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SUMMARY

Carbon fiber / epoxy laminates are increasinglydeised in the primary
structure of aircraft. To make effective use @St materials, it is necessary to consider
the ability of a laminate to resist damage, as alinaterial strength and stiffness. A
possible means for improving damage tolerancegsiie of non-traditional composite
laminates, in which the longitudinal @lies are replaced with6 or 10 plies.

The main objectives of this collaborative Georgexfi / Boeing research was the
characterization of these non-traditional lamina#esl the determination of appropriate
lamina-level analytical techniques that are capableredicting the changes caused by
the use of slightly off-axis longitudinal plies. cquasi-isotropic [45/90/-45/45/90/-45/-

]sand “hard” [45/ [-45/ [90/ (45),,]slay-up, with =0 ,5 or 10, were tested in
unnotched tension, open hole tension, filled hefesiton, open hole compression, and
single shear bearing. These coupon level teststnfited the effects of lay-up, notch
constraint, and load type on traditional and naaltronal laminates. By utilizing die
penetrant enhanced in-situ radiography to trackadgnprogression, it was determined
that use of non-traditional laminates reduced hatynal ply cracking and delamination.
This causes significant changes in stress distabwtround the notch, and thus alters
laminate performance. The use of non-traditioaalihates also resulted in a 15%-20%
improvement in bearing strength over the traditidaainates.

Several predictive techniques were implementezl/&duate their ability to predict
the effect of slight changes in ply orientatiodsprogressive damage model was written
to compare Tsai-Wu, Hashin, and Maximum Stress toeal strength criterion.

Additionally, several semi-empirical failure thessifor notched strength prediction were
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compared with linear and bi-linear cohesive zonel@wto determine applicability to

non-traditional laminates.
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CHAPTER 1

INTRODUCTION

Next-generation airliners promise to bring increbgerformance, efficiency, and
durability to the commercial transportation indystio attain these goals, airplane
manufacturers will make increased use of advanoetposites due to the superior
characteristics these materials offer. The in@@asage of composites, notably in the
primary structure of the aircraft, has raised iesein the optimization of composite lay-
ups. Like in metals, where tradeoffs must be ntate/een strength, stiffness, and
toughness, composites must be optimized to pravade®nly the high strength and
stiffness they are traditionally used for, but disorobustness in damage suppression.

One possibility for improved damage suppressidghasuse of non-traditional
composite laminates. These laminates would replecstrong, stiff 0° plies of
continuous fiber graphite / epoxy composite lamesawith £5° or £10° plies, orientations
that would be slightly less strong and stiff, bavé the potential for increased damage
tolerance.

This research seeks to characterize these nonidrzalicomposite laminates, and
compare their mechanical properties with that adittonal laminates. Open hole
tension, filled hole tension, open hole compresdimit bearing response, and unnotched
tests have been utilized by industry for maternracterization and to develop design
parameters for use in the design of structurethese coupon-level tests will be
performed to evaluate these laminates. Thesedastserve to screen material systems

and characterize the physical and mechanical pliepef a composite laminate.



Additionally, damage development will be monitokeith in-situ X-ray radiography to
determine if damage suppression occurs. The arpatal results will be analyzed with
several predictive techniques, with a focus on #mmethods that can be implemented
at the design level.

This thesis is divided into six subsequent chapt@isapter 2 will provide
information on the experimental methods used toatttarize composite materials, and
give background into the analytical techniques usguedicting composite behavior.
Chapter 3 will deal with experimental techniqued aguipment used in this research.
Materials, lay-ups, and specimen geometries willbéscribed. The experimental
procedures used for the open hole tension, filldd tension, open hole compression,
filled hole compression, single shear bearing, @amwbtched tension tests will be given.
Additionally, x-ray techniques will be describe@hapter 4 will present results from the
experiments, including mechanical properties amdyximages. Chapter 5 will compare
the experimental findings with various analyticapeoaches. Significant findings will be
summarized in chapter 6, along with conclusions ¢aa be drawn. Chapter 7 will list
recommendations for future experimental and arcatiesearch on traditional and non-

traditional laminates.



CHAPTER 2

BACKGROUND

Advanced composite materials have been used $1BcEX60s, and since then a
great deal of experimental and analytical work leesn performed. Early attempts at
experimental characterization and analytical pteshs for composites shared much in
common with traditional metallic materials, bute@rthen the need for different
methodologies has become apparent. Testing amgsenaf composites now constitutes
a distinct field. The following is a review of eslant previous research, and a discussion

of factors unique to composites with regard toingsand analysis.

2.1. EXPERIMENTAL BACKGROUND

Experimental testing is key to the implementatiboamposites in structures.
Current predictive techniques are either inadedimaitdescribing the mechanical
behavior of a composite, or difficult to implemexita design level due to complexity.
As such, industry relies extensively on the testihgomposites at the constituent,
lamina, laminate, coupon, and structural levelbis Teliance necessitates robust methods
of experimentation to generate accurate and cemidata. The ultimate goal of these
tests is to make efficient use of time and matewalile generating a sufficient amount of
meaningful data to enable an understanding of thieimnal.

Engineering structures may be subject to tensitecampressive loads, include
stress concentrations, and utilize fastener amdgoiAccordingly, a variety of test types

are necessary to fully characterize a compositemaat For example, the recommended



test matrix for notched laminate characterizatimergy in the Composite Material
Handbook, or Mil-hdbk-17 [1], is shown in Figurel2.Developing the data and design

allowables necessary for creating a full structedgiires even further testing.
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Figure 2.1 Mil-Hdbk-17 Suggested Notch StrengtbtTdatrix

Open hole tension, filled hole tension, open lool@pression, and bearing
response test are frequently used for comparirsgr@ening different material systems
and lay-ups because of their overall simplicity anfistantive results. They provide
basic mechanical properties, and insight into dan@agl failure modes a material or
particular lay-up may be susceptible to. Thests tm® also used to determine critical
conditions for strain limits in design. Becauses firogram seeks to quantify the
advantages and disadvantages of slight differeindesg-up, these tests were chosen for

use in this study.



The following sections give a description of eagbetof test, along with a
discussion of pertinent failure modes and testrpatars. Composite materials can be
very sensitive to test methodology, and there 8&M, SACMA, and industry standards
for determining the mechanical properties of contpdaminates. Different methods of
the same basic test can yield different resultpfoperties, so a thorough understanding

of the variables involved is necessary before uaearg an experimental study.

2.1.1. Notched Tension Testing

An open hole in a composite laminate significangiguces the strength of the
structure because of stress concentrations ardwenalattch [2]. The use of a fastener can
cause further changes in stress distribution aigtéamechanisms, in many cases result
in further reductions in strength beyond that & tipen hole case [3]. The stress
distribution around the hole and the resulting dgenarogression and failure of
composite laminates is of obvious interest to eeglig and designers. Numerous
experimental studies have attempted to explainqaiaahtify the response of notched
composite specimens to tensile loading, and thdtieg open and filled hole tensile

strength of a composite laminate is often usedraatarial specification or design value.

2.1.1.1 Damage Mechanisms In Notched Tension

Understanding failure in composites is complicdigdhe variety of damage
mechanisms that can occur in a laminate underngadiVhen a stress is applied to a
composite, different types of damage can occurrtiat lead to failure of the laminate or
simply cause local redistribution of stresses. tEmsile loading of a laminate can lead to

matrix cracking, fiber-matrix splitting, delaminati, and fiber breakage[4]. When and



where damage occurs varies by material systemypagnd stacking sequence, and
loading.

Generally, matrix cracking is the earliest typeslafage to occur. In a laminate
with 90, 45, and 0 plies, matrix cracking typically occurs first ine 90 plies,
followed by damage in the45 plies. In many cases, matrix cracking does nosea
significant changes in laminate properties in therfdirection, as most of the load is
carried in the fibers. However, matrix cracking gday a significant role in properties
heavily influenced by the matrix, such as compmsstrength or transverse modulus.
Additionally, delamination can result from the lbs&rain concentrations caused by
matrix cracking, and this can lead to reductionstiength and stiffness. Matrix cracking
can also negatively affect areas properties sugasgand liquid permeability.

Fiber-matrix splitting or longitudinal ply cracking cracking that occurs around
the hole in the Oplies, and is caused by shear stress concentsaiahe notch resulting
from the proximity of continuous load-bearing fie¢o discontinuous non-load-bearing
fibers. This causes notch tip blunting and lotedss redistribution. This blunting
reduces the stress concentration around the hdleamimprove tensile strength of
composite laminates. However, splitting can resulbe significant reduction of
properties in other loading directions.

Delaminations form at the interface between plethae result of interlaminar
stresses. These stresses transfer load betwesrapli in some cases result in out-of-
plane stresses that attempt to peel the plies.apadse stresses are generally attributed

to lay-up and laminate stacking sequence, andfter the result of stacking 9@nd 0

plies together or from having 9@lies at the laminate centerline. Delamination ca



occur at notches, but can also occur at the edgesamposite laminate, with the “free
edge effect” [5]When delamination occurs, the specimen may simgihyabe as multiple
laminates. If this is the case, all plies willlstarry load, and failure will be dictated by
the load-bearing plies [6]. However, delaminatioas result in strain concentrations, in
which case failure can occur at levels lower thgoeeted in the load bearing plies.
Advanced composites derive their superior streagthstiffness from the fiber
used, and as such fiber breakage precedes mostroptac failures. When individual
fibers are stressed beyond their load carryingtgbihe fiber fractures, and the load is
redistributed. This redistribution may cause addédl fibers to fracture, or may slow or

stop damage progression.

2.1.1.2 Variables Related to Notched Tensile Tigsti

Unlike a traditional monolithic material, laminatedmposites allow the designer
to choose a number of variables that will deterntineeperformance of the material in the
structure. For example, the lay-up and percentafj@splies, 45 plies, and 90plies
obviously affects the strength and stiffness ofltmeinate. Furthermore, for a given lay-
up of different angle plies, how the plies are aged — the laminate stacking sequence —
can also have a significant effect on performantéaen fasteners are involved factors
such as bolt torques, bolt fit, and washer sizelal} roles in laminate strength, and all
are choices that must be made or variables thaildbe identified. These factors
combine to dictate what damage modes occur whenléinthtely determine the failure

of the laminate.



2.1.1.2.1 Lay-up

The lay-up is the primary factor in determining #tieength and stiffness of a
laminated composite. A typical laminate may camfaiplies for longitudinal strength
and stiffness, 45plies for rotational or bending stiffness, and ples for transverse
strength and stiffness, and by changing the peagestof each ply, properties in each
direction can be increased or decreased as ne&@edage type and progression also
change with the laminate lay-up.

In general, notch effects are more severe in laf@amaith higher percentages of
0 plies. The stress concentration factor is knowvimt¢rease as stiffness increases, and
can be calculated with the equation [7]

2 1/2 1/2

1/
K, 1 o 2tm
G12 Ezz (2.2)

Etheridge et al [8] studied the effect of lay-upl @onstraint on carbon fiber /
bismaleimide matrix composites. Soft, medium, hadl lay-ups were tested, with the
terms “soft”, “medium”, and “hard” referring to thecreasing percentage of plies, and
thus the relative strength and stiffness of thername. Additionally, a comparison was
made between open hole and filled hole specimenmra detailed discussion of the
effects of a filled hole will be made in section$.2.2.3 and 2.1.1.2.4. When the soft
[( 45)/90/-45/0/( 45),/45]s lay-up was loaded in tension, damage initiatethénform of
cracking in the 90degree plies and to a lesser extent in theplibs, as shown in Figure

2.2.



Figure 2.2 Radiograph of damage in [(£ AB)/-45/0/( 45)/45]; "soft" laminate [8]

The medium [45/90/-45/Qf] quasi-isotropic lay-up experienced damage similar
to the soft lay-up, namely cracking in the @&gree plies and 4%plies. Cracking in the
45 plies is more pronounced in the medium lay-up thahe soft lay-up. Additionally,
the presence of fiber-matrix splitting in thedigree direction is obvious. This is shown

in Figure 2.3.

Figure 2.3 Radiograph of damage in [45/90/-45{0fhedium” laminate [8]

The hard [45/9-45/90/45/@/-45/0 lay-up experienced severe splitting in the 0°

plies, shown in Figure 2.4. This type of damagiypscal of harder lay-ups. Hard lay-



ups have higher stress concentrations at the natchfiber matrix splitting redistributes
and reduces stresses around the hole. Howewssentially creates two separate
laminates, with very little stress occurring in f@tions of the coupon above and below
the hole. As such, failure stresses may be hitjiagr expected due to elimination of the

stress concentration.

Figure 2.4 Radiograph of damage in [4b46/90/45/Q/-45/0/Qy/-45]s "hard" laminate [8]

2.1.1.2.2 Stacking Sequence

Laminate stacking sequence plays a significantiroteetermining the strength of
a composite under tensile loading. As mentionelieeahigh interlaminar stresses and
subsequent delamination result from stacking sezpiehoice. This is illustrated in

Figure 2.5 [9].
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Figure 2.5 Unnotched Tensile Strength Variationh\iSS [10]

For laminates in the delamination sub-group, urtmeddensile strengths were
much lower than those laminates that did not expeg delamination. Work has been
performed (e.g. [11]) that indicates notched tensitength demonstrates less sensitivity
to stacking sequence, as failure occurs primarily i stress concentrations around the
notch. High interlaminar stresses can to somenéxie controlled by measures such as

avoiding 90 plies on the centerline and minimizing Poissororatismatches [10].

2.1.1.2.3 Clamp-Up Force

When a torque is applied to a fastener, a stresansferred from the nut (or
washer) to the laminate. This results in whatited the clamp-up force. Clamp-up
force has been shown to affect tensile strengome, but not all, laminates. Etheridge
[8] utilized open hole specimens, filled hole speens, and filled hole specimens with a
clamp-up force, and found that the increasing notststraint caused by the bolt with a

clamp-up force played a significant role in deciegishe tensile strength of hard lay-ups,

11



as shown in Figure 2.6. Clamp-up force causedsadeamatic effect for medium quasi-

isotropic laminates, and had no effect on softupg-
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Figure 2.6 Comparison of soft, medium, and hantitates with varying notch constraint [8]

Yan et al [4] found similar results, with increagiclamp-up force having a significant
effect on strength reduction in hard lay-ups. Haydups are more prone to fiber-matrix
splitting, which causes localized softening andssiredistribution in the laminate,
delaying failure. With a clamp-up force applidug fiber-matrix splitting was
suppressed, thus leading to earlier failure. Thange in damage modes is shown in

Figure 2.7, and the resulting change strength showigure 2.8
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Little clamp-up effect is observed in soft lay-upsice only slight damage suppression

occurred, and fiber breakageand matrix cracking were not noticeably affedigd

clamping force.
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2.1.1.2.4 Washer Size

Like clamp-up force, washer size can also havegrfgiant effect on filled hole
tensile strength. The size of the washer dictdtesrea of the constraint imposed by the
fastener, and the distribution of the clamp-updoré smaller washer causes a higher
amount of constraint around the notch, lessenimgstredistribution and causing early
failure. The effects of washer size are showniguie 2.9. Yan et al [4] found that the
greatest strength reduction was caused by a wdsdraeter 2 times the hole diameter;

increasing washer diameter improved tensile strepgtformance.
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Figure 2.9 Effect of Washer Size on T800/3900-2 iraute [4]

2.1.1.3 Discussion

As discussed above, numerous factors influence apdriilled hole tensile
strength. Differing lay-ups and stacking sequenciesnp-up force, and washer size all
play roles in the ultimate strength of the composiDther factors including thickness,
size effects, bolt type and fit, and environmentaiditioning result in additional changes

to laminate strength and stiffness. ASTM D3039 B6d@42 outline basic procedures for
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performing open and filled hole tensile testingt, the testing techniques used depend on

the information desired and the application ofrtregerial.

2.1.2. Open Hole Compression

Composites are typically weaker in compression thaansion, with
compressive strengths often 30%-40% lower thanethgile strength [12]. A
discontinuity or notch can further reduce the caspive strength by as much as 50%.
As such, the open hole compressive strength of ositgs is often used as a material
specification. Thus, an understanding of the aasgive response of composites is key

to the use of composites in structures.

2.1.2.1 Open Hole Compression Damage Modes

When a composite laminate is loaded in compressiamerous damage types
can develop. Like tensile loading, compressivéilog can result in delamination and
fiber-matrix splitting. Additionally macroscale ¢kling, or buckling of the entire
laminate, can lead to matrix cracking and fibeiakege in outer plies. However, this
sort of damage is very dependent on the specimamejfey, indicating it is not a material
property. It has been found that microbucklinthis primary failure mechanism of
composites laminates loaded in compression.

Much of the early work in the field of fiber microtkling was performed by
Rosen [13]. He proposed two different types oéffimicrobuckling, an extension mode
with out-of-phase fiber buckling, shown in Figurd@ and a shear mode with in-phase

fiber buckling, shown in Figure 2.11.
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When compressed fibers act independently of edwdr,athe result is extension
mode fiber buckling. This is only the case in dibbs composites with a fiber volume
fraction less than 5%. Since most modern compmobiéwe a fiber volume fraction much
higher than that, extension mode microbucklingrely observed. Far more common is
shear mode fiber buckling, in which fibers interath each other and form in-phase
fiber buckling. This is the case typically encaret in modern continuous fiber
composites loaded in compression.

If loading continues to increase after microbudilotcurs, kink bands can form
[15]. The laminate compresses until the carboerfilfracture due to the strain caused by

the microbuckling. This progression from microblgcto kink band is shown in Figure

2.12
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Figure 2.12 Kink Band Formation [12]

It is theorized that the kink band takes this shapmder to permit both
compressive and shear stress [16]. The width Weokink band in Figure 2.12 is
typically on the order of 10-14 fiber diameters ¢arbon fiber composites, with the
individual fibers rotated at an angle=30 from the loading direction, and the kink band
growing at an incline of =15 -30 [17].

In a notched composite, kink bands will form at tleéch tip in the Oplies, with
fibers initially buckling into the open notch. Tkimk bands then grow in a manner
similar to a crack, in some cases growing seveilihmters before failure. As the crack

grows, delamination occurs in the area around it.

2.1.2.2 Variables Related to Open Hole Compression

As in notched tension testing, there are a numbfctors that contribute to open
hole compressive strength. Lay-up and stackingesatg are major factors in

determining the compressive performance of a laminaAdditionally, testing
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composites in compression requires the use ot dixasre; the choice of fixture impacts

the testing itself and the measured value of OHé€hgth.

2.1.2.2.1 Open Hole Compression Fixture

Difficulty arises in compressive testing due to thacrobuckling tendency of thin
laminate coupons. If a specimen fails due to macrkling, the result obtained is size
and geometry dependent, rather than an intrinstema&property. In order to ensure
that a compression test yields a material streragtier a structure-dependent strength, it
IS necessary to constrain the specimen to prevaatahuckling. This constraint results
in laminate failure due to a microbuckling mode jeths believed to be indicative of a
true material compressive strength.

There are a number of open hole compression figtilvat are used for composite
laminate testing. OHC test fixtures constrairball a small portion of the test coupon,
preventing macrobuckling by using plates on eithée of the laminate. The fixtures
differ in implementation, coupon size, and loadiyjge.

One of the most common test fixtures in industiginated in 1982rom Boeing
Specification BSS 7260 [18]. It has since beerptathin to SACMA SRM3-88 and
SRM3R-94 and, with slight modification, to ASTM D&4[19]. The fixture is shown in
Figure 2.13. This fixture uses a 12" x 1.5” coupasually with a .25” hole drilled in the
center. The two long grips provide the constragitessary to prevent the material from
buckling, and the two short grips hold the matenagllace. The support plates hold the
fixture together with the use of four bolts. Whessembled, the fixture weighs
approximately 15lbs, and measures approximately12”x 1.5”. The fixture was

originally shear loaded, meaning the fixture igpgad and load is transferred to the
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specimen via shear. This requires 3” hydraulipgthat many facilities do not have, and

so ASTM adapted an end loading procedure to relsotius.
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Figure 2.13 Boeing Spec. BSS 7260 OHC Fixture] [18

A newer fixture, similar to the Boeing OHC fixtuiis,the UCSB OHC Fixture
(Figure 2.14). So named because of its originadiaihe University of California Santa
Barbara, the UCSB Fixture sought to correct sonta@tommon complaints with the
Boeing fixture. It uses a 5"x1.5” specimen withemter drilled hole, compared to the
Boeing fixture 12"x1.5” specimen. Bardis et al J2halytically verified the loading was
still sufficiently far enough from the gauge senttbat the smaller coupon was valid.
The use of a smaller specimen also results in aipdlly smaller fixture, measuring 5.4”
x 3" x 0.4” and weighing 1.5Ilb. Additionally, conmed loading is utilized, with end and
shear loading. Unlike the Boeing fixture, the eatiivo of the four fixture parts are
raised, serving as bearing surfaces to transfertm¢ghe specimen. Furthermore these

bearing surfaces facilitate proper placement osfheximen.
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Figure 2.14 UCSB OHC Test Fixture [20]

Another fairly common fixture in industry is the Nlorop OHC fixture [21]. Two
variations exist, with one utilizing a 1"x3” coupand the other using a 1.5"x3” coupon.
The fixture is assembled around the laminate, had tonstraining plates are bolted
around the fixture to hold it together. The asdeunhfixture, shown in Figure 2.15
measures approximately 3" x 3" x 2”. The fixtuseeind loaded, meaning load is applied

directly to the specimen by the test frame throtighuse of end platens.
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Figure 2.15 Northrop OHC Fixture a) assembled grahlssembled [22]

Coguill and Adams [22] experimentally evaluatedesal/open hole compression

test fixtures with a soft, medium, and hard lay-iNp clear “best” fixture emerges from
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the results, shown in Figure 2.16, Figure 2.17,figdre 2.18. Measured compressive
strengths varied among the test fixtures, mostyidae to differing amounts of
constraint caused by the fixture. Through-thiclsneads are caused by bolting the
fixtures together and by test frame grips, thougthdixture induces different amounts.
There was also no consistent trend in scatter taf @aong the fixtures. The SACMA
end-loaded fixture had scatter of about 3% forsibie and medium stiffness lay-ups, but
9% scatter for the hard lay-up. The Northrop figtéollowed a similar trend. The
ASTM shear-loaded fixture had a comparatively ragatter of approximately 8% for

the soft lay-up, but only 4% for the hard lay-up.
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Figure 2.16 OHC Test Fixture Comparison (Soft Lay-(i22]
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Figure 2.17 OHC Test Fixture Comparison (Medium-ugy [22]
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A number of factors are desirable in compressiehfietures. Ideally the OHC
fixture would be easy to use. Size, weight, figtassembly time, and fixture complexity
are all factors in ease of use. Coguill and Adeepsrt the UCSB and Northrop fixtures
were easier to use than the larger Boeing fixt@ear loading of the Boeing fixture was
complicated by procuring the large grips necessarg,in actually gripping the fixture in
the test frame without causing damage. The UCSRjdevas easy to use, as specimen
placement in the fixture was repeatable.

The amount of material necessary for the OHC testilsl also be considered. A
large number of tests may be necessary to fullyacherize a new composite material,
and the use of smaller coupons can reduce expétmgever, as mentioned earlier,
composites are notch and size sensitive, so a éargegh coupon should be used to yield
applicable results. The Boeing fixture, perhagsrttost common in industry, uses a
12"x1.5” coupon. By contrast, the Northrop 1.5¢tire uses a 3"x1.5” coupon, or
roughly a quarter of the material used by the ASitire, with no apparent loss of

quality.

2.1.2.2.2 Lay-Up

As is the case with tensile strength, compressnength is lay-up dependent.
Berbinau et al. [23] considered the effect of layemn OHC strength and, as expected,
found it largely dependent on the percentage qfli@s, as shown in

Table 2.1. Itis interesting to note that failsteain, however, is largely
independent of lay-up. This is because the ctisitain required to caused a buckle is
largely a function of fiber properties and the rxatmmediately surrounding the fiber,

and as such the strain is not as dependant oneadljplies. It should also be noted that
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while lay-ups L2, L3, and L4 had the same percentd@ plies, the strengths were
quite different. Of the three lay-ups L3 had theést strength, which is to be expected
since the 90plies in the lay-up contribute no longitudinalestgth or stiffness. Adding
45 plies increased support of the laminate and irg@ahe strength as demonstrated
by lay-up L2. Lay-up L4, consisting of @lies, 90 plies, and 45 plies, had the highest
strength measured of the three, perhaps due iodheased global stability offered by a

mixture of ply angles.

Table 2.1 Effect of Lay-up on Compressive Strerigyibperties [23]

Lav-up 2o 0°-plies oy (MPa) E,"" (GPa) G," (GPa) € (%)
L0 [0s) 100 1485 160 60 1.1
16157
L1 [{ = 45/0)% 67 1010 10 178 1.04
(1145) (115)
L2 [( = 4500, S0 210 88 235 11
(912} (92}
L3 [( = 0/90:70)3] 50 670 78 6.0 0.06
(858) (85)
L4 [{ = 45/0,790,/0,/90,/0,], 50 820 (84) 120 1.05
(916} (91
L3 [{ = (45/0/00;); 25 568 58 236 1.07
(619) (62}
L5 [{ = 45070/ £ (45)°0:(45], 17 428 413 354 1.35
448y 4

The sensitivity of a laminate to notch size is déseup dependent [24]. Figure
2.19 illustrates that for softer lay-ups, the matdyehaves more like a brittle material. In
these cases the reduction in strength is largedytdthe reduction of area caused by the
notch. As the lay-up becomes harder, composite®dstrate more notch sensitivity.
The reduction in strength is much greater than del caused by a reduction of area.
This is in part due to the fact that a hard layaiih an increased number of plies has a

higher stress concentration factor than a softeufa
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Figure 2.19 Notch Sensitivity of Composite Lamisaf@4]

Additionally, thickness plays a role in determiniihg notched compressive
strength of laminated composites [25]. Since nfiackling is influenced by fiber
support and the support given by neighboring pties,increased stability from increased
thickness results in higher failure stresses as/sho Figure 2.20. The increased
number of O plies of a thick laminate also reduces the impéet failure of a single
load-bearing Oply, slowing the damage progression that wouldexdvamatic in a
thinner laminate. A thick laminate will also reisin three-dimensional damage

propagation through the thickness, resulting inergtable damage growth.
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Figure 2.20 Failure Stresses Showing Notch SifecEf[25]

2.1.2.3 Discussion

Like filled hole tensile strength, open hole congsiee strength is influenced by
many variables. Lay-up, stacking sequence, noreh ghickness, and environmental
conditioning are all considerations when evaluatagposite laminates. Additionally,
in compressive testing the fixture utilized is gngficant factor. ASTM D6484 provides
information on compressive testing, but choosinlifferent fixture influences the

methods used.

2.1.3. Bearing and Bypass Tests

In structures with mechanically fastened jointadaransfer occurs from one
component to another through bolts or other fasgeni order to understand how
composite laminates will perform in such jointsabeg tests are utilized. “Bearing”
refers to the load transferred from one part tat@rahrough pin, bolt, or other fastener.
This results in a compressive load at the interfakeditionally, a “bypass” load is often

encountered in bolted joints. For a multi-fastgoat loaded in tension, the bypass load
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is the load that is not transferred through a paldr fastener; in other words, it bypasses

around the hole and is transferred through a diffefastener.

2.1.3.1 Configuration

Depending on what information is desired out oftest, there are a number of
specimen configurations that can be used. The Bdbifiear Single Fastener test is
recommended by ASTM D5961 [26] for initial evalwatiand comparison. It consists of
a single coupon loaded by a lightly torqued bdtshown in Figure 2.21This type of
loading is not indicative of most applications asdsuch the results cannot be applied to
single shear joints. However, this test does tésydure bearing load, which is useful
for characterization of material behavior. It sliole noted that a clevis must be utilized

for this test, though the clevis is easily fabrchand implemented.

b D 5961/D 5961M

Figure 2.21 Double Shear Single Fastener Bearaslj Assembly [26]
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The Single Fastener Single Shear configurationidely used for initial
determination of bearing properties. It features toupons joined by a single
mechanical fastener. The lap joint configurat®miore typical of actual applications,
though in practice multiple fasteners are more comnSingle Fastener Single Shear
specimens experience bearing loading, but duesttotiding eccentricity the fastener is
also subject to a bending moment. This can rasatiditional non-bearing failure

modes.

— 3y ————
1 —
L F I HME
—_ 4 _J o |
doubler 4 .
S e

1 80" H T
+45 I ) wid
IS |
e : :
p +00l
Farameter Standard Dimension, in.
fastener diameter, d  0.250 +0.000/-0.001
hale diameter, O 0.250 +0.001/=0.000
thickness ange, h 0.125-9.208
length, L 55
width, w 152003

edge distance, & 075 2003
countersink nane (optiaaal}

Figure 2.22 Single Shear Single Fastener TestiBpad26]

The Double Fastener Single Shear configuration shaviFigure 2.23 is similar
to the Single Fastener Single Shear test, excaptwio fasteners are utilized instead of
one. This configuration is similar to those adiyuaked in applications. However,
multiple fastener specimens experience bypassrigadhich can result in tensile failure
instead of bearing failure; bypass loads are tylgisanall for the configuration specified

in ASTM D5961, but bypass strain should be veritiethe less than 0.2% [1].
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Figure 2.23 Single Shear Double Fastener Testi®peac

In order to avoid the bending moment experiencelddits in the single shear
configurations, it is possible to use a stabili@atiixture [27]. This fixture constrains the
bolt and prevents bolt rotation. An example oftsadixture is given in Figure 2.24. ltis

similar in design and fabrication to the Boeingmopele compression fixture.

Front View Side View i

.- CFRF
——Rotation
Restraint
] .l 1 ,____Slip Plate
A
D. .'D =3 3|
l : : =¥ |7 - Spacer
: i —+1

Figure 2.24 Single Shear Stabilization Fixtur&][2
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2.1.3.2 Damage Mechanisms

Bearing tests can result in several types of faifor composite laminates. In
addition to the tensile and compressive damage sndideussed earlier, and overview of
the types of failures unique to bolted compositetfois given in Figure 2.25. As in
filled hole tensile strength and open hole compvesstrength, bearing strength is
dependent on lay-up, clamp-up force, and so onfailute strength is also very sensitive
to specimen geometry. Net tension failure is Uguhé result of the bolt diameter being
sufficiently large compared to the coupon width.tHis case, the specimen fractures at
or ahead of the bolt. ASTM recommends a widthdle ldiameter ratio greater than or
equal to six. Additionally, tension failures cagzcar due to bypass loads exceeding the
tensile strength of the material. Shear-out fails generally avoidable in composite
laminates. A ratio of the distance from the hol¢he edge of the specimen of the hole,
e, to the hole diameter, D, greater than or equtiree is recommended, as this provides
sufficient resistance to this mode of failure. &heut is more likely to occur in
laminates with a high percentage offies, as 45 plies and 90plies resist shear-out

failure. In general, specimens are designed wthbiearing failure occurs.
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/

CLEAVAGE-TENSION FAILURE

Figure 2.25 Failure Modes for Bolted Joints of Adeed Composites [1]

The damage progression leading to bearing failurelves several modes [28].
The compressively loaded Plies develop kink bands (Figure 2.26a), and@zs may
fail in tension. Local delaminations and crushaegur in the region under the washer
due to the kink bands (Figure 2.26b). Finallyistural failure occurs when the region
under the washer becomes saturated with damage;danle delamination occurs, and
joint integrity is lost.

1

ik
\

|

| |
H
|'Kink band of

0? plies ) _:
. [l
(a) (b)
Figure 2.26 Damage Progression in Bearing Specap&mnk band formation; b) local delamination; c)
failure
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Unlike filled hole tension, bearing strength candfé from clamp-up force [4].
As clamp-up force is increased, bearing failureugpressed. This causes an increase in

stress concentration, and can lead to a net tefaiane, which is a higher stress event.
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2.2. ANALYTICAL BACKGROUND

When attempting to calculate the strength of ataeid composite structure, there
are many factors to consider. At a micromecharn&ad!, the interactions of the fiber,
matrix, and interface determine the mechanicalaese and strength of individual plies.
When these plies are stacked in different oriemati the stiffness and strength of the
laminate differ from those on a lamina level. Wheaded, plies with different
orientations carry different amount of stress. alyn notches or differing geometry can
change stress fields in the laminate, causing diameductions in strength. In a
physical sense, micromechanical, lamina, lamiratd,structural response are
intertwined, as stresses caused by stress conttensrat a structural level cause damage
at a micro-scale. However from a practical stampsimplifying assumptions must be
made in order to make reasonable, efficient prigistof composite laminate behavior.
Typical approaches for unnotched laminate streagthnotched strength prediction, two

fundamental areas of interest to engineers angues, are discussed below.

2.2.1. Unnotched Strength Prediction

When composites materials are implemented in strest it is most often in the
form of multi-directional laminate. Thus, it issleble to be able to predict the
performance of a particular lay-up of a given matdrased on some set of material
properties. Laminate failure theories are usethtoulate the unnotched characteristics
of multi-directional composite laminates. Thdsedries can be incredibly detailed, with
some considering the micromechanical interactidriger, matrix, and interface [29].

Most often, however, these theories are laminaebard use ply-level properties.
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Regardless of inputs, the theories attempt to Gkestrengths of laminates subjected to
uni-axial or multi-axial loads.

Significant effort has gone into generating thémmties, as was highlighted in
the recent World-Wide Failure Exercise [30]. Thedy compared 18 current theories of
predicting failure in unnotched composite laminasesl evaluated each based on 14 test
cases. While no single theory worked best fosifiations, several performed relatively
well for laminates consisting of 0 45, and 90 plies, which is typical of laminates
used in aerospace applications. The Maximum S€@essria, Tsai-Wu Criteria, Hashin
Criteria, and the Hart-Smith 10% rule will be catesied here based on their simplicity
and performance in the exercise.

Failure of unnotched composites can be thoughs dfh@ combination of stresses
necessary to cause loss of structural integritheflaminate. Thus, for every composite
system, there is a safe operating region, or epeelof stresses inside which failure will
not occur. Failure theories seek to generate thegelopes using strength and stiffness
data of the composite, most typically lamina préipersuch as longitudinal tensile
strength X, longitudinal compressive strength-Xtransverse tensile strengthX

transverse compressive strengti,Xand in-plane shear strengtirX

2.2.1.1 Maximum Stress Criteria

Simply stated, the Maximum Stress Criterion [3dgcts failure when the stress
in any of the principal directions is equal to oeater than the appropriate ultimate
strength. This is one of the earliest failureesré for multi-directional laminates, and

one of the easiest to implement. Failure envelapegenerated by the equations

34



(2.2)

These conditions are applied for each lamina, arldray as the applied stress in any
lamina remain in the three-dimensional space définethe envelope, the theory does
not predict failure.

A severe limitation of this approach is the lackstiess interaction; that is, a
laminate under combined loading is assumed to paréxactly the same as a laminate
under uniaxial loading. This is referred to aa-interactive failure theory.

A similar approach, called the Maximum Strain €, is identical in
implementation except that it is based on strainsstresses. The envelopes are

generated by the equations

1C 11 T
2C 22 2T
®.3
LT 12
2.2.1.2 Tsai-Wu Criteria
The Tsai-Wu criterion [32] predicts that failurelvaccur when the following
equation is satisfied:
I:1 11 FZ 22 F66 122 I:11 121 F22 222 2F12 11 22 1
(2.4)
F1, B, and so on are the strength coefficient and arengby
S SR S
xlT XlC xlT xlC
F11 L ; I:22 ;; F12 1 I:11F22 % (2:5)
xlT XlC XZTXZC



These conditions are applied for each lamina aotlgal on the same axes. A sample

failure envelope for an E-glass MY750 [+55/-55] laate is given in Figure 2.27

Initial Failure 500

Em*=0.01 s_X

Em*=Q {)Sl (MPa)

Em*=0.15 ; )
& Test Data 1 &

a Test Data 2
° Test Data 3

-1000 1000

Figure 2.27 Sample Tsai-Wu Failure Envelope [33]

As long as the stresses applied to the laminayensthin the envelope defined by
the overlap of the lamina failure envelopes, failisr not predicted. The Tsai-Wu Criteria
is an example of an interactive criteria, becadgbepolynomial relating stresses in
different directions.

The Tsai-Wu criteria have been widely used in stdubecause of its ease of use
and accuracy. However, one of the disadvantagdssoimethod is the absence of failure
mode indicators. For example, implementation effMaximum Stress Criteria will
indicate whether failure was due to longitudinaingoession, transverse tension, and so
on. The Tsai-Wu criteria have no such feature.

Additionally, the Tsai-Wu criteria and similar @mactive criteria have been
criticized for their lack of physical basis. Eqoat2.2 defines a smooth curve that is

typically not observed in testing, as a transifimm a matrix failure to a fiber failure can
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be abrupt. Despite this, the Tsai-Wu remains allawpgool that is generally accepted as

providing good results.

2.2.1.3 Hashin Failure Criteria
Hashin [34] proposed a failure criteria that woodshsider the effects of stress
interaction and would include the failure mode &atl direction in determining

strength. It is defined by the following equations

2 2
11 12 1
Fiber Mode, Tensile: Xir Sizr (2.6)
2 2
11 12 1
Fiber Mode, Compressive: Xic Sir (2.7)
2 2
22 12 1
. . Xor Sior
Matrix Mode, Tensile: (2.8)
2 2
22 12 1
Matrix Mode, Compressive: Xoc Sizr (2.9)

The Hashin criteria is a semi-interactive critemathat normal and shear stresses
factor into the determination of each failure mdal&, not all stress components are
considered for each mode. The interaction of se®san be a significant factor in
lamina and laminate strength, and as such, thisrianm is an improvement over the
maximum stress criterion. However, it also indésathe failure mode, which may make

it more desirable than the Tsai-Wu Criterion fomsoapplications.
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2.2.1.4 Ten Percent Rule

The Ten Percent Rule [35] was conceived as a désajrthat could be easily
implemented with simple hand calculations. Addigby, it sought to require the use of
as few experimentally determined parameters astgess utilizes the longitudinal
modulus, the longitudinal tensile strength, andldmgitudinal compressive strength. All
other values are chosen or calculated. The omtyledions required are simple addition,
subtraction, and trigopnometric functions, giveridg]. A sample failure envelope is

shown in Figure 2.28. The Ten Percent Rule doegige the mode of failure.
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-015t | -0i0  -005 0

|--.005

=010

FIBRE FAILURES —— _//

MATRIX FAILURES - 015

Figure 2.28 Ten Percent Rule Failure Envelope$6#4p/90/0]s Carbon/Epoxy Laminate [35]

2.2.2. Notched Strength Prediction

The introduction of notches or stress concentratioto a composite laminate can

greatly reduce the strength of a structure. A sootched strength prediction has been
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and still is an active area of research withindbmposites community. Given the
anisotropy, variety of damage modes, and compléxréaprocesses found in composites,
strength prediction can be very difficult, and h@ac consensus exists as to best way to
perform analysis. Methods include the extensiolnefr elastic fracture mechanics
typically used in metallic materials, to mecharotsnaterials analysis, to detailed finite
element techniques that attempt to include micrdraeical details and simulate
individual damage modes. Each technique has aalgastand disadvantages and

involves differing assumptions, effort, and knovgedf material properties.

2.2.2.1 Waddoups, Eisenmann, and Kaminski Failineoty

One of the earliest attempts at notched strengttligtion of composite laminates
was the Waddoups, Eisenmann, and Kaminski (WEK)ratheory [36]. The WEK
method is an application of Linear Elastic FractMiechanics (LEFM) to composite
materials. It is logical that early attempts alui@ prediction in composites would be an
extension of the methods used in metallic materaald Wu [37] found this application
was suitable when three conditions were met:

1. The orientation of the flaw with respect to grcipal axis of symmetry

must be fixed

2. The stress intensity factors defined for angqutr cases must be consistent

with the isotropic case in stress distribution andrack displacement modes

3. The critical orientation coincides with one bé&tprincipal directions of elastic

symmetry
The basis for the WEK model is the replacementaphage at the notch with an intense

energy region, shown in Figure 2.29. As mentiogadier, the evolution of damage in
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composite laminates is complex and can involve ipleldamage types. The WEK
method circumvents the need to predict each danypgédn the laminate by using this

intense energy region.

(o)
Intense T
Energy
Region a- Characteristic
a Dimension of the
intense Energy
’7 Region

Figure 2.29 WEK Fracture Model [2]
Waddoups, Eisenmann, and Kaminski applied the wbtiwin [38] relating the energy

release rate mnd the stress intensity factor b the equation

2 G E (2.10)
For a characteristic length “a” that is small amité, the effect of damage zone size can
be analyzed by the stress intensity factor solufieweloped by Bowie [39] for the
problem of cracks growing from a circular hole sotiopic plate. Paris and Sih found

the solution to this geometry to be [40]

K, . af % (2.11)
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Combining equations yields

\/G— al 2 f
| - 9/R (2.12)

The authors then assume that the material is aflyd®ittle with constant G

Additionally, it is assumed that the change in¢haracteristic length “a” is small

compared to the hole radius. Thus the equatiorbeararranged to show

JG,
f CONSTANT (2.13)
/ e H i
E

This allows the ratio of unnotched and notchedhsiites to be written as

o % (2.14)

N

Values of f % have been found by Paris and Sih [40]. Thusafgrvalue of “a”, the

ratio of notched to unnotched strengths can baulzbtd for differing hole radii.

The assumptions used in applying LEFM to composieserve attention. The
assumption that flaw orientation remains fixed seemlikely given the variety of
damage mechanisms that occur. Additionally, itaslikely that the stress distribution in

an anisotropic composite would be consistent wighisotropic case.

2.2.2.2 Whitney-Nuismer Failure Theory

The Whitney-Nuismer method [41] posits that failofea notched laminate

occurs when the stress at some characteristindesi@vay from the notch reaches the
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unnotched strength of the laminate. The Whitneysher method can be implemented
via either the Point Stress Criterion (WNPS) orAlverage Stress Criterion (WNAS),

shown schematically in Figure 2.30.

Figure 2.30 2 WN Point Stress Failure Theory bN YWerage Stress Failure Theory [2]

The Point Stress Criterion states that fracturaimcehen the stress at the characteristic
distance gdis equal to or greater than the unnotched strewoigtiie laminate, given by the

equation

yg ;de 0

03)

The Average Stress Criterion states that fractoceis when the average stress over
some characteristic distancgigequal to or greater than the unnotched strewigtie

composite, and is given by the equation
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1 R®
o ,(X,0)dx (2.16)
R

Whitney and Nuismer sought to address the effenbtth size in laminated
composites. Timoshenko [42] originally showed diependence of the normal stregs

on hole size in an infinite, isotropic materialb®

2 4
(2.17)

-
-
N
x|

N W
x |1

This results in the stress distribution shown iguireé 2.31.

Figure 2.31 Normal stress distribution for circutale in infinite isotropic plate [2]

This approximation is valid for quasi-isotropic la@tes with a stress concentration
factor Ky = 3, but is inaccurate for orthotropic laminatebeve K 3. Konish and
Whitney [43] extended Timoshenko’s work to an ottbpic plate under a uniform
uniaxial stress, showing the normal streggo be

4 6

K, 358 7
X

2

3 , X R (2.18)

y(X,O) 7 2

x |1

R
X
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Lekhnitskii’s solution for the stress concentratfactor for an open hole in an
anisotropic plate [7] can be used with the equation
12 12 M2
K, 1 =1 gy, 2om (2.19)
G12 E22
For the filled hole case, Tan [3] extended LekHhiiits complex variable approach to
anisotropic plates with an elliptical inclusiontests concentrations can be obtained from

this method.

When this stress distribution is applied to thenP8itress Criterion, it yields

N
N (2.20)
. 72 234 K, 355 78

where

(2.21)

Similarly, applying the stress distribution to theerage Stress Criterion yields

v 21,
— 2.22
N Z IR (222

where
_ (2.23)

Like the WEK model, the WN model uses two paransetethe unnotched
strength of the laminate and the characteristimdie — to predict the strength of the
notched laminate. The characteristic distancelie¥ed to be a material constant,
independent of lay-up and notch size. It is areexpentally determined parameter, and
can be viewed as a way to “fit” a curve to the dadme advantage of the WN approaches

over the WEK method is prediction of notched sttbigthout the application of linear
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elastic fracture mechanics. As discussed ealll€fM is of questionable applicability to
composites, and the Whitney-Nuismer Point Stredsfarerage Stress Criterion offer a

significant improvement in the study of fracturecomposites.

2.2.2.3 Karlak Failure Theory

The WEK and WN Point Stress and Average Stressoappes assume that the
characteristic distance is a material property,iafdy-up and notch size insensitive.
Karlak [44] found that the notched strength of gusatropic composite laminate was
indeed dependent on stacking sequence. Karlakeiuobserved that the characteristic
length @ was not a material constant, but was relatedestfuare root of the hole radius.
Based on these observations, Karlak proposed afieddVhitney-Nuismer Point Stress

Criterion. In the Karlak Fracture Model, the clegistic length is defined by

d, kR (2.24)

The constantkis a curve fitting parameter determined experi@éntor a
material system and particular stacking sequefite remaining analysis can then be
conducted exactly as in the Whitney-Nuismer methblde new characteristic distance is

used as before in equations 2.19 and 2.20.

2.2.2.4 Pipes, Wetherhold, and Gillespie Failuredii

The Pipes, Wetherhold, and Gillespie (PWG) failineory [45] is a further
modification of the Whitney-Nuismer method. LikestKarlak model, the PWG model

does not consider the characteristic distance @raterial parameter. The PWG model
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proposes a different relationship between the readeus and characteristic distance, one

given by

m

. K

C

(2.25)
This allows the WNPS failure theory to be rewritten
N 7 2 4 6 8
o 2 17 3] Ky 35; 77 (2.26)
with
1
m 1 1 1
1 RIRC (2.27)

This more general exponential relationship sergdsetter characterize the
relationship between notch size and charactedstiance. Ris a reference notch radius
that is used to non-dimensionalize the quantityrackets, and usually taken as unity.
Thus, the PWG Failure Theory is a three parametetei with a notch-sensitivity factor

C and a parameter m relating hole radius to cheniatit distance.

2.2.2.5 Mar-Lin Failure Theory

As discussed earlier, the application of lineasttaracture mechanics to
composite materials is limited. For a homogenevnaterial, the basic LEFM equation is

given by
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N |<IC a %
(2.28)

In this equation, I is the critical mode | stress intensity factord alt, is the order of
the mathematical stress singularity at the crazk klar and Lin [46] proposed a similar

model for fracture of composites:

(2.29)

In this model, His the composite fracture toughness, and n istter of the
singularity. The exponent n has been relateddsiihgularity of a crack in a matrix with
the tip at the fiber/matrix interface, in which easis a function of constituent material
shear moduli and Poisson ratios. This idealizasaonsidered overly simplistic [10],
but the model can still be used as a two-paranmeteiel with both constants determined
experimentally. Specimens with different sizedchet are needed, but once the
parameters are determined, the model has beertaisadcessfully predict large notch

performance from small notch data.

2.2.2.6 Damage Zone Model or Cohesive Zone Model

Early notched strength prediction techniques wargely based on mechanics of
materials-type approaches, where a stress fielccalaslated based on the properties of
the undamaged laminate, and fracture was deternbiaseld on some experimentally
based semi-empirical method. They provide litl@o insight into damage growth.
While these techniques can be accurate and eféetiols, they have little physical basis.

Due to the variety of damage modes and how damaget®n occurs in
composite material, detailed modeling is difficatd computationally expensive. Thus,

the Damage Zone Model [47] uses the fracture enBgdyp account for all energy
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dissipated by the various damage mechanisms. mbdel was originally used by
Hillerborg et al [48] for analysis of concrete. rleonotched composite subjected to an
external load, damage can occur in the region adjao the notch, as shown in Figure

2.32a.

| DamageZone | Equivalent Crack

y : Cohesive Stresses

Figure 2.32 a) Damage Zone at Notch and b) Equit&eack

This damage zone is replaced by a fictitious oivedent crack, and analyzed via
a Dugdale - Barenblatt method, with cohesive st®ssting on the crack face as shown
in Figure 2.32b. As load increases, damage inesiasthe material, which is modeled
as increased crack opening and longer crack ler@dnerally, the relationship between
stress and displacement is linear, as shown inr&igu83. Other relationships can be
selected based on the material. The unloaded ialdtas not damage and as such no
equivalent crack. As damage increases, the cahesigsses decrease, with material
softening occurring due to damage. With this apph, stress redistribution and
stiffness degradation can be calculated with atassir finite element methods.

T

Oun

Ge /2

L

Vi

Figure 2.33 Assumed Linear Relation Betweeand v [12]
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It should be noted that Soutis et al. [12, 49,#}e had success applying the
cohesive zone model to open hole compression,aiegléhe kink band region and
delaminated area with the equivalent crack.

More recent work by Hallett and Wisnom [51] extetials Cohesive Zone
technique to model damage in each ply and betwkes) pather than simply replacing
all damage with a single equivalent crack. Cohesiements are inserted between
elements where damage is known or expected to grewhown in Figure 2.34 . The
damage than initiates and grows based on the a@hesne relationships for splitting,

fiber breakage, or delamination.

Plies modalad
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Split layars of shell s,
elements elements G
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irterface dements

,
X
,

# .
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Dielamination
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view of interfaces

Prascribed | splitting
displacement applied =227 o interface
to end nodes i : slements

Figure 2.34: Schematic of Cohesive Zone Model adpid multiple damage types with Finite Element
Analysis [51]

Excellent agreement between experimental and acellyiredictions for both strength

and damage progression was found with the abovaitpae, for a variety of geometries,
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lay-ups, thickness, and notch sizes. Howevercatt finite element analysis is required,

and significant computational effort is needed btao convergence.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

Following is a description of the experimental guuent, techniques and
procedures used over the course of this resedial.pre-preg material, lay-ups, and
specimen configurations are described. This isviedd by a description of the
equipment and the methods used for the open huodeoteg filled hole tension, open hole
compression, single shear bearing, and unnotcimsibtetests. Finally, the use of the X-

ray radiography equipment is detailed.

3.1. MATERIALS, LAY-UPS, AND SPECIMEN GEOMETRIES

The material tested was a Toray T800H /3900-2arafiber /toughened epoxy
resin prepreg. lItis the material used in the Bgéi77 and the material that will be used
in the Boeing 787. Boeing personnel fabricatedsfecimens used in this study.
76.2mm prepreg tape was laid up into panels by hamdithe panels were cured at
177 C according to manufacturer specifications. Feruthnotched and notched
specimens, the panels were then cut into 38mm m&dBoupons using a diamond saw.
Center holes were drilled using a 6.35mm centezdwlere drilled using a diamond-
impregnated drill bit. For the bearing speciméhs,panels were cut into 31.75mm X
184mm coupons with offset 6.35mm holes. Specimase then labeled according to
the following system: The first character represehe lay-up type, with quasi-isotropic
being denoted by a “Q”, and the hard lay-up beiegated by an “H”. The next number
indicates the longitudinal ply orientation, aneigher 0, 5, or 10. The following three

characters are the test type. These are UNT footeched tension, OHT for open hole
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tension, FHT for filled hole tension, OHC for opeole compression, or SSB for single-
shear bearing. The final number indicates theispgtnumber.

Specimen geometries are shown in Figure 3.1, i@, and Figure 3.3

< 305 mm

v

T

38 mm (@)

v X
y

3.01 mm (Quasi-Isotropic)
3.76 mm (Hard)

6.35 mm dia of center hole

Figure 3.1 Open Hole Specimen Configuration

305 mm

A
v

38 mm O

6.35mm collar

¢ Fie—— 12.7mm Washer

—

—

3.01 mm (Quasi-Isotropic) 6.35mm fastener pin
3.76 mm (Hard)

Figure 3.2 Filled Hole Configuration
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Figure 3.3 Single Shear Bearing Specimen Conftgqura
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Two different types of lay-ups were considerethi current research: a quasi-
isotropic [45/90/-45/Q); lay-up, and a “hard” [4540-45/0,/90/Q)/ (45),7]s lay-up. The
non-traditional laminates replaced thel@ngitudinal plies with off-axis plies, such that
the stacking sequences are [45/90/-#83/90/-45/- ]s for the non-traditional quasi-
isotropic lay-up, and [45/ /-45/ 190/ | (45)/,]s for the non-traditional hard lay-up,
where =5 or 10. It should be noted that the hard lay-up is mittalanced nor
symmetric; this lay-up was chosen because it coatbof a high percentage of
longitudinal plies while not exceeding load-capaoit existing equipment. The presence
of the 45 plies on the centerline is the reason the lamiisat®n-symmetric and
unbalanced, but the overall effect on the lamimatainimal. This was verified with a
simple finite element analysis. An unnotched specimen, with properties found in
[52], was modeled in ANSYS using 300 of the layeBeabde, 6 degree of freedom
SHELL91 elements. Boundary conditions constratnadslation and rotation in the grip
region on one end of the specimen, and permittédlongitudinal translation in the
other grip region. A small displacement was appéiad the shear stresses in each ply
considered. It was found that shear stress coratents, shown in Figure 3.4, existed
near the grips, and were approximately 50% highan those observed in the balanced,
symmetric quasi-isotropic laminates. However,dhear stresses were less than 1% of

the maximum tensile stresses in the laminate aathdd sufficiently small.

Figure 3.4 ANSYS analysis of shear stresses afptaide of hard laminate
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Fasteners were supplied by Boeing, and consigteld e tolerance Hi-Shear
threaded titanium pins, frangible collars, and veashshown in Figure 3.5. The collars
are designed such that the hexagonal head shéatsagpredetermined torque level of 8
N-m, ensuring consistent clamping force. Full glanp was used in the FHT specimens,
while half clamp-up was used in the bearing speasnelhese clamp-ups correspond to

the worst-case scenarios described in 2.1.1.2.3.

=

o~
e S

(b)

Figure 3.5 Mechanical fastener used (a) pin ahadllar

3.2. TESTING APPARATUS

The following sections describe the load frames, &ecessories, and stabilization

fixtures utilized in this research.

3.2.1. Hydraulic Test Frames

Initial Open Hole Tension and Filled Hole Tens#sting was performed on a
100kN SATEC servo-hydraulic test frame with hydr@a3urfalloy-coated grips. The
machine, shown in Figure 3.6, was equipped witlestStar Ills data acquisition and
control system, and the MTS Basic TestWare softwankage was utilized. The

machine also had a 25.4mm extensometer, with arBr8&pan.
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Figure 3.6 100kN SATEC servo-hydraulic test frame

In order to accommodate the higher loads requirdzbth notched and unnotched
testing, a 250kN MTS servo-hydraulic test frame twale utilized. Existing grips were
not capable of withstanding the loads necessamnesthanical wedge grips rated to a
load of 265kN were purchased from Curtis “Sure-Gimg. The machine and grips are
shown in Figure 3.7. This system was also equippddTestStar lls data acquisition
and control system, and the MTS Basic TestWareveoft package. The same 25.4mm

MTS extensometer was also calibrated for use annlsichine
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Figure 3.7 250kn MTS servo-hydraulic test frame

3.2.2. Test Fixtures

In order to prevent out of plane deformation in ¢fpen hole compression and
single shear bearing specimens, fixtures werezadlin these tests. A SACMA SRM
3R-94 open hole compression test fixture, discugs@dl.2.2.1, was obtained from
Clark Atlanta University, and is shown in Figur&.3In order to conduct compression
testing, the 250kN MTS frame was equipped withdiad platens to transfer load
through end-loading, as discussed in 2.1.2.2.% cbimpression testing setup is shown
in Figure 3.9. As before, the MTS TestStar lls 8IS Basic Testware packages were

utilized.
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(@)

(b)
Figure 3.8 Open Hole Compression Fixture (a) p@rtessembled and (b) fully

assembled [22]

Figure 3.9 250kN MTS Test Frame equipped with glatens for compression testing

To constrain out-of-plane movement in the singleastbearing specimen, a
simple fixture was designed and fabricated. 76.2mde by 19mm thick 17-4PH
stainless steel bar was purchased, and the Gdosggiiute of Technology Mechanical

Engineering Machine Shop performed the machinifige resulting fixture, shown in
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Figure 3.10, face-supports the specimen to prgeearitrotation and ensure bearing

failure.

@)

(b)

Figure 3.10 Single shear bearing support fixtajed{sassembled and (b) assembled

The size and center notch of the SSB support fxdliad not allow for mounting
of the previously discussed MTS extensometer. macessitated a different
extensometer, so a 25.4mm, 2.54mm span Epsilontbigperature extensometer
(Figure 3.11) was calibrated for use with the 10@BANTEC test frame. The ceramic
rods allowed the extensometer to be mounted outsaléxture to read displacement

across the notch.

Figure 3.11 High temperature extensometer usesirigte-shear bearing testing
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3.3. TEST PROCEDURES

Subsequent sections will describe the various plares used for the different test
types. Unnotched, open hole, and filled hole tertssting were conducted using the
same basic procedure. Both the open hole compreasd single shear bearing

procedures required different methodology and &ttt steps.

3.3.1. Tensile Testing Procedures

Prior to tensile testing, specimens were visuabpected for nicks, surface
irregularities, warpage, and asymmetry. The wait thickness of each specimen was
measured with a dial caliper at the midpoint anbdadh ends to ensure consistent
dimensions. The diameter of the notch in the dp®a specimens was also measured.

Following inspection, the specimens were insental the grips. Alignment was
ensured by the centering guides, and confirmed wahal inspection. When hydraulic
grips were used, a clamping force of 2500psi wadiegh When the wedge grips were
utilized, the grips were mechanically tightenedr tests requiring an extensometer, it
was placed across the notch, with double-sideduapd to prevent slippage and secured
with rubber bands. This was done prior to indu@ng strain in the specimen. After
alignment and gripping occurred, the specimen wekhaded and testing was ready to

begin. The specimens were loaded at a constgsiadement rate of 1.27mm/min.

3.3.2. Compression Testing Procedure

Before compression testing, specimens were inspestexplained in 3.3.1.

Specimens were then placed in the OHC test fixtamd,positioned such that the ends of
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the specimen aligned with the edge of the fixturae fixture was then assembled, and
per Boeing standards [18] the bolts in the fixtwexe torqued to 1.13 N-m.

The specimen and fixture were then placed betweeend platens. The hydraulic
actuator was raised until the fixture was complefieish with the end platens. The
fixture was centered, and alignment was verifiddslight preload was then applied, and

the specimens were then loaded at a constant despknt rate of 1.27mm/min.

3.3.3. Single Shear Bearing Procedures

The single-shear bearing specimens required asgdrefare testing. Following
visual inspection, two coupons were placed bag{sidmg-side such that the holes
aligned. A pin was then inserted on one side,aamasher and collar on the other. The
collar was tightened to finger tight, and the spemi transferred to a vise. The vise was
used to ensure alignment. With the specimen gdigétly in the vice, the collar was
tightened with a torque wrench to a torque of 4 N-Fhe specimen was then visually
inspected again prior to testing.

The specimen was placed in the fixture describe&idr®, such that 50.8mm of
material for gripping extended past either encheffixture. The bolts in the fixture were
then torqued to 0.55 N-m to ensure joint rotati@hrebt occur, but that the specimen was
relatively free to move vertically in the fixture.

Single-shear bearing tests were conducted in tABNNGATEC test frame. The
specimen was aligned, and ends of the specimengr@med. A slight preload was

applied, and loading was then applied at a cons&atof 1.27mm/min.
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3.4. X-RAY PROCEDURES

Radiographic inspection of damaged specimens wdésrped with a Faxitron
110KV portable X-ray unit used in conjunction witle 100kNKN SATEC test frame. A
lead-lined plywood enclosure, fabricated by presioesearchers [53] for radiation
safety, was mounted on the fixture as seen in Ei§ut2. Radiation safety training was
attended, and the X-ray room was certified by teerGia Tech Office of Radiation

Safety to meet applicable state and federal sadefyirements.

Figure 3.12 SATEC Test Frame without X-ray uniplace

3.4.1. Radiographic Inspection

X-rays were taken at increasing load levels tordatee if damage had occurred.
At the desired load increment, prior to running xhy, the film and film holder were
positioned directly behind the center of the opele In the specimen as shown Figure

3.13.
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Specimen

hydraulic/ film

- sheet
film

Figure 3.13 Specimen with Film Setup

Because the graphite fiber and epoxy resin prohfike contrast for the x-ray, zinc
iodide die penetrant was used. This solution leac¢hto the cracks in specimen and
distinguishes the damaged areas. The solutiornsteros
60 g. Zinc lodide (Znl2) 98% pure
8 mL distilled water
10 mL Isopropyl alcohol
3 mL Kodak photo flow 200

These were measured into a 125mL Erlenmeyer fladlagitated until dissolved.

Preparation of the specimen prior to x-ray deperafethe type of test. No
additional handling was necessary for the open tavlsion tests. For the filled hole and
single shear specimens, the fastener had to beveghior to X-ray. This was
accomplished by unloading the specimen and remavingm the test frame. The

fastener was then removed before reinserting teeisgn into the grips. The open hole
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compression and single shear bearing specimensrarma@/ed from the anti-buckling
fixture before x-raying.

The zinc iodide solution was then applied to thke illameter and specimen
edges using a 25Q. Hamilton luer tip syringe. Extreme care was take avoid surface
contamination, since residual zinc iodide solutiorthe front or back of the specimen
could obscure damage.

Depending on the type of test, an opening loadtivas applied. For the open
hole tension tests, the opening load was equivabetite load the specimen was exposed
to. For the filled hole tension tests, an openaagl of 4.5kN was applied; this low load
level was applied to avoid causing any additioramhdge due to change in constraint
from the removal of the fastener. Similarly, akiN3oad was applied for the open hole
compression tests. No opening load was appliethosingle-shear bearing specimens,
as specimen geometry did not provide sufficientemal to grip at the top edge of the
disassembled specimen. Regardless of type offitestinutes were allowed to permit
the zinc iodide solution to seep into the specipa&h.

The portable x-ray unit, shown in Figure 3.14, wasitioned as seen in Figure
3.15. Alignment was guaranteed by a riser armpgupd with a safety interlock, aligning

marks on the floor, and visual cues on the radiatioclosure.
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Figure 3.14 Faxitron X-ray unit

20 kip hydraulic

< test frame
X-ray tube
enclosur\
: — shielding
traversing box
stand >

Figure 3.15 Test Frame with X-ray unit in position

The parameters for the Faxitron 110 kV x-ray uretevset at voltage 33 kV, current 3
mA, and a time of 73 seconds, based on previoesirels [53]. After the room was

cleared, the door was closed, enabling the fifetganterlock. The specimen was then
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irradiated to determine the damage around the noftle image would then be

processed in accordance with 3.4.2.

3.4.2. Film processing and Imaging

Following X-ray exposure, the Polaroid Type 55 Riet film was processed.
The Kodak type 545i film holder was shifted fronadbto process, and the film removed
from the holed. This action spread the developgigent on both the positive and
negative images. Per manufacturer specificatiartytbeconds were allowed to ensure
film development. The negative and positive weentseparated. The positive image
was inspected to determine image quality, andehued acceptable, the negative image
was placed in a fixing agent of 18% sodium suBipdution made from Kodak anhydrous
sodium sulfite. The negative was kept in the fixgolution for at least 30 minutes.
After removal from the fixing solution, each negatwas rinsed in warm tap water for 5
minutes to remove residual developing and fixingrdg. Finally the negative was air
dried.

The extent of damage was determined by inspedtegégative with a Leica
stereographic microscope. Using the microscopggital image of the negative could
be obtained, and any further enhancement or asalgsild be performed using the

ImagePro Express software.
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CHAPTER 4

RESULTS

This chapter presents the results of the variagts fgerformed on the traditional
and non-traditional composite laminates. Therestlts are grouped first according
loading type, then lay-up, laminate, and notch tang. The findings from the
unnotched tension data will be presented firstp¥eéd by open hole tension, filled hole
tension, open hole compression, and single sheainigetests. For each test type, data
will be presented first in tabular form, along wéh initial comparison of the traditional
and non-traditional mechanical behavior. Bar gremimparisons of the strengths of the
different laminates will be given. These will shtve average of the three tests, and
deviation bars will give the maximum and minimursuks. This will be followed by a
detailed description of each laminates behaviat,the results of the radiographic
inspection.

Due to the proprietary nature of the data gather¢kis research, the failure load
and strain-to-failure results are normalized agaime traditional laminate unnotched

properties provided by Boeing.

4.1. UNNOTCHED TENSION

In order to gather baseline data for modeling psegpand to validate modulus and
unnotched strength prediction techniques, unnottéresion tests were performed on
each of the traditional and non-traditional lay-ug$ie normalized results are given in
Table 4.1, and the averaged strengths and deviateshown in Figure 4.1. For both the

guasi-isotropic and hard lay-ups, the traditioaatihates were the strongest and stiffest.
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The use of 5 plies in the quasi-isotropic laminate and harditete caused a slight
reduction in the average unnotched tensile strengtiere was also a slight decrease in
modulus associated with the use &f plies. The 10 plies caused an 8% reduction in
average strength in the quasi-isotropic laminated,an 11% reduction in the hard
laminate. This was also accompanied by a decreasedulus.

Table 4.1 Unnotched Tensile Strengths

Specimen Rax Straditional Eexp(Gpa) B (Gpa)
Q-0-UNT-1 0.934 56.54 53.23
Q-0-UNT-2 0.926 54.47 53.23
Q-0-UNT-3 0.948 -- 53.23

Average Q-0-UNT .936 55.51 53.23
Q-5-UNT-1 0.870 54.88 52.54
Q-5-UNT-2 0.941 55.43 52.54
Q-5-UNT-3 0.862 -- 52.54

Average Q-5-UNT 0.891 55.16 52.54
Q-10-UNT-1 0.841 52.88 50.61
Q-10-UNT-2 0.856 49.92 50.61
Q-10-UNT-3 0.902 - 50.61

Average Q-10-UNT 0.866 51.40 50.61
H-0-UNT-1 0.794 94.56 94.67
H-0-UNT-2 0.791 94.08 94.67
H-0-UNT-3 0.796 -- 94.67

Average H-0-UNT 0.794 94.32 94.67
H-5-UNT-1 0.734 90.89 93.01
H-5-UNT-2 0.750 91.27 93.01
H-5-UNT-3 0.755 -- 93.01

Average H-5-UNT 0.746 91.08 93.01
H-10-UNT-1 0.706 88.75 88.05
H-10-UNT-2 0.710 89.27 88.05
H-10-UNT-3 0.708 - 88.05

Average H-10-UNT 0.708 89.01 88.05
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Figure 4.1 Average Unnotched Tension Strengths

Also given Table 4.1 is the theoretical longitudimedulus for each laminate,
calculated using classical lamination theory basethe properties listed in Table 4.2
[52]. These properties. From previous discussvaitis Boeing, it was learned that
classical lamination theory performs well with tmsiterial system, and as such,
following an initial validation of CLT for each layp, no further experimental modulus

determination was performed.
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Table 4.2 T800 / 3900-2 Properties [52]

Representative images of the fractured specimengiven below. In general,
failure modes were quite complex and did not yeeldear picture of where failure
initiated or why it occurred. In several cases, shecimen failed in the gage length and
at the grips. Some general trends emerged, howé@\rex unnotched quasi-isotropic
specimens fractured at a 4&ngle, as shown in Figure 4.2. This could becaitiive of a
more brittle response, and would indicate faillomng a plane of maximum shear stress.
Conversely, the non-traditional quasi-isotropic ilaaes failed along a line perpendicular

to the applied load, as can be seen in FigurerdFgure 4.4.
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Figure 4.2 Traditional Quasi-Isotropic Unnotchezh$ion specimen after failure

Figure 4.3 Non-traditional 6 ) Quasi-Isotropic Unnotched Tension specimen &tikire

Figure 4.4 Non-traditional (0 ) Quasi-Isotropic Unnotched Tension specimen &dtiéure

Failure in the hard laminates was characterizeddbgmination. Figure 4.5
shows the delamination occurring in the traditidaatinate across the entire gage length.
Interlaminar stresses at the free edge resultddlamination at the 9(plies, which
extended approximately 13mm into the specimen poidailure. At failure the specimen
delaminated explosively. A similar failure was ehb&ed in the non-traditional {0 )
hard laminate, as shown in Figure 4.6. Delamimatiextended approximately 10mm
into the specimen, again at the @ies. At failure, 105mm of the center portiontioé
specimen delaminated explosively, accompanieddmntire of the specimen at two

locations in the gage length, perpendicular tdalae.
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Figure 4.5 Traditional Hard Unnotched Tension gpeao after failure

Figure 4.6 Non-traditional (L0 ) Hard Unnotched Tension specimen after failure

The unnotched tensile strengths of the traditiguoalsi-isotropic and hard
laminates were less than those provided by Boeliigere was a 6% difference between
Boeing's quasi-isotropic unnotched values and tlioged at Georgia Tech, and a 20%
difference between the hard laminate strengthss iShmost likely attributable to the
serrated grips used for testing, as the majorigpeaicimens failed at least partially at the
grips. This is a common problem in testing of uched composites, and typically
servo-hydraulic Surfalloy-coated grips are usethtoimize grips failures. Bonded tabs
were utilized in the grip region for some testg] &tile difference in strength was
observed.

In general, however, there was relatively littlatser in data, and several
specimens did fail in the gage length. Additiopaihe observed trends are consistent
with what would be expected, giving credibilityttee results. Despite any discrepancies,
the results provide a comparison of traditional aad-traditional unnotched tensile

strength.
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4.2. OPEN HOLE TENSION

The following sections describe the results ofghasi-isotropic and hard laminate

open hole tension tests. The tests were condasteéscribed in 3.3.1.

4.2.1. QUASI-ISOTROPIC OPEN HOLE TENSION

Table 4.3 summarizes the normalized results ofjtlesi-isotropic open hole
tension tests, and the averaged results and davsagire shown in Figure 4.7. Figure 4.8
provides a comparison of the mechanical respontigedfaditional and non-traditional
composite laminates. The traditional quasi-isatrégminates had the highest failure
loads, slightly exceeding the strength of tle quasi-isotropic and10 quasi-isotropic
non-traditional laminates. The non-traditional iaates were also less stiff than the

traditional laminates, and in general had a higlin-to-failure, as seen in Figure 4.8.

Table 4.3 Quasi-Isotropic Open Hole Tension Result

Specimen R Strad maxX trad
Q-0-OHT-1 0.528 0.480
Q-0-OHT-2 0.506 0.496
Q-0-OHT-3 0.528 0.538
Q-0-OHT-4 0.533 NA (X-ray)
Q-0-OHT-5 0.533 NA (X-ray)
Average Q-0-OHT 0.526 0.505
Q-5-OHT-1 0.497 0.445
Q-5-OHT-2 0.528 0.509
Q-5-OHT-3 0.536 0.560
Q-5-OHT-4 0.527 NA (X-ray)
Average Q-5-OHT 0.522 0.505
Q-10-OHT-1 0.488 0.547
Q-10-OHT-2 0.505 0.501
Q-10-OHT-3 0.498 0.470
Q-10-OHT-4 0.479 NA (X-ray)
Average Q-10-OHT 0.493 0.506
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Figure 4.7 Average Quasi-Isotropic Open Hole TlerfSirengths

Figure 4.8 Comparison of traditional and non-tiiadal quasi-isotropic open hole tension response

The results of the die penetrant enhanced X-rapgaaphy are discussed next.
X-ray investigation began at the anticipated on$elamage in the traditional laminate,

based on the stress concentration factor. Thesst@ncentration factor can be calculated
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as 3.00 using equation 2.18, but for a quasi-ipotrmaterial it is the same as that found
in an isotropic material with a circular hole. Témecimens were X-rayed at regular
intervals until failure. The traditional and narditional laminates were X-rayed at the
same load levels to allow direct comparison of dgenarogression in each specimen.
The load levels at each increment are given aeptages of the ultimate failure load of
the specimen tested.

Prior to discussing damage observed in X-ray imagésconvenient to describe
an orientation system for referencing damage lonatiA conventional right-hand
coordinate system is chosen such that the x axi®aoorresponds with the load
direction, the y axis and 9@orresponds with the transverse direction, and tfves is
through the thickness. The location of damagetican be referenced in degrees with

regards to the x axis.

90 270

180

Figure 4.9 Definition of Orientation System

4.2.1.1 Traditional Quasi-Isotropic Open Hole Tendresponse

Figure 4.10 shows the results of the radiograptgpéction of the traditional
guasi-isotropic laminate loaded in open hole tamsimitial damage occurred in the form

of cracking in the 90plies, with small cracks emanating from the edigthe hole. The

90 ply cracks observed in Figure 4.10a vary in lengihio 2.8mm. As loading
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progressed, these 90racks continue to increase in density and lemgthe region
defined from approximately 4@bove and below the y axis. This can be obsdarnved
Figure 4.10 b-d. At 78% of the failure load, tie fly cracking had grown from the
notch edge to the free edge of the specimen.

Small cracks were also observed in the glies at the initial load increment.
These cracks were oriented at approximatelya6@ 240. The length of these cracks at
the initial increment was 1.5mm. These cracks wese dense than the 90ly cracks,
and exhibited a preferential orientation; crackim¢he -45 plies was not observed until
higher load levels. These cracks grew in lengthdensity until failure. The longest of
these cracks observed in Figure 4.10d was meaagr&d.2mm.

At roughly half of the failure load, (ply cracking occurred in the form of single
cracks growing from the y axis. Cracks in multiplees are most likely superimposed
over each other, but it is not possible to deteentinat from these images. The
longitudinal cracks had a preferential orientatmith the crack at 90growing fastest in
the negative x direction, and the crack at 2gi@wing fastest in the positive x direction.
In Figure 4.10b, the longest longitudinal ply cragks measured as 3.30mm, and
eventually grew to a length of 5.6mm as seen inifeig.10d.

Figure 4.11 is a representative stress-strain respof a traditional quasi-
isotropic specimen loaded in open hole tensionspide substantial damage occurring in
the 45 and 90 plies prior to failure, little change is noticadslope of the stress-strain

curve in. This can be attributed to the dominasfade O plies.
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(@) (b)

© d)

Figure 4.10 Radiographic images of traditionalsitisotropic open hole tension specimen at a)36%
failure load, b) 57% failure load, c) 78% failual, and d) 93% failure load
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Figure 4.11 Typical open hole tension stress#stt@sponse of traditional quasi-isotropic laminate
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4.2.1.2 Non-Traditional 6 ) Quasi-lsotropic Open Hole Tension Response

Figure 4.12 shows the results of the radiograpigpection of the non-traditional
guasi-isotropic laminate with thé longitudinal plies, loaded in open hole tensidine
initial load level and subsequent intervals weeegame as that of the traditional quasi-
isotropic laminate.

As in the traditional laminate, initial damage oged in the form of cracking in
the 90 plies, and its location and growth are consistétit that in the traditional
laminate. Small cracks can be seen in Figure 4\Mdtging in length up to 3.30mm, and
as loading progressed, these cracks continue tease in density and length. At
approximately 80% of the failure load, the $y cracking had grown from the notch
edge to the free edge of the specimen.

Initial 45 ply cracking was observed in Figure 4.12a, orig@iied5 and 240.

The length was measured as 1.78mm. By the nedtitmaement, 45damage had
increased, with cracks located at 4535, and 225. Similar to the traditional laminate,
a preferential orientation was observed, but bysgmnd load increment -48amage

had initiated at 135and 315. 45 damage grew in length and density, and longest of
these cracks observed in Figure 4.12d was meaasréb2mm.

At 60% of the failure load,5 ply cracking occurred in the form of cracks
growing from the y axis. These cracks initiate@@tand grew in the negative x
direction, and at 270and grew in the positive x direction. At eachdton, the cracks in
the +5 and -5 plies are clearly distinguishable, as opposedhatwppears to be a single
crack in the traditional laminate. In Figure 4.1&1® longest longitudinal ply crack was

measured as 2.03mm, and eventually grew to a lef@b6mm. By 80% of the failure
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load, longitudinal ply cracking had grown in thespiive x and negative x directions at
both 90 and 270, but the initial cracks continued to be the latges

As in the traditional laminate, little change wédserved in the slope of the stress-
strain curve. The slope of the curve is slightlsd than that of the traditional laminate,

but still extremely linear despite the damage agagrin the 45 and 90.

(@) (b)

(c) (d)
Figure 4.12 Radiographic images of non-traditida:&®) quasi-isotropic open hole tension specimen at
a)36% failure load, b) 58% failure load, c) 79%uee load, and d) 93% failure load
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Figure 4.13 Typical open hole tension stress#stt@sponse of non-traditionalq ) quasi-isotropic
laminate

4.2.1.3 Non-Traditional (10 ) Quasi-Isotropic Open Hole Tension Response

Figure 4.14 shows the results of the radiograpigpection of the non-traditional
guasi-isotropic laminate with thelO plies, loaded in open hole tension. The inited
level and subsequent intervals were the same teftlize traditional quasi-isotropic
laminate.

As in the previous two cases, the initial damagriged in the form of cracking
in the 90 plies, with small cracks emanating from the edigghe hole. The longest of
the 90 ply cracks observed in Figure 4.14a is 4.06mm.oAding progressed, these 90
cracks increased in density and length in a masina@far to the previous two laminates.
At approximately 60% of the failure load, the 98y cracking had grown from the notch

edge to the free edge of the specimen.
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45 cracking, oriented at 9@nd 270, can also be seen in Figure 4.14a. As
before, they exhibited a preferential orientatisrceacking in the -45plies was not
observed until higher load levels. The longedheke cracks at the final load increment
measured 14.2mm.

By 60% of the failure load, longitudinal ply cranlgioccurred in the form of pairs
of cracks growing from the y axis. These exhib#eareferential orientation, with the
crack in the 10ply at 90 growing fastest in the negative x direction, amel ¢rack in the
-10 ply at 270 growing fastest in the positive x direction. ligle 4.14b, the longest
longitudinal ply crack was measured as 2.0mm;cdrask eventually grew to a length of
3.8mm as seen in Figure 4.14d.

As with the traditional and non-traditional quasdtropic laminates, there is little
change in the slope of the stress-strain curvengivé-igure 4.15. This indicates that the
use of off-axis plies decreases the stiffness @tdiminate, but has little effect on the

linearity of the mechanical response.
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(@) (b)

(©) (d)
Figure 4.14 Radiographic images of non-traditiqa:dl0°) quasi-isotropic open hole tension speciaten
a)40% failure load, b) 64% failure load, c) 87%uUee load, and d) 100% failure load
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Figure 4.15 Typical open hole tension stress#sti@sponse of non-traditionall0 ) quasi-isotropic
laminate
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4.2.2. HARD OPEN HOLE TENSION

Table 4.4 and Figure 4.16 summarize the resultseohard laminate open hole
tension tests. There was a significant differandbe OHT strength of the traditional
and non-traditional laminates. The laminate wiih t5 longitudinal plies experienced
an approximately 10% decrease in average streagththe average strength of the
laminates with 10 longitudinal plies was 18.5% less than that oftthditional hard
laminate. Additionally, the non-traditional{0 ) laminate had a significantly lower
strain-to-failure. As in the quasi-isotropic laraias, the non-traditional laminates were
less stiff than the traditional laminates, as shawfigure 4.17.

Table 4.4 Hard Laminate Open Hole Tension Results

SpeCimen Rax Strad mad trad

H-0-OHT-1 0.474 0.464
H-0-OHT-2 0.460 0.433
H-0-OHT-3 0.486 0.438

H-0-OHT-4 0.498 NA (X-ray)
Average H-OHT 0.480 0.445
H-5-OHT-1 0.433 0.446
H-5-OHT-2 0.437 0.445
H-5-OHT-3 0.430 0.451

H-5-OHT-4 0.432 NA (X-ray)
Average H-5-OHT 0.433 0.447
H-10-OHT-1 0.394 0.419
H-10-OHT-2 0.387 0.404
H-10-OHT-3 0.386 0.427

H-10-OHT-4 0.397 NA (X-ray)
Average H-10-OHT 0.391 0.417
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Figure 4.17 Comparison of traditional and nonitiadal hard open hole tension response
The results of the radiographic inspection offthed open hole tension specimens
are discussed in the following sections. Inspestisegan at the anticipated onset of

damage in the traditional laminate, based on astencentration factor of 4.11.
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Because damage was not observed at this load leading was increased until such a
time that it was. Inspection then occurred at lsgatervals, with both the traditional
and non-traditional laminates being x-rayed atstéi@e load levels. The load in each X-

ray is given as a percentage relative to the faiload of the specimen tested.

4.2.2.1 Traditional Hard Open Hole Tension Response

Figure 4.18 shows the results of the inspectiathefraditional hard laminate

loaded in open hole tension. At 32% of the faillmed, damage had occurred in the,90

45 , and 0 plies. The 90ply cracks observed in Figure 4.18a vary in lengito
1.78mm. As loading progressed, these &@cks increase in density and length in the
region defined from approximately 48bove and below the y axis. At approximately
75% of the failure load, the 9@ly cracking had grown from the notch edge tofthe
edge of the specimen.

Small cracks were observed in the 4d -45 plies at the initial load increment.
These cracks were oriented at approximately 485, 225, and 315. The longest
crack length at the initial increment was 1.5mniede cracks initially grew outward
from the hole, but eventually cracking in 4&nd -45 plies intersected to form triangular
regions at the notch, as seen in Figure 4.18c.itidddl 45 damage grew in length up
to 5.6mm. +45and -45 cracks can also be seen extending from the lodigial ply
cracks in Figure 4.18b, with lengths of approxirhaie3mm.

At the initial load increment, Qply cracking can be seen as single cracks growing

from the y axis. These grew in the positive angiatige x direction, eventually reaching
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a length of 10.1mm measured from the axis. At hogld levels, this damage became
visible on the surface of the specimen, as seéigimre 4.19.

The stress-strain curve of a typical traditionaidhapen hole tension test is given
in Figure 4.20. The curve is linear throughout tradghe loading, indicating damage in

the 90 and 45 plies had little effect on mechanical resporfgd® specimen.

(@) (b)

(© (d)

Figure 4.18 Radiographic images of traditionabhapen hole tension specimen at a)32% failure, Ibad
63% failure load, ¢)76% failure load, and d) 96%ufa load
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Figure 4.19 Longitudinal ply cracking observedsomface ply of traditional hard OHT laminate
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Figure 4.20 Typical open hole tension stress#st@sponse of traditional hard laminate
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4.2.2.2 Non-Traditional 6 ) Hard Open Hole Tension Response

Figure 4.21 shows the results of the radiograptspection of the traditional hard
laminate loaded in open hole tension. Initial Bxmn occurred at 36% of the failure
load, and subsequent load levels correspondedtinose in the traditional hard laminate.

Damage was observed in the $ies in Figure 4.21a, with small cracks
emanating from the edge of the hole. The @9 cracks vary in length up to 4.1mm. By
73% of the failure load, the 9@ly cracking had grown from the notch to the feelge of
the specimen.

Cracking in the 45plies was also observed at the initial load in@etn These
cracks were oriented at approximately 45d 225. The length of these cracks at this
load level was 2.0mm. Cracking in the -4#ies, seen in Figure 4.21c, were not
observed until higher load levels. Prior to fagluthe longest of the45 cracks
eventually reached a length of 4.6mm.

5 ply cracking can be seen in Figure 4.21b. Theksgrow from a length of
1.8mm in Figure 4.21b to a length of 4.8mm in Fegdr21d.

The open hole tension stress-strain response ofdraditional (5 ) hard
laminate is shown in Figure 4.22. The responsieeésr with little change in slope prior

to failure.
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(a) (b)

© (d)

Figure 4.21 Radiographic images of non-traditiqea®) hard open hole tension specimen at a)36%
failure load, b) 55% failure load, c) 73% failuoal, and d) 88% failure load
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Figure 4.22 Typical open hole tension stress#st@sponse of non-traditionalq ) hard composite
laminate
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4.2.2.3 Non-Traditional (L0 ) Hard Open Hole Tension Response

Figure 4.23 shows the results of the radiograpispection of the non-traditional
( 10) hard laminate loaded in open hole tension.idhimspection occurred at 40% of
the failure load, and occurred at regular intercalsesponding to the load levels used

for the traditional hard laminate

Initial damage occurred in the form of crackinghe 90 plies, with small cracks
emanating from the edge of the hole. The 91§ cracks observed in Figure 4.23a vary
in length up to 2.3mm. These 90ly cracks have grown from the notch edge to tbe f
edge of the specimen by approximately 80% of theraload.

45 ply cracking at the initial load increment wasdted at approximately 60
and 225, and measured 1.8mm. -4y cracking is observed at the next load
increment. By failure the longest of thd5 cracks was measured as 5.1mm.

At approximately 60% of the failure load, longitodl ply cracking was observed.
+10 and -10 cracks can be seen growing at @dd 270. The length of the longest
longitudinal ply crack at failure was 4.3mm, seeifrigure 4.23d.

Despite substantial damage occurring in thB and 90 plies prior to failure,
little change is noticed in slope of the stresaistcurve in Figure 4.24. This can be

attributed to the dominance of th&0 plies.
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Figure 4.23 Radiographic images of non-traditidqerdl0°) hard open hole tension specimen at a)40%
failure load, b) 59% failure load, c) 79% failumall, and d) 100% failure load
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Figure 4.24 Typical open hole tension stress#st@sponse of non-traditionalX0 ) hard composite
laminate
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4.2.2.3.1 Edge Delamination in Hard Open Hole T@m&pecimens

Edge delamination was evident in the x-ray imagdsigure 4.18d and Figure
4.21d, but it is difficult to characterize the ekamount present. As such, one of each
type of hard OHT laminate was sectioned during+fe&ire inspection of the specimens.
Since delamination was comparable on both halvéiseobroken specimen, only one half
of each was analyzed. The specimen was cut i@tcfn sections using a silicon carbide
cutting disc on a water-cooled abrasive saw. Danhaggth was then measured at these
points under a stereomicroscope. Results are shofigure 4.25 and Figure 4.26. A
definite reduction in delamination occurred in botin-traditional laminates, and no

delamination was apparent in the specimen with fiée plies.

>

Figure 4.25 Cross sectional view of delaminatiamelge in traditional hard open hole tension spatime
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Figure 4.26 Amount of edge delamination in hard Qdgp€cimens

4.3. FILLED HOLE TENSION
The following sections present the results of thasitisotropic and hard laminate
filled hole tension tests. The tests were conaliatedescribed in 3.3.1, with the

fasteners torqued to full clamp-up.

4.3.1. QUASI-ISOTROPIC FILLED HOLE TENSION

Table 4.5 and Figure 4.27 summarize the resultseofuasi-isotropic filled hole
tension tests, and a comparison of the stressisgponses is shown in Figure 4.28. In
this case, the5 and the 10 plies resulted in an improvement in average streager
the traditional laminate, but the amount fell witleixperimental scatter. The observed

stiffnesses were similar to those observed in gendiole tension case.
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Table 4.5 Quasi-Isotropic Filled Hole Tension Resul

Specimen Rl Strad max trad
S-0-FHT-1 0.483 0.609
S-0-FHT-2 0.456 0.491
S-0-FHT-3 0.465 0.618
S-0-FHT-4 0.467 NA (X-ray)
Average S-0-FHT 0.468 0.573
S-5-FHT-1 0.483 0.545
S-5-FHT-2 0.498 0.504
S-5-FHT-3 0.494 NA (X-ray)
Average S-5-FHT 0.492 0.523
S-10-FHT-1 0.479 0.536
S-10-FHT-2 0.471 0.567
S-10-FHT-3 0.464 NA (X-ray)
Average S-10-FHT 0.471 0.552

HH

Quasi-Isotropic Laminate

93

OTraditional Laminate
O Non-Traditional (5deg)
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Figure 4.27 Average Quasi-Isotropic Filled Holen3ige Strengths
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Figure 4.28 Comparison of traditional and nontiadal quasi-isotropic filled hole tension respens

Following is a discussion of the damage observabaemuasi-isotropic filled hole
tension specimens, using the die penetrant enhaticag radiography. X-ray
investigation began at the anticipated onset ofaggamn the traditional laminate, and
occurred at regular intervals until failure. Théial inspection point was again based on
a stress concentration factor of 3.0, but inspadicthis load level and subsequent load
levels, indicated that damage was not occurring bigther load levels. This was
expected, as the presence of a fastener with clgnfprce reduced damage around the
notch due to the constraint imposed by the fastghéd]. As before, the traditional and
non-traditional laminates were X-rayed at the sévad levels to allow direct comparison
of damage progression in each specimen. The &erdsl are given as percentages of the

ultimate failure load of the specimen tested.
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4.3.1.1 Traditional Quasi-Isotropic Filled Hole Baan Response

X-ray images of the traditional quasi-isotropidefl hole tension specimens are
shown in Figure 4.29. Damage onset occurred rapaaid included 90cracking and
45 cracking. A prominent +45and -45 crack formed and overlapped, creating a
triangular region at the hole edges approximatelynin in width by 2.9mm in height.
Fiber breakage, seen in Figure 4.29b, and not@ndehtion occurred shortly thereafter.
Slight longitudinal ply cracking at 9@nd 270 is evident prior to failure. Most damage

occurs in the area under the washer, and only @ssgs to the rest of the specimen just

prior to failure.

(a) (b)

(©)

Figure 4.29 Radiographic images of traditionalsitisotropic filled hole tension specimen at a}34.
failure load, b) 97.6% failure load, and c) 99%ufee load
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Figure 4.30 shows the stress-strain response afatigional quasi-isotropic
filled hole tension test. As in the open hole ¢c#ise curve is quite linear. However,
prior to complete failure, a small drop in load e This can be attributed to failure of
the constrained material under the fastener, arsdas@ompanied by an audible popping
of the specimen. Failure of this material did restult in immediate failure of the
laminate, and as such loading continued, albegflgriuntil failure of the entire

specimen.
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Figure 4.30 Typical filled hole tension stressastresponse of traditional quasi-isotropic lamenat

4.3.1.2 Non-Traditional 6 ) Quasi-Isotropic Filled Hole Tension Response

X-ray images of the non-traditionalq ) quasi-isotropic filled hole tension
specimens are shown in Figure 4.31. As in thattosdl laminate, damage was not
observed until much higher load levels than segharopen hole case. Damage onset
occurred rapidly, with most damage occurring betw@2% and 96% of the failure load.

Prominent +45and -45 crack formed and overlapped, similar to that olsgin the
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traditional laminate, and was followed by fiberdkage and notch. No longitudinal ply
cracking was evident in this laminate prior todad. As before, most damage occurs in
the area under the washer, and only progressés t@st of the specimen just prior to

failure.

(@) (b)

(©)

Figure 4.31 Radiographic images of non-traditiqnal ) quasi-isotropic filled hole tension specimen at
a)84.6% failure load, b) 92.3% failure load, an®6)2% failure load
Figure 4.32 shows the stress-strain response afahdraditional (5 ) quasi-
isotropic filled hole tension test. The curve engrally linear until prior to failure, when
a slight reduction in load occurs. This was accanmgd by audible popping, and was
due to failure of the constrained material underfastener. Failure of this material did
not result in immediate failure of the laminateg dmading continued to a point higher

than that at which the initial load drop occurred.
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Figure 4.32 Typical filled hole tension stresatresponse of non-traditionaly ) quasi-isotropic
laminate

4.3.1.3 Non-Traditional (10 ) Quasi-Isotropic Filled Hole Tension Response

X-ray images of the non-traditionalX0 ) quasi-isotropic filled hole tension
specimens are shown in Figure 4.33. As in theipusvtwo laminates, damage was not
observed until close to failure. The observed dgwias consistent with the traditional
case, with severe45 and 90damage occurring triangular regions at the holeesdg
This was followed by delamination and fiber breakaggen in Figure 4.33b. No
longitudinal ply cracking is evident prior to fai Initial damage occurs in the area
under the washer, but can be seen progressing t@sh of the specimen in Figure 4.33b

prior to failure.
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(a) (b)

Figure 4.33 Radiographic images of non-traditidnD ) quasi-isotropic filled hole tension specimen at
a)82% failure load, and b) 98.4% failure load
Figure 4.34 shows the stress-strain response afdhdraditional (10 ) quasi-isotropic
filled hole tension test. The curve is linear, byperiences a slight reduction in load
prior to failure. Subsequent material responselessstiff than that of the undamaged
material, but loading continued until a point highiean the initial load drop before

ultimately failing.
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Figure 4.34 Typical filled hole tension stressstresponse of non-traditionall0 ) quasi-isotropic
laminate
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4.3.2. HARD FILLED HOLE TENSION

The results of the hard filled hole tension tesésgaven in Table 4.6 and Figure
4.35. There was a slight reduction in averagengtreassociated with the use of non-
traditional laminates, but these fell within expeental scatter. Both non-traditional
laminates also had a lower strain-to-failure tHanttaditional laminates. These trends
are shown in Figure 4.36. There was a significadtiction in the strength of all

laminates when compared to the open hole case aidhtener resulting in a 23%

decrease in strength in the traditional laminate.

Table 4.6 Hard Laminate Filled Hole Tension Result

Specimen R Strad max trad
H-0-FHT-1 0.361 0.363
H-0-FHT-2 0.368 0.433
H-0-FHT-3 0.364 0.432
H-0-FHT-4 0.368 NA (X-ray)
Average H-FHT 0.365 0.409
H-5-FHT-1 0.375 0.374
H-5-FHT-2 0.360 0.373
H-5-FHT-3 0330 0.356
H-5-FHT-4 0.359 NA (X-ray)
Average H-5-FHT 0.356 0.368
H-10-FHT-1 0.330 0.356
H-10-FHT-2 0.330 0.365
H-10-FHT-3 0.338 0.359
H-10-FHT-4 0.349 NA (X-ray)
Average H-10-FHT 0.337 0.360
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Figure 4.36 Comparison of traditional and non-tiadal hard filled hole tension response

The x-ray images of the hard filled hole tensioacsmens are discussed below.
Radiographic inspection began when damage initiatias predicted based on the stress

concentration factor, but no damage was observaldhigiher load levels. Inspection
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occurred at regular intervals until failure. Ldadels for each image are given as

percentages of the failure load of the x-rayed ispea.

4.3.2.1 Traditional Hard Filled Hole Tension Resg®n

X-ray images of the traditional hard filled hol@$&én specimens are shown in
Figure 4.37. Longitudinal ply cracking, locatedat90 , and 270 and measuring
3.2mm in length, was observed at 70% of the failoael. Slight 45 damage was also
present at this load level. At the next load inoeet, the initial longitudinal ply cracks
had increased in length, and additional longituldinacks had formed at the edge of the
washer, measuring 3.4mm in length. The amoun#ééf damage had also increased.
Additionally, very pronounced cracks oriented pepeular to the load had also formed.
Because of their severity and appearance clogeetbrhe of failure, it is believed these
represent fiber breakage in the@ies. These cracks extend to the edge of thbaevas

Figure 4.38 shows the stress-strain response afatigional hard filled hole

tension test. The curve is linear until failure.

Ts

Figure 4.37 Radiographic images of traditionabh@lted hole tension specimen at a)70% failuradp
and b) 96% failure load
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Figure 4.38 Typical filled hole tension stresastresponse of traditional hard laminate

4.3.2.2 Non-Traditional 6 ) Hard Filled Hole Tension Response

X-ray images of the non-traditionalq ) hard filled hole tension specimens are
shown in Figure 4.39. At 80% of the failure loalight longitudinal ply cracking was
observed at 90and 270, measuring 1.5mm in length. Slight 2hd 45 damage was
also observed at this increment. By 96% of thieifaiload, the longitudinal cracks had
grown in length to 3.3mm. 45 and 90 damage had also increased, though it was
confined to the region under the washer. Very pomted cracks oriented perpendicular
to the load were seen at 9@nd were measured as 1.3mm . It is believedhieat are
cracks in the longitudinal plies.

Figure 4.40 shows the stress-strain response afdhdraditional (5 ) hard
filled hole tension test. The curve is generaligar, but prior to complete failure a small

drop in load occurs. This can be attributed ttufaiof the constrained material under the
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fastener, and was accompanied by an audible pobitige specimen. This material did
not constitute failure of the laminate, and loadmogtinued until failure of the entire

specimen.

Ts

Figure 4.39Radiographic images of non-tradition&l ) hard filled hole tension specimen at a)80% failu
load, and b) 96% failure load
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Figure 4.40 Typical filled hole tension stressastresponse of a non-traditionab() hard laminate

4.3.2.3 Non-Traditional (L0 ) Hard Filled Hole Tension Response

X-ray images of the non-traditionalX0 ) hard filled hole tension specimens are
shown in Figure 4.41. Initial inspection showetimm longitudinal ply cracks at 90

and 270. Slight 90 and 45 damage was also observed at this increment. By &5
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the failure load, the longitudinal cracks were nuiead as 3.0mm in length. Small cracks
oriented perpendicular to the load were observegptoximately 100and 260. These
were measured as approximately 0.3mm . It is bedighat these are cracks in the
longitudinal plies.

Figure 4.42 shows the stress-strain response afatigional hard filled hole

tension test. The curve is linear until failure.

Ts

Figure 4.41 Radiographic images of non-traditiqndD ) hard filled hole tension specimen at a)74%
failure load, b) 95% failure load
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Figure 4.42 Typical filled hole tension stressastresponse of non-traditionall0 ) hard laminate
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4.4. OPEN HOLE COMPRESSION

The subsequent sections present the results gtd-isotropic and hard laminate
open hole compression tests. These tests wereicuusing the procedures described

in 3.3.2.

4.4.1. QUASI-ISOTROPIC OPEN HOLE COMPRESSION

The results of the quasi-isotropic open hole tangests are given below in Table
4.7 and Figure 4.43. The traditional laminatesiatdd the highest strength, with the use
of 5 and 10 plies causing slight decreases in strength. Dubke bulk of the fixture,
it proved difficult to mount an extensometer acritesnotch to measure strain. As such,
strain-to-failure results are calculated usingebaation:

P
EA (4.1)

The simplification is justified by the relativelipear response of the composites,
and is useful for comparison purposes.

As discussed 2.1.2.1, failure in open hole compwassccurs due to fiber
microbuckling. Because this buckling mechanism imdubsequent growth are by
nature unstable, tracking damage progression in @E-ray radiography proved very
difficult. In some cases, no damage was detedated o failure. In general, detection of
a microbuckle implied failure was imminent, andtfigr x-raying at multiple increments

was often not feasible due to time and cost coimstra
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Table 4.7 Results of Quasi-Isotropic Open Holesl@am Tests

Specimen R Strad max trad
S-0-OHC-1 0.548 0.548
S-0-OHC-2 0.532 0.532
S-0-OHC -3 0.583 0.583
S-0-OHC-4 0.528 0.528
Average S-0-OHC 0.548 0.548
S-5-OHC-1 0.528 0.535
S-5-OHC-2 0.502 0.508
S-5-OHC-3 0.548 0.555
S-5-OHC-4 0.532 0.538
Average S-5-OHC 0.527 0.534
S-10-OHC-1 0.532 0.559
S-10-OHC-2 0.486 0.511
S-10-OHC-3 0.525 0.552
S-10-OHC-4 0.532 0.559
Average S-10-OHC 0.519 0.545

——

Quasi-Isotropic Laminate

O Traditional Laminate
ONon-Traditional (5deg)
E Non-Traditional (10deg)

Figure 4.43 Average Quasi-Isotropic Open Hole Casgion Strengths
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Following is a discussion of the results of the@gtaphic inspection of the
guasi-isotropic open hole compression specimemsallinspections occurred at
approximately half of the anticipated failure loadd proceeded incrementally until
damage was observed. In all cases, damage naibsasved until at least 80% of the

failure load was reached.

4.4.1.1 Traditional Quasi-Isotropic Open Hole Coegsion Response

Figure 4.44 shows a open hole quasi-isotropic spatiloaded in compression, at
96% of its failure load. Longitudinal ply crackiegn be seen extending in the positive x
direction at 90 and extending in the negative x direction at 270 damage can also be
seen at Q extending in the positive x direction. No otheatrix damage was observed.
The crack extending from the right side of the hsla microbuckle. This was confirmed
by inspection of the specimen under the stereosoanme, which showed fibers buckling
into the hole diameter (Figure 4.45). At this ldadel, it had reached a length of 2.4mm.

Failure occurred shortly thereafter, with a sudded complete loss of load-bearing

ls

ability.

Figure 4.44 Radiographic images of traditionalgitisotropic open hole compression specimen at 96%
failure load
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Direction

[

Figure 4.45 Microbuckle initiation in open holengpression specimen, with fibers buckling into hole
diameter

4.4.1.2 Non-Traditional ¢ ) Quasi-Isotropic Open Hole Compression Response

Figure 4.46 shows a non-traditionab() quasi-isotropic specimen loaded in open
hole compression. At the initial load, slight 4&amage can be seen located at 990
longitudinal ply cracking or any other matrix dareag seen at this increment. A
microbuckle can be seen initiating at the left haig of the hole. Itis 1.8mm in length
at this point. At 96% of its failure load, thisermobuckle had grown in length to 2.8mm.
Additionally, another microbuckle has formed on i side, and one on the right side,
with lengths of 3.8mm and 2.5mm, respectively. Wherobuckles on the left side are
accompanied by delamination of approximately 1.3mmvidth. Failure occurred

shortly after the second x-ray was taken.
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(@) b) (
Figure 4.46 Radiographic images of non-traditidnal ) quasi-isotropic open hole compression specimen
at (a) 90% failure load and (b) 95% failure load

4.4.1.3 Non-Traditional (L0 ) Quasi-Isotropic Open Hole Compression Response

Figure 4.47 shows a non-traditionallQ ) quasi-isotropic laminate loaded in
open hole compression, at 94% of its failure lo&tght 45 ply cracking can be seen at
90 . No other matrix damage was observed. At thasl level, a microbuckle is seen

extending from the left side of the hole with agémof 1.2mm. Failure occurred shortly

ls

thereafter.

Figure 4.47 Radiographic images of non-traditidndl0 ) quasi-isotropic open hole compression
specimen at 94% failure load

4.4.2. HARD LAMINATE OPEN HOLE COMRPRESSION

The results of the hard laminate open hole comegsssts are given in Table

4.8 and Figure 4.48. Again, the traditional lantésavere the strongest. The use Bf
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plies caused a 12% reduction in average strengthttee 10 plies resulted in a 15%
reduction in average strength.

Table 4.8 Results of Hard Laminate Open Hole Casgion Tests

Specimen R Strad max trad
H-0-OHC-1 0.504 0.504
H-0-OHC-2 0.510 0.510
H-0-OHC-3 0.488 0.488
H-0-OHC-4 0.517 0.517
Average H-0-OHC 0.505 0.505
H-5-OHC-1 0.436 0.444
H-5-OHC-2 0.466 0.474
H-5-OHC-3 0.446 0.453
H-5-OHC-4 0.442 0.450
Average H-5-OHC 0.447 0.455
H-10-OHC-1 0.408 0.439
H-10-OHC-2 0.417 0.448
H-10-OHC-3 0.445 0.479
H-10-OHC-4 0.442 0.476
Average H-10-OHC 0.428 0.461
0.6
0.5 A I

0.4

O Traditional Laminate
O Non-Traditional (5deg)
B Non-Traditional (10deg)

0.3 1

Normalized Stress

0.2

0.1 1

Hard Laminate

Figure 4.48 Average Hard Open Hole Compressiceng§ths
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Following is a discussion of the results of the@gdaphic inspection of the hard
open hole compression specimens. Initial inspestaxcurred at approximately half of
the anticipated failure load, and proceeded increatly until damage was observed. In

all cases, no damage was observed until at leéstdB@he failure load was reached.

4.4.2.1 Traditional Hard Open Hole Compression Besp

Figure 4.49 shows a traditional hard laminate speniloaded in open hole
compression to 94% of its failure load. Longituiply cracking can be seen extending
in the positive x direction and 9@nd in the negative x direction at 27MNo other
matrix damage is seen at this increment. A micc&leucan be seen initiating at the left
hand side of the hole, and has grown to 1.2mmngtleat this point. At 99% of its
failure load, the microbuckle has grown in lengifytémm. The microbuckle is
accompanied by delamination approximately 2.2mmvidth. Failure occurred shortly
after the x-ray was taken, occurring with a sudaieth complete loss of load-bearing

ability.

(@) (b)

Figure 4.49 Radiographic images of traditionabhapen hole compression specimen at a) 94% failure
load and b) 99% failure load
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4.4.2.2 Non-Traditional (10 ) Hard Open Hole Compression Response

Figure 4.50 shows a non-traditionallQ ) hard laminate loaded in open hole
compression, at 96% of its failure load. No matt&mage can be seen, but microbuckles
can be seen extending from the left and right sfdbe hole. The microbuckle on the
right is 1.9mm in length, and the microbuckle oa lkkft is 1.1mm in length. Failure

occurred shortly thereafter, with a sudden and detaposs of load-bearing ability.
l s

Figure 4.50 Radiographic images of non-traditidnD ) quasi-isotropic open hole compression
specimen at 96% failure load

4.5. SINGLE SHEAR BEARING

The following sections describe the results ofdimgle shear bearing tests,
performed as described in 3.3.3 using half clameoge. In addition to the maximum
stress reached, an offset strength is given. Wihdenitial response of a bolt bearing
specimen is linear, eventually crushing occurdatiearing surface, the hole elongates,
and the fastener rotates, all leading to a norafinesponse. As such, an offset strength
often used as a design value and is calculatedditian to finding the maximum load.
The offset strength is based on the slope of tieali portion of the stress-strain curve,
offset by some arbitrary criterion. In this resbarthe offset is based on an acceptable
amount of hole deformation, which is 2% of the hdilemeter. The offset strength is

shown graphically in Figure 4.51.
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Figure 4.51 Calculation of 2% offset strength [27]

Unlike previous tests, failure of these specimeas not indicated by complete loss
of load carrying ability. The tests were run uatitlear maximum load had been reached,

and then the test was terminated to avoid excessishing of the bearing surface.

4.5.1. QUASI-ISOTROPIC SINGLE SHEAR BEARING

The results of the quasi-isotropic single shearibgdests are given in Table 4.9
and Figure 4.52. The non-traditional laminateseased both the average maximum
stress and the offset strength in the quasi-is@iaminate, although experimental

scatter was significant.
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Table 4.9 Results of quasi-isotropic single shoemring tests

Specimen Sia Strad S020/Srad
S-0-SSB-1 0.828 0.798
S-0-SSB-2 0.939 0.900
S-0-SSB -3 0.859 0.832
S-0-SSB-4 0.800 NA (X-ray)
Average S-0-SSB 0.857 0.843
S-5-SSB-1 0.862 0.889
S-5-SSB-2 0.950 0.823
S-5-SSB-3 0.903 0.821
S-5-SSB-4 0.889 NA (X-ray)
Average S-5-SSB 0.901 0.844
S-10-SSB-1 0.943 0.923
S-10-SSB-2 0.971 0.912
S-10-SSB-3 0.996 0.843
S-10-SSB-4 0.891 NA (X-ray)
Average S-10-SSB 0.950 0.893

0.6

0.5

0.4

O Traditional Laminate
O Non-Traditional (5deg)
@ Non-Traditional (10deg)

0.3

Normalized Stress

0.2

0.1+

Quasi-Isotropic Laminate

Figure 4.52 Average Quasi-Isotropic Single ShezarBg Strengths

Figure 4.53 shows a comparison of the traditiondl @on-traditional quasi-
isotropic single shear bearing response. Thealmpbrtion is linear for each specimen,

but becomes non-linear as bearing damage accursulates traditional and non-
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traditional ( 5 ) responses are comparably stiff, and the nonttosdil ( 10 ) response

is slightly less stiff. Each laminate experienagdateau in loading, maintaining a

significant load-carrying capability after a maximudoad is reached and a significant

amount of bearing damage has occurred.
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Figure 4.53 Comparison of quasi-isotropic singlesstbearing response

4.5.1.1 Traditional Quasi-Isotropic Single Sheaafi®y

Figure 4.54 shows the single shear bearing damagggssion of the traditional

guasi-isotropic laminate. In Figure 4.54a, slidamage has occurred in the @hd 45

plies. As loading progresses, bearing damage bégimitiate, which is indicated by the

darker region at the top of the hole seen in Figubdb. While an exact correlation

between the quasi-static tests and the incremer} tests is difficult because the

repeated loading and unloading, and damage caysedtener insertion and removal,

Figure 4.54b corresponds roughly to the point of-hieearity in the stress-strain curve
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given in Figure 4.55. In the non-linear portiorre$ponse, damage consists mainly of
bearing damage and hole elongation, as shown uré&i54c-d. This is also
accompanied by pin rotation, which in turn causetase damage on the specimen. A
cross-section of the specimen , showing bearingadenat the final load level, is given in

Figure 4.56

(@) (b)

(c) (d)
Figure 4.54 Radiographic images of traditional @isstropic single shear bearing specimen at a)55%
maximum load, b) 69% maximum load, ¢) 83% maximaad| and d) 96% maximum load
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Figure 4.55 Typical single shear bearing stressrstesponse of traditional quasi-isotropic sp&cim

Figure 4.56 Bearing damage in quasi-isotropicleispear bearing specimen

4.5.1.2 Non-Traditional 6 ) Quasi-Isotropic Single Shear Bearing

Figure 4.57 shows the single shear bearing danragggssion for the non-

traditional ( 5 ) quasi-isotropic laminate. In Figure 4.57a45 damage can be seen at
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the top of the hole, but little other damage iglent. The initiation of bearing damage,
in addition to more pronounced5 and 90 damage, can be seen in Figure 4.57b. This
coincides with the transition to non-linear behawbown in Figure 4.58. Subsequent

damage is predominantly bearing damage and hahgalimn, as shown in Figure 4.57c-

d. This is also accompanied by pin rotation.

() (b)

(©) (d)
Figure 4.57 Radiographic images of non-traditiqn&él ) quasi-isotropic single shear bearing specimen at
a)48% maximum load, b) 60% maximum load, c) 72%imar load, and d) 84% maximum load
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Figure 4.58 Typical sing shear bearing responsmoftraditional (5 ) quasi-isotropic laminate

4.5.1.3 Non-Traditional (L0 ) Quasi-Isotropic Single Shear Bearing

Figure 4.59 shows the single shear bearing dam@agggssion of the non-
traditional ( 10 ) quasi-isotropic laminate. In Figure 4.59a, dligh5 damage has
occurred at 135and 315. Significant bearing damage is not observed @igilire 4.59c,
which would correlate with point of non-linearity Figure 4.60. Additional loading
results primarily in an increase in the amountedrng damage, though moré5 and

90 damage is also observed.
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(@) (b)

(©) (d)
Figure 4.59 Radiographic images of traditionalsitisotropic single shear bearing specimen at %)46
maximum load, b) 58% maximum load, ¢) 69% maximaad| and d) 81% maximum load
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Figure 4.60 Typical single shear bearing respafisen-traditional (10 ) quasi-isotropic laminate
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4.5.2. HARD LAMINATE SINGLE SHEAR BEARING

The results of the single shear bearing tests théhhard laminates are given below
in Table 4.10 and Figure 4.61. The non-traditidaalinates increased both the
maximum stress and the offset strength in thess. t&$e non-traditional &6 ) SSB
specimens had an average strength 15% higherhbaraditional laminate, and the non-
traditional ( 10 ) SSB specimens had an average strength 17% hagjtiesugh again
scatter was significant. It should be noted thahe non-traditional laminates, the
specimens that were x-rayed failed at significalayer strengths than the quasi-static
specimens. This is most likely a result of theeapd loading and loading and fastener
removal causing additional damage, resulting ioveel strength. If these values were
not included in the averages, the difference betvirslitional and non-traditional
laminates would be even greater.

Table 4.10 Results of hard laminate single shearibg tests

Specimen Sa/ Strad So020/Strrad
H-0-SSB-1 0.387 0.343
H-0-SSB-2 0.366 0.333
H-0-SSB -3 0.408 0.327
H-0-SSB-4 0.368 NA (X-ray)
Average H-0-SSB 0.382 0.334
H-5-SSB-1 0.465 0.395
H-5-SSB-2 0.444 0.402
H-5-SSB-3 0.446 0.405
H-5-SSB-4 0.396 NA (X-ray)
Average H-5-SSB 0.438 0.401
H-10-SSB-1 0.453 0.411
H-10-SSB-2 0.469 0.405
H-10-SSB-3 0.461 0.417
H-10-SSB-4 0.407 NA (X-ray)
Average H-10-SSB 0.447 0.411
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Figure 4.61 Average Hard Single Shear Bearingn8tre

Figure 4.62 compares the single shear bearing nesgmf the traditional and
non-traditional hard laminates. The initial portiof each stress-strain curve is linear, but
as damage accumulates, the response becomes ean-lifhe laminates all appear to
have a similar stiffness, but the traditional laatéabecomes non-linear first. Testing
was continued until a noticeable drop in load oeedirthe specimen still maintained
some load carrying ability after this point, bugtteg was terminated to avoid causing

damage that would mask useful information abougifaimodes.
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Figure 4.62 Comparison of stress-strain respooskard single shear bearing specimens

4.5.2.1 Traditional Hard Single Shear Bearing

Figure 4.63 shows the single shear bearing danmagggssion of the traditional
hard laminate. In Figure 4.63a, very slighb was observed. Figure 4.63b shows
evidence of bearing failure. Additionally, longiinal ply cracking is seen extending
from the top of the hole, and measures approxim&t@mm. Figure 4.63c shows the
specimen just prior to reaching the maximum lo&dvere bearing damage is evident,
and has resulted in delamination from approxima@elp 90. The longitudinal splitting

has reached the edge of the specimen at this load.
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(a) (b)

(©)

Figure 4.63 Radiographic images of traditionalsitisotropic single shear bearing specimen at %)58
maximum load, b) 75% maximum load, and c¢) 92% maxmnioad

Figure 4.64 shows a typical stress-strain curvetferhard traditional laminate in
single shear bearing. Following the initial lingartion, the response becomes non-
linear as bearing damage and fastener rotatiorrecdihe tests were generally
terminated following a noticeable decrease in Idad,if joint displacement continued

beyond this point, the (plies began to shear out, as shown in Figure 4.65.
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Figure 4.64 Typical single shear bearing stressrstesponse of traditional hard laminate

Figure 4.65 Example of shear-out offlies in SSB specimen

4.5.2.2 Non-Traditional 6 ) Single Shear Bearing

Figure 4.66 shows the single shear bearing dam@agggssion of the non-

traditional ( 5 ) hard laminate. In Figure 4.66a, slight damagedtxurred in the 90
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and 45 plies at the bearing surface. As loading progrgssearing damage becomes
more prominent in Figure 4.66b. Longitudinal pigaking at 90 and 270 can be seen

at this load increment, and measures approximat2lym. Additionally, longitudinal
cracking can be seen at the top of the hole. By 86the maximum load, severe bearing
damage has occurred, as indicated in Figure 4.%6e.longitudinal ply cracking at the
top of the hole has grown to approximately 11.5rhuot,has not reached the edge of the

specimen.
Ts

(@) (b)

(©)
Figure 4.66 Radiographic images of traditionalsitisotropic single shear bearing specimen at %)59
maximum load, b) 77% maximum load, and c¢) 95% maxmnioad
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Figure 4.67 shows a typical stress-strain curvetferhard traditional laminate in single
shear bearing. Following the initial linear portjghe response becomes non-linear as

bearing damage and fastener rotation occurs.
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Figure 4.67 Typical single shear bearing respafisen-traditional (5 ) hard laminate

4.5.2.3 Non-Traditional (L0 ) Hard Single Shear Bearing

Figure 4.68 shows the single shear bearing progres$ the non-traditional hard
( 10) laminate. In Figure 4.68a, slight damage hasiiwed in the 45 plies at the top
of the hole. As loading progresses, bearing damagers as seen in Figure 4.68b.
Slight longitudinal ply cracking can also be settha top of the hole in Figure 4.68b,

and grows to a length of 9.5mm at 93% of the faiload, as seen in Figure 4.68c.
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Figure 4.68 Radiographic images of traditionalsitisotropic single shear bearing specimen at %)58
maximum load, b) 75% maximum load, and c¢) 93% maxmioad
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Figure 4.69 Typical single shear bearing stressrstesponse of non-traditionall0 ) hard laminate
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4.6. COMPARISON OF TEST PARAMETER EFFECTS

There are several test parameters to consider edanating the results of the
unnotched tension, open hole tension, filled heteion, open hole compression, and
single shear bearing trials. The two different lgpg cause considerable changes in
response among the different test types, and waaah lay-up, the use of,05 , or

10 longitudinal plies causes further changes in respo Additionally, loading and
notch constraint caused significant changes in gampaogression and mechanical

properties. Following is a discussion of eachhefe variables.

4.6.1. Effect of lay-up

The difference between lay-ups caused changes lifpielareas of interest. As
the percentage of longitudinal plies increasedsthength and stiffness of the laminate
increased for both tension and compression. Aaltaliy, as discussed in 2.1.1.2.1, a
higher percentage of @lies results in a higher stress concentratiotofacThis was
evident in all of the notched coupon tests, agjtresi-isotropic specimens failed at
higher percentages of the unnotched strength cadparthe hard laminates, illustrating
the notch effect.

The effect of fasteners was also more pronouncdéaeimard lay-up, as shown in
Figure 4.70. While fasteners caused a reducti@rength for each laminate tested, the

reduction was greatest in the hard lay-ups.
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Figure 4.70 Effect of fastener on notched terstilength

The bolt bearing strengths of the hard lay-up viese than those of the quasi-
isotropic laminate. This resulted from a reduciiothe number of 90and 45 plies,
which provide much of the bolt bearing resistantbe response of the quasi-isotropic
laminate was also linear longer, and had a loniggegu of load carrying ability.

Radiographs of the specimens illustrated the etielay-up on damage
progression. In notched tension, the primary défiiee in damage between the quasi-
isotropic laminates and the hard laminates wasutheunt of longitudinal ply crackling,
illustrated in Figure 4.71. The quasi-isotropiecamens exhibited little longitudinal
fiber-matrix splitting at the notch, which in tummeant that little difference was observed
between the traditional and non-traditional lam#sat The hard lay-ups had pronounced

splitting at the notch, which resulted in large ttast between traditional and non-
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traditional laminates. Edge delamination was aleoe pronounced in the hard

laminates, although this could also be the redut® stacking sequence.

(@) (b)

Figure 4.71 Comparison of traditional quasi-isptccand hard laminate splitting damage

4.6.2. Effect of non-traditional laminates

The use of slightly off-axis longitudinal plies haeveral effects. For unnotched
tension, the non-traditional laminates had a losteangth and stiffness. The same was
true for notched tension and compression. Reptatses notched tensile stress-strain
curves of the six different specimen types are shiowFigure 4.72 and Figure 4.73. In
general, the filled hole tension performance ofrtbe-traditional laminates was better
than the open hole when compared to the traditi@mainates. The non-traditional quasi-
isotropic filled hole tension specimens exhibiteslight increase in strength over the
traditional laminates, and the non-traditional hiltdd hole tension specimens had

comparable strengths but significantly less dantlge the traditional specimens.
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Effect of Longitudinal Ply Orientation and Notch Co

nstraint on Laminate Behavior
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Figure 4.72 Comparison of stress-strain curvesuabgisotropic laminates under open and filled hole

tension
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The non-traditional laminates caused an increabeaning strength in both the
guasi-isotropic and hard laminates. This is mi&sty the result of slightly off-axis plies
providing more bearing resistance thamples.

X-ray radiography showed the use of non-traditidaalinates reduced the
severity of longitudinal fiber-matrix splitting i@ach case where splitting was observed in
the traditional laminate. In notched laminatesarmshiaxial load, this splitting causes a
reduction in the stress concentration factor, tesph higher ultimate strength. When
splitting was severe as was the case in the harthédie seen in Figure 4.74, the

suppression of splitting resulted in a significeeduction in strength.

(@)

(b) (c)

Figure 4.74 Comparison of splitting damage in t@rttaditional, b) non-traditional § ), and c) non-
traditional ( 10 ) laminates
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4.6.3. Effect of notch constraint

The effect of notch constraint on each laminate stesvn in Figure 4.70. For
each case, the filled hole tensile strength wagtdhan the open hole tension case.
Because a fastener with clamp-up constrains treeamind the notch, the softening and
stress redistribution that happens in an opendhmés not occur. As such, damage
appears later but failure occurs earlier. The thffiee in damage prior to failure can be
seen in Figure 4.75. The difference between ORITRHAT strength is most severe in the
hard traditional laminate. The high OHT strengthia$ laminate results from splitting at
the edges of the notch , which leads to the elitrnaof the notch effect. When this
splitting is suppressed by the fastener, the stheisggreatly reduced. Since the non-

traditional laminates suppress splitting in the Od4iBe, the effect of the fastener in the

Ts

FHT case is less pronounced.

(@) (b)

Figure 4.75 Comparison of damage in tradition gisadropic laminate loaded in a) open hole tensiad
b) filled hole tension
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CHAPTER 5

ANALYSIS

The following discussion of predictive techniqueglivided into three sections.
First, the implementation of laminate failure theserns discussed, and the results are
compared with the unnotched tensile strength teSézond, the semi-empirical failure
theories are discussed, and compared against dsmh @ecause these theories have a
“fitting” parameter, each can produce a result geafectly matches the experimental
data; thus, it is most meaningful to compare thien§j parameters used . Lastly, the
fracture mechanics approaches are compared wittriexgntal data.

As with the experimental results, any proprietaatachas been normalized against

unnotched properties.

5.1. IMPLEMENTATION OF UNNOTCHED STRENGTH PREDICTIO N

Based on Tsai’s contribution to the World Wide &eel Exercise[30, 33], discussed
in 2.2.1.2, the “unnotched.m” MATLAB program wasittgn to predict unnotched
strength. The program, given in Appendix A, impéts the Maximum Stress, Hashin,
and Tsai-Wu failure criterion discussed in Chagter

The flow of the progressive damage methodologyusised in [33] is shown in
Figure 5.1. Based on ply properties found in [&24 [54], the stresses and strains in
each lamina are calculated using Classical Lanunakheory. A failure criterion is then
applied on a ply-by-ply for an assumed load. Ifpfies fail, a higher load is applied. If a
ply is found to fail, a selective degradation oftem&al properties takes place, as given in

Table 5.1. The initial failure is assumed to odoumatrix-dominated directions, and
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thus the modulus of the matrix in the damagedpheduced. The failure criterion is
then reapplied, and if failure occurs again, theffiproperties are greatly reduced,
indicating a loss of load-bearing capability of thig. Load is then increased

incrementally until all plies fail.

Figure 5.1 Flow Chart of the Progressive Failuredilong Used [33]

Table 5.1 Lamina Degradation factors used in @egjve damage methodology

Table 5.2 contains a comparison of the predictardsthe experimentally determined

strengths.
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Table 5.2 Unnotched Strength Predictions

Lay-up Experimental| Max Stress Hashin Tsai-Wu
un/ un0
un/ un0 % un/ un0 % un/ un0 %
Error Error Error

Quasi (0) 0.938 1.020 8.7 0.952 15 0.953 1.6
Quasi (5) 0.891 1.017 14.1 0.932 4.6 0.938 5.3
Quasi (10) 0.866 1.009 16.5 0.877 1.27 0.895 3.3
Hard (0) 0.794 0.958 20.7 0.936 17.9 0.904 13.
Hard (5) 0.746 0.951 27.5 0.911 22.1 0.855 14.6
Hard ( 10) 0.708 0.931 315 0.837 18.2 0.723 2.1p

Because of the inconsistencies in unnotched temsgulits as noted in section 4.1,
it is difficult to determine a “best” criterion fno the above comparisons. However, a
gualitative analysis of the results is still po$sib

The Maximum Stress Criterion, described in 2.2.petforms best when used to
predict traditional laminate behavior, and encotstecreasing error as the angle of the
longitudinal plies diverge from O This may result from the non-interactive natofréhe

criterion. Fiber failure is determined based amftiilowing equation:

17 (5.1)
Sy
As such, the Maximum Stress Criterion only considgress in the fiber direction
in determining fiber failure. However, a sheaestrcomponent would exist in the
longitudinal plies due to the off-axis fiber oriatibn. This component is also present
mathematically due to the stress transformatiohjsonot used in the criterion . This

could result in the increase in error observedh@ttansition to non-traditional laminate.
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The Hashin Criterion performs equally well predigtitraditional and non-
traditional laminate behavior. Unlike the Maxim@tress Criterion, the Hashin
Criterion is semi-interactive and considers sh&ass component in the determination of

fiber failure, as shown in the following equation.

2 2

11 12 1 (5.2)
x1T S.I.ZF

Mathematically, the only difference between equatib.1 and 5.2 is the inclusion
of the shear stress term. However, equation 5f2npes much better in determining
fiber failure. This implies that even though tiear stress component would be
relatively small, it plays a role in failure strehg

The Tsai-Wu Criterion also performs equally well fiaditional and non-
traditional laminates. This too implies the sh&tagss interaction plays a role in fiber
failure. Additionally, the Tsai-Wu criterion doasnuch better job of predicting the hard
laminate behavior than the other two criterion.isTdould stem from the fully interactive
nature of the criterion, as seen in equation .

I:1 11 FZ 22 F66 122 I:11 121 F22 222 2F12 11 22 1 ( 5'3)

As the lay-up becomes more orthotropic, transvsir@sses may become a
significant factor in fiber failure, and the abyliof the Tsai-Wu criterion to consider these
stresses could account for the improved accuracy.

In general, each of the three criterion performest In the quasi-isotropic case.
This may result solely because of better experialeasults; higher experimentally
observed strengths would certainly improve the gr@rerror. However, as noted in

section 4.1, the hard laminates exhibited substbiMilamination damage while the
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guasi-isotropic laminates did not. This delamimativould result in considerable strain
concentrations and a lower strength than that prediwhen assuming all plies have
constant displacement.

Because of inconsistencies between Boeing and ebegh data, and because
Boeing data did not exist for the non-traditiorahinates, it was decided to use
calculated unnotched strength values for all folfgwnotched strength predictions.
Since the Tsai-Wu criterion compared most favoréblhe experimental data, and has
performed well in numerous other studies, it wdscted to generate unnotched strength
value. The failure criterion predicted the genémhds of differences between
traditional and non-traditional laminates, and jled a compromise between Boeing

and GT determined values.

5.2. SEMI-EMPIRICAL FAILURE THEORY IMPLEMENTATION

As discussed in Chapter 2, semi-empirical compdaibere theories have been
studied extensively, have been shown to give redderpredictions, and are relatively
easy to implement [2]. For these reasons, seaesgatonsidered here for the prediction
of Open Hole Tensile strength.

In general, semi-empirical failure criterion reguan unnotched strength, a
characteristic length, and possibly a notch parantbat have experimentally determined
for one lay-up. The relationship can than be uequredict the notched strength of a
laminate with different lay-up, notch size, or hotBince both notched and unnotched
strengths of the laminates are known in this stadygmparison of the characteristic
lengths is given. One can compare the charadteléstgth from one lay-up with another

to determine how close of a prediction could beamigtd using a given failure theory.
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Table 5.3 calculates the Whitney-Nuismer Points&tréVhitney-Nuismer Average
Stress, and Karlak characteristic distance lenggised on the equations given in 2.2.2.

Table 5.3 Comparison of Characteristic Distancauaters based on OHT results

Lay-up u un_trad ! un Kt do = Ko
Quasi-Isotropic (0 0.953 0.526 3.00 0.0381  .0968 1077
Quasi-Isotropic (5) 0.938 0.522 2.98 0.0391  .0996 1106
Quasi-Isotropic (10 ) 0.895 0.493 2.92 0.0383  .095Y .1083
Hard (0) 0.904 0.480 4.11 0.0303  .0899 .0857
Hard (5) 0.855 0.433 4.03 0.0272  .0771 .0770
Hard ( 10) 0.723 0.391 3.84 .0213 .0549 .0601

The wide range of values in Table 5.3 illustratesdifficulty in choosing a single
characteristic distance value for notched strepgtdiction, and the danger in assuming
the characteristic distance value is a materighg@my. As an example, the characteristic
distance parameters obtained from the traditionakgisotropic laminate are applied to
the other lay-ups in Table 5.4, using the Whitneyskher Point Stress and Average
Stress Criterion. Because the Karlak Criterioessentially identical to the WNPS

criterion unless multiple notch sizes are involvéds omitted here.

Table 5.4 Predictions of OHT strength based aditicmal quasi-isotropic characteristic distance

Lay-up Experimental WNPS WNAS

! un ! un ! un
Quasi-Isotropic (0 0.526 0.526 0% 0.52¢ 0%
Quasi-Isotropic (5 ) 0.522 0.517 1.0%| 0.518 0.8
Quasi-Isotropic (10 ) 0.493 0.492 0.2%| 0.495% 0.4%
Hard (0) 0.480 0.528| 10.0% 0.491  2.39
Hard (5) 0.433 0.498| 15.0% 0.465 7.49
Hard ( 10) 0.391 0.417| 6.7%| 0.395 1.0%
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Table 5.4 illustrates that the semi-empirical fglariterion considered here are
capable of predicting only small changes in stremlyte to the use of non-traditional
laminates. In the quasi-isotropic laminates, #diction in notched strength was largely
due to the reduction in unnotched strength. Bex#us notched strength varies
proportionately to the unnotched strength in theR®Nand WNAS criterion, these
reductions were accurately predicted. Howeverredections in strength observed in
open hole tension in the non-traditional hard laates resulted from the change in stress
state at the notch. The WNPS and WNAS criteridy atlize the stress concentration
factor to determine the stress distribution inldminate, and because the SCF does not
vary much from traditional to non-traditional larates, no large change is predicted.
Thus, it is apparent that the semi-empirical theodonsidered here are not sensitive

enough to consider the non-traditional laminates.

5.3. IMPLEMENTATION OF COHESIVE ZONE MODEL

Based on the work of Soutis [12], the a Cohesiveeddodel was implemented in
the program BL_CZM.m. Following is a descriptidrtlee algorithm used in the
program given in Appendix B. All damage is replkhby a line crack, growing
perpendicular to the loading direction. The crac#tiscretized, and grows in increments;
at crack initiation, there is one increment. Thack begins to grow when the stress at
the notch equals the unnotched strength of thenlat®i Stress over each increment is
assumed constant, but can vary from incrementa@ment. As the crack grows, a
linear load-displacement relationship is assumegbteern the cohesive stress acting on
the crack surfaces. This relationship is relatethé fracture toughness,@s shown in

Figure 5.2.
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Figure 5.2 Assumed Linear Relation Betweeand v [12]

For a given load, the total crack opening displaastincan be written as the sum of the

displacements due to remote loading and local teadi

Vi Vls VI fIS ij o
(5.4)
which in turn can be written as
Vi i
(5.5)
Based on the linear stress-displacement relatipnshtan be written as.
Vi V. I| —L
un (5.6)

By combining equations 5.5 and 5.6 the stressclt erement, ;, can be related ta.v

with the following equation.

un (5.7)
Equation 5.7 is a series of j equations with j uowkns, and can be solved the local stress

The assumption that stress remains finite everyavttean allows the stress
intensity factors, derived by Newman [55], are theplied to relate local and remote
stresses. Thus, for an assumed crack lengthethete load S can be found as a function

of fracture toughness, modulus, unnotched stremgéck length, and geometry. .
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Two improvements are made to the Cohesive Zone Modee present work. In
[12], Soutis uses the longitudinal modulus of tbeposite, but does not account for the
orthotropy of the material. Following the recommations in [56], an effective
longitudinal stiffness is used in the present workncorporate material anisotropy. This
incorporates longitudinal, transverse, and sheatutus, in addition to Poisson’s ratio.
Additionally, the load displacement curve is maetifj as discussed in the following

section.

5.3.1. Modification of load-displacement relationsip

A linear load-displacement relationship has beewshto work well in some
cases, but difficulty in scaling has resulted temipts to improve accuracy [57]. One

such method is a bilinear load-displacement ratatip.

A

un —

a un—

Figure 5.3 Bi-Linear Cohesive Zone Model

The values of g “a”, and “b” can be determined experimentallytesting panels with
2.54cm and 10.16cm notches and performing a bestdilysis. A further description of
this procedure can be found in [57]

Thus, equation 5.6 becomes
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Vi 1 cal —uln, i>aun
10b
v, v,1 ———
a o, i<aun (5.8)

This is then utilized with equation 5.7 as bef@aeng with a criteria for determining
which portion of the curve the stress state isTdie rest of the procedure remains

identical.

5.3.2. Comparison with Open Hole Tension Results

The results of the CZM model predictions are coragdo experimental results in

Table 5.5.
Table 5.5 Results of Cohesive Zone Model OHT mtautis
ul un_rad Experimental| Linear CZM Bi-Linear CZM
Lay-up / / /
un_trad un_trad un_trad
Quasi-Isotropic (0 0.953 0.526 0.495 5.6%| 0.493 6.3%
Quasi-Isotropic (5 ) 0.938 0.522 0.491 5.9%| 0.488 6.5%
. . 0.895
Quasi-Isotropic (10 ) 0.493 0.478 3.0%| 0.473 4.19%
Hard (0) 0.904 0.480 0.442| 7.9%| 0.442  7.9%
Hard (5) 0.855 0.433 0.434| 0.2%| 0.432 0.2%
Hard ( 10) 0.723 0.391 0.408| 4.4%| 0.408 3.1%

Both cohesive zone models give reasonable predgfr notched strength, based only
on experimentally determined parameters. Howesshown in Table 5.5, the models
do not fully capture the strength reductions obsérm non-traditional laminates. In the

hard laminates, there was an 18.5% reduction @mgth, but the cohesive zone model
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only predicts an 8% reduction. Changes in unnatctieength and stiffness are again the
primary factors in notched strength reduction. €bkesive zone model does not, at this
point, predict the variation of the stress statdhatotch between the traditional and non-
traditional laminate.

The bi-linear cohesive zone does, however, havaltiigy to change the stress
state at the notch through adjustment of the br@akplescribed in 5.3.1. By altering
points “a” and “b”, the stress in the damaged zoea the notch can be increased or
decreased. For the purpose of this researchs‘@Xed as 0.5, and “b” allowed to vary.

The relationship between “a”, “b”, {sand vis given by

Ve = (H(a+h))(2G ) (5.9)

Based on the radiographic inspection of the haminates, it is known that the
longitudinal ply cracking reduces stresses arotiechbtch through elimination of the
stress concentration factor. Thus, the non-trawmiti laminates, which experienced less
longitudinal ply cracking, should have a highees$ in the damaged region. This can be
accounted for by adjusting the breakpoint upwaoddke traditional laminates. By
increasing “b” 25% for the quasi-isotropic lamirgtthe results in Table 5.6 can be
obtained. The breakpoint of the hard laminate adjyssted downward for the hard non-

traditional laminate to provide experimentally obveel 18.5% drop in strength.
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Table 5.6 Results of modified bi-linear CZM pictbns for OHT strength

Lay-up ul un_rad Experimental| Linear CZM Bi-Linear CZM
! un_trad ! un_trad ! un_trad

Quasi-Isotropic (0 0.953 0.526 0.504 5.6%| 0.522 0.8%

Quasi-Isotropic (5 ) 0.938 0.522 0.502| 5.9%| 0.515 1.3%

Quasi-Isotropic (10 ) 0.895 0.493 0.497 3.0%| 0.500 1.4%

Hard (0) 0.904 0.480 0.458| 7.9%| 0.442  7.9%

Hard (5) 0.855 0.433 0.457| 0.2%| 0.411 5.1%
Hard ( 10) 0.723 0.331 0.457 4.4%| 0.377 13.9%

5.3.3. Comparison with Open Hole Compression resut

The Soutis-Fleck Cohesive zone model was origirdgiyved for use in
predicting notched compressive strength. Becdwesedamage observed in compression,
microbuckling, is essentially a single crack exiagdrom the hole in a line
perpendicular to the load, the Stress Intensitydfaolutions used above seem a good fit
to this case.

Based on fracture toughness values provided bynigpand predicted unnotched
strengths, the linear and bilinear Cohesive Zonéddkwere used to predict notched
compressive behavior for the traditional and naahtronal laminates. The results of

these predictions are given in Table 5.7.
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Table 5.7 Cohesive Zone Model predictions of OHefe Compressive strength

ul un_trad Experimental Linear CZM Bi-Linear CZM
Lay-up
/ un_trad / un_trad / un_trad

Quasi-Isotropic (0 0.948 0.548 0.493 9.9% 0.490 10.5%
Quasi-Isotropic (5 ) 0.941 0.527 0.491 6.8% 0.487 7.6%
Quasi-Isotropic (10) 0.920 0.519 0.482 7.1% 0.479 7.7%
Hard (0) 1.000 0.505 0.458 9.3% 0.509 0.8%
Hard (5) 0.978 0.447 0.453 1.3% 0.499 11.6%
Hard ( 10) 0.917 0.428 0.444 3.7% 0.4783 10.%

The results in Table 5.7 are generally conservathafor the most part within
10% of the experimentally determined values. Tihedar stress-displacement curve
performs worse than the linear case in OHC, bubtkakpoints used were the same as
those for the tensile case. Since the stressstatee damaged region of the two load
cases are obviously different, this is another ojppity to change the location of these
points. In this case, the quasi-isotropic lamigaepear capable of sustaining more
damage, and the hard laminates less. Thus, th&dwimt was increased 33% for the
guasi-isotropic laminates, and reduced by 33%Herhard laminates. In both cases,
accuracy was significantly improved, as seen indak8. The point of this is not to
make the breakpoint location a fitting parametihoaigh it can be used that way. The
goal is better approximate the physical realityhef stress state in the damaged

composite.
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Table 5.8 Results of modified bi-linear CZM preatios for OHC strength

ul un_trad Experimental Linear CZM Bi-Linear CZM
Lay-up
/ un_trad / un_trad / un_trad

Quasi-Isotropic (0 0.948 0.548 0.493 9.9% 0.552 0.7%
Quasi-Isotropic (5 ) 0.941 0.527 0.491 6.8% 0.548 4.0%
Quasi-Isotropic (10) 0.920 0.519 0.482 7.1% 0.538 3.7%
Hard (0) 1.000 0.505 0.458 9.3% 0.509 0.8%
Hard (5) 0.978 0.447 0.453 1.3% 0.467 4.5%

Hard ( 10) 0.917 0.428 0.444 3.7% 0.444 0%

Because the CZM calculates applied stress as éidaraf crack length, it is
possible to compare the measured microbuckle lerfgtim 4.4.1 and 4.4.2 with the
model. As shown in Figure 5.4 , the cohesive zaodel provides fairly reasonable

predictions of damage length in addition to acaupedictions of strength.

N

Normalized Stress

Buckle Length (mm)

Figure 5.4 Predicted damage length from bi-liredresive zone model compared with experimental data
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The above OHC and OHT strength predictions detnatesthe effectiveness of
cohesive zone models. Despite a number of sirpgtibns, it can be used to predict
open hole tension and compression strengths usilygstiffness, strength, and fracture
toughness, and without fitting parameters. It $th@lso be noted that some of the error
results from the lack of unnotched compressivengttevalues for the non-traditional
laminates. For example, using Boeing values forotched compressive strength for the
traditional quasi-isotropic laminate, the quasiigpic OHC strength prediction becomes
0.504, an error of 8%. However, the advantageseoCZM model are many. It can be
implemented at a simple level as done here, wisilyeperformed calculations or even
closed-form equations. At a more complex levehifate-based or lamina-based finite
element analysis can be performed on the geometessibed above. If one so desires,
cohesive zone relations can be used to modeld® , 90, and delamination damage as
done in [51]. The adaptability of the cohesiveeomodel in combination with its
reliance on experimentally determined parameteilsesd a excellent tool for composite

strength prediction.
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CHAPTER 6

CONCLUSIONS

An experimental research program was designedamacterize non-traditional
CFRP composite laminates. Mechanical propertielstmage development in
traditional and non-traditional lay-ups were congaband contrasted. Unnotched
tension, open hole tension, filled hole tensioreropole compression, and single-shear
bearing tests were conducted on multi-directioaalihates with Q 5, and 10
longitudinal plies. Laminate strengths and sti$ses were experimentally determined.
Damage progression was monitored via in-situ radjolg to investigate the effect of
longitudinal ply orientation on the initiation agdowth of damage. Several unnotched
and notched strength prediction techniques werkiatea to determine the sensitivity of
analysis techniques to slightly off-axis ply origibns.

The unnotched properties of the non-traditional ilzees were found to decrease
somewhat as off-axis plies were substituted fdofgitudinal plies Slight decreases in
strength and modulus occurred in the quasi-isatrigminates when usingg and 10
longitudinal plies. Failures were quite compleften occurring in multiple locations. A
general trend of failing on a 4plane was observed in the traditional laminatéslenthe
non-traditional laminates failed perpendicularie toad. Using5 or 10 pliesin a
hard laminate resulted in modulus decreasing aethge unnotched tensile strength
decreasing. These unnotched tension failures alsoevery complex, in some cases
occurring at multiple points and at the grips. Titaelitional hard laminate and the non-

traditional ( 10 ) laminate both experienced explosive delaminaiom grip to grip, a
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feature that was not observed in the non-traditibaed laminate with the5 plies.
Results of the unnotched tension tests are somandw@iclusive, due to failures
occurring in the grip region, and discrepanciesveen this experimental study and
Boeing data.

In general, strength and stiffness were also fdarakcrease in notched non-
traditional laminates. The unnotched strengthth@ion-traditional laminates were
lower, contributing in part to this reductioMore influential, though, was the
suppression of longitudinal matrix cracking throutdpe use of off-axis plieBecause
this splitting results in the reduction of the sg€oncentration factor, suppressing it
reduced the notched strengtin. a quasi-isotropic open hole tension test, whenQ
longitudinal plies were replaced wittb or 10 plies, a slight reduction in strength of
occurred In-situ X-ray radiography of the quasi-isotropjgen hole tension specimens
revealed that longitudinal ply cracking in the neaditional laminates was
approximately 50% less than that observed in #wdittonal laminate In the hard
laminate under open hole tension, where splittigg wiore pronounced, a significant
reduction of 10% and 19% was found in average gfitem laminates with the5 and

10 plies Again, in-situ radiography revealed suppressiblongitudinal ply cracking.
In the traditional laminate, this splitting wassavere as to essentially eliminate the
notch effect. However, the suppression of spiitimthe non-traditional laminates
caused the stress concentration to remain, reguitia more severe stress state at the
notch. Of additional interest was the appearafcielamination at the free edge of the
hard open hole tension laminate&3evere delamination was observed in the traditional

laminate, and this delamination appeared to be oeduin the non-traditional laminate
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with the 5 plies, and eliminated in the non-traditional larata with 10 plies This is
most likely due to reductions in interlaminar shaad Poisson effect.

In filled hole tension, there was not a consideratifference between the
traditional and non-traditional laminateSlight improvements in strength were observed
in the laminate with the5 plies and in the laminate with thd0 plies While an
improvement was not observed in the hard non-iradit filled hole tensile strength, the
difference between traditional and non-traditicstaéngth was less than that of the open
hole tension case; only slight reductions were ¢ousing 5 and 10 longitudinal
plies. In-situ radiography of the filled hole tears specimens indicated damage initiation
in all cases was delayed until higher load levieémtobserved in open hole tension tests,
and that damage was mostly confined to the arearuhd fastener. This results from the
fastener eliminating much of the notch effect amgpsessing damage.

Under open hole compression, failure strengths weteced by using non-
traditional laminatesA slight reduction in average strength was founthim quasi-
isotropic laminates with5 and 10 plies. A more severe reduction was encountered
in the hard laminates, as using and 10 longitudinal plies resulted in 11% and 18%
reductions in strengthRadiographic inspection revealed that the diygtif-axis plies
did not appear to have an effect on the criticaha@ge mode, microbuckling, and as such
did not provide any advantage in this case.

Single-shear bearing performance was improved ingusn-traditional
laminates. This is most likely due to the addeariog resistance of the slightly off-axis
plies when compared to a ngitudinal ply. The quasi-isotropic non-traditional

laminate with the 5 resulted in a 5% increase in average maximum laad, the non-
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traditional laminate with 10 plies provided an 11% improvemealtthough scatter was
significant. The non-traditional hard laminate withb plies resulted in a 23% percent
increase in strength over the traditional hard |laate, and the non-traditional laminate
with 10 longitudinal plies resulted in a 25% increase ireagth

A variety of analytical techniques were evaluatedetermine their ability to
predict non-traditional laminate response. Claddiamination Theory was capable of
accurately predicting traditional and non-tradiaiblaminate longitudinal modulus, and
of predicting the trends of non-traditional lamiggat While unnotched tension
experimental results were inconclusive, they diovafor qualitative comparison of
unnotched laminate failure criterion. The non4iatéive Maximum Stress Criterion did
not do a good job of predicting non-traditional laate strength, perhaps because it did
not consider the shear stress component inducétkebsfightly off-axis longitudinal ply.
The semi-interactive Hashin Criterion and the fullieractive Tsai-Wu Criterion both
did as well in predicting non-traditional laminatieengths as traditional laminate
strengths. The Hashin Criterion performed bettgredicting quasi-isotropic results
than hard laminate results. This could be becawkees not consider transverse stresses
in determining fiber failure; these stresses wdaddnore of a factor in the hard laminate.
The Tsai-Wu Criterion most closely predicted thsesbed experimental results for both
the quasi-isotropic and hard laminate$his may be due to the fully interactive natafe
the criteria, which takes into account longitudjriednsverse, and shear stresses in each
lamina.

A comparison of notched strength prediction techeggdemonstrated the

difficulty in accurately predicting notched compesiesidual strengthBecause the
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semi-empirical methods evaluated do not consideiptihysical mechanisms occurring in
the laminate, they proved incapable of predicting difference between traditional and
non-traditional laminates A simple cohesive zone model was implemented shiowed
promising resultsThe linear load-displacement provided reasonablguagate results

for traditional and non-traditional laminates usimmaly experimentally determined
values. The implementation of a bi-linear cohegwee model further improved
accuracy although certain parameters were chosen basgduwtive reasoning rather
than experimental data.

This experimental investigation showed that byaeiplg O plies with slightly
off-axis plies, non-traditional laminates can bdized to suppress certain damage types
and improve bearing strengthrhis new class of laminate shows promise forinse
multi-directional composite laminate applicationsere damage tolerance is required.
The radiographic inspection of both traditional awah-traditional laminates yielded
insight into the physical mechanisms at work inchet composite laminates and
highlighted both the need for refinement of exigtamalytical techniques, and techniques

that show great potential for modeling of compdasite
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CHAPTER 7

RECOMMENDATIONS

There are several aspects of non-traditional cortgl@sninates that could
warrant further investigation. The initial chaex@ation of non-traditional composite
laminates provided a basic understanding of nadhittosal laminate behavior, but
further work is needed to determine in what appilices these lay-ups would provide the
most benefit. Additional testing of the same cgafations and laminates are needed to
add statistical significance to the preliminary etystions made in this work, and to
ensure the observed changes in strength are damitoate response and not
experimental scatter.

Because the non-traditional single shear singkef&s bearing specimens
demonstrated an increase in strength, this woulalIbgical starting point. To further
characterize this material, multiple fastener speais could be tested to give insight into
the bearing / bypass relationship for these matenma simulate more closely the joints
used in actual aircraft.

The suppression of delamination is an interestgpget of these laminates.
Further experimental work is needed to gain a battderstanding of the onset and
progression of this phenomena in both the tradai@md non-traditional laminates.
Analysis of the interlaminar stresses, using reddyi simple techniques such as those
described in [58-60], could be used to predictioreand severity of this damage.

The non-traditional laminates may offer an improeatin fatigue loading.

Because delamination can be a significant factéatigue of composites, this could be
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an area of future research. Likewise, the efféth® suppression of splitting and the
increased bearing strengths may improve fatigumpeance in notched or bolted joint
specimens.

This research would seem to indicate that changastched strength in non-
traditional laminates could be accounted for iha@itthe apparent fracture toughness of
the laminate or in the strain-softening responsh@imaterial. These can, to at least
some extent, be determined experimentally throagdel notch testing of panels.

The use of cohesive zone modeling has, in this \wmarkseveral others, shown
considerable promise. It can be implemented ataively simple level as in this
research, or through increasingly complicateddielfiement techniques to provide insight
into damage progression and different failure modes

This work has highlighted the lack of robust fadliuheories, in that a truly robust
technique would be capable of predicting the chamgstrength due to slight changes in
lay-up. This is not to say that existing theoaes incapable of predicting notched
composite strengths. However, by necessity mostesaver-simplify the physical
mechanisms of damage that occur in a composite,aandemonstrated in this work, very
slight changes in lay-up invalidate these simgificns. Damage and strength of
composites are determined at a micromechanical, land most notched composite
theories neglect these interactions. A furtherausihnding of both micromechanical
damage evolution, and an evaluation of how to mddetage at this level, is necessary.

A substantial amount of testing has been donedratbas of notched
compression and tension. At present, howevertjvelg little multi-axial testing of

notched composites has been published. Sincegplications are truly uni-axial, this
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field should be explored further. This would allowjective evaluation of existing
failure criterion and offer potential for developm@f new models. In combination with
the X-ray radiography techniques discussed invloik, further insight into the behavior

of composite materials could be achieved.
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APPENDIX A

%This program calculates the unnotched strengthaaimposite laminate based on the
progressive damage methodology of Tsai and Wui-Wsg Hashin, and Maximum
Stress Criterion are considered here.

%NOTE: The separate criteria are not meant toripteimented at one time. Two of the
three criteria must be commented out in order to ru

% clear all; clc;

% Prompts user for lamina material properties

n = input('Enter number of plys: *);

ply_E11 = input('Enter lamina longitudinal stiffreesiodulus E11 (MPa or Ksi): ');
ply_E22 = input('Enter lamina transverse stiffnesxiulus E22 (MPa or Ksi): *);
ply_G12 = input('Enter lamina shear modulus G12 éMPKsi): ');

ply_v12 = input('Enter lamina Poisson ratio v12: )

ply v21 = ply E22*ply v12/ply E11,;

all = input('Enter lamina longitudinal CTE alpha):

a22 = input('Enter lamina transverse CTE alphd®?2 :

deltaT = input('Enter cure temperature deltaT (C @r F): );

ply_t =input(’Enter ply thickness (mm or in): ")

disp( :

ply_X1t = input('Enter lamina longitudinal tensg&rength X1t (MPa or ksi): ");

ply X1c =input('Enter lamina longitudinal compses strength X1c (MPa or ksi): ");
ply_X2t = input('Enter lamina transverse tensitersgth X2t (MPa or ksi): ");

ply_X2c =input('Enter lamina transverse compnessitrength X2c (MPa or ksi): ");
ply_S12f = input('Enter lamina shear strength Sk&i): ');

orient = input('Enter fiber orientation anglesdegrees, as a vector [0 45 90 ...] ');
for k=1:n;

% This line converts orientation angle theta taaasl
theta(k)=3.14159*theta(k)/180;

%lIndividual ply properties are defined.
E11(k) = ply_E11;

E22(K) = ply_E22;

G12(k) = ply_G12;

v12(K) = ply_v12;

v21(k) = ply_v21;

t(k) =ply_t
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h(k) = (k-n/2)*t(K);

X1t(k) = ply_X1t;
X1c(K) = ply_Xlc;
X2t(k) = ply_X2t;
X2c¢(K) = ply_X2c;
S12f(k)= ply_S12f;

Fxy(kK)=-.5;

%These variables track damage in each ply
matrix(k)=0;
fiber(k) =0;
ply_fail(k)=0;
end

failed_plies = 0;

N = [0;0;0];

q=0;

while failed_plies <n
q=q+1;

%Loading increment in longitudinal, transveraegd shear directions.
N = N+[10;0;0];

% This for loop calculates the transformed stiffnegefficients for each of the n plys
for L=1:n
% This calculates the reduced stiffnes$ficbents Q
Q11(L) = E11(L)/(1-v12(L)*v21(L));
Q12(L) = (v12(L)*E22(L))/(1-v12(L)*v21(L));
Q22(L) = E22(L)/(1-v12(L)*v21(L));
Q66(L) = G12(L);

Q1l1bar(L) =
Q11(L)*cos(theta(L))4+2*(Q12(L)+2*Q66(L))*sin(thafL))"2*cos(theta(L))"2+Q22(L
)*sin(theta(L))"4;

Q12bar(L) = (Q11(L) + Q22(L) -
4*Q66(L))*cos(theta(L))*2*sin(theta(L))*2+Q12(L)*(s(theta(L))*4+cos(theta(L))"4);

Q16bar(L) = (Q11(L) - Q12(L) -2*Q66(L))*gjtneta(L))*cos(theta(L))"3 +
(Q12(L) - Q22(L) +2*Q66(L))*sin(theta(L))"3*cos(tha(L));

Q22bar(L) =
Q11(L)*sin(theta(L))4+2*(Q12(L)+2*Q66(L))*sin(thei(L))*2*cos(theta(L))"2+Q22(L
)*cos(theta(L))"4;

Q26bar(L) = (Q11(L) - Q12(L) -2*Q66(L))*dtheta(L))*3*cos(theta(L)) +
(Q12(L) - Q22(L) +2*Q66(L))*sin(theta(L))*cos(thefid)"3;
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Q66bar(L) = (Q11(L) + Q22(L) - 2*Q12(L) -
2*Q66(L))*cos(theta(L))*2*sin(theta(L))"2+Q66(L)*(i3(theta(L))4+cos(theta(L))"4);

end

% This for loop sums the various Qijbar to oéte A, B, and D matrices
for p=1:n;

if p==1
A11=Q11bar(p)*(h(p)-(-n*t(p)/2));
A12=Q12bar(p)*(h(p)-(-n*t(p)/2));
A16=Q16bar(p)*(h(p)-(-n*t(p)/2));
A22=Q22bar(p)*(h(p)-(-n*t(p)/2));
A26=Q26bar(p)*(h(p)-(-n*t(p)/2));
A66=Q66bar(p)*(h(p)-(-n*t(p)/2));

B11=Q11bar(p)*(h(p)*2-(-n*t(p)/2)"2);
B12=Q12bar(p)*(h(p)"2-(-n*t(p)/2)"2);
B16=Q16bar(p)*(h(p)*2-(-n*t(p)/2)"2);
B22=Q22bar(p)*(h(p)"2-(-n*t(p)/2)"2);
B26=Q26bar(p)*(h(p)*2-(-n*t(p)/2)"2);
B66=Q66bar(p)*(h(p)"2-(-n*t(p)/2)"2);

D11=Q11bar(p)*(h(p)"3-(-n*t(p)/2)"3);

D12=Q12bar(p)*(h(p)*3-(-n*t(p)/2)"3);

D16=Q16bar(p)*(h(p)*3-(-n*t(p)/2)"3);

D22=0Q22bar(p)*(h(p)*3-(-n*t(p)/2)"3);

D26=Q26bar(p)*(h(p)"3-(-n*t(p)/2)"3);

D66=Q66bar(p)*(h(p)*3-(-n*t(p)/2)"3);
else

All1=Ql1lbar(p)*(h(p)-h(p-1))+Al1l;
Al12=Q12bar(p)*(h(p)-h(p-1))+Al12;
Al6=Q16bar(p)*(h(p)-h(p-1))+Al6;
A22=Q22bar(p)*(h(p)-h(p-1))+A22;
A26=Q26bar(p)*(h(p)-h(p-1))+A26;
A66=Q66bar(p)*(h(p)-h(p-1))+A66;

B11=[Q11bar(p)*(h(p)*2-h(p-1)"2)]+B11,
B12=[Q12bar(p)*(h(p)"2-h(p-1)"2)]+B12;
B16=[Q16bar(p)*(h(p)*2-h(p-1)"2)]+B16;
B22=[Q22bar(p)*(h(p)"2-h(p-1)"2)]+B22;
B26=[Q26bar(p)*(h(p)*2-h(p-1)"2)]+B26;
B66=[Q66bar(p)*(h(p)*2-h(p-1)"2)]+B66;

D11=[Q11bar(p)*(h(p)*3-h(p-1)"3)]+D11;
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D12=[Q12bar(p)*(h(p)*3-h(p-1)"3)]+D12;

D16=[Q16bar(p)*(h(p)*3-h(p-1)"3)]+D16;

D22=[Q22bar(p)*(h(p)"3-h(p-1)"3)]+D22;

D26=[Q26bar(p)*(h(p)*3-h(p-1)"3)]+D26;

D66=[Q66bar(p)*(h(p)*3-h(p-1)"3)]+D66;
end

end
% Multiplying by factor completes the calcutats for A, B, and D.

Al1=A11;
Al12=A12;
Al6=A16;
A22=A22;
A26=A26;
A66=A66;

B11=1/2*B11;
B12=1/2*B12;
B16=1/2*B16;
B22=1/2*B22;
B26=1/2*B26;
B66=1/2*B66;

D11=1/3*D11;
D12=1/3*D12;
D16=1/3*D16;
D22=1/3*D22;
D26=1/3*D26;
D66=1/3*D66;

A=[All, Al2, Al16; Al2, A22, A26; A16, A26, A6B]
%disp('10"6 N/m or *1076 Ib/in");

B=[B11, B12, B16; B12, B22, B26; B16, B26, B66]
%disp('10"3 N or 1073 Ib");

D=[D11, D12, D16; D12, D22, D26; D16, D26, D66]
%disp('N*m or Ib*in’);

a=AN-1,;

%Calculation of strain in laminate
ebarL = a*N;
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for i=1:n;

%Calculation of stress in laminate
sllbar = Qllbar(i)*ebarL(1)+Q12bar(i)*eb@)+Ql6bar(i)*ebarlL(3);
s22bar = Q12bar(i)*ebarL(1)+Q22bar(i)*eb@)+Q26bar(i)*ebarL(3);
t12bar = Ql16bar(i)*ebarlL(1)+Q26bar(i)*ebé2)+Q66bar(i)*ebarL(3);

s = [cos(theta(i))"2, sin(theta(i))"2, 2&theta(i))*sin(theta(i));
sin(theta(i))"2,cos(theta(i))"2,-2*cos(theta(i) yigiheta(i)); -
sin(theta(i))*cos(theta(i)),cos(theta(i))*sin(th@ja cos(theta(i))"2-
sin(theta(i))"2]*[s11bar; s22bar; t12bar];

%Calculation of stress in each ply
s11(i) = s(1);
s22(i) = s(2);
t12(i) = s(3);

%Failure Criterion defined and applied atle ply.

%TSAI-WU

F1 = (L/X1t(i)-1/X1c(i)):;

F11 = 1/(X1t()*X1c());

F2 = (1/X2t(i)-1/X2c(i)):;

F22 = 1/(X2t()*X2c());

F66 = 1/(S12f()*2):

F12 = Fxy(i)*(F11*F22)".5;%-.5/(X1t())*X 16));%

F(i) =
F1*s11(i)+F2*s22())+F66*12(i)"2+F11*s11()"2+F2228(i)"2+2*F12*s11(i)*s22(i);

%MAX-STRESS
Ffmax(i) = s11(i)/X1t(i);
Ffmin(i) = -s11(i)/X1c(i);
Fmmax(i) = s22(i)/X2t(i);
Fmmin(i) = -s22(i)/X2c(i);

%HASHIN

Fft(i) = (s1L3)/XLt(i)) 2+(t12()/S12f(N2;
Ffc(i) = (s113)/X1e(i)) 2+(t123)/S12f(R;
Fmit(i) = (s22()/X2t(i))"2+(t12(i)/S 12
Fmc(i) = (s22(i)/X2c(i)) 2+(t12()/S12f(1);

end
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% Ply degradation of Tsai-Wu criteria
for i=1:n
if F(i)>=1
ply_fail(i)=1;
if matrix(i)==0

E22(i)=E22(i)*.175;
v12(i)=v12(i)*.15;
v21(i)=E22(i)*v12(i)/E11(i);
G12(i)=G12(i)*.162;
X1c(i)=.85*X1c(i);
Fxy(i)=Fxy(i)*.15;
matrix(i)=1;

else

E11(i))=E11(i)*.01,
E22(i)=E22(i)*.01,
v12(i)=v12(i)*.01;
G12(i)=G12(i)*.01;
X1c(i)=.66*X1c(i);
Fxy(i)=.01*Fxy(i);
fiber(i)=1;

end

end
end

% Ply degradtion for %Max-Stress criteria
fori=1:n;

if Ffmax(i) >= 1;

end

E11(i)=E11(i)*.01;
E22(i)=E22(i)*.01,
v12(i)=v12(i)*.01;
G12(i)=G12(i)*.01;
X1c(i)=.66*X1c(i);

fiber(i)=1;
ply fail(i)=1;

if Fmmax(i) >= 1,

E22(i)=E22(i)*.175;
v12(i)=v12(i)*.15;
v21(i)=E22(i)*v12(i)/E11(i);
G12(i)=G12(i)*.162;
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end

X1c(i)=.85*X1c(i);

matrix(i)=1;
ply fail(i)=1;

if Ffmin(i) >= 1;

end

E11(i)=E11(i)*.01;
E22(i)=E22(i)*.01,
v12(i)=v12(i)*.01;
G12(i)=G12(i)*.01;
X1c(i)=.66*X1c(i);

fiber(i)=1;
ply fail(i)=1;

if Fmmin(i) >= 1;

end

end

E22(i)=E22(i)*.175;
v12(i)=v12(i)*.15;
v21(i)=E22(i)*v12(i)/E11(i);
G12(i)=G12(i)*.162;
X1c(i)=.85*X1c(i);

matrix(i)=1;
ply fail(i)=1;

%Ply degradation for Hashin Criteria
for i=1:n;

if Fit(i) >= 1;

end

E11(i)=E11(i)*.01;
E22(i)=E22(i)*.01,
v12(i)=v12(i)*.01;
G12(i)=G12(i)*.01;
X1c(i)=.66*X1c(i);

fiber(i)=1;
ply_fail(i)=1;
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if Fmt(i) >= 1;

E22(i)=E22(i)*.175;
v12(i)=v12(i)*.15;
v21(i)=E22(i)*v12(i)/E11(i);
G12(i)=G12(i)*.162;
X1c(i)=.85*X1c(i);

matrix(i)=1;
ply_fail(i)=1;
end

end

ex(q) = ebarL(1);

Exx(q) =(A11*A22-A1272)./(t(1)*n*A22);
failed_plies=sum(ply_fail);

end
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APPENDIX B

%This program determines the strength of a comgpdaiinate with a circular notch,
using a bi-linear cohesive zone model.

clear all; clc;

Gce= %Fracture toughness value entered here
R= %Hole radius entered here

W = %Specimen width entered here

E= %Longitudinal modulus entered here
sigma_un = %Unnotched Strength entered here
A= %Bi-linear breakpoint A entered here

B= %Bi-linear breakpoint B entered here

imax = 40; %Number of elements crack is discretir¢o

vc =1/(A+B)*2*Gc/sigma_un; %Calculation of criticatack displacement
If=.22; %pFinal crack length

sigmat = zeros(imax,imax); %lnitialize stress nxatio O

vmat = zeros(imax,imax); %lnitialize crack desgpément matrix to 0

vsig = zeros(imax,imax); %lnitialize crack opsgidue to local stress to 0
vrem = zeros(imax,imax); %lnitialize crack opsgdue to remote stress to 0

I=If/imax:Iflimax:If;
d=I+R;

F1 = (1+0.35*(R./d)+1.425*(R./d)."2-1.578*(R./d)#3.156*(R./d)."4).*(1-R./d).~(1/2);
%Finite Width Correction Factor 1

F2 = (sec(pi*R/(2*W))*sec(pi*d./(2*W))).N1/2); %Finite Width
Correction Factor 2

A1 = -0.020%(R./d).*2+0.558*(R./d). 4;
A2 = 0.221*(R./d).*2+0.046*(R./d). 4;

for i=1:40;
for j=1:i;
b(j) = (R+I(D))-j/i*1(i);

c() = (R+(1))-G-1)/*1(1);
X(j) = (R+I(D))-G-.5)/*(i);
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G1 = (L+AL(i)/(1-R/d(i)+3*A2(i)/(2*(1-R/d)"2))*asin(b(j)/d(i))+(AL(i)/(1-
R/d(i))+(4-(b()/d(i)))*A2(i)/(2*(1-R/d(1))*2))*(1-(b(j)/d(i))"2)"(1/2);

G2 = (L+AL(i)/(1-R/d(i))+3*A2(i)/(2*(1-R/d)"2))*asin(c()/d(i))+(AL(i)/(1-
R/d(i))+(4-(c()/d(i)))*A2(i)/(2*(1-R/d(1))*2))*(1-(c()/d(i))2)N(1/2);

B1(j) = sin(pi*b()/(2*W))/sin(pi*d(i)/(2*W));

B2(j) = sin(pi*c(j)/(2*W))/sin(pi*d(i)/(2*W)):

G() =G2-G1;

F3(j) = G(j)/(asin(c(j)/d(i))-asin(b()/A); %Finite
Width Correction Factor 3

F4()) = ((asin(B2(j))-asin(B1(j)))/(asin{(®@(i))-
asin(b(j)/d(i))))*(sec(pi*d(i)/(2*W)))N(1/2); YoFiite Width Correction Factor 4

beta(j) = -(2/pi)*(asin(c(j)/d(i))-asin(R((i)))*(F3()*F4())/(FL(i)*F2(i));
f() = (2/E)*(d(i)"2-x()*2)N1/2)*FL(i)*F4i);
end

for m=1:j;
for n=1:i;

posA = real((2/(pi*E))*((+c(n)-x(m))tsh((d(i)*2-c(n)*x(m))/(d(i)*abs(+x(m)-
c(n))))-(+b(n)-x(m))*acosh((d(i)*2-b(n)*x(m))/(d(tpbs(+x(m)-b(n))))+(d(i)"2-
X(M)"2)N1/2)*(asin(+c(n)/d(i))-asin(+b(n)/d(i)))F3(m)*F4(m));

minA = real((2/(pi*E))*((+c(n)+x(m))*@osh((d(i)2+c(n)*x(m))/(d(i)*abs(-
x(m)-c(n))))-(+b(n)+x(m))*acosh((d(i)*2+b(n)*x(m)d(i)*abs(-x(m)-b(n))))+(d(i)"2-
X(m)"2)N(1/2)*(asin(+c(n)/d(i))-asin(+b(n)/d(i)))F3(m)*F4(m));

alpha(m,n) = posA+minA;

end
end
for m=1:i
for n=1:i;
if m==n
matrix1(m,n) = (1-A)/B*(B/(1-A)*veigma_un-alpha(m,n)-f(m)*beta(n) );
matrix2(m,n) = ((1-B)/A* wgigma_un-alpha(m,n)-f(m)*beta(n) );
else
matrix1(m,n) = -(1-A)/B*(alpha(m#f{m)*beta(n) );
matrix2(m,n) = -(alpha(msf(m)*beta(n) );
end
end
end

sigmal = vc*sum(matrix1”-1,2); %Calculationamhesive stress according to S-v
relationship 1

sigma2 = vc*sum(matrix2”-1,2); %Calculationaohesive stress according to S-v
relationship 2
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%This loop prevents displacement beyond vc
for m=1:i
if sign(sigmal(m))~=sign(sigma_un)
sigmal(m)=0;
end
if sign(sigma2(m))~=sign(sigma_un)
sigma2(m)=0;
end

end
caseB=0;

%This loop evaluates the stress to determiitasfin region 1 or 2 of the bi-linear
load-displacement relationship.
for m=1:i

if sigmal(m)< sigma2(m)
caseB=1;
end

if caseB~=1

sigma(m) = sigmal(m);
else

sigma(m) = sigma2(m);
end

end

S(i)=beta*sigma’; %Remote load is calteda

vrem(i,1:i) = S(i)*f; %Crack opening is det@ned.

vsig(i,1:i) = alpha(1:i,1:1)*sigma(1:i);

vmat(i,1:i) = vrem(i,1:i)+vsig(i,1:i);

sigmat(i,1:i)=sort(sigma(1:i)); %Cohesive stes at current increment are stored for
analysis.

end
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