thus, the

geometry shown inight of Figure56 was utilized for all of the IP wave modeling efforts

Displacement
-Condition (Top)

Figure56: The 2D model setup utilized in ti@ontrol (left) and IP wave ight) linear
elastic modelsvith Hashin failure criteria

herein while similar models with differing geometries were utilized for the unflawed
controls as seen abovethe left of Figure56.

Even though a 2D nu| was utilized, th& HELL SECTIONeyword option
requiredspecifyng the laminate through the thickness as shown in the snippet of code

below. Use of theCOMPOSITEoption allowed for a various properties for each
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theoretical layer of the specified elemaet,PLATE with the specified OCAL

orientation:

*SHELL SECTION,COMPOSITE,ELSET=PLATE,ORIEQICALION=
1.0,1,PP®,0

1.0,1,PP®,0

1.01,PPG,0.0

1.01,PPG,0.0

The fiber orientation of each elemebQCAL was specified in BISTRIBUTION
TABLEwith repect to the model edg&he properties for each layer are defined on each
line: thickness (1.0 mm), number integration points through the thickness (1), material
name (PPG), and rotation from definedifection (0.0), respectivelyThus, the total
laminate thickness modeled was 4 mEiastic naterial properties that were generated
from the BMT discussed above were utilizeNote that aummary of the key points of the

code are presented here, while complete code may be found below in the Appendices

Several assumptions were made to simplify this modeling effarst, it was
assumed that all fibers were parallel and uniform in the intended direction with reference
to the widthwise edge, including through the IP walt@vas also assumed that dikt
fibers, for both the unflawed and IP wave geometries, were parallel and aligned through
the thickness These assumptions greatly simplified the modeling approach even though
they were a possible source of the variation noted within the.Blladditian, perfect
bonding between the layers was assuniadhe case of the IP wave, it was assumed that
the initial failures and debonds of the discontinuous edge fibers had negligible effect on

the material response and were disregarded for this.effort
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Hasdhin Failure CriteriasSummaryandApproach

Abaqus has a builh aProgressive Damage and Failure for FiReinforced
Materials( Anal ysi s Us er 0 sthaMainmtended to be Gised.f@ elasticO 1 2
brittle, anisotropic materialsThree criteria musbe specified to define the material
stiffness degradation of this CDM: initial elastic response, damage initiation criteria, and
damage evolution responsé€he initial elastic responseaseasily defined as a linear
elastic material with a plane stramshotropic material stiffness matrix, esChapter 4

above However, damage initiation must also be defined for the four included

mechanisms:
Fiber tension,, . Ao R | TLU (1)
W Y
Fiber comprssion ,, T : o R (2)
®
Matrix tension ,, . o N TLU (3)
w Y
. . , [ ” tH
C i — — = 4
Matrix compression, Tt @) o oy P ~ (4)

whereX' is the longitudinal tensile strengtkS is the longitudinal compressive strength,
Y'is the transverse tensile strengtfijs the transverse compressive stren§ttis
longitudinal sheastrengthS' is transverse shear strengthis a shear stress contribution
coefficient that determines contribution to fiber tensile initiation,,angd, , tHuare
stress tensor components where the nominal stress is modifieddeitheaye operator,

M:
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P >
— Tt Tt !
1 ﬁ) Q '
N 11 p il
L 11 Tt - T i (5)
11 Y Q il
11 n . P n
u p QU

whered;, dm, andds are damage variables for fiber, matrix, and shear damage,
respectively, derived from the damage variables of the stress scenarios notddun the
mechanisms listed abovéf the modified stress tensor components meet the criteria for
any of the four mechanisms, then damageitiated The damage variables become
nonzerqg the damage operatdvl, modifies the nominal stresand appropriate stifss
degradation begindnstead of continuing with the stiffness matrix of a plane stress

orthotropic materialthe degraded material responsthien calculated:

# R (6)
5 p Q0O p Q p Q' O T
where # 5 p Q p Q' © p Q © T (7)
L T p Q 00
and: O p p Q p Q 2z 2 (8)

where, againgk , d,, andds each refleadthe current state of fiber, matrix, and shear
damage, respectivelff;, E,, andG are the directional and shear moduli of elasticity,
respectively, and;,;and3;ar e Poi ssonds ratios

To address issuessociated witimesh dependencpbaqus has adjusted the
constitutive law to express a stralisplacement relation utilizing characteristic length

As shown inFigure57, the damage variable for each of the four failure mechanisms
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behaves suctinat stress increases linearA) through the elastic region up to damage
initiation (A) at which point the slope is linearly negati¥eCj. In cases where unloading
occurs B), a secant is use®B) to account for damage that has occureed the same
path is then used for reloadingor each of the four failure mechanisms, the energy

dissipated due to failur&°, must be specifieth determinghe area of th©ACtriangle.

Equivalent Stress

GC

Equivalent Displacement

Figure57: Equivalent stress and equivalent de&gment where initial linear elastic is
alongOA, damage initiates @&, damage evolution is alo#C, andG® is the energy
dissipated due to failure

In addition to the damage evolution criteria, an upper badgkgd,may be set to
handle elements witkevere damageThis upper boundllows for the maximum
degradation, shown &3in Figure57, to be effectively reduced by limitirdj,axto a

value between 0 and 1, where 0 is damage onset and 1 is complete taigment
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deletion then occurs for each element that reaghgsnd the element is thereby
removed from the mesiElement deletion may also be turned off keeping elements in
the computation wher&, for the element remains at the minimum value for the
remainder of the computation

To assist with convergence issues that are common with implicit analysis when
modeling material softening and stiffness degradations, viscous regularization may be
introduced This causes the tangent stiffness matrix tcagbwbe positive for the small
time increments required for convergence of these model.typehort, the viscous
damage variablé& , is calculated:

P )

whered is the viscosity coefficient representing the relaxation time of the viscous system
andd is the damage variable evaluated in the inviscid moéislsuch, the stiffness

matrix, Cy, is thencalculated using these viscous adjusted values

HashinFailure Criteria Code Inputs

As such, damage initiation wdefined by inputting the six material strength
criteria (longitudinal, transversand sheareach inbothtension and compression) and
the shear stress coefficient in the code as:

*DAMAGE INITIATIORRITERIGMASHINALPHAN
X, XY, ¥, 8, S
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Damage evolutiomasadjusted by specifying the energy dissipa@dat failure for

each of the four failure mechanisms (fiber and matrix, each in both tension and

compression):

*DAMAGE EVOLUTION, TYPE=ENERGY, SOFTENING=LINEAR
Gcft, Gcfc, Gcmt, Gcmc

Element deletionvascontrolled within theSECTION CONTROLKeyword of the input

file. It is simply an on/off switch that allows for maximum degradation to be set between

0 and 1:

*SECTION CONTR@IEMENT DELETION=YES, MAX DEGBIREIAT

Damage stabilization, generally a tuned inpegscontrolled by specifying the four

viscosity coefficients (fiber and matrix, each in both tension and compression):

*DAMAGE STABILIZATION
' ftZ fcz mtZ mc'

HashinFailure CriteriaModel Inputs

Elastic material properties that were generated from the BMT discussed above

were utilizedas showrnn Table 10

Table10: Material properties generated as outlin8MT secton.

E, E, Ay Gy Gia Gos

Tension (GPa) 40.6 16.3 0.27 16.8 16.8 16.8

Compression (GPa) 38.4 14.4 0.28 14.4 14.4 14.4
For the 2% porosity case, the

materi al

(1956) approach to determine material properties utilizing the rule of mixtures when
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voids are included within a materiahssuming a constant thickness with 2% sioby
volume, adjusted modulus of elasticiBs, was calculated:

O Ow Ow Ow (20)
whereE is modulus and is fiber volume for fiber, matrix, and porosityAs such, the
material properties frormable 10were then modified based on the 2% porosity case
resulting in properties shivn inTable11. It is important to notéhat the standard

properties fronTable 10were utilized for the IP wave case.

Tablel11l: Material properties adjusted usikge r nrele ad mixtures approacho
predict properties fa2% included porosity.

Rule of Mixtures
Reduction

Tension (GPa) 39.8 16.0 0.27 16.5 16.5 16.5

Compression (GPa)| 37.6 14.1 0.28 14.1 14.1 14.1

E; E N G, G Gys

The specific inputs necessary for damage initiation ferriiwdel were also
generated from the BMT avere takeras listed in the MSYCMD as shown imablel1l.
In addtion to these values, several others were estimated based on BMT data and were
deemed acceptable tuning inp(Fggure12). These included element deletion,
maximum degradation factor, shear coefficient, and damage evoluteracriVhile
these were deemed acceptable to tune, these modifications were evaluated and justified
For this initial model, element deletion was turned on with a maximum degradation factor
set to 1, meaning that elements were deleted upon reaching faikeria Similarly, the
shear coefficient was set to 1 based on Hashin (198Qhe case of the fracture energies

necessary for damage evolution, initial va
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G'=G,/E (11)
where BMT values weretilized for energy release rat&¢), and both longitudinal and
transverse moduli of elasticitil were utilized in tension and compressi@ince these
energy values were an approximate in order to generalize a start point, it was intended
that they tlen be modified to improve analytical/experimental correlation as necessary
In all cases, modifications are noted and justified below; cases where justification or

correlation was not possible are deemed unacceptable and noted as such.

Tablel12 Starting damage initiation and evolution paramei@ré&oth models with
Hashin failure criteria

Property X7 x© YT Y© s s G | G | G°¢ | G
Value 990 582 60 162 112 124 16.0 16.9 39.9 45.1
Units MPa kN/mm

ResultsandCorrelation

Two distinct models were run as outlined above: one with reduced properties to
match the porosity case and ami¢éh an IP wave added to the coupon geometiyad
displacement and strestrain data were generated for each case and used to compare and
correlate, respectively, to BMT resultBrocessing times for each of these models ranged
from 1 to 16 minutes ifength Based on the systematic approach outlined above, the
initial case after porosity correlation was an IP wave, in tension and compression, before
moving on to assess correlation for other cagassults and correlation for each are

outlined below
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Porosity

Porosity coupon samples from the BMT results clearly showed that coupon
failure was fairly sudden and completeéiber failures were noted starting from the edges
or near the grips and brooming out acrossethteée coupon As noted in the BMT
section above, areas of strain concentration were noted in the DIC in&iges the
porosity geometry was not directly modeled, and a true continuum approach degrading

material properties was utilized, the model cannot capture this physical redpiguse (
58). However, the material response was captured as seen in thesgt@ssorrelations

in Figure 59 indicating energy conservatioWhen fiber failure was initially noted, a

small amout of load transfewas also seen in the minor stiffness reduction up to failure
Up to this point, the model matched the modulus of elasticity of the BMT porosity case
and was quite linearThe model did not capture the initial small failures, likely

associated with localed porosity pockets as noted in the DIC images, and as such the
model ovefpredicted the stiffness beyond strains of approximately 1.25% when coupon
samples began to degradestead, the model continued to predict linearly up to
approximately 2.25% stirawhere damage begins and failure was noted at just over 2.5%
strain The model was conservative, as it ungdexdicts the load and strain at failure;
however, the variatiowasslight: 2.54% compared to 2.56% and 927 MPa compared to

947 MPa, the lattesf both as noted during the BMT
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N r

Figure58: Linear elastiavith Hashin failure criteria model longitudinal response that
matches the linear elastic response up to failure shown in BMT above.
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Linear Elastic Model with Hashin Failure Criteria Stress-Strain

Correlation of 2% Porosity
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Figure59: Comparison of 2% Porosity BMT and linear elastic with Hashin failure
criteria model in tension results indicating good correlation.

In order to achieve the correlation notedrigure 59 the damage evolution

criteria werguned in two ways to match thapid failure seen in the BMTThe first

method was to first reduce all the fracture energy inputs that specify the damage
evolution to 10.0 kN/mmThis resulted in the anodeled curve shown iRigure 59

above In addition, to understand the impactioé damage evolution criteria, the model
was then run with only the damage initiation criteflde results were identical to the
reduced fracture energy case, in short, indicating that the model was not utilizing these
inputs This nonutilization wasdue to the default of the elements being deleted and

having ndoad-carrying capacityafter initiation similar to rapid failure noted in the BMT
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In short, for the porosity case in tension, only accurate damage initiation criteria are
necessary, given thgroper element choice.

Compressiomodels withporositywereanalyzed as well; however, similar to the
controls tested, the porosity samples were noted to have a significant amount of.bending
Unlike the wavy specimen, the porosity samples did not hfleevahat was critical
enough to Since the MSOMD does not contain data for flawed specimen, no
correlation was available for porosity in compressiés such, this model was run for in
compression, but until a robust compression data set is avaitabdéation is not
possible

Several considerations were made based on variability when considering
modeling approaches for porositRiscrete modeling of each case is not only extremely
intensive and computationally expensive but also reqaipggori knowledge of the flaw
sizes, locations, proximity effects, and shap@s/en each of these difficulties, discrete
modeling of porosity was not considered for this work, and given the acceptable
correlation achieved with this approach, combined with theetless of the material
response to the unflawed case, no additional consideration was deemed necessary for

porosity

IP Wave

Based on the systematic approach outlined above, the initial flaw case considered
was an IP wave, first in tension and thenompression Results in tension allowed for
further analysis of additional IP waves, but in compression correlation was not achieved

and further analysis was not performeegjustified below
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I[P Wave in TensionIP wave tension coupon samples from BMEults clearly

showed that coupon failure was less sudden than for the unflawed controls or porosity
specimens Initially, shear damage was noted in the area of the fiber misalignment,
generally in the area of peak fiber misalignment, apdogressedoth transversely
perpendicular to the fiber and longitudinally parallel to the fiber along the. wWaxst

fiber failure was noted in the areas where this dameaggressedogether and met from

both sides of the waveThis progression was visualized witle use of DC which

allowed for initial visual comparison to analytical solutions and is showiyime60

(right and left, respectively) for the linear elastic Hashin failure criteria madel

shown, the modevasable to capture the peakea of strain where damagecurredat

the peak fiber misalignment angle, and the damage then progressed toward the edges
perpendicular to the fiber direction and longitudinally to the wave peak between the two
areas of fibemisalignment It should be noted that this initial comparison is qualitative
and visual only While it shows that the modelasable to accurately predict the damage
progression, quantitative comparison is also needed for adequate corr&laider.to

above, quantitative analytical/experimental correlation was performed utilizing stress
strain curves. With the inputs notddbae, the response matched the ingi&fnessof

this IP wave fairly well as shown Figure61. However, the IP waves of this magnitude
showed initial softening and degradation in the wave around 0.25%. The model slightly
overpredicted the stiffness but then corrects for it at approximately 0.5% strain where
damage initiation wasrit noted. The damage evolution then uratedicted the load

carrying capacity of the laminate, indicating that maximum stress was about 500 MPa at
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approximately 0.8% strain, which was well below the actual 621 MPa at 1.6% observed
in the BMT. As a restt, it is clear that the model under predicts the dissipated energy

(Figure 61).

11

Figure60: Shear strain field comparison of linear elastic with Hashin failure criteria
solution (left) and DIC image (right) in tension.
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Linear Elastic Model with Hashin Failure Criteria Stress-Strain
Correlation of IP Wave in Tension
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Figure6l: Stressstrain @mparison ofP waveBMT and linear elastic with Hashin
failure criteria model in tension results indicating good correlation.

Given this difference, the damage initiation and evolution criteria were both
modified in an attempt to improve accuracyeveral modification steps were performed
to understand the implications of adjusting these parameters and each parameter, as such,
was modified individually It was found that increasing the longitudinal shear sfogss
initiation, S, by 10% to 123 MPa, and doubling all of both tensile fracture energies from
the values listed ifable12 energieg/ielded the best correlations; 33.8 and 90.2 kN/mm,
respectively

Other parameters were mddid in attempts to understand the model implication

of each one This included the energy values associated with damage evolution which
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were found not to have an effect on the resulise values we increased by two orders
of magnitude andvereset tozerg the results were identical to those showfigure61.
This result wa likely due to the element deletion occurring before the evolution could
take place Element deletion was then turned off, which thexhtio convergence
problems and as such the damage evolution values were left as originallyimglort,
it appeaedthat damage initiation ocawd, followed by element deletion and a load
redistribution to the surrounding elements during the negt $tevas noted for this IP
wave case that element deletion first occurred in the area where the stresses from each
side of the wave met at the peak of the wave and migrated toward the area of maximum
misalignment angle from there

A similar test was @rformed for the damage stabilization viscous damping
parameters While the general shape of the resulting curve did not change drastically, it
was found that as the viscous parameter increased from zero to one, the shape became
smoother However, theravere convergence issues at the zero value, which were
equivalent to the stabilization being turned ofs such, small values of 0.05 were
utilized for all of the viscous parameters, and this value was left constant throughout.

While improved correlatiorfFigure62) was achieved with the adjustments noted
above, discrepancies were still evident, particularly irutigerpredicion of the strain at
maximum stress (1.25% at 600 MP&yom this point, the model sheddecreasing
load-carrying capacityp to the point where it matchéuk final failure of approximately
550 MPa at just over 2% straiin short, this model wsable to predict aspects of the

damage progsssion of the IP wavand conserve energlgut itwasnot an exact match
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However, given the variation of the waves through the thickness of the BMT coupons
noted above as being compared to an idealized model where all layers are exactly
identical, an exact match cannot be expectakically, the modelas predicting the
idealized case whereas the coupons have some variability that result in thstsiress
curve not being as smooth as it is after the point of maximum sfféssanalytical
approach cannot capture such a response unless time \bergaten to model this
geometry exactly as noted in the BMT section abduather analysig this way has

been left as future work though additional wave cases were corsluE oy

Linear Elastic Model with Hashin Failure Criteria Stress-Strain
Correlation of IP Wave in Tension
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Figure62 Stressstrain @mparisorof IP waveBMT and linear elastic with Hashin
failure criteria model in tension results indicating good correlation.
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IP Wave in CompressionThe model was also run fdig same IP wave in

compression. e boundary conditions were slightly modified such thatstraight fiber
sections of the model were constrained to prevent transverse displadéeretty
effectively reducing the gage sectioimitial inputs were used as listed Tiable 10and
Table12 above with compression datgplaced for the material propertieSorrelation
was not as straigtiorward for the compression case, compared to tension, as the damage
progression was not visualized as easily during BMisually, it was more difficult to
determine a consistent pain of damage progression up to ultimate failure than it was to
determine a consistent pattern for tensidhe DIC images showed increasing strain, and
minimal outof-plane bending that appeared relatively uniform across the entire surface,
while the malel predicted strain predominantly accumulating in the wave krgaré
63). As noted above, the gage section for the compression tests was significantly smaller
than it was for tension, and this smaller sectentuced the amount of area that the DIC
was able to captureSince the flaw dominated this area, only a small amount of unflawed
area was imaged at the top and bottathile this may have affected the range of
strains, it should not have affected the ity wave was imagedt is also likely that the
variations of the wave geometry and placement noted above resulted in the more uniform
strain field visualized with the DICThese significant differences, though qualitative,
were notable to be minimizewithoutan unreasonable amount of tuning of the model
and material properties

Even with the poor qualitative correlation, resulting ststsain curves were still

comparedFigure64) as future testing may allv improved damage progression
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resolution at a later date. The model was able to match not only the initial stiffness but
also the initial softening that occurred. However, at just under 1% strain it began to
deviate from the BMT results before flattegiout at approximately 200 MPa with only a
slight amount of stress reduction occurring beyond 2% strain. This very slight negative
slope continued, and a drop to only 150 MPa was noted at 5% strain. Irirghargdel
was not able to capture the entil@mage progressipnor was dissipated energy equal to

the BMT results.

Figure63: Shear strain field comparison of linear elastic with Hashin failure criteria
solution (left) and DIC image (right) in compression.
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Linear Elastic Model with Hashin Failure Criteria Stress-Strain

Correlation of IP Wave in Compression
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Figure64: Stressstrain @mparisorof IP waveBMT and linear elastic with Hashin
failure criteria model in compression results indicatiegsonablénitial correlation.

As above, damage initiation and evolution inputs were adjustesutaditheir
effects with minimal effect on the model and the adjustments indicated that this effect
was due to the geometrfurther evidence of these effects may be seen when looking at
the calculated stress fiel&1) whee Figure65 shows a peak tensile and compressive
stress on each side of the coupon at the inflection point of the wasgtort, the model
predicedan inplane rotation that was not observed during the BMT and indicates that
further analysisvould be needed for correlation of this model in compressiansuch,

further correlation of this method was not performed or considered for other compression
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cases, though model runs have performed as a baseline attempt that may be improved

upon with aditional future testing

Figure65: Stress field$1]) of linear elastic with Hashin failure criteria model of IP
wave in compression with peak stresses noted at the wave inflection points on each side

OP Wave

Methods Given the reasonable correlation of the IP wave in tension shown
above, it was deemed worthwhile to continue the systematic approach of increasing flaw
complexity Thus, an OP wave model was generated and correlated in both tension and

compression As notedin the BMT, the compression case does not have any correlation
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data and was generated only as a baseline to be correlated in thevhearsuch data
becomes availableSimilar to the IP wave, this OP wave model was setup inFRi(e
66) and was rotated about tgbal 1-direction such that the wave goes through the
thickness (50 mm)As shown inFigure66, thegeometry was set up to match the
intended coupon size (@Gnm x 4mm), with quadrilateral, plane stress shell element
(S4R)in Abaqus where each element was generated to be consistent with the nominal
fiber tow width (1.0 mm) To match the BMT method, a wave form with rotated
properties was created and wasegahzed based on the-asmnufactured OP wavelhe
OP wave modeled hah amplitude4) of 2.9mm, a wavelengthgf of 22.8mm, and
average offaxis fiberangle of 19.4° Local coordinate systems were defined for the
elements oriented to form the wavelsuhat the fiber direction remained consistent
through the wave, and the material properties were modeled to correctly match these
properties To match the BMT method, a wave form with rotated properties was created
and was generalized based on thenasufactured OP waveDisplacement and
boundary conditions were applied at the top and bottom, respectively, to match the BMT
testing conditions and as such, full field calculations were made to match the BMT data

for loaddisplacement and stresain corelations.
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Figure66: The 2D model setup utilized in ti@P wavdinear elastic modelwith Hashin
failure criteria

The model was modified to also have a single layer utilizingthELL
SECTIONkeyword option with the 50 mm ttkness noted above for both the wave and
straight portions of fiberA separate section with rotated properties was added for the
wave form Elastic material properties that were generated from the BMT discussed
above were utilizedTiable 1Q. Damage iitiation, evolution, and stabilization
parameters noted ihable12 were utilized for this Hashin failure criteria approa®ote

that acomplete codéor this modeimay be found below in the Appendices
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Several assumptions veemade to simplify this modeling efforFEirst, it was
assumed that all fibers were parallel and uniform in the intended direction with reference
to the widthwise edge, including through the IP walt@vas also assumed that all the
fibers, for both theinflawed and IP wave geometries, were parallel and aligned through
the thickness These assumptions greatly simplified the modeling approach even though
this is a possible source of the variation noted within the BMTaddition, perfect

bonding betweethe layers was assumed

ResultsandCorrelation OP wave tension coupon samples from BMT results

clearly showed coupon failure was less sudden than in the unflawed controls or porosity
specimens OP wave compression was not analyzed due to budidihges associated

with the asymmetry associated with the wairetension, each of the layers was noted to
initially delaminate from the form and the surrounding layers in the area of the wave
After this occurred, the wave continued to straighten Jittelsoftening was noted when
compared to the softening noted in the IP wawaber failure was similar to what was
noted in unflawed, straight fiber controls: sudden failure at the peak of the wave with
significant brooming DIC was utilized, thougkhe edge of the coupons were not

captured due to difficulties speckling the edge surface and identifying the coupon edges
As shownin Figure67, the entire flat surface of the coupon was imaged, and the image
showed that the strain was minimal in the area of the wave once the layers delaminated
and were in the straightening phas€éhe DIC data indicated that the strain concentrated
at the base of each side of the wave, and as the coupon extended, muchxtdribetre

was the result of the fibers in the wave straightenifigs wasevident even though a
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nominally 1.0 mm thick layer of material was between the wave form and the misaligned
layers on the surface being imaged
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Figure67: Strain field captured with DIC on flat back surface of OP wave coupon test
indicating peak strains on each side of the wave

While direct correlation was not able to be achieved given the rotation between
the DIC and this model approach, it svalea from themodel resultsKigure68) that the
initial strain concentrations we in the areas of interaction between the wave form and

misaligned fibers Further analysis indicated that elements are first deilettids area by
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the model which matched the observed damage progregssotine stress increased in
the elements in this area, the model responded by deleting them consistently through the
damage progression phadauring this phase, the undamaged eletmi@rere able to

continue to carry the load, as they occurred during the softening phase noted in the BMT

Figure68: Stress field$19 of linear elastic with Hashin failure criteria model of OP
wave in tension (left) comprdes (right).

As above, quantitative correlation was performed by comparing thiidll
stressstrain data from the BMT to the model resaligl dissipated energy was noted to
be approximately equéFigure69). Unlike the IP wave above, the correlation shown did

not require any modification of the damage initiation criteria, possibly as a result of



including the use of delamination test results for these @&tee this case vgaactually
considering the inttaminar delamination, it followethat these data alladfor accurate
modeling Overall, the correlation vgagood for this case and would warrant additional
comparisons in tensionUnfortunately, due to data corruption, no additional datasets
exist fa the OP waves in tension with this same glass material, however, a carbon OP
wave case in tension is discussed belolilhe model was also run for the compression
case (as shown irigure68, right) and while thecompression case seedreasonable,

there are no data for comparison, and so no correlation was made; however, the model is
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ready when future data become available
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Figure69: Stressstrain @mparisorof OPwaveBMT and linearelastic with Hashin

failure criteria model iniensionresults indicating goodverallcorrelation.




148

Additional IP Waves in Tension

Given the reasonable correlation to the IP wave case above, two other IP wave
cases were correlatedhese two cases wereasen as they offered bounds, with fiber
misalignment angles of approximately’Zhd 48, to the first case of approximately°29
The approach was to use the tuned model from the first case and to determine the
predictive capability of this model by natjasting any of the parameterdvodels for
each different angle were generated in a similar fashsgigure56 above, but with
different amplitudes, wavelengths, and fiber misalignment an@éserwise, the wdels
were identical for these casds must also be noted that qualitative visual damage
progression appeared virtually identical to the initial IP wave deégarg63) for each
case correlated herés such, further discussi was not warranted

While the initial case above, ovpredicted thdoad-carrying capacityafter
initially matching thestiffness it very closely matched the appropriate stress at the
ultimate failure strain Neither of these bounding cases matcthégiresult, but they both
showed similar variationg-{gure70). The 16 case matched the initistiffnessand,
similar to the initial 29° case, owpredicted théoad-carrying capacitypefore ultimately
underpredicting the ultimate failure stress by just over 10Blhe 48° case also matched
the initial stiffnessand ovetpredicted théoad-carrying capacity However, instead of

being conservative this case also eperdicted the ultimate failure stress bgnakt 40%
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Linear Elastic Model with Hashin Failure Criteria Stress-Strain
Correlation of Additional IP Waves in Tension
900 -
IP Wave (=16°)

800 - Model & Experimental —_

700 - L2

600 - L

’l
— "
£ -~
s 500 - /,
w I’
] s/ memmmmmmmma
@ 400 | [ P
- ’ - it T
“ -~ e "
s ”" _____
300 o
'I ”
’ Plg
o, ” o
200 - . \ IP Wave (=48°)
L’
W Experimental & Model
100 -
O T T T T 1
0.0% 0.5% 1.0% 1.5% 2.0% 2.5%
Strain

Figure70: Stressstrain @mparisorof 16° and 489P waves casesn tensionresults
indicatingreasonableverallcorrelationand prediction

While each model varied in its ability to predict ultimate failure stregsh case
was consistently able to match initial coupon madkkact response was not matched
from that point on, but that response resulted from two of the stated assumpptens
first assumption is fundamental to the continuum approach: sinceatieeiahin the
modelwas generalized, exact failure modesrenot able to match and as such an exact
correlation cannot be expectekh addition, when combined with the assumption of
uniformity not actually seen in the coupons, the resulting correladippsaed quite

reasonable, and it appedthat this modetlid have some predictive capability in these
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bounding casesTo drastically improve the results, and likely improve the predictive
capabilities, a more complex model would be needed that adsli@sseif not both, of
these assumptions, which is left as future wdrke two compression cases were run,
but, as noted above, correlations were not perforraetrall, this model indicated that
for IP waves in tension, this approach is able to offeretation and has reasonable

predictive capabilities

Carbon Fiber IP Waves in Tension

Following the systematic approach and to further test the predictive capability of
this modeling approach, the same model was run with the initial IP eesesFigures6,
right) changing the material to a udirectional carbon fiberMaterial propertieand
damage parameters were gathered from the BMT and from Sode(i1608) who
characterized two typical wdiirectionad carbon fiber/epoxy composites quite
extensively These material properties are shown belowable13, while the damage
parameters are listed Table14. It is worth noting that ate time of this publication
comprehensive carbon data for this material system and IP wave results were not able to
included in the BMT As such, comparisons between fiberglass and carbon fiber
composites utilizing these outside carbon aeteejustified to determine consistency
and predictive capability of this model against general trends known to exist between

these common materials.
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Table13: Carbon fiber material properties generated as outlined in BMT section and
from Soda et al.in italics (1998).

E; E, N G, Gia Ga3
Tension (GPa) 83.9 5.8 0.29 5.5 55 55

Tablel14: Starting damage initiation and evolution paramef@rgarbon fiber models
with Hashin failure criteria

Property X' X© \4 Y© s s’ GL | G | Gt | G°c
Value 1200 900 40 200 110 110 7.7 20.4 112.0 67.0
Units MPa KN/mm

As expected, the qualitative comparison of the strain accumulation leading to
damage was consistent between for the carbon fibguie71) and that noted above for
glass Figure60, left). This was largely expected due to the consistent damage
progression noted with this techn&uQuantitative comparisori{gure72) indicated
that the carbon IP wave model was approximately twice as stiff as the experimental
coupon which matched the initial difference in longitudinal modultdse model
predicted softemig to then begin at approximately 500 MPa which was higher than the
roughly 400 MPa seen in the glass experiment and médehis point, damage was
noted in the carbon model and continue@rmgresauntil it reached a peak stress of
approximately 640 Na at approximately 0.8% straiifthis level of strain matched
common trends where carbon fibers generally have a strain at failure of approximately
half of glass.Someload-carrying capacityvas noted beyond this point, but the model
predicts reductiomi residual strength up to approximately 1.5% str@werall, this
carbon model offered a jumping off point and appeared to vary from the glass experiment

and model typically based on normal comparisons of glass and carbon Foérse
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work to comparéo actual carbon fiber IP wave coupons is highly recommended with a
full array of material and damage properties generated for same carbon material as tested

This will ensure that the carbon model is accurate

Figure71: Shea strain field of linear elastic model with Hashin failure criteria for carbon
fiber material
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Linear Elastic Model with Hashin Failure Criteria Stress-Strain
Correlation of IP Wave in Tension
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Figure72: Stressstrain @mparisorof fiberglass composite from BMT and model with
Hashin failure criteria with predicted carbospense for IP wave with same Hashin
model.

Hashin Failure Criteria ApproacddummaryandConclusions

A continuum based, linear elastic model was modified to include damage
progression built into Abaqus for the eladiitttle nature of fibereinforced corposites
This tool utilized Hashin failure criteria, and damaggescharacterized by implementing
a stiffness degradation that neglects the plastic deformation commonly missing in the
response of fibereinforced compositesMaterial properties and base damage

initiation and evolution criteria were determined from BMT and were used as initial
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model inputs Correlation to BMT testing was performed and justifiable tuning of these
latter parameters was utilized to better understand the effects osulis aad to
improve prediction Two models were built and run: one for a 2% porosity case, the
other for an IP wave cas&ach had varying correlation results

The method of reducing the input material properties for porosity based on
Ker n e r Omixtures dpgroximdtion, combined with a linear elastic model utilizing
Hashin damage initiation criteria, resulted in good correlation in tengmotompression,

a result that appears reasonable was achieved with the model; however, no correlation
dataexists due to the complexity of compression testi@yen these results, and the fact
that this modelvastruly a CDM, no additional methods were considered on the coupon
level. Since correlation was achieved, and since the model was simple to s&d wasa
computationally inexpensive to run, additional examination of the porosity cases was
deemed unnecessary, as further testing would be requiti@slever, it is suggested that
this testing be performed and further correlations at larger scales benpifas future
work.

Similarly, the IP wave in tension showed reasonable correlation initially, though
the model ovepredicted damagerhe damage inputs were then adjusted, and the model
then slightly undepredicted the strain at which the peak strescurred, but it captured
the damage progression and load transfer portion of the curve quitdwadidition,
gualitative observations comparing the test and the model match well All of these results
indicate that the model does have some predictpabilities, as material properties and

initial damage inputs were based on unflawed controls from the.BMHile correlation
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was reasonable in tension, it was not achieved in compression, as the model predicts
rotations not seen in the BMTor the IPwave case, it is suggested that future work
include utilizing this model, as its testing offers correlation points at larger scales such as
a flaw included in a structurdn addition, further testing to better understand the effects
in compression is tommended to model these damage progression cases.

Other wave types and fiber misalignment angles were then modeled to determine
model capabilities First, OP waves modeled utilizing the tuned parameters from the
initial IP wave case, though the perspesitf the model was rotated he results
indicated that good correlation was achieved in tension, though visual damage
progression was more difficult to analyz& compression model was created and run;
however, correlation is left to future work at sictime when OP wave compression
results become availabl®&ext, two bounding IP waves were modeiledension with the
tuned parameternd correlated to assess #ueuracy, consistency, apdedictive
capability of the modelWhile neither case coriaed as well as the initial IP wave case,
both were reasonable and as stith model indicates that for IP waves in tension, this
approacthwasable to offer correlation and has reasonable predictive capabifigther
predictive capabilities were cheed by changing material to a carbon fiber and
comparing to the initial IP wave case with gla€omparisons were reasonable given
normal comparative trends from fiberglass to carbon fiber composites.

Overall, this linear elastic model with the Hashiruia criteria werefound to
have reasonable correlation in tension, but correlat@snot achieveoh compression

Further work has been identified and may be warranted, given the ease of working with
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this model and its light computational expenS€®mparison to other modeling

approaches is offered in detail below
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LINEAR ELASTIC CDM WITH USER-DEFINED FAILURE CRITERIA

Introduction

Based on the increase in complexity from Round 1 to Round 2 of the three round
systematic approach, an approach wasmgted to offer the user more control compared
to whatwasoffered by the buitin Hashin failure criteria A similar linear elastic model
was created but the Hashin failuwr@eria werereplaced with a subroutine with user
defined failure criteria This method calculated the material response with a damage
check subroutine at each iteration and allowed for a mixture of stress and strain based
criteria to be utilized Once damage has been initiated, the subroutine specifies a
material property degradat scheme based on the type of failure that has occuived
model was created and utilized to predict the effects of an IP.wave
Analytical/experimental correlations were made and a significant amount of tuning,
largely of the material property degradatischeme, was performedanattemptat
convergence Given the amount of tuning necessary that still resulted in poor correlation,
this modeling approach was found to be insufficient for predicting material response of

an IP wave in tension or compressi

Methods

The standard linear elastic model used above was modified and a material
degradation subroutine with usgefined failurecriteria wereutilized. Similar to the

models above, the geometry was set umatch the intended coupon size (100 mB0
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mm) established during the BMTA 2D model(Figure73) wasgenerated with an IP
wave geometry, witlquadrilateral, plane stress shell elers¢8¢R) in Abaqus where
each element was generated to be comgistgh the nominal fiber tow width (1.0 mm)
The IP wave modeled haah amplitudeA) of 3.8 mm, a wavelengti@)of 47.6 mmand
average offaxis fiberangle of 28.7° Local coordinate systems were defined for the
elements oriented to form the wave such that the fiber direction remained consistent
through the wave, and the material properties were modeled exitpmatch these
properties Displacement and boundary conditions were applied at the top and bottom,
respectively, to match the BMT testing conditions and as such, full field calculations

were made to match the BMT data for ledidplacement and stressain correlations

Displacement
:ondition (Top)

Figure73: The IP wavemodel utilized in the linear elastic mod&lgh the useidefined
failure criteria
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In reviewing the test data, imagesid DIC data, it was apparent that initial
damage occurred iraeh wave at low loading levels on the ends of the samples where
fibers ended on theouponedge Due to the wave pattern introduced when the samples
were cuffibers through the wave were cusulting in discontinuous fibers along the
sample length Based on this observation, it was assumed that these portions of the
laminate were not of interest when considering the goal of isgldefects Thus, the
geometry shown ifrigure73was utilized for all of the Ikvave modeling effortg this
Chapter

Even though a 2D model was utilized, SidELL SECTIONkeyword option was
utilized to specify the laminate through the thickness as shown in the snippet of code
below. Use of theCOMPOSITEoption allowed for varios properties for each
theoretical layer of the specified element B&IATE with the specified OCAL
orientation:

*SHELL SECTION,COMPOSITE,ELSET=PLATE,ORIEQICALION=

1.0,1,PP@®,0

1.0,1,PP@®,0

1.01,PPG,0.0
1.01,PPG,0.0

The fiber orientation of eaadtiementLOCAL, was specified in BISTRIBUTION
TABLEwith respect to the model edg€&he properties for each layer were defined on
each line: thickness (1.0 mm), number integration points through the thickness (1),
material name (PPG), and rotation frdefined 1direction (0.0), respectivelyThus, the
total laminate thickness modeled was 4 ntafastic material properties that were

generated from the BMT discussed above vegia@nutilized. Note that aummary of the
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key points of the code is presedthere, while complete code may be found below in the
Appendices

Several assumptions were made to simplify this modeling efforst, it was
assumed that all fibers were parallel and uniform in the intended direction with reference
to the widthwiseedge It was also assumed that all the fibers were parallel and aligned
through the thicknessThese assumptions greatly simplified the modeling approach even
though they were a source of the variation noted within the BMBddition, perfect
bondingbetween the layers was assumédthe case of the IP wave, it was assumed that
the initial failures and debonds of the discontinuous edge fibers had negligible effect on

the material response and were disregarded for this.effort

SubroutineApproachand Summary

Si mple CDM6s have been utilized in fi
damage in the fiber and matrix, independentljilizing a simple material property
degradation model, Chang and Chang (1987) presented a progressive damage model for
laminated composites with a circular hole in tensi@onvergence between stress and
failure analyses were performed utilizing classical lamination theory considering material
nonlinearity and property degradation resulting from damage, respectivehlinear
finite element analysis was performed and agreement was found between the analytical
and experimental datdn the stress analysis, the equilibrium equation and sttess
relations were derivedThe equilibrium equation took into account thatethe
laminate was damaged, a redistribution of the stresses and strains resulted in degraded

material propertiesThus, the equilibrium equation was solved at each step utilizing a
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NewtonRaphson iteration schem@&he failure criteria were defined basen the failure
mechanisms resulting from damage: matrix cracking, dibatrix shearing, and fiber
breakage Based on these criteria, a property reduction model was implemented reducing
certain properties to zero upon failutdumerical procedures weveitten based on the
following procedural logic:

1. Increase the applied load fraPi™* to P" by a small incremerp P

2. Calculate incremental straingy, and incremental stressep {j, from

derived stresstrain relations and equilibrium equations.

3. Updatethe total stresse.

4. Calculate irplane stesses in each ply by coordinatensformation.
5. Assess damage using failure criteria equations.
6. Return to the first step if no damage is found or continue to the following

steps if damage occurs.
7. Stop, if danage has propagated across the laminate and no more load can
be added
a. Continue, otherwise.
8. Update material properties by applying propegradation model.
9. Redistribute stresses and strains in the laminaseplying equilibrium
equations.
10.  Return tostep (4).
Followingt hi s | ogi ¢, Ch a magieecawitithe &halydicalquids r e s u |

experimental data from severdependent laminated.ater, Chang and Lessard (1991)
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performed similar work on damage tolerance of laminated composites in compression
with a circular hole Based on this research, Abaqus created a user subroutine to model
damage progression for a circular hole within a composite laminate that achieves in good
agreement Similar input code files were written to run IP wave models inqiisa
utilizing the decision tree shown belowkigure74. This decision tree was derived from
the logic noted abovend thestepsthat are standard inputs are indicated with darker

backgrounds while the ussuboutine steps are shown lighter

Stress Analysis
Update Stressas &
Strains

Mo Failure
Increase Load

Model Inputs

Material Properties Check
Geometry Failure Analysis for

BC's & Loads Apply Failure Criteria Failure

Check
far
Ultimate

. Local Failure
Failure

Account for damage

Figure74: Decision tree for progressive damage modeling utilized in this modeling.
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Userdefined Failure Criteria Approach

As shown above ifrigure74, the standard input file buitind mesheéthe malel,
while the subroutine checkdéor damage at eadhcrement Three individual types of
damagevereestimated: matrix cracking damage, fimeatrix compression damage, and
fiber failure damageBased on dection of each of these, or a combination of damage
types, specific material propertie®rereduced to zero (0) based on the assumption of
brittle failure with no energy absorptiomablel15). In short, f dama@ wasdetected, the
material propertiesereadjustedor the loopwasstopped if ultimate failure occurredf
damagevasdetected but not ultimate failure, the material propenieedegraded

dependingon the type of failure asutlined inTable15 below.

Table15: Progressivelamageoutline and degradation approach.

. ) Elastic Property Adjustmentg Failure Value
Material Failure Type for EacE Frgilur eJ Type 71 = o Notes

No Failure E, E, Ay Gy 0 0 0 |Full Properties
Matrix Cracking Damage E 0 0 Gy 1 0 0 |Used in Tensile and Compressive cases
Fiber-Matrix Compression Damage E, E 0 0 0 1 0 |Fiber Compresses & Matrix Cracks; Compression
Fiber Failure Damage 0 0 0 0 0 0 1 |Fiber Buckles or Breaks; All properties drop to zerd
Combined Matrix Cracking & Fiber-Matrix| E 0 0 0 1 1 0 |Fiberis still intact and able to carry some load.
Combined Matrix Cracking & Fiber 0 0 0 0 1 0 1
Combined Fiber-Matrix & Fiber 0 0 0 0 0 1 1 |All properties drop to zero
All Combined Failure Modes 0 0 0 0 1 1 1

To determine the failure values, uskafined failure criteria integrating both
maximum stress and strain criteria wanplemented into the subroutind modified
maximum stress failure criterion was implemented with the inclusion of a maximum
strain criteria to accurately model ultimate fiber failukes such, matrix cracking

damage was estimated by:
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T
® v P

(1)

wherely, andYr are transverse stress and transverse strength, respectivells and
andSr are shear stress and strength, respectivelypust be noted that this same
equatiorwasutilized for both tesile and compressive cases, and the associated material
properties are changed for each casble14). While the fibermatrix compression
damage case appeatede necessary only in compression loading cas#sthie given

geometrieshesefailure criteria wereutilized in both tensile and compressive cases:

” F] T
o v P

(2)

wherell;; candYc are fiber compressive stress and strength, respectiFaiglly, two
different equationsvereutilized depending on whether fiber failure is in tension or

compression, respectively:

P 3)

where(; rand- {3 r werecalculated for ultimate tensile strain and compressive stress,
respectively Utilization of the maximum strain criterion in tension was based on the
consistency of strain &ilure of these materials as determined in the BMT and MSU
CMD. Integration of this criterion was a fundamental motivation in utilizing this-user
defined technique

Thus, at eeh increment the subroutine rdwdugh these failure criteria equations

that utilize the stress and strain data of that incremieasulting values of these
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equations range from zero (0) to one (1) with failure occurring when thewakezjual
to one (1) Asthefailure indiceswverecalculated to be one (1), failure has aced in
that element and the material propertieseadjusted based on the failure tygeenoted
in Tablel5above For example, if a matrix failure ocaed, the failure indices included
in the user subroutineatculatel that Failure \Alue#1 becamesqual to onel). As a
result, the elastic properties for that element only incly@ndG,y as these are fiber
dominated The loop continuedith the degraded properties until fiber failunea

combination of &iluresoccurredresulting in no material properties for that element

UserDefined Failure Criteria Subroutiri@ode

The standat code portion for this method w/éairly simple and only requires three

portions of code Thesewere

*ELASTIC, TYPE=LAMIDBEPENDENCIES=3

Ei1, Bo2 10,602, Gz, 3, T, FY
F\b, F\§

9¢KSaAS ftAySa FNB NBLISIFISR F2NJ SOSNE
*DEPVAR

3,
*USER DEFINED FIELD

where the material typsasidentified *FELASTIQO), the first six inputavereelastic
material propdres, T wasthe temperature whiclasleft as zero in this case, a”Y
wereeach of the failure values thaerecalculated in the subroutinés such, the input
lineswererepeated for each possible combination of failure value options, wias8
in this case, as outlined aboveTiable1l5. Next, the number of dependent variables

(*DEPVAR wasdeclared to match the number of failure values utilized (3) which also

LJ2 a
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matche& the number oDEPENDENCIEShoted Findly, the subroutinevascalled into
use with theUSER DEFINED FIELDkeyword command which must occur in the
material property definition as shown hefkhis keywords one of over 50 different user
subroutines available in Abaqus and allows the useefioelchanges in material
response based on the loading or stress state in the solutithis case, field variables
wereupdated based on changes in state variables based on material point data as outlined
in the subroutine explanation below.

Definingthe subroutine is a more complex and detailed undertaking than the
standard codwasin this case, as a separate FORTAN source code file must be written
It is important to note that only portions of the code that are specific to this technique are
discussed, while the specifics of FORTRAN are left to the rea@emplete code may
be found in the Appendices and more comprehensive explanations of subroutines and use
in Abaqus may be found in the Abaqus User Subroutines Reference Manual (2012)

First, the subroutine interface with the standard code and the specific material
parameters must be established:

SUBROUTINE USDFLD(FIELD,STATEV,PNEWDT,DIRECT,T,CELENT,TIME,DTIME
1 CMNAME,ORNAME,NFIELD,NSTATV,NOEL,NPT,LAYER,KSPT,KSTEP,KINC,
2 NDI,shr,coord,jmac,jmtyp,matlayo,laccflg)
C
INCLUDE 'ABA_PARAM.INC'
C
PARAMETER(XC=5.8D2,YT=6v6I>B.5D1,ST=1.24B2=2.6E2)
C
CHARACTER*80 CMNAME,ORNAME
CHARACTER*3 FLGRAY(15)
DIMENSION FIELD(NFIELD),STATEV(NSTATV),D)REZ3 I BIE(2),
* coord(*),jmac(*),jmtyp(*)
DIMENSION ARRAY(15),JARRAY (15)



Thematerial and strenggbarametersverethe damage criteria taken from the BMT as

discussedn the

parametersvasturned on in the first several lines of this code, only those listédbfe

16 are utilized

Tablel6: Variables defined and passed between the subroutine and steodandtilized

in this routine.
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next sectiobelow. It is worth noting that while each of ttSDA_D

Variable Definition

DIRECT (3,3) |Material direction cosines relative to GLOBAL

T(3,3) Material direction cosines relative to elements

TIME(2) Time step of current increment

CMNAME Material name

ORNAME Local orientation name

FIELD(NFIELD) |Variables to be defined and passed out

STATEV(NSTATVariables to be updated

COORD Material point coordinates

JMAC

JMTYP . . .
Variables passed into the GETVRM() to access an output variable

MATLAYO

LACCFLG

Next, the failure variablesereinitialized and the stressegereretrieved from the

previous increment

EM
EFS

= STATEV(1)
= STATEV(2)

DAMAGE = STATEV(3)

CALL GETVRM('S',ARRAY,JARRAY JICGRAY
$ jmac, jmtyp, matlayo, laccflg)

S11 = ARRAY(1)

S22 = ARRAY(2)

S12 = ARRAY(4)

ET =

ARRAY (4)
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Finally, the crucial portion of the codeasreached where the stresse=reused to check
for failure in each of the cases, each dependent variable is determinddsimplelF
loop wasutilized for each of the Equations4lnoted, with 3 and 4 being manually
swapped out for tension and compression, respecti¥ay example, matrix cracking
damagevas coded
IF (MCLT. 1.D0) THEN
MC = (S22/YC)**2 + (S12/ST)**2

STATEV(1) = MC
ENDIF

whereMC is the name for the matrix cracking damage variablee loop first

determind that if the matrix cracking damage variablasless than one, the loop the
recalculatd with the updated stress&22andS12 before updating the appropriate state
variable No calculatiorwasnecessary if the valugasone because failuready
occurred Finally, the state variablegereused to update the field variablehichwere
then passed back to the standard code, and thenassdmded:

FIELD(1) = 0.DO

FIELD(2) = 0.DO

IF (MC .GT1.DO0) FIELD(1) = 1.DO
IF (FMD .GT1.DO) FIELD(2) = 1.D0
FIELD(3) = FFD

STATEV(3) = FIELD(3)

RETURN

END

UserDefined Failure Criteria Subroutidodel Inputs

When compared to the Hashin failure criteria above, this modeling approach

requires fewer inputs, and they are more easily taken directly from the B&ISuch,
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elastic naterial proprties thatveregenerated from the BMT discussed above were
utilized (Table 10) The specific inputs necessary for damage initiation ferriiodel
were also generated from the BMTweereas listed in the MSYCMD as shown iTable
18 below. In all cases, modifications of these inputs are noted and justified in the
discussion below, or in cases where justification was not possible, they are deemed

unacceptable and are noted as such

Tablel17: Material properties generated as outlinBMT section

E E Ay Gy, Gi3 Gos
Tension (GPa) 40.6 16.3 0.27 16.8 16.8 16.8
Compression (GPa) 38.4 14.4 0.28 14.4 14.4 14.4

Table18: Failure criteria inputs as determined from BMT

Property X© YT Y© s’ BT
Value 582 60 162 124 2.6%
Units MPa Strain (%)

ResultsandCorrelation

A model was run with an IP wave added to the coupon geometry utilizing-a user
defined material propergriven damage progressias outlined abovelLoad
displacement and stresfrain data were generated and used to compare and correlate,
respectively, to BMT resultsProcessing times for all runs of this model ranged from 2.5
to 8 minutes in lengthContinuing with the systematic approach outlined above, the
initial case considered was an IP wave, first in tension and then in compression
Correlation was not achieved in either tension or compression and further analysis was

not performedas detailed below
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IP Wave in Tension

As noted above, IP wave tension coupon samples from BMT results clearly
showed coupon failure was less sudden than for the unflawed controls or porosity
specimens Initially, shear damage was noted in #rea of the fiber misalignment,
generally in the area of peak fiber misalignment, apdagressedoth transversely
perpendicular to the fiber and longitudinally parallel to the fiber along the. wWeixst
fiber failure was noted in the areas whers ttamage had progressed together and had
met from both sides of the wav&his progression was visualized with the use 6 D
which allowed for initial visual comparison to analytical solutja@rgit is shown in
Figure75 (right and left, respectively) for the linear elastic udefined failure criteria
model As shown, the model captured the area of strain accumulation where damage
occurs at the peak fiber misalignment angldée strain accumulatichen progressed
toward the edges perpendicular to the fiber direction and longitudinally to the wave peak
between the two areas of fiber misalignmeihshould be noted that this initial

comparison is qualitative and visual only
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Figure75: Shear stuin field comparison of linear elastic with ugkfined failure criteria
solution (left) and DIC image (right) in tension.

While strain accumulation seemed to be occurring in the same areas, the model
may not haveactually calculated that damage had ocediin these areas, as was likely
the case hereAgain, similar to above, quantitative analytical/experimental correlation
was performed utilizing stresdrain curvegFigure 76) These indicate thamount of
dissipated energy is approximately equdlvaen the experimental and analytic#ith
the inputs notedbove, the response matched the ingigfnessof this IP wave fairly
well as shown irFigure76. However, this correlation was noted for only ayvenort
duration, and as the experimental IP wave coupon began to soften, the model showed no

sign of softening The model instead predicted a continued response up to approximately
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0.5% strain where the stress reached approximately 480 MPawéschorethan 30%
greater than the stress in the coupon at this stithis point, initial matrix failure
occurred in a large portion of the wave area and the transverse properties were reduced to
zera Load redistributed occurred and the stress climbegpooaimately 610 MPa at
just under 1.0% strain where additional failures of each type .o@tus stress matched
the peak stress noted in the BMT for this IP wave geometry; however, the coupon did not
see this level of stress until approximately 1.8%rstrat this point, the model predicted
reducedoad-carrying capacityp to approximately 1.7% strain, wherelalid-carrying
capacitywaslost This trend appeared to match the coupon response after the coupon
reached peak stress before ultimate faillBo while it appeared that the model was able
to match the coupon response initially and at the end, what occurred in between shows
the modelwasunrealistic In addition, the model predicted damage to occur at three
distinct points, indicating thahé model was not able to capture the smaller scale
damage As damage occurred in the coupons, it generally occurred within small areas
incrementally with only two large events, initial softening and peak stiiéss model
did not capture these responsethe samavay and caused action to be taken to improve

the modeled response
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Figure76: Stressstrain @mparison ofP waveBMT and initiallinear elastic withuser

To attempttoipr ove t he model 6s predictive
ensure that the model was performing correctly from a coding standjpoipéarticular,
time increment size and mesh sensitivity were checked, both of which resulted in a
doubling of runimes up to approximately-8 minutes First, the time increment was
dropped by an order of magnitude (from 0.1 to 0.01) and the maximum time increment
allowed was set to the same value to ensure that the small increment was consistent
throughout the anatys. No change in the predicted response was ndtkxkt, the mesh

size was incrementally reduced such that the width criteria went from 2 to 4, meaning

definedfailure criteria model inension

capsé
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that instead of 2 elements along an element edge, they were increas@di®idcrease
also saw o noticeable change in the model results

It was anticipated that this technique would allow for more user control of the
model and as such model tuning would be easier to perform and.judtiéyeasiest
method to achieve this was to adjust the pantigtierial property degradations, as these
parameters were not directly identified in the BMT, nor were they utilized and confirmed
in other modeling approacheés noted above, when a failure was detected, certain
material properties were degraded to zetbmay be argued that this degradatvas
inaccurate and that theneasusually some continuddad-carrying capacityip to final
failure of a particular elemenflo determine the effects of this degradation, several
partial degradation cases werteatpted For matrix cracking and fibenatrix
compression damage, material properties were dropped to 25% and 50% of original
values instead of zerd'hese reductions were also adjusted for the combined case of the
two damage types; however, fiber faduwas left to degrade all properties to zero as this
was a final failure event for each elemeAs would be expected, the 50% values saw a
more drastic change than the 25% values, though neither was as significant as hoped
(Figure77). Overall, the stresstrain response improved, but not at the level seen in
other techniquesAdditional work could be performed to attempt improved correlation,
but this would likely take considerable upfront time in further asseat of model setup
and failure criteria In short, future work is recommended with additional investigation

into development of the FORTRAN ussubroutine
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Linear Elastic Model with User-Defined Failure Criteria Stress-Strain
Correlation of IP Wave in Tension
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Figure77: Reprint of stresstrain curve fronfFigure76 with addition of tuned linear
elastic with usedefined failure criteria model in tension

IP Wave in Compression

Following the systematic approach, the model was also run for the same IP wave
in compression, though the boundary condgiavere slightly modified such that the
straight fiber sections of the model were constrained to prevent transverse displacement,
thereby effectively reducing the gage sectitmtial inputs were used as listedTiable
17andTable18 above with compression data replaced for the material propeftses
noted, analytical/experimental correlation was not as straightforward for the compression

case as it was for the tension case, duegal#iimage progression not being visualized as
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easily during BMT As noted above, the gage section for the compression tests was
significantly smaller than it was for tension reducing the amount of area the DIC was able
to capture Since the flaw dominatetthis area, only a small amount of unflawed area was
imaged at the top and the bottoowever, as noted iRigure 78 and in the BMT
above, matrix failure was visually noted at both edges initially befargressig across
the wavedue to the shear stress increasiiiip load As the load increased, the wave
effectively pushed transversely, causing rotations that increased stress from the left edge
around the peak of the wave to the base of the wave at thedghtThe model was
able to capture this effect; however, inst
manner as noted by the softening of the coupon respofsguire 79, the model
predicted failureabrugly at a higher amount of dissipated energyp to the point that
softening began, the model matched the indiidiness Similarly to the tensile case, the
model did not account for this softening, and stress increased up to approximately 260
MPa, whch matched within 10% the peak stress of the couptmwever, the strain at
this point for the model was approximately 1.5% instead of nearly 2.0% for the coupon,
and at this point the model predicted little additidoab-carrying capacity Even with
the 25% reduction in the estimated strain at peak stress, this model appeared to correlate
better than the tensile casdowever, further consideration was not warranted due to the
strain at peak stress mismatch, combined with the lackroglationof the sheainduced
softening associated with the IP wave geomeftgditional work could be performed to
attempt improved correlation, but this would likely take considerable upfront time in

further assessment of model setup and failure criteria
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Figure 78: Visual comparison of analytical and experimental compression results where
a) indicates initial matrix failure point, b) indicates last matrix failure point before
buckling, and c) showsimilar behavior from the DIC data

Linear Elastic Model with User-Defined Failure Criteria Stress-Strain
Correlation of IP Wave in Compression
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UserDefined Failure Criteria Subroutine
ApproachSummaryandConclusions

A continuum based,ear elastic model was modified to include a «dmed
failure criteria in Abaqus utilizing a user subroutifiéhe subroutine was written to
include combined modified maximum stress criteria with a maximum strain criterion for
fiber failure in tension An IP wave case was developed and run in both tension and
compression with material properties and damage criteria that were determined from
BMT and used as model input€orrelation to BMT testing was performed and
justifiable tuning of parameters waslized to better understand the effects on the results
and to improve model correlation and damage prediction

The IP wave case in tension was found to have reasonable visual correlation with
strain accumulations noted in the same arélmsvever, thenodel did not match the
BMT results quantitatively, indicating that while the strain accumulated in the same
places, the resulting responses were differéndb i mpr ove t he model 6s
attempts were made to adjust the time increment, mesh demgitynaterial degradation
Only the latter showed an improvement in correlation, but not within reasonable limits
As such, further assessment in tension was not deemed worthivhdesame wave
modeled in compression was also found to have reasornabéd gorrelation with matrix
failures occurring in similar progressioimilar to the tension case, the model predicted
damage to happen in large amounts instead of incrementilyt h t h enderod el 6 s
predicton of the strain at peak stress, furtbensideration for the compression case was

deemed unnecessary
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Overall, this linear elastic model with usdefined failurecriteria wergfound to
have poor correlationAdditional work could be performed to attempt improved
correlation, but this woultikely take considerable upfront time in further assessment of
model setup and failure criteridgn addition, the amount of potential work does not seem
warranted, given the reasonable and acceptable correlations achieved with other
techniques As suchthis is left as possible future work, and in this case this technique
wasconsidered insufficient, resulting in no further consideratidowever, given the
dominance of the shear response in the fiber wave, a different approach was attempted in
a similarvein utilizing a usedefined material as outlined in Chapter 7 below

Comparison to this and other modeling approaches is offered in detail below.
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CDM WITH NON-LINEAR SHEARAND TRUNCATION

Introduction

As part of Round 2, to continugprovemenbf thelP wave case compared to the
other CDM approaches above, a similar model was created with a user material card
(UMAT) to allow input of specific notinear shear response with manual truncation at a
specified strain Investigation of the DIC data for allave cases indicates that the initial
damage responseasdue to shear between the misaligned fibers of the w@ween this
shear response and lack of initial softening noted in the previous cases, this model type
was investigated as a possible solutibmshort, the subroutine determines state of shear
and updates the shear properties based on the tabulated shestrstresslationship
developed from shear tests during the BNSome may consider that this method alone
is not a damage model; hovarygiven the method of degrading the shear properties, the
author contests that this method is clearly a typical material property degradation model.
As indicated byvanPaepegem et al. (2006), unrecoverable damage or plasticity occurs
through the sheaesponse. As such, this method degrades the shear material properties
based on the shear response that generalizes this noted damage and plasticity.
Analytical/experimental correlations were made and correlations were noted at initial low
strain levels whre the model was able to predict initial softening but then diverged from

the BMT results
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Methods

The standard linear elastic model used above was modified and a material
degradation subroutine with usagefined failurecriteria wereutilized. Similar to the
models above, the geometry was set upatch the intended coupon size (100 mm x 50
mm) established during the BMTA 2D model(Figure80) wasgenerated with an IP
wave geometry in Abaqus where eadctnetént was generated to be consistent with the
nominal fiber tow width (1.0 mm)The meshwasused to modefour layers of al-node
bilinear, plane stress shell element (CPS4) for the continuum elements constituting the
fiber tows and surrounding matriwhichwasa variation from the S4R elements used in
the previous CDM models to simplify the coding required for this particular approach
The IP wave modeled haah amplitudeA) of 3.8 mm, a wavelengti@)of 47.6 mmand
average offaxis fiberangle 0f28.7°. Local coordinate systems were defined for the
elements oriented to form the wave such that the fiber direction remained consistent
through the wave and the material properties were modeled to correctly match these
properties Displacement and bodary conditions were applied at the top and bottom,
respectively, to match the BMT testing conditions, and as such, full field calculations

were made to match the BMT data for ledidplacement and stresgain correlations
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‘ Displacement

Condition (Top)

Figure80: The 2D model setup utilized in the Abaqus linear elastic models.

In reviewing the test data, imagesd DIC data, it was apparent that initial
damage occurred in each wave at low loading levels on the ends of the samples where
fibers ended on thcouponedge Due to the wave pattern introduced when the samples
were cujfibers through the wave were ¢usulting in discontinuous fibers along the
sample length Based on this observation, it was assumed that these portions of the
laminate were ot of interest when considering the goal of isolating defethais, the
geometry shown ifrigure80was utilized for albf the IPwave runs outlined in this

Chapter
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Even though a 2D model was utilized, ®8@.ID SECTIONkeyword option was
utilized to specify the laminate with a specified thickness as shown in the snippet of code
below:

*SOLICSECTION,ELSET=PLNAE ERIAL=PRIRIENTATIONSCAL
4.0

This method smears all of the layers of the laminate intofaramiaminate of the
specified element sé®LATE with the specifiedMATERIALnamed PPG in this case
Elastic naterial properties that were generated from the BMT discussed abovagaere
utilized. The fiber orientation of each elemebh@CAL, was speified in a
DISTRIBUTION TABLHRwvith respect to the model edg&hus, the total laminate
thicknesswvasspecified on the second line at 4 mm in this c@¢ate that aummary of
the key points of the code are presented here, while complete code maydbkdimmin the
Appendices

Several assumptions were made to simplify this modeling effarst, it was
assumed that all fibers were parallel and uniform in the intended direction with reference
to the widthwise edgelt was also assumed that all tiii@ers were parallel and aligned
through the thicknessThese assumptions greatly simplified the modeling approach even
though they were a source of the variation noted within the BMBddition, perfect
bonding between the layers was assuniedhecase of the IP wave, it was assumed that
the initial failures and debonds of the discontinuous edge fibers had negligible effect on

the material response and were disregarded for this.effort





















































































































































































































































































































