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Ever since composite laminate technology was dhiced into the
aerospace and automotive industry, there has beeadato fully understand the
damage progression experienced by composite laeuates in the presence of
a notch. While numerous research studies have cmetucted on this matter
when subjected to in-plane loads, not much focgsdean directed to the out-of-
plane loading conditions. To address this isswsnaprehensive study in
partnership with the Boeing Commercial Airplane @amy and the Federal
Aviation Administration was carried out, using laaiory tests and computer
simulations, to predict the failure mechanismsrefpotched composite laminated
plates under four-point bending.

A total of 48 pre-notched laminates, varying iresilayer orientations, and
thickness were tested, and the deformation dataecasded by means of strain

gages. Two notch lengths of 1-in. and 4-in. withead radius of 0.125-in. were



considered in the analysis. The laminates wereralsdeled in the finite element
software ABAQUS to determine the concentrationdesctand explore the damage
progression based on the Hashin criterion. Thdtseesgre compared to the test
data for correlation and validity.

From the simulation results, it was determined tha classical laminated
plate models under-predicted the strain concentrdéictors, and that Reissner’s
models should be employed in order to conduct f@iinalysis on composite
laminates when subjected to pure bending. The simdlel that takes into account
transverse shear effects was then chosen to prtwdarogressive damage
simulation. It was found that the results of thémoretical models from
ABAQUS were very similar to the results of the teasmples generated in our
experiments. In general, very good agreement betteesimulations and the test
results was obtained for the thin laminates. Radity, as the percentage of O-
degree plies increased, so did the correlation thightest samples. Our theoretical
models were capable of reproducing accurately tadure points by taking into
consideration the large deformation effects andatgnprogression. On the other
hand, the thick laminate models were not as suftdasgredicting failure. In
most cases, they computed a failure moment hidfzer the ones found in the

experiment.
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Chapter 1._Introduction and Project Objectives

1.1.Introduction to Composite Laminated Materials

The concept of composite materials, which aredadlgithe combination of
two or more materials to obtain a new material, been known for thousands of
years. Our ancestors realized that by combiningespanticular materials in a
certain way, they could produce a new material plogsessed greatly enhanced
material properties than by themselves. Consetyy¢ney developed and
perfected fabrication methods and tools to manufadhese materials to be used
for building construction, weapons, and clothing.

Nevertheless, with the advent of steel and othetalic alloys, the interest
in composite materials declined; and, as a regdtuse of composites remained
low-key and became practically obsolete for thatmepart of the Industrial
Revolution of the late ¥8and early 18 centuries. Therefore, the research and
investigation of composites did not prosper askjyiand steadily as steel did, for
instance. Subsequently, steel became quickly tineepy choice of material for all
sorts of manufacturing and construction uses. Steelits family of metallic
alloys, in particular, were widely used for theaubtive and aerospace industries
because of their strong material properties anddost of production. However,
over the last few decades, composite materials haeeme increasingly more

desired and have become an important structurarabtor a large number of



industries.

Because of their superior engineering properties ligh strength,
stiffness-to-density ratios,) composite materiatsseen on Figure 1. 1, are now
becoming widely used in advanced structures inspa@e, automotive, marine,
and many other industries. Despite these excathaterial properties, composites
are not perfect, even though nowadays technoldgwsalus to tailor-make
composites to fit our design requirements. Thathat the core function of the

laminated composite materials is based on.

Transverse Direction, 2
A

fa t( Longuitudinal Direction, 1
I\ =
( Fiber
-

Matrix

Figure 1. 1 - Schematic of a long fiber compositdarial

Composite materials have predominantly orthotrgpaperties. For
example, a material like wood or a unidirectionlaéf-reinforced composite
exhibits much larger modulus on its principal g&long the fibers) than on its
transverse direction. Normally, these materialgk@kkimilar modulus in their
transverse planes {E Eg,) and thus can be treated as transversely isotrAgia
result, these materials are very strong if loadetthé principal direction but very

weak if loaded in the transverse directions. Howewe can improve the material



properties of the composite by combining or layipga series of fiber-reinforced
sections or “plies” in such a manner that the ppalcorientations are rotated. We
therefore obtain an entirely new material, whichHermer possesses the
orthotropic properties of the single ply. Therefose can custom-make a material
to achieve the desired properties to meet our desiguirements. The thickness of
the plies, their orientation, order sequence, arahtjty will determine the

material properties of this composite material aodsequently will exhibit

anisotropic, orthotropic, or quasi-isotropic beloasi

Figure 1. 2 - Example of composite laminate

Composite laminated plates, as shown in Figure WwilRexhibit quasi-
isotropic behavior and will display isotropic profes when they are loaded under
in-plane conditions, but may not respond in theesamanner when the plates are
under bending. Another outcome of the fabricatiboamposite laminates is the
formation of what is called the “coupling” of the-plane and out-of-plane
response. An example of this phenomenon is thedtbom of curvature when a

plate is subjected to in-plane loading.



1.2.Background Information on Composite Materiads€&arch

Because of the increasing use of composite lansnatthe automotive and
aerospace industries, extensive and thorough asayd testing of them is
mandatory. Most of the research conducted on coieplasninated plates or
shells has been addressed to in-plane loadingismsaThat is, testing and studies
where the specimens are in tension, compressiostaar. Not much focus has
been addressed to the out-of-plane loading sitositiwhere bending and twisting
of the plates are present. However, it is well kndhat there are many real
situations where a structure would suffer from ctempoading conditions, such as
those found on aircraft fuselage [43], where trense shear is a major factor in
the failure of the composite laminates. Hences itdry important to have a full
understanding of the behavior of the composite hateis when they are subjected
to these out-of-plane loading conditions.

There are two main theoretical models for platessrells, and they both
have been researched extensively. The first isct#the Classical Plate Theory
(CPT,) and, for the most part, was developed bghioff [50]. It is also referred
as Kirchhoff Plate Theory (KPT). The second theemeferred as Reissner Plate
Theory (RPT) [28]. The main difference betweentthe of them is the
consideration of the transverse shear effectshkoéf's theory can be applied to
both in-plane and out-of-plane loading conditid@ensequently, KPT works fine

for thin laminated composites materials where trarse shear effects are almost



negligible. On the other hand, RPT does take intmant the transverse shear
effects; and, as a result, this model is morenfitfor thick composite laminates.

Besides loading conditions, another important aspiea composite
structure is the ability of the material to withsdaracture. Fracture is an
important aspect in the design of aircraft fusetader instance, because these
structures are heavily influenced by damage totsraaquirements. Numerous
studies have been conducted on the matter of anglywptched composite
laminated plates [43], but here again; most ofrésearch has been directed for in-
plane loading conditions. However, in the casesirafaft fuselages, where out-of-
plane loading may be induced, it is very importanhave a good understanding of
the failure progression that a cracked compositerate may have in order to
avoid unnecessary and costly over conservativgadgsiue to the addition of
large safety factors.

Therefore, there is a need for useful analysisriegtes in the design of
composite aircraft or automotive structures underad-plane loading. However,
there are some major obstacles to be faced. Iindealth composite materials, as
mentioned eatrlier, transverse effects might pogsitiluence the failure behavior
under flexural loadings. Composite materials,antipular, are more likely to
cause stress distribution discontinuities througltlog thickness of the laminate
due to these effects (unlike homogeneous matesualls as steel, for instance.) In
homogenous materials, all failure modes (I, Il #ijdcan occur simultaneously at

the crack tip, during bending, shear, and twisthBncase of composite laminates,



which can be highly anisotropic, these modes wagtdn a more complex
manner. In order to simulate the behavior of threaterials, an unusual degree of
analytical sophistication will be necessary. Congadly, the development of
these analysis techniques will require significexpierimental data to support the
results obtained by the theoretical models. Unfatealy, very little test data is

available for the case scenarios here presented.

1.3.Project Objectives

The main purpose of this work is to obtain a gondarstanding of crack
propagation in composite laminated plates and veldg analysis techniques that
will be useful in the design of composite airctfuctures subjected to out-of-
plane loading. In order to implement these analysibniques into a practical tool
to design aircraft fuselages, the produced model ive accurate, efficient, and
suitable for design implementation. Also, these et®davill have to be
sophisticated, yet simple enough that they cambmughly evaluated by
laboratory testing.

The focus of this research will now take on a nmasic approach, and the
modeling efforts will be centered involving simguctures under pure bending
of unstiffened laminates containing centered-natcAdso, the specimens will be
large enough to avoid boundary/edge effects thatintarfere with the results.

Through a cooperative partnership between Oregaie Siniversity and the



combined efforts of Boeing Commercial Airplane C@nyp and the Federal
Aviation Administration (FAA), we will develop theamodels to accomplish this
objective.

Since only a small amount of experimental datanfiched laminates that
have been subjected to out-of-plane loading argadka [14], we are faced with
the prospect of performing these sorts of expertmignour own laboratory. Some
experimental results were available in the Boeasg tlata base, but they were
based on laminates with 1/4-in. holes under founigeending. This will not give
us much information, since the prediction of faglwf plates containing notches 1-
in. and 4-in. is necessary for our research. Dubdaharacteristics and irregular
behaviors of composites, the information obtainmedhfthese laminates with small
notches will not predict efficiently the failure @minates with larger notches.
Therefore, for dimited number of tests, we will determine the modéfailure of
the laminates and evaluate the capability of aerly existing analysis technique
for predicting these failures.

To accomplish our objective, then, will require bhekperimental and

computational efforts. The project is divided itlhoee main tasks:

1. Testing of notched laminates under four-point begdi
2. Modeling stress concentrations in notched laminateer bending.

3. Modeling progressive damage in notched laminategubending.



1.3.1 Testing of Notched Laminates under Four-pBariding

The first task will be the testing of notched laates under four-
point bending. Two notch lengths will be considerkdh. long ovaloid with 1/8-
in. end radius and a 4-in. long ovaloid with 1/8end radius. A total of six
different laminate lay-ups, consisting of 20 pla®l 40 plies, will be examined.
The plies will be laid up at the 0-degree, 90-degesnd +45-degree orientations.
These angles at each layer represent the angudatairon of the longitudinal
direction (fiber direction) of that particular lana with respect to the O-degree
direction at the laminate coordinate system.

Each ply of the composite laminate will have akhiss of 0.0074-in.,
forming 0.148-in. 20-ply laminates and 0.296-in-plY laminates. For each
thickness we will have three laminate types comgsaf 10% 0-degree plies, 30%
0-degree plies and 50% 0-degree plies.

The laminates will be instrumented with straingmgn both sides of the
laminate in several configurations in order to abtagood quantitative and
qualitative measure of the deformation rate andadpnprogression. The data
obtained from these gages will then be comparekl thié results obtained from

the simulation models.



1.3.2Modeling Stress Concentrations in Notched Laminateter Bending

The second task consists of modeling stress ctratems in notched
laminates under bending by computer simulation.WhWeuse the general purpose
finite element analysis software ABAQUS to constithe theoretical models for
each of the laminates that we tested under fountp@nding. The laminates will
be modeled using 3D-Solid and Shell elements aplréevel. Less detailed
models will be constructed using conventional sekinents to determine the
meshing level needed for acceptable accuracy.

Bending moment output data, as well as the straipud data, will be
extracted from the simulations to determine a i@hship between the

concentration factors and notch length.

1.3.3Modeling Progressive Damage in Notched Laminate&uBending

The third task will focus on progressive damageletiog of notched
laminates under four-point bending. It is well knothat in composite materials, a
damage zone is developed ahead of the crack tbc@msequently this influences
the crack propagation. For each of the laminatawie tested, we will make use
of the progressive damage model for compositesshenhbedded in ABAQUS to
simulate the growth of the notch up to ultimatéuiia. This ABAQUS module,

which follows the Hashin model, will take into ace four failure modes: Fiber
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tension and compression failure, and matrix tenarmmhcompression failure.
The failure modes predicted by these models witdmpared to those

observed in the experiments, and this will prowidewith a test of validity of the

model for these particular loading conditions thma¢e not been considered

previously.
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Chapter 2._Literature Review: Notched Compositamimates under Bending

2.1 Concentration Factors on Notched Plates

The analysis of stresses around notches in platgscted to out-of-plane
bending has been the subject of a number of irgeg&tns. The geometry of the
typical situation is illustrated in Figure 2. 1, isfn shows a plate (usually of
infinite extent) with a thickness of h, [39]. Itr@ins a notch of width 2a that is
either a circular hole (when a = b), an ellipticale (when & b), or a sharp crack

(when b=0).

Figure 2. 1 - Typical plate with a hole/notch schém

The typical loading situation consists of a unifdsending moment with

either M, =M, or My=M,. Analyses have been carried out using two plaerths:
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Kirchhoff Plate Theory (KPT,) which ignores theegfts of transverse shear
deformation (this is also referred to as classitwabry) and Reissner Plate Theory
(RPT,) which accounts for the effect of transvesisear deformation. For uniform
bending of a homogeneous, isotropic plate, thédlt normal stress is linear
through the thickness with a maximum value at thiéase of the plate equal to:

6M,

e (2.1)

At the notch there is a stress concentrationithabrmally expressed as
omax—=Kp op for the circular and elliptical holes. Using KRGoodier [12] studied
the bending problem of a circular hole in an ispitglate and found the stress
concentration factor at the tip of the hole asoiol:

=5+3|/
3+v

(2.2)

b

wherev is the Poisson's ratio. He found that the sttessentrations in the plate
did not depend on the thickness of the plate osthe of the hole. However,
Reissner, in his theory, found that the stress eatnation factor was a function of
the ratio of the thickness (h) and the size othble (diameter, a.) Reissner [31]
developed his theory taking transverse shear defitomeffects into account and

found the following stress concentration factor:

3L+V)K, (L)
_ 3 1 f_ KO(IU)

~2 72 @K,
2

K, (2.3)

+ Ko (1)

wherey is a function of the thickness and hole diameteria equal to



13

1 =a+/10/h, and K and K are modified Bessel functions. As illustrated in
Figure 2. 2, we observe the influence of the ratioin a plate, as,karies
between 3 for a very thick plate (small a/h) to81 with a value 09=0.25. A

three-dimensional elasticity solution was also dtgwed by Alblas [2]. Alblas’

model and Goodier's KPT results for a very thingkxe plotted here as well.

| \ —— Alblas Theory
| Reissner Theory
|l |- - - Goodier Theory

Kb, Stress Concentration Factor

15
0 0.5 1 15 2 25 3 35 4 45 5
a/h ratio

Figure 2. 2 - Stress Concentration Factors of & pléth a centered hole

Alblas found that his solution gave similar momeamcentration factors to
Reissner’s k but it differed when using stress concentratacidrs. Comparing
Reissner's results to the elasticity solution iatés that RPT tends to over-predict
the sensitivity of kin terms of the ratio a/h. Improvements to thetheleveloped
in [28] were later presented by Lee [21] and Reis$R9] and are in closer
agreement with the elasticity theory results.

Goodier [3] also studied stresses around an @épliole in an isotropic
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plate using KPT and found the stress concentrééicior as

N 2(1+v) a

k, =1
3+<v b

(2.4)

Naghdi [24] studied the same using RPT and wastaldetermine an
approximate value forifor the case when the elliptical hole is not tamder.
For slender ellipses, finite element analysis uStiRJ can be used to determing k
As in the case of the circular holg, Kepends on the ratio a/h. However, the
sensitivity to thickness for an elliptical hole ertls over a much larger range of
a/h than it does for a circular hole.

The results described above are not directly appléecto notched
laminates because of the anisotropic nature otthesterials. The extension of
KPT to orthotropic materials is reasonably strefighwtard. The case of a circular
hole in an orthotropic plate under bending wasistlily Lekhnitskii [22] where
kp is given as:

kn
k+4g

k, =1+

(2.5)

wherek, n, andg are functions of the flexural moduliy D D2,, and Q¢ (See
equation 2.27). Prasad et al. [39] extended Lekhiiig results to the case of an
elliptical hole in an orthotropic plate. Here, s@ution is sufficiently complex

that it is not possible to develop an explicit eegzion for k. Material anisotropy
can have a significant effect on the stress conagon factor. A highly

orthotropic laminate exhibits a significantly higlsgress concentration factor than

a quasi-isotropic laminate.
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2.1 Mechanics of Composite Laminated Plates

A composite laminate is a bonded stack of laminag]ies, at various
orientations, as it was described earlier (seerBigu2). The plies are normally
bonded together by the same matrix material useddinding the fiber within the
layers. There are many types of composite laminatggor this research we will
focus on the fiber-reinforced composite laminatbicly uses unidirectional fibers
embedded in a matrix.

If we take a look at each lamina, the generalizedké’s law gives the

constitutive equation for a unidirectional ply (d&gure 1. 1) under plane-stress

conditions, and can be written within the ply-asystem as:

Ul £1
o, =[Q]1 &, (2.6)
T12 y12

where the components pD] (the stiffness matrix) are composed of the
engineering constants; Q Q,, Qi2, Qis, Q26, Qs6, Which are the following for a

material that exhibits orthotropic characteristics:

E, Vi By VB
= = , or =
Qu 1=V Qe 1-v vy R 1=V Vo
__ 5 - - —
Qp = 1_V—12V21 Qle - Qze =0 Qs =Gz (2.7)

where thekE; andE; are the elastic modulis,, andvs; are the 1-2 plane Poisson’s

ratios, and @ is the 1-2 plane shear modulus. Also, by using¢lkgrocal
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relation between the elastic moduli and the Poiss@aios, we can completely

define the material properties of the lamina.

Vig Vo (2.8)

Therefore, we can write the stress state of eaninkaas a whole component with

the following equation:

E1 V21E1 0
g, 1- VioVoy 1- VioVoy &g
v,.E E
o, =|—2=2 2 0 [h¢ (2.9)
I 1- VioVoy 1- VioVoy
12 0 0 (512 Z7

Furthermore, we can also present the constitutiuaton in terms of the strains,

instead of the stress by obtaining the inverseimp®] ™

El Jl
£, +=[Q] Mo, (2.10)
Viz Iy,

These stresses and strains are defined in thegalmoaterial coordinates (defined

by the longitudinal direction of the fibers,) a®sim in Figure 2. 3.

Figure 2. 3 - Rotation of principal material axexty coordinates
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However, because composite laminated plates preseatal layers with
laminae at different orientations, a relation isaed between the stresses and
strains in their principal material coordinatesr(iaa coordinates) and those in the
body coordinates (laminate coordinates.) We rehaltransformation method
from mechanics of materials, where the transforomatnatrix that gives the

proportional properties in the off-axis coordinaystem is defined as:

Cos?d Sn%6 2Cos8Sné
[T]=| sn% Cos’§  —-2CosfSné (2.11)
-CosdSnf CosdSnf Cos’6-Sn%d

whered is the transformation angle from the 1-2 planthtox-y plane (see Figure
2. 3). This transformation matrix is used to transf both stresses and strains into

the x-y plane. The stresses and strains at the&encoordinate can be expressed

as:
ax al
Jy :[T] g, (212)
Txy 7,
gx ‘91
e, =[] e, (2.13)
Vi 473
2 2

The factor of %2 on the shear components of thenasalue to the classical
definition of engineering shear strain, which iscevthe tensor shear strain. We
can further simplify these strain relations byachucing the Reuter’'s matrix, [R],

as follows:
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E, 1 0 0]]|e, &, & &
y =10 1 0|q¢&, ¢ =[Rl{¢, ¢, andy &, »=[R]4 &, (2.14)
Vol 00 2] |y Yy Vo Vo

2 2 2

If we apply these equations to Equations 2.6 ahd,2ve obtain the following

relation:
o, £,
g, =[TIQIRITI[R "y &, (2.15)
TXy yXy

Then, we can further simplify this expression vtk following abbreviation:
[Q] =[TI[QI[T]". Hence, we can now define the stress-strainicgiatn terms

of the global x-y coordinates.

X EX
b=[o)4e, (2.16)

Xy yxy

S Q9 Q

This equation defines the relation for one lamara] since in a composite
laminated plate there are two or more laminae, @glnno know the stress-strain
relation for each ply in the global coordinatesu3this equation can be written
as:

{o}* =1Q1*{e}* (2.17)
wherek represents the ply number, aj@]* represents the reduced stiffness

matrix of that particular ply. SEQ]*can be written as follows:



19

[ @ T
[QI“=|Q, Qp Qu (2.18)
Q16 Q26 Q66

where the matrix components are:

Q) =Qf cos' +2(Qf, +2QF,) sin? Bcos’ B +Q%, sin* 8

Qb = (Qf +Q, —4Qf)sin* 8cos 8 + Q5 (sin* 8 + cos' )

Q) =Ql,sin* 8+ 2(Q), + 2Qk,) sin” cos 8 +Qk,cos 8

Qi = (Qf —Qly — 2Q%;)sinfcos’ 6 + (Qf, ~ Qs +2Q4,) sin® 8 cosd

Qx = (Ql — Q% —2Qk,) sin*Gcosd + (Q, — Qk, + 2Qk) siné cos' &

(2.19)

Qs = (Q + Q% - 2Qf, —2Qk) sin” fcos 8 +Qf,(sin* 8+cos' §)

In order to study the stress and strain variattbrsugh the thickness of the
laminate when it is subjected to in-plane loadsgjen, compression, and shear)
and out-of-plane loads (bending, twisting,) thaulsit forces and moments of the
laminate need to be obtained. For that, we tulratainated Plate Theory (LPT)

to provide a solution of the general equilibriunuations of plates.

2.2 Classical Laminate Plate Theory - Kirchhoff Pldtedry

CLPT, Classical Laminate Plate Theory, is a planess analysis for
describing in-plane stresses and strains in lam#ndt is assumed that out-of-
plane normal stress;, is equal to zero, and that all the out-of-planesststresses
and strainst; = 1y, = Yxz = Vyz) are equal to zero as well. Furthermore, in

laminated plates, it is also assumed that all ttaéns are continuous from ply to
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ply.

Using Kirchhoff hypothesis, we take the laminataasngle layer with
unique properties instead of ply-by-ply basis beeatiis presumed the bonds
between the layers are very strong and non-shéamadable, avoiding any
delamination. Also this hypothesis takes on theeEassumption for the deflection
of beams, in which the normal line to the middidace of the layer remains

straight and perpendicular at all times under deédion (see Figure 2. 4.)

Figure 2. 4 -View of the x-z plane of the deforroatdf a plate

The reason for this is because we have ignoredislgesirains in the
planes perpendicular to the x-y plane (i.e. su¢hassituation found on thin plates
or shells.) Because this edge is to remain straiger deformation, we find that
the displacement in the x-direction for any poimbugh the laminate thickness is

equal to:

ow’

~ (2.20)

0 o0 _
Uyz) = Uiy “ZB = Uiy — 2

Similarly, the displacement in the y-direction is:
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ow’°
~\0  _ —\0
Viuy.) = Vi) ~ 28 = V) Za_y (2.21)

Hence, now we can obtain the strains by differéintigthese approximate
displacements of the plate theory, giving us tha&istvariation through the

thickness of the plate (which we assume to vamegality across the section).

ou
EX gx g)(() + Z‘(X
v 0
Ey (= a_y =4 &) T K, (2.22)
Vay % +ﬂ ygy + j(xy
| Ox 0y |

where,£°, £°1, andy®;, are the average plate strains at the middle atd, and

Ky are the plate curvatures for the x and y direstji@dw®/ox? and a?w°/dy?,

respectively. The componeny, represents the twisting curvature “2v° Joxdy,

which defines how the slope of deformation in thdinection changes with y.
Hence, if we substitute this strain equation i $tress-strain relation of
equation 2.17, the stresses per ply can be exgrasserms of the middle surface

strains and curvature.

0-)( ‘ g)( ‘ g)(() kX
o,b =[Q]*{e,t =[Q] [0t + 2k, (2.23)

The determination of the reaction forces and momaating on the laminate are

obtained by integrating the stresses of each l@yeugh the laminate thickness, t:
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N, " o," NG

_qt2 _ &
N, ¢ =[ 1o,f &z - 1IN, _kz;j o“d, (2.24)
N,, Ty N,,

k k
MX O-X MX N

t/2 Z*

M, =L/2 o,r zdz - M, :kZ;Lk o zd, (2.25)
M, Ty M,

By substituting the stress-strain equation inteéhset of equations we obtain the

following relation:

N, A A, Asll & B, B, Bp||Kk
Ny r=1A2 An Asl|i€ 3 + B, By By |1k, (2.26)
N,y As As As V;y B By Bs]|Ky

M, B, B, Byl|&r D, D, Dgl|k
M vy B, Bn Bx|€ 3 +| Dy, D,, Dy |1k (2.27)
M, Bis By Bss ygy Dis Dy Des | kxy

We can write these equations more convenientligerféllowing manner:
N =[A] £° +[B] k (2.28)

M =[B]&° +[D]k (2.29)

Where thd A], [B], and[D] matrices are defined by the following equations

A = i@,—k (-2 = i@,—k t* (2.30)
k=1 k=1

s, =15 f - Y]=Sare (2.31)
k=1
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D, ——ZQ.F[ - ] ZQ.,t{ e (tlﬂ (2.32)

The equilibrium differential equations, derivedrfrezlassical plate theory in terms

of the reaction forces and resultant moments,herdallowing:

N, , Ny _ (2.33)
0X oy
N,y 0N, _

0 (2.34)
ay oy

2 0°M 90°M
aalvl2x +2 a axy + a 2y = _p(X,Y) (235)
X Xoy y

wherep is a transverse load. For a symmetric laminath wit in-plane loading,
and assuming no bending-twisting couplingd®D2s= 0,) the equilibrium
eqguations can be simplified to:

o0*we *'w° 0*'w°
DllW +2(D,, +2Dy) 0x20y2 +D,, 0y4 = Py

(2.36)

The study of composite laminates under bendingitiond increases in difficulty
when dealing with holes or notches, but they caartsyzed using fracture
mechanics.

Kirchhoff Plate Theory is inaccurate for moderatiigk plates due to the
effects of transverse shear and normal straindriaminate, which are not taken
into account. In a composite material, the trarsyshear moduli Gand G, are
usually much lower in relation to the modulugs &nlike for isotropic materials.

Thus, the transverse shear strains can be largegkno affect the deflection of a
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plate.

2.3 Transverse Shear Effects - Reissner Plate Theory

Numerous researchers also studied plate theonygakio account the
transverse shear effects. This is commonly knowReissner’s Plate Theory,
RPT. In this theory, the asymptotic stress fielldaated is derived in a similar
manner as the Classical Plate Theory. Considerpigta in the x, y, and z
coordinate system (see Figure 2. 4) and a loadisg where there is no in-plane

plate loading, equilibrium in the x and y directicen be represented as follows:

00, , 90T _ (2.37)
oX 0z

0 0

99y %0 _ g (2.38)
oy 0z

wherery, andzy,, the transverse shear stresses, are no longenadda be zero.
We can then proceed to calculate these stressegi®bending behavior which
we calculated in section 2.2, where we assumetkatielastic response. If we
recall equation 2.22, we can write the strain devis:

{e}={e"+z«} (2.39)
wheree® is the strain at the reference surface. Sincesseraed a linear-elastic
response, the in-plane components of the stressey point throughout the

thickness of the plate are obtained by using eqna&il8. If we substitute
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equation 2.39 into that equation, we obtain thiwahg relation:
{o} =[Qe + Q1 (2.40)
where[Q]¥is the reduced elastic stiffness matrix for thelk-as it was described

in equation 2.18, and it is defined from the etastiand orientations of the
material at the ply level, k.

Using equations 2.28 and 2.29, where we obtairrethion between the
strains and curvatures of the plate with the readibrces and moments, we can

simplify those systems of equations into the follaywelation:

N A Bjl&°
- (2.41)
M B D|| «
By inverting this equation, we can obtain the sisaand curvatures in terms of the

reaction forces and moments:

£\ _ N
{K}_[H]{M} (2.42)

where[H] is called the flexibility matrix. We can furthezduce this relation since
we assumed only out-of-plane bending as the fortoaafing. Thus, N =0, and
the strains and curvature can be written in terhtk@moment only, [H[{M}.

Now, if we substitute this relation into equat@®d0, we can express the

stress field in terms of the moment as:
{} =[QI*[HIM +Z[Q][H]M =[C]M +ZC]M =M ([C] +[C]2) (2.43)
where[E] Is the matrix combination c[t_g]"[H] . By substituting this stress field

into the equilibrium equations 2.37 and 2.38, we @gpress the variation of the
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in-plane stresses throughout the thickness of ldite ps follows:

%”~WwMan (2.44)
X
%i-ﬂﬂaq+mmk (2.45)
Yy

Also, we know that the moment equilibrium about yhexis is:

v.+M< g (2.46)
0x
oM

v, + My =g (2.47)
oy

whereV, andVy are the transverse shear forces. From this, wa description of

the variation of the transverse shear stresseadhout the thickness of the plate

as follows:
aar = ([C] +[C]2)“V (2.48)
or," .
a_ = ([C]+[C]2"V, (2.49)

By integrating these equations, we obtain the trarse shear stresses in the

composite plate at the layer k.

Zl<+1

= [(C1+[Cl2)*Vydz (2.50)

Zk+1

1, = j (IC] +[Cl2)"V, dz (2.51)
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2.4 Progressive Damage Model - Hashin Theory

Damage initiation in a composite laminated strueiarfar more complex
than the damage propagation that occurs in a honeoges material. In a
composite laminate, damage progression occurspbyrlay-ply basis. That is,
when a composite laminate is under a loading camdihat is greater than its
allowable strength, a single ply or part of a piythe lamina fails. Then, since this
lamina cannot carry the load any further, the daamagropagated to the adjacent
ply. The load is redistributed to the other laminaading to a reduction in the
overall laminate stiffness. However, this damag®pession does not necessarily
mean that the structure has failed. There coulsulfifecient amount of residual
load bearing capabilities in the composite striectefore final failure occurs. This
recognition gives rise to the perception of muétifdilure modes that a composite
laminate may experience. Furthermore, unlike a lggmous material, where
failure modes occur independently, a compositecgira can carry out multiple
failure modes simultaneously. Failure modes imaitated composite structure
are strongly dependent on laminate geometry, pgntation, and loading
conditions.

Hence, the progressive failure model of a compdaitenate is originated
by a complicated damage progress. A number ofes@0], [48], [51] showed
that damage evolution could be obtained using catiweal damage mechanics.

They obtained a damage progression model by derihi@ modulus reduction as a
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function of the crack density and the applied stiaghe laminate. This theory is
similar to the stiffness reduction method, wheeerimaterial properties of the
loaded ply are reduced to zero as its maximum alldevstrength is being reached.
This theory assumes that the initiation and propagaf damage take place
gradually, per ply, as the loading occurs. Thuss iinplicit that the equivalent
properties of the damaged ply would degrade gradual

So, in order to fully simulate damage propagaiiba composite laminated
structure, the failure analysis technique used mestble to predict the failure
mode at each ply. Also, this method must succdgdsel able to calculate the
corresponding reduction in material propertiesdkyrtg into account the overall
reduction in strength. Chang [33], [40] proposemt@ressive failure model that
described the accumulation of damage in a complasiaate by studying the
internal stresses within the structure. He considdnat a laminate would undergo
six different failure modes, and they were fibersien, fiber compression, fiber-
matrix shearing, matrix tension, matrix compressamd delamination. Another
progressive damage model was developed by TsairjALl, where all the
failure modes were combined into a single modedife. This is known as the
Polynomial Failure criterion.

Also, Hashin [13] proposed a progressive failuredentechnique that
represented the notion of the reduction of stredg#hto the progression of
damage. In it, damage evolution was based on Hutuite energy that is dissipated

during damage progression, and the increase of gewaefines the failure modes.
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Hashin’s theorem, which is widely used in industgs similar to Chang’s but
reduced the damage initiation mechanism to foureapHiber tension and
compression, and matrix tension and compression.

When damage occurs (fiber buckling, matrix failwet), the effective load
carrying area of the material is considered todokeiced, and the concept of an
effective stressg, is introduced to account for the area reduction.

g

= (2.52)

g =

wheregis the nominal stress, and the quantifg a damage variable that ranges
from O (no damage) to 1 (development of a macrécy&rom this, an effective
stress tensor is introduced as:

{g}=[m[o} (2.53)
where{s} is the usual two-dimensional stress in column-xabrm in principal
material directions, andV] is a damage operator that describes the reduation

the elastic moduli by a set of deformation variable

1 0 0
1-d,
_ 1
[M]=| o T 0 (2.54)
0 0 - 1d

whered;, d,, andds are damage variables characterizing fiber, madrix, shear
damage. These damage variables can have diffestrésy depending on whether

the damage is obtained by compression or tensio@ constitutive relation for the
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material is affected by damage and results inarssoftening response. We

obtain this by combining the effective stress tengith equation 2.12, and it is as

follows:
E, VB 0
1=vpVvy 1-V,Vy
(Gp=Im) 225 S o (g =[C.Kd (255)
1=vpVy 1-V,Vy
0 G

where{e} is the usual two-dimensional strain in column m&wrm and results in

a strain softening response given by:

d-d)E @-d;)A-d,) vy E 0
[C]=g|A-d)@-d)E:  (-d)E, 0 (2.56)
O 0 (1_ ds)GH

whereE;, E,, G, v12, ando,; are the usual undamaged orthotropic elastic
constant, an® = 1-[ (1-df) (1-dn) v12 v21] .

The initiation of damage depends on which of the foodes of failure,
described earlier, is activated. The criteriondamage initiation is governed by
the following relations:

Fiber tension:

~ 2 = 2
(6,20): F, =(%j +a[%j =1 (2.57)
Fiber compression:
~ 2
(6,<0): F, = (%j =1 (2.58)

Matrix tension:
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(6,,20): F, =(%J2 +(ij2 =1 (2.59)

Matrix compression:

~ 2 c \2 ~ ~ \2
_ ) _[| 0. Y g. T _
(6,,<0): F,, _(2;}) +[(2§J —1]Y_2g+(ﬁj =1 (2.60)

whereX' is the tensile strength in the fiber directidf,is the compressive

strength in the fiber directiolY, is the tensile strength in the direction
perpendicular to the fibers® is the compression strength in the direction
perpendicular to the fiberS; andS' are the longitudinal and transverse shear
strength, and is a coefficient that determines the contributbéthe shear stress

to the fiber tensile initiation criterion.
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Chapter 3._Testing of Notched Laminates under fpoimt Bending

3.1Introduction

As it was mentioned earlier, there have been dl smaber of
experimental tests done for notched laminates wihey are subjected to a out-of-
plane loading. Boeing Company has conducted setest on composite
laminates under four-point bending, but becaussetiests consisted of plates
with a notch considerably smaller than the ondhisresearch, we could not use
this data to validate our simulations. Therefore,a@nducted four-point bending
tests on laminated composites with large notchesiabwn laboratory facilities at
Oregon State University.

The laminates chosen for these tests consistéde# different laminate
types based on their widths:. They were 5-in.,rLQand 20-in. wide laminates.
All laminates had a length of 22-in. For each @St types, there were six
different laminate lay-ups based on their layeemation, which were
representative of those commonly used in commeadgiataft. The material
properties and lay-up sequence and orientatioheofaminates were provided by
the Boeing Company. Three of the six laminates weaide of 20 plies, while the
rest consisted of 40 plies, in which each ply anitea had the same thickness
value of 0.0074-in. Hence, the laminates can begoaized under two different

laminate thicknesses: The 0.148-in. 20-ply langsatnd the 0.296-in. 40-ply
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laminates. Two different notch sizes were analy4eit. long ovaloid centered
notched with 1/8-in. end radii (see Figure 3. 1hjak were cut out of the 5-in. and
10-in. wide laminates, and a 4-in. long ovaloidteesd notched with a 1/8-in.

radius, which was cut out of the 20-in. laminates.

22.in

0.125.in

5.in ( or 10.in, 20.in)
1.in (or 4.in)

(not in scale)

Figure 3. 1 - Laminate dimensions and notch sizes

The laminates were instrumented with strain gagelsoth sides of the
laminate at different regions at the notch tipsyrider to obtain qualitative
measure of the deformation progression as thegple¢ee bent. Strain gages were
also mounted away from the notch tip to determanefield strains in order to be
able to adequately record the maximum moment obdadturing failure. Visual
inspection was also performed during the test audichented photographically to
assess failure modes.

Boeing Company provided us with a total of 48 laatés divided among

the six different laminated lay-ups labeled F, NFP, AR, and AN. As described
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in Table 1, we had a total of eight laminates facrelay-up, distributed based on

the widths of the specimens.

Table 1 - List of Laminates

length number of specimens

Laminate . o o o Total

(in) 5-in. wide 10-in. wide 20-in. wide #

F 22 3 2 3 8

P 22 3 2 3 8

N 22 3 2 3 8

FP 22 3 2 3 8
AR 22 3 2 3 8
AN 22 3 2 3 8

Note: 1-in. notch (5-in. & 10-in. width) 48 |

4-in. notch (20-in. width)

Laminates F, P, and N have a total of 20 layerth) 0% 0O-degree plies,
30% 0-degree plies, and 50% 0-degree plies, ragpbctWe had three replicates
for the 5-in. and 20-in. wide specimens, and twalicates for the 10-in. wide
specimen.

Laminates FP, AR, and AN have 40 layers, with 108leQree plies, 30%

O-degree plies, and 50% 0-degree plies, respegtivel

3.2 Procedure to Generate Four-point Bending

In a four-point bending test, the plate is redtedly on two supports and is

loaded at two points, by means of two loading nos#th equal distance from the
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ends of the supports as shown in Figure 3. 2.

P
2 Ly N

&

T

Figure 3. 2 - Test method for four-point bending

By applying a four-point bending to the plate, thaximum axial stress is
uniformly distributed between the load noses. Apantant aspect in the
fabrication of a four-point bending is that thedo®sy noses and supports must
have cylindrical surfaces in order to avoid indéotaor restrict pure bending. For
the design of these components, the supports adlihigp noses had an end radius

of 0.5-in.

3.3 Laboratory Test Set-up

The testing machine that we used to generatedountbending was the
5500R INSTRON tension loading machine. This INSTR®@&achine has a central
moving vice, which allows the user to set up expents for tension and
compression, depending on where the loading celbised.

The specimens that were provided by the Boeing@iamy, as mentioned

earlier, consisted of six different laminate typath three different widths and
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were properly labeled based on their laminate gpktheir geometric
specifications. Figure 3. 3 shows clearly the défees on the specimens based on

the width, of the laminates.

_ . a - I -

Figure 3. 3 - Test laminates with the 10-in., 20and 5-in. widths

Each specimen was labeled with the laminate ndmeedtch size, the
specimen width, and the replicate number. Thusinftance, the third specimen
of laminate F, with a localized notch of 4-in. amdidth of 20-in. is labeled as
“F_4 20 _3". Also, each specimen was cleaned anglpeel for strain gage
attachments, since this would be the method usetttn the strain field which
we will use to obtain our experimental data. Ordeedtrain gages were attached to

the specimen at pre-determined areas of the sytfagwere connected to a
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digital acquisition (DAQ) system where the strazas be recorded as the loading
is being applied to the specimen. The program tsettain these readings from
the DAQ system was National Instruments Labview.

Once the specimen was placed on the loading mgokaenade sure that
it was placed centered with respect to the loadaigand evenly spaced so we
could perfectly produce pure bending on the specsntNSTRON and Labview
were synchronized to start recording at the same, twith a time-step of 0.1
seconds.

Once the testing was finalized, the specimen wsseicted to observe if
failure indeed took place. Data from the INSTRONchae, which recorded load,
time, and y-displacement of the loading cell, wesorded and saved into a file.
Also, data from Labview, which recorded strain &inte synchronized with

INSTRON, was also recorded and saved.

3.4 INSTRON Set-up

In order to properly conduct a four-point bendiagttin our tensile loading
machine, we had to appropriately design and matwiaa set of fixtures. Design
considerations were taken into account for thenallde forces and deformations
that the machine would implement on the fixturegwkve subject the specimens
to bending. These fixtures were fabricated at thegOn State University facilities

of the mechanical engineering department. Thrderdift fixtures were
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manufactured to accommodate the three widths dethenate. Two fixture set-
ups for the tension side of the loading machineawabricated and one for the
compression side. The fixtures were composed ofpieces: an upper fixture
consisting of two bars separated at a predeterndistadnce, which was attached
to the loading cell, and a lower fixture consistailgo of two bars separated at a
further distance, which held the specimen whiledimm occurred. Figure 3. 4

shows one of the lower fixtures for a tension sieip.

Figure 3. 4 - Lower fixture created for the testofghe 10-in. laminates

Once manufactured, these fixtures were tightlydzbto the machine. The
bars on both upper and lower fixtures were freglitte and rotate through the
fixture, to help specimen setup and to ensurepthet bending occurs.

The loading of the specimens was timed to create@load every 0.1-sec.
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The speed at which the loading would be implemed&zended on the thickness
of the specimen. For laminates consisting of 285 loading speed of 2-in. per
minute was employed; and, for laminates consisting0 plies, we used 4-in. per
minute. The vertical extension and the load wecended at that time step. Figure
3. 5 shows an example of the set-up for a fouridmémding on the tension side of

the INSTRON machine

Figure 3. 5 - Four-point bending set-up for tengioMNSTRON

Also, as mentioned earlier, we made use of thepcession setup available
in INSTRON to conduct tests. Figure 3. 6 showsskteup for a four-point
bending on the compression side of the INSTRON imnach

As shown in these pictures, the specimen was plaetdeen the bars, and

the load was applied by the two interior bars uht laminate reached a failure



40

point. Once failure has occurred, which was obskwieen the specimen could
not carry any more load due to total or partiabkesge of the laminate, the loading
procedure was stopped. The specimen was then wudadts original position

and taken out for visual inspection.

Figure 3. 6 - Four-point bending set up for compi@stest in INSTRON

3.5 LABVIEW Programming

Data acquisition from the testing was obtained gisiabview, which is a
software tool from National Instruments. The pracess fairly simple: the wires
from the gages were attached to a Data Acquis{igkQ) board, whose function

is to read their signals. The DAQ board at the same was connected to a
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computer with the Labview software. The Labviewgyeom was created to read
the signals from the strain gages and convert ditage differential of each strain
gage into strain values. The Labview program wdiltiek as well the noise and
interference signals and record the true strainatggand plot them.

The Labview program was set up to record and gaveput signals at
0.1-sec. increments to match the loading step tt@INSTRON machine. This
way, we would be able to precisely recreate tharsfield. Because of the
numerous and different strain gage schematicsygastthat we used for the
laminates, the program was written to be able silyeaccommodate diverse input
signals. Additionally, we made use of a linear s@ucer to determine the real

centered deformation of the specimen.

3.6 Strain Gage Preparation and Set-up

Each specimen was cleaned and prepared for sagm @atachments on
both sides of the laminate. Normally, we attachedgages on the same locations
on the tension and compression sides; but, inioertses, extra gages were
placed only on one side to obtain redundancy actjuire more information. The
gage types varied depending upon the position wiherewere placed.

The following Figure 3. 7 indicates where we tyflicplaced the gages on
the laminates. In all cases, we set up a straie gagbt next to the crack tip, gage

C1 (at a distance away from the tip between 1/l 1/16-in.,) and on the far-
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field region, gages M1 or M2 (at a vertical distawd d = 2-in. for the 5-in. and

10-in. wide laminates and d = 4-in. for the wid6rifl. laminates.)

m width -
Cl1 C2 C3
——m] [ i
d
X111 A2
=l (I

Figure 3. 7 - Mapping for the location of the gtrgages

Also, in most cases, we made use of the middleoaitet regions of the
notch region, gages C2 and C3. In order to meateets of transverse curvature,
in some cases, we also applied a gage in the esesdirection, indicated in the
figure as X1. Again, the gage installation wouldmally be the same for both

tension and compression sides.

3.7 Testing Procedures and Photographic Documentation

Once a laminate is set up with gages, it was tékeine laboratory, and a

simple pre-test examination was conducted. Thiggseconsisted of loading the
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specimen about 0.5-in. and 0.1-in. for the 20-ppihates and 40-ply laminates,
respectively. The reason for this examination watest if all the gages were
working properly and if the system was ready fadimg without producing any
damage to the specimens. Once this step was deneeve ready to start loading.
In most cases, the Labview program was modifiealdjast for a new mapping of
the strain gages, which would differ between lan@saand the different gage
types used, which had distinctive gage factorssTiue made sure that this
program was running correctly, too.

In all tests, video recordings were carried out editied for subsequent
viewing. Most of the videos were focused on thehdip to monitor the damage
initiation and its propagation as the crack sptedtie sides of the laminates.
Additionally, still photo recordings were performedce failure occurred on the
laminates. The interest, in this case, was nohenrtitial centered notch, but
rather on the sides of the laminates. Photos vadwentto see the damage
distributed throughout the thickness and to obse#vieh plies failed and which
did not fail.

Early in the experimental stage of the project,Digital Image
Correlation method (DIC) was taken into considerato obtain the strain fields
on the laminates. Strenuous and exhausting workpwimto DIC to try to
implement this new technology in this project. Hoee ultimately, due to the
large out-of plane deformations that we were faggkd when we loaded our

laminates under bending, we were unable to putibi€Cpractice for our
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experiments.
The last step of the testing procedure was to lgetographic
documentation of all the laminates after failurenierous photographs were taken

on the notch tips and the sides of the laminates.
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Chapter 4._Experimental Results for the Notchealibates

4 .1 Introduction

Different fixture set ups were used in the testsrioter to accommodate all
48 laminates. There are several reasons why difféisg¢ure setups were used. In
some cases, we conducted the tests on the tendeaofshe INSTRON machine,
typically the 5-in. laminates, because the loagsieg during testing were within
the fixture loading capabilities. For the 10-ind&20-in. laminates, we had to
make use of the compression side of the INSTRONmadecause of the higher
reaction loads that we projected would occur orfittiares. Also, due to the
unexpected large deformations found on some laesnaifferent bar spacing on
the fixture were used. In most of the cases fol20wn. wide thin laminates,
deformation was so large that loading had to bepsd in order for the laminate
not to slip from the bars (see Figure B. 6.) Byuadg the bar spacing in the
fixture, we forced the laminate to experience gdaibending, which in turn drove
the laminate to fail before slippage. Failure whasasved as the load carrying
capabilities of the laminate decreased or droppedtd partial or total breakage of
the laminate. The different setups for the bar sygaon the fixtures are as follows:
[8-in./ 13-in.], [6-in./ 16-in.], [10-in./ 16-in.]j10-in./ 14.5-in.], and [10-in./ 8-in.].

The first number indicates the spacing betweerb#ns at the top fixture, and the
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second number indicates the bar spacing at ther loxvere.

Without the use of these modifications, failurewebnot have occurred in
several cases as it reached the maximum allowabterdation for a particular
configuration of bar spacing. We then had to prddeeswitch the lower fixture
bar spacing to a more reduced bar distance to theckaminate plate to reach
failure.

Table 2 gives a list of the Far-Field gages usedktermine the maximum
allowable strain for each laminate. Refer to Figdur& to observe the location of

these gages.

Table 2 - List of the Far-Field gages used to obtita for calculation

Specimen F P N FP AR AN
151 M1 M1 M1 M1 M1 M1
152 M1 M2 M2 M2 M2 M2
153 M1 M1 M1 M1 M1 M1
1101 M1 M1 M1 M1 M1 M1
1102 M1 M1 M1 M1 M1 M1
4.20 1 M2 M2 M2 M2 M2 M2
420 2 M2 M2 M2 M2 M2 M2

4 20_3 M2 M2 M2 M2 M2 M2
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4.2 Testing Results for 20-ply Laminates

The results for the 20-ply laminates F, N, and Beuriour-point bending
are listed below based on the width of the specan&he 5-in. wide and 20-in.
wide laminates have three replicates and the 1@iae laminates have two
replicates. The results of theses tests are deskciibterms of their vertical load
and far-field strain responses. The strain plotevadtained from the data of the
far-field strain gages (M1 or M2,) located on tlenpression side. See Table 2 to

obtain information on the mapping of these gages.

4.2 .1Results for the 5-in wide F, P, and N Laminates

The results of the four-point bending test of thaufRinate group, which is
composed of replicates F_ 1 5 1and F_1 5 2, aresited in Figure 4. 1 and
Figure 4. 2. Replicate F_1 5 3 had no practica,dad its results were not
included in the plotting of these figures. Theitegfor F_1 5 3 was carried out
until it reached failure, but the strain gages aelgorded up to approximately
0.5% of deformation. Figure 4. 1 shows the loadisplacement for the other two
replicates. The maximum load for F_1 5 1 was 589.64 failure, we obtained a

deformation of 1.83-in.
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-600 T
-500 |
-400 |

=00y \

-200 |

load, [Ib.]

-100 I —F151

—F152

0 -1 -2 -3 -4 -5
diplacement, [in.]

Figure 4. 1 - Laminate F, width 5-in., 1-in. notttad vs. displacement

Laminate F_1 5 2 shows a different load-displacéroerve. The reason
for this is that this laminate had a different bpacing set up [10-in. / 16-in.] than
the first laminate [8-in. /13-in.] The maximum loa@s 362.2-Ib., and the
deformation at that time was 2-in.

In Figure 4. 2, we can see the strain versus displant plot for these two
laminates. The data showed that F_ 1 5 1 reacheakermm strain at gage M1

of 0.011 before failure, and F_1 5 2 reached aevaflD.01 at the same location.
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-0.012

-0.008 |

-0.006 |

Strain

-0.004 |

-0.002 |- —F_151
—F_1.52

0 -1 2 -3 -4 -5
displacement, [in.]

Figure 4. 2 - Laminate F, width 5-in., 1-in .notskrain vs. displacement

The results of the four-point bending test of thainate group, which is
composed of replicates P_1 5 1,P_1 5 2, and P3Jarg indicated in the
following two figures. Figure 4. 3 shows the loal displacement. The maximum
load for P_1 5 1 was 454.5-Ib. At that load, weaot#d a deformation of 2.21-in.
Laminate P_1 5 2 followed a similar pattern, aslwaseen in Figure 4. 3. Both
laminates had a bar spacing of [10-in./ 16-in.] Teximum load forP_1 5 2
was 438.7-Ib. The displacement at that point wasr2.Laminate P_1 5 3, which
had a different fixture with a bar spacing of [6tib6-in.], had a different load-
displacement curve. The maximum load was 270.64le. deformation at that

time was 3.13-in.
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Figure 4. 3 - Laminate P, width 5-in., 1-in. notldgd vs. displacement

Figure 4. 4 shows the strain-displacement plotHese particular laminates. It was
found that the maximum strains at the far fieldfokeefailure were 0.0091,

0.0098, and 0.0092 forP_1 5 1,P_1 5 2, and P3lréspectively.

-0.012

-0.01 |

-0.008 |

-0.006 |

Strain

-0.004 |

-0.002 |

0 0.5 1 1.5 2 25 3 35 4
displacement, [in.]

Figure 4. 4 - Laminate P, width 5-in., 1-in. notstrain vs. displacement
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The results of the four-point bending test of théaMinate group, which is

composed of replicatesN_1 5 1, N 1 5 2, and N_3, &e indicated in Figure

4.5 and Figure 4.

6. Here, laminates N_1 5 1 anti H 2 were tested using the

same fixture set up [10-in./ 16-in.] Their maximimads are very similar with

683.6-lb. and 678.8-Ib., respectively. Laminate Nb 13, on the other hand, had a

fixture with a bar spacing of [6-in./ _16-in.] ksaximum load was found at 404.6-

Ib.
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200 |

100 |

—N_151
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Figure 4. 5 -Laminate N, width 5-in., 1-in. notébad vs. displacement

Figure 4. 6 shows the strain-displacement plotHa particular laminate group. It

was found that the maximum strains before failueeend.0075, 0.0082, and

0.0084forN_1 5 1, N 1 5 2,and N_1 5 3, respelgtivThe position for these

gages were at M1, M2, and M1, for the three repdgaespectively.
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Figure 4. 6 - Laminate N, width 5-in., 1-in .notslxain vs. displacement

4.2 2Results for the 10-in wide F, P, and N Laminates

The results of the four-point bending test of thkafinate group, which is
composed of replicates F 1 10 1and F_1 10 2 dieated in Figure 4. 7 and
Figure 4. 8. The maximum load for F_1_10_1 was 1&@B#. Laminate
F 1 10 2 follows a similar pattern, as it can benda Figure 4. 7, with a
maximum load of 1150.1-Ib. Both laminates had Ip@ceg of [8-in./ 13-in.] The
slight difference in this result is probably dudlte difference in the alignment of

the specimens in the fixture.



53

-1400 [

| TN
wl N .
wl

-a00 | /
200 |

0 -1 -2 -3 -4 -5
displacement, [in.]

load, [Ib.]

——F_1_10_1]
——F 1102

Figure 4. 7 - Laminate F, width 10-in., 1-in. nattdad vs. displacement

Figure 4. 8 shows the strain-displacement plotHa particular laminate group. It
was found that the maximum strains before failurgage location M1 were 0.011

and 0.012forF_1 10 1and F_1 10 2, respectively.

-0.014

20012 | —

001 ? P
-0.008 /// -
-0.006 | /
-0.004 / g

; / —F.1.10_1
-0.002 / —F 1102

0 -1 -2 -3 -4 -5

displacement, [in.]

Strain

Figure 4. 8 - Laminate F, width 10-in., 1-in. natstrain vs. displacement
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The results of the four-point bending test of thainate group, which is
composed of replicates P_1 10 1 and P_1 10 2dimird in Figure 4. 9 and
Figure 4. 10. The maximum load for P_1 10 1 wasB#8 Laminate P_1 10 2
follows a similar pattern, as can be seen in Figui@ with a maximum load of

894.1-Ib. Both laminates had bar spacing of [1046-in.]

-1000 [
-900 ’
-800 ’
-700 *
-600 ’

-500

load, [Ib.]

-400 |

-300 |

-200 —P_1.10_1

-100 | —P_1.10_2
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Figure 4. 9 - Laminate P, width 10-in., 1-in. nqtkdad vs. displacement

Figure 4. 10 shows the strain-displacement plotHir particular laminate group.
It was found that the maximum strains before failwere 0.01 and 0.0095 for

P 1 10 1andP_1 10 2, respectively.
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Figure 4. 10 - Laminate P, width 10-in., 1-in. rigtstrain vs. displacement

The results of the four-point bending test of théahinate group, which is

composed of replicates N_1 10 1 and N_1 10 2 dreated in Figure 4. 11 and

Figure 4. 12. The maximum load for N_1 10 1 was#128. Laminate

N_1 10 2 follows a similar pattern, as can be seéngure 4. 11, with a

maximum load of 1283.2-Ib. Both laminates had Ipaceng of [10-in./ 16-in.]
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Figure 4. 11 - Laminate N, width 10-in., 1-in. ntottoad vs. displacement

Figure 4. 12 shows the strain-displacement plotHir particular laminate group.
It was found that the maximum strains before failwere 0.0081 and 0.0083 for

N_1 10 1and N_1 10 2, respectively.
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Figure 4. 12 - Laminate N, width 10-in., 1-in. notstrain vs. displacement
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4.2 .3Results for the 20-in wide F, P, and N Laminates

The results of the four-point bending test of thkafinate group, which is
composed of replicates F 4 20 1, F 4 20 2, andZ0 48 are indicated in
Figure 4. 13 and Figure 4. 14. Laminates F_4 2@idiFa4 20 3 used the same
fixture settings [spacing of 8-in./ 13-in.] Lamiedt_4 20 2 used a bar spacing of
[10-in./ 14.5-in.] The maximum load for F_4 20 1sa2260.31-lb. Laminate
F 4 20 3 follows a similar pattern, as can be $egure 4. 13, with a maximum

load 2418.9-Ib. Laminate F_4 20 2 had a maximurd tdal495-Ib.
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load, [lb.]

-1000 |
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Figure 4. 13 - Laminate F, width 20-in., 4-in. rigttoad vs. displacement
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Figure 4. 14 shows the strain-displacement plotHir particular laminate group.
It was found that the maximum strains before failwere 0.011, 0.0089, and

0.011forF 4 20 1,F 4 20 2,and F_4 20 _3, respbct
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1/ F423 ||
-0.001 / _4.20_

o 05 -1 -15 -2 -25 -3 -35 4 45 -5 55 -6
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Figure 4. 14 - Laminate F, width 20-in., 4-in. rigtstrain vs. displacement

The results of the four-point bending test of thkainate group, which is
composed of replicates P_4 20 1, P_4 20 2, and2® 8 are indicated in
Figure 4. 15 and Figure 4. 16. Laminates P_4 2@dlPa4 20 2 used the same
fixture settings [spacing of 10-in./ 16-in.] Lamied@_4 20 3 used a bar spacing
of [10-in./ 18-in.] The maximum load for P_4 20 &asv743.5-Ib. Laminate

P_4 20 2 follows a similar pattern, with a maximioad of 1625.7-Ib.
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Figure 4. 15 - Laminate P, width 20-in., 4-in. rigtload vs. displacement

Laminate P_4 20 _3 had a maximum load of 1087.Fitiure 4. 16 shows
the strain-displacement plot for this particulaniaate group. It was found that the
maximum strains before failure were 0.0089, 0.0@8@, 0.0077 for P_4 20 1,
P_4 20 2 and P_4 20 3, respectively. All the datéhese specimens were

obtained from the recordings at M2 gages.
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Figure 4. 16 - Laminate P, width 20-in., 4-in .rigtstrain vs. displacement

The results of the four-point bending test of thé&aMinate group, which is
composed of replicates N_4 20 1, N_4 20 2, and RD 43 are indicated in
Figure 4. 17 and Figure 4. 18. Just as in the cBBelaminates, laminates
N_4 20 1and N_4 20 2 used the same fixture sstfsgacing of 10-in./ 16-in.]
For the laminate N_4 20_3, we initially used a$yzacing of [10-in./ 18-in.] but
switched to the [10-in./ 16-in.] spacing for latests. The maximum load for
N_4 20 1 was 2609.3-Ib. Laminate N_4_ 20 _2 follovgsailar pattern, as can be
seen in Figure 4. 17, with a maximum load of 244B.1.aminate N_4 20 3 had

a maximum of 2514-|b.
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Figure 4. 17 - Laminate N, width 20-in., 4-in. nlottoad vs. displacement

Figure 4. 18 shows the strain-displacement plotH particular laminate group.
It was found that the maximum strains before failwere 0.0076, 0.0071, and

0.0072 for N_4_20 1,N_4 20 2, and N_4_20_3, rdimdy.
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Figure 4. 18 - Laminate N, width 20-in., 4-in. notstrain vs. displacement
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4.3 Testing Results for 40-ply Laminates

The results for the 40-ply laminates FP, AR, and uxider four-point
bending are listed below. Laminates with the Saimd 20-in. notches have three
replicates, and laminates with the 10-in. notchehawo replicates. The results of
theses tests are described in terms of their loddstaain responses. Similar to the
data plots on the 20-ply laminates, the straingplagre obtained from the strain
gages on the far-field (either M1 or M2), on thengwession side. See Table 2 for

detail in the mapping of the gages.

4.3.1Results for the 5-in wide FP, AR, and AN Laminates

The results of the four-point bending test of tfel&minate group, which
is composed of replicates FP_1 5 1, FP_1 5 2, Bnd F5_3 are indicated in
Figure 4. 19 and Figure 4. 20. The maximum load@r1 5 1 was 1477.1-1b.
Laminate FP_1 5 2 follows a similar pattern, astwaseen in Figure 4. 19, with
a maximum load of 1500.1-Ib. Both laminates ha@mspacing of [10-in./ 18-in.]
Laminate FP_1 5 3 had a bar spacing of [6-in./nlJpaind followed a different
load-displacement curve than the other two remigat had a maximum load of

1211.6-Ib.
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19 - Laminate FP, width 5-in., 1-in. rgtoad vs. displacement

Figure 4. 20 shows the strain-displacement plotHir particular laminate group.

It was found that the maximum strains before failere 0.0085, 0.0083, and

0.0086 for FP_1 5 1,FP_1 5 2, and FP_1 5 3, ridaplgc
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20 - Laminate FP, width 5-in., 1-in. rotstrain vs. displacement
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The results of the four-point bending test of tHe-laminate group, which
is composed of replicates AR_1 5 1, AR 1 5 2, aRdIA5 3 are indicated in
Figure 4. 21 and Figure 4. 22. The maximum loaddM&r 1 5 1 was 1857.3-Ib.
Laminate AR_1 5 2 follows a similar pattern, as barseen in Figure 4. 21, with
a maximum load of 1942.9-Ib. Both laminates ha@mdpacing of [10-in./ 18-in.]
Laminate AR_1 5 3 had a bar spacing of [6-in./id.§and apparently failed

earlier at different load. The specimen reachedaimum load of 1424.6-Ib.
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Figure 4. 21 - Laminate AR, width 5-in., 1-in. niotéoad vs. displacement

Figure 4. 22 shows the strain-displacement plotH particular laminate group.
It was found that the maximum strains before failwere 0.0062, 0.0065, and

0.006 for AR 1 5 1, AR 1 5 2,and AR _1 5_3, respeigt
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Figure 4. 22 - Laminate AR, width 5-in, 1-in notdirain vs. displacement

The results of the four-point bending test of tié-laminate group, which
is composed of replicates AN_1 5 1, AN 1 5 2 ahNdA 5 3 are indicated in
Figure 4. 23 and Figure 4. 24. The maximum loadMsdr 1 5 1 was 2338.4-Ib.
Laminate AN_1 5 2 follows a similar pattern, as barseen in Figure 4. 23, with
a maximum load of 2333.8-Ib. Both laminates ha@mdpacing of [10-in./ 18-in.]
Laminate AN_1 5 3 had a bar spacing of [6-in./d§-and failed earlier at

different load. This specimen failed at a maximwad of 1872.8-Ib.
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Figure 4. 23 - Laminate AN, width 5-in., 1-in. nbtdoad vs. displacement

Figure 4. 24 shows the strain-displacement plotHir particular laminate group.

It was found that the maximum strains before failwere 0.006, 0.0058, and

0.0056 for AN_1 5 1,AN_1 5 2 and AN_1 5 3, retigely.
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Figure 4. 24 - Laminate AN, width 5-in., 1-in. nbictrain vs. displacement
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4 .3.2Results for the 10-in wide FP, AR, and AN Laminates

The results of the four-point bending test of tiel&minate group, which
is composed of replicates FP_1 10 1, FP_1 10 2ndieated in Figure 4. 25
and Figure 4. 26. The maximum load for FP_1 10 4 3269.3-Ib. Laminate
FP_1 10 2 follows a similar pattern, as can be ge€igure 4. 25, with a

maximum load of 3296.8-Ib. Both laminates had adpacing of [10-in./ 18-in.]
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Figure 4. 25 - Laminate FP, width 10-in., 1-in.clgtload vs. displacement

Figure 4. 26 shows the strain-displacement plotHir particular laminate group.
It was found that the maximum strains before failwere 0.0087 and 0.0084 for

FP_1 10 1and FP_1 10 _2, respectively.
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Figure 4. 26 - Laminate FP, width 10-in., 1-in.glgtstrain vs. displacement

The results of the four-point bending test of tHe-laminate group, which

is composed of replicates AR_1 10 1 and AR_1_10e 2nalicated in Figure

4. 27 and Figure 4. 28. The maximum load for AR QL 11was 3885.2-1b.

Laminate AR_1 10 2 follows a similar pattern, as ba seen in Figure 4. 27,

with a maximum load of 3998.3-Ib. Both laminatesd ldbar spacing of [10-in./

18-in.]
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Figure 4. 27 - Laminate AR, width 10-in., 1-in. dotload vs. displacement

Figure 4. 28 shows the strain-displacement plotHir particular laminate group.
It was found that the maximum strains before failwere 0.0059 and 0.0061 for

AR_1 10 1and AR_1 10 2, respectively.
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Figure 4. 28 - Laminate AR, width 10-in., 1-in. dlof strain vs. displacement



70

The results of the four-point bending test of tié-laminate group, which
is composed of replicates AN_1 10 1 and AN_1 10e2ralicated in Figure
4. 29 and Figure 4. 30. The maximum load for AN A Tlwas 5132.8-Ib.
Laminate AN_1_10_2 follows a similar pattern, as ba seen in Figure 4. 29,
with a maximum load of 5139.7-Ib. Both laminatesd lagbar spacing of [10-in./

18-in.]

-6000

-5000 |

-4000 |

-3000 |

load, [lb.]

-2000 |

-1000 | —AN_1.10 1

—AN_1.10 2

0 -0.2 -0.4 -0.6 -0.8 -1 -1.2 -1.4 -1.6

displacement, [in.]

Figure 4. 29 - Laminate AN, width 10-in., 1-in. obt load vs. displacement

Figure 4. 30 shows the strain-displacement plotHir particular laminate group.
It was found that the maximum strains before failwere 0.0057 and 0.0059 for

AN_1 10 1and AN_1 10 2, respectively.
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Figure 4. 30 - Laminate AN, width 10-in., 1-in. obt strain vs. displacement

4 .3.3Results for the 20-in wide FP, AR, and AN Laminates

The results of the four-point bending test of thaufRinate group, which is
composed of replicates FP_4 20 1,F 4 20 2, and @ 3, are indicated in
the Figure 4. 31 and Figure 4. 32. All these lat@saised the same fixture with a
bar spacing of [10-in./ 18-in.] Thus, the resulerewvery similar. The maximum
load for FP_4 20 1 was 6479.9-Ib. Both laminates4FR0 2 and FP_4 20 3
follow a similar pattern, as can be seen in Figurgl, with maximum load of

5790.7-Ib. and 5947.6-Ib., respectively.
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Figure 4. 31 - Laminate FP, width 20-in., 4-in.algtload vs. displacement

Figure 4. 32 shows the strain-displacement plotHr particular laminate group.
It was found that the maximum strains before failwere 0.0089, 0.0076, and

0.0087 for FP_4_20_1,FP_4_20_2, and FP_4_20_3cteply.
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Figure 4. 32 - Laminate FP, width 20-in., 4-inteig strain vs. displacement
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The results of the four-point bending testing & Brlaminate group,
which is composed of replicates AR_4 20 1, AR_422@nd AR_4 20 3 are
indicated in Figure 4. 33 and Figure 4. 34. Allghéaminates used the same
fixture with a bar spacing of [10-in./ 18-in.] Theaximum load for AR_4 20 1
was 7012.1-Ib. Both laminates AR_4_20 2 and AR_4330llow a similar
pattern, as can be seen in Figure 4. 33, with mamroad of 6850.4-Ib. and

6988.9-Ib., respectively.
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Figure 4. 33 - Laminate AR, width 20-in., 4-in. dletload vs. displacement

Figure 4. 34 shows the strain-displacement plotHir particular laminate group.
It was found that the maximum strains before failwere 0.0058, 0.0054, and

0.0061 for AR_4 20 1, AR_4 20 2, and AR_4_20 %eetvely.
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Figure 4. 34 - Laminate AR, width 20-in., 4-in. dof strain vs. displacement

The results of the four-point bending testing & &N-laminate group,
which is composed of replicates AN_4 20 1, AN_4 2@nd AN_4 20 3 are
indicated in Figure 4. 35 and Figure 4. 36. Allghdéaminates used the same
fixture with a bar spacing of [10-in./ 18-in.] Theaximum load for AN_4 20 1
was 10349.8-Ib. Both laminates AN_4 20 2 and AN 04 Xfollow a similar
pattern, as can be seen in Figure 4. 35, with maxirtoad of 9836.7-lb. and

9458-Ib., respectively.
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Figure 4. 35 - Laminate AN, width 20-in., 4-in. obt load vs. displacement

Figure 4. 36 shows the strain-displacement plotH particular laminate group.
It was found that the maximum strains before failwere 0.0066, 0.0057, and

0.0063 for AN_4 20_1 and AN_4 20 2, and AN_4 20@eS8pectively.
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Figure 4. 36 - Laminate AN, width 20-in., 4-in. obt strain vs. displacement
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4.4 Comments on Testing Results

After testing all the laminates, we found someregéing disparities and
similarities between all the laminates. We obserthadl in our test setup the
specimens would react differently depending upoatidminate was used.
Hence, lamina lay-up had an effect in the bendergogomance. Also, the width of
the specimen and fixture settings (the bar spacirgjid cause the laminates to
react differently, as it is clearly shown in evéigure that shows load versus
displacement.

We found that normally all laminates of the samzugrwould produce the
same strain-displacement plot, regardless of theiihg conditions. The following
tables list important test information such as Ingdtime, and the far-field gage
output for each specimen tested (refer to Figuiéahd Table 2 for information

on the location of these gages.)

Table 3 - Test results for the 5-in. wide 20-plyriiaates

Specimen % of 0- Test Time Loading Far Field Gage Displacement
Label degree plies Bar Spacings (sec.) (Ib.) (Comp.) failure (in.)
F-1-5-1 10 8-in & 13-in 84 559.6 0.0113 1.83
F-1-5-2 10 10-in & 16-in 118 362.2 0.0103 2
P-1-5-1 30 10-in & 16-in 114 454.5 0.00914 221
P-1-5-2 30 10-in & 16-in 107 438.7 0.00981 21
P-1-5-3 30 6-in & 16-in 110 270.6 0.00924 3.13
N-1-5-1 50 10-in & 16-in 74.4 683.6 0.00752 2
N-1-5-2 50 10-in & 16-in 77 678.8 0.00821 2

N-1-5-3 50 6-in & 16-in 130 404.6 0.00842 3.2
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Table 3 shows the results of the 5-in. wide lat@savith 20 plies. The
displacement listed on the last column refers éolHMSTRON crosshead
displacement and not the displacement experiericéhe @enter of the specimens.
It is important to note that, in reality, the maxim displacement of the laminate
would be significantly higher, since the laminatew further deform as it is bent
by the separation of the top bars of the fixturthwespect to the two bottom bars.
By taking a look at the load data of the specimettis the same bar spacing, we
noticed an increase of strength as we increase-tlegree plies in the laminate.
The P-laminates and N-laminates had an increa$8%fand 47% in strength with
respect to the F-laminate, respectively. Laminate B5_3 gave us very little
useful data, so it was not taken into account fiyr@t the analysis. Table 4 shows

the results of the 10-in. wide laminates with 2@l

Table 4 - Test results for the 10-in. wide 20-pjniinates

Specimen % of 0- Test Time Loading Far Field Gage Displacement
Label degree plies Bar Spacings (sec.) (Ib.) (Comp.) to failure (in.)
F-1-10-1 10 8-in & 13-in 121.4 1235.6 0.01108 1.61
F-1-10-2 10 8-in & 13-in 111.2 1150.1 0.01227 1.79
P-1-10-1 30 10-in & 16-in 1247 843.1 0.01 1.95
P-1-10-2 30 10-in & 16-in 116.3 894.1 0.00951 2.54
N-1-10-1 50 10-in & 16-in 95.5 1284.3 0.00818 2.11
N-1-10-2 50 10-in & 16-in 94.7 1283.2 0.00831 2.15

We observed that the F-laminates deformed condiieless than the

other two laminates, but this could be due to ifferénce in bar spacing. The N-
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laminates experienced an increase of 32% in stnemigh respect to the P-

laminates.

Table 5 - Test results for the 20-in. wide 20-pjniinates

Specimen % of 0- Test Time Loading Far Field Gage Displacement
Label degree plies Bar Spacings (sec.) (Ib.) (Comp.) to failure (in.)
F-4-20-1 10 8-in & 13-in 158.4 2260.3 0.01141 1.87
F-4-20-2 10 10-in & 14.5-in  114.6 1495 0.00897 2
F4-20-3 10 8-in & 13-in 121.8 2418.9 0.01063 1.65
P-4-20-1 30 10-in & 16-in 127.3 17435 0.00892 211
P-4-20-2 30 10-in & 16-in 112 1625.7 0.00891 2
P-4-20-3 30 10-in & 18-in 126.1 1087.7 0.00773 2.7
N-4-20-1 50 10-in & 16-in 88 2609.6 0.0076 2.15
N-4-20-2 50 10-in & 16-in 90 2463.1 0.00714 2
N-4-20-3 50 10-in & 18-in 85 2514 0.00725 2.2

Table 5 shows the results of the 20-in. wide lat@gsavith 20 plies.
During the first tests, we noticed that the F-laaténdeformed considerably more
than we had initially expected and did not reaclufe. Thus, fixtures with more
reduced bar spacing were used. By comparing tedata with similar bar
spacing, the P-laminates only gained about 1%rehgth with respect to the F-
Laminate. However, the N-laminates had an increfdd% in strength with
respect to the 10% 0O-degree ply laminate.

Table 6 shows the results of the 5-in. wide lamasatith 40 plies. As
expected, we found that this new set of laminatgsired less deformation for

failure. We observed that, under the same loadimglitions, the 10% 0-degree
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laminates required considerably less load to fail deformed further than the
other two 40-ply laminates. The AR-laminates andlahinates had an increase
of 20% and 36% in strength with respect to the &Rhuhates, respectively. An
interesting observation is that both the AR andlamMinates behaved very similar
under the same loading conditions, but we obseaveidcrease of 20% in strength

for the 50% 0-degree laminates.

Table 6 - Test results for the 5-in. wide 40-plyriinates

Specimen % of 0- Test Time max. Far Field Gage Displacement
Label degree plies Bar Spacings (sec.) Loading (Ib.) (Comp.) failure (in.)
FP-1-5-1 10 10-in & 18-in 109.7 1477.11 0.00856 1.77
FP-1-5-2 10 10-in & 18-in 1135 1500.1 0.00834 1.72
FP-1-5-3 10 6-in & 16-in 92.4 1211.64 0.00859 1.43
AR-1-5-1 30 10-in & 18-in 77.6 1857.3 0.00623 1.23
AR-1-5-2 30 10-in & 18-in 82.6 1942.9 0.00647 1.32
AR-1-5-3 30 6-in & 16-in 73 1424.16 0.00598 1.17
AN-1-5-1 50 10-in & 18-in 76.6 2338.4 0.00591 1.19
AN-1-5-2 50 10-in & 18-in 77.8 2333.8 0.00582 1.22
AN-1-5-3 50 6-in & 16-in 88.7 1872.8 0.00558 1.1

Table 7 shows the results of the 10-in. wide lates with 40 plies. We
obtained a similar increase of strength betweeratinénates as in the case of the
5-in. specimen testing. In these tests, the AR#aais and AN-laminates had an
increase of 17% and 36% in strength with respetiied-P-laminates,

respectively.
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Table 7 - Test results for the 10-in. wide 40-pjniinates

Specimen % of 0- Test Time max. Far Field Gage Displacement
Label degree plies Bar Spacings (sec.) Loading (Ib.) (Comp.) failure (in.)
FP-1-10-1 10 10-in & 18-in 122.8 3269.3 0.00874 1.97
FP-1-10-2 10 10-in & 18-in 124.5 3296.8 0.00842 1.7
AR-1-10-1 30 10-in & 18-in 124.5 3885.2 0.00588 1.36
AR-1-10-2 30 10-in & 18-in 82.7 3998.3 0.00611 1.3
AN-1-10-1 50 10-in & 18-in 86.5 5132.8 0.00573 1.36
AN-1-10-2 50 10-in & 18-in 83.3 5139.7 0.00597 1.27

Again, both the AR and AN laminates behaved vemylarly under the same
loading conditions, but we observed an increas866 in strength for the 50% O-
degree laminates. Similar to the 5-in. wide speaitesting, the F-laminate
required larger deformations to fail.

Table 8 shows the results of the 20-in. wide lat@gsavith 40 plies.

Table 8 - Test results for the 20-in. wide 40-pgntinates

Specimen % of O- Test Time max. Far Field Gage Displacement
Label degree plies Bar Spacings (sec.) Loading (Ib.) (Comp.) to failure (in.)
FP-4-20-1 10 10-in & 18-in 157 6479.9 0.00894 21
FP-4-20-2 10 10-in & 18-in 162 5790.7 0.00762 1.67
FP-4-20-3 10 10-in & 18-in  122.7 5947.6 0.00868 2
AR-4-20-1 30 10-in & 18-in 93.9 7012.1 0.00586 1.3
AR-4-20-2 30 10-in & 18-in 135.6 6850.4 0.0054 1.33
AR-4-20-3 30 10-in & 18-in 91.6 6988.9 0.00617 1.4
AN-4-20-1 50 10-in & 18-in 99 10349.8 0.00661 1.57
AN-4-20-2 50 10-in & 18-in 91 9836.7 0.00577 1.47

AN-4-20-3 50 10-in & 18-in 91.6 9458 0.0063 1.47




81

As expected, the AR-laminates and AN-laminatesdraohcrease of 13%
and 39% in strength with respect to the FP-lamiratpectively. Also, we
noticed that the 50% 0-degree AR-laminate expee@rac30% gain in strength
under the same loading conditions, with respetteédB0% 0-degree AN laminate.

By looking at the test data, we can conclude tinader the same loading
conditions, there is a gain of approximately 35%toéngth between the 30% O-
degree and 50% 0-degree 20-ply laminates. Forests of the 40-ply laminates,

we observed this increase of strength to about 25%.
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Chapter 5._Modeling Stress Concentrations in Neddraminates under Bending

5.1Introduction to Modeling Notched Laminates

The analysis of stress in plates subjected tawbptane bending has been
studied and researched for many years. Typicdib/diesign for ultimate load for
plates and shells when notches or indents aremtressearried out by obtaining
the stress concentration factors.

For our simulation analysis, moment concentratawidrs of the laminates
under pure bending at the edge of the severalrdiffenotch types (0.25-in.
diameter hole, 1-in. long ovaloid, and a 4-in. lavgloid) were calculated. As
described earlier, two laminate thicknesses werdiesti consisting of 20 plies and
40 plies. For each thickness, three laminate type studied: one with 10% O-
degree plies, one with 30% 0-degree plies, andnotie50% 0-degree plies.

Three different types of finite element models wewastructed using
ABAQUSto model the stress concentration factors in nat¢hminates: one
consisting of shell elements with transverse sk#facts (called “Shell” model,) a
second one consisting of shell elements withoulstrarse shear effects (called
“Shell_tri” model,) and a third model consistingafadratic 3-D continuum solid
elements with two elements through the thicknessach ply (called “Solid”
model.) We made use of symmetry throughout alld@hests, even though a

symmetry assumption is not entirely valid becadd@e coupling between
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bending and twisting. However, this effect hasdittonsequence in the
calculations of the moment concentration factoredMing the entire laminate
with solid elements gave results that were witme percent of those of the

current model.

5.2The Shell Element Model

As mentioned earlier, two types of Shell modelsensnstructed on
ABAQUS. One model, which we simply called “Shellyduld take into account
the transverse shear effects, and another modetc&hell-tri” would use
elements that do not take into consideration tleashffects. The “Shell” model
was constructed using type S4 elements and thdl“8ifemodel was constructed
using STRI3 elements. Figure 5. 1a and Figure Shtiv the mesh for both shell

models with S4 and STRI3 elements, respectively.
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Figure 5. 1 - (a) ABAQUS shell model with S4 elentseiib) ABAQUS shell
model with STRI3 elements.

5.3 The 3-D Solid-Shell Model

The creation of the 3-D solid element model in ABAS required a more
complex approach. Because using a model composeeedlgof 3-D solid
elements required far more computational timentloelel was designed using
both solid and shell elements. The plate was mddedeng Shell elements at some
arbitrary distance away from the hole, and theradaed 3-D solid elements on
the section of the plate immediately around the hSymmetry was used for the
analysis of these models, and the mesh had the glamer density as the shell
element mesh. The model, depicted in Figure Sh@ws the upper portion of a

Solid-Shell model.
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Figure 5. 2 - Solid-Shell element model in ABAQUS

The solid region was created using hexahedroneigraents (type C3D8I
for the circular hole analysis and C3D20 for thaloid notch analysis).

Figure 5. 3 shows a close-up of the solid elemegibn.
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Figure 5. 3 — C3D20 Solid elements on the Solidi$hedel with a 1-in. notch

It is important to mention that since 3-D solidrakents do not give
moment results as part of the element output solutve had to study the solid
model using the stress solution. We made use @RTRAN program to convert
the stress output generated by ABAQUS into a momenuiit.

Because two different element types were usedast mecessary to create
two parts: one for the shell region (the area afn@y the notch) and another for
the solid region (the area near the notch.) Wheigdeng a model that uses both
shell and solid elements, it is important to take iconsideration how these are
linked together. Hence, it is vital to understanaviihey interact and that they do
it properly in ABAQUS. In order to ensure that bgtrts are acting as one, we
must create a shell-to-solid coupling, which alldatsa smooth transition between

these two different element types. The couplingened by two user-specified
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interferences. The shell interface, referred asltstge,” is coupled with the solid
surface, which bounds the shell region.

The model will then have two different section pedpes: one for the Shell
region and another for the Solid region. Initiallye started using steel as the
material for analysis; but later on, as we verifoed results, we switched to the

more complex non-homogeneous composite layeredrialate

5.4 Comparison of Concentration Factors between Thieatdiflodel with
ABAQUS Model

We additionally carried out a comparison of theaatration factor results
between our ABAQUS model and the theoretical mo(éssical plate theory
and Reissner theory.) Both theories are describbeddtion 2.1.

For our ABAQUS results, we calculated a stressentration distribution
based on a material made of steel. The plot o$tifess concentration factors
between our ABAQUS model and the theoretical modatsbe seen in Figure
5. 4. As shown in the figure, our ABAQUS modeldals the same concentration

factor distribution as the Reissner’s model.
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An important observation is that as we increasa#tio a/h, we decrease

the ratio of transverse shear stress with the nostresS TmayOmax DECAUSE We are

reducing the area where these shear stresseshattsTthe shearing stresses are

almost negligible in contrast with effect of thetting couples (the bending of the

plate) as the plate becomes thinner. Hence, appr@ach the tangent of the

slope, we get a more approximate depiction of thestcal plate theory, KPT,

which was, as mentioned earlier, described by GaddPR].
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5.5 Calculation of Moment Stress Concentration Faabbisaminates on
ABAQUS

For our simulation analysis of the laminates urmee bending, moment
concentration factors at the edge of the differenich types (the 0.25-in. diameter
hole, 1-in. long ovaloid, and a 4-in. long ovaloi@re calculated.

As mentioned earlier, the models were simulatedgusymmetry to reduce
computation time; hence, only half of the platesenaodeled. It was found that
the symmetry effect had little consequence in tdeutations on the moment

concentration factors.

5.5.1 Analysis of the Laminates with the ¥s-in. Diameteiéd

The six different laminate lay-ups N,P,F, AN, ARdaFP were modeled.
The model for the case with the 0.25-in diametde @s a plate 2.5-in. wide and
2.5-in. long, with the hole cut out in the centévery layer of the laminate had a
thickness of 0.0074-in. The laminate types werssifeed in terms of two different
thicknesses: the 20-ply laminates, which had &itigss of 0.148-in., and the 40-
ply laminates, which had a thickness of 0.296-in.

We analyzed each laminate using three different ABIS models: Two

shell models (with and without transverse sheact$), and one 3-D solid model
(which uses 3D elasticity theory.) The shell moddiich was composed of

elements that took into account the transverser &fsgrts, was named simply
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“Shell.” The shell model, which was composed ofetats that neglected the
transverse shear effects, was labeled the “Shélintdel. The 3-D solid model
was simply named “Solid.” As mentioned earlierstbolid model was composed
of both 3-D solid and shell elements to reduce aam@tmn time. In the region of
the 3-D solid elements, two elements were creagedayer. The process to obtain
the moment results was performed using a FORTRAd¢ covhich would use the
stress output data (S11, S22, and S12) from ABA@Usbtain the maximum
moment.

The following table shows the simulation resultstfe 0.25-in centered
hole analysis of all the laminates. Table 9 shoWwatwwthe moment concentration

factors are for each laminate. This was calculatadg the following expression:

K = (5.7)

Table 9 - Moment Concentration Factor for the Gr25role laminated plates

Moment Concentration Factors

LAMINATES Shell Shell_tri Solid
F (10% O-degree) 2.117 1.611 1.573
P (30% 0-degree) 2.330 1.739 2.130
N (50% 0-degree) 2.508 1.819 2.523
FP (10% 0-degree) 2.378 1.650 1.913
AR (30% 0-degree) 2.906 1.897 3.017

AN (50% 0-degree) 3.064 1.959 3.197
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From these results it is clear that the Shell_tded, which follows the
classical theory, in general, produces lower momsententration factors than the
other two models. This is more pronounced in tisalte of the thick 40-ply
laminates. Also, it is important to note that asimeease the percentage of the 0-

degree laminae, we obtain higher moment conceoirictors.

5.5.2 Analysis of the Laminates with 1-in. and 4-in. Gart Notch.

In this next step, we used the same previous maaelsnodified them to
adjust for the size and shape of the notches idsiEthe circular hole. We also
used the same computational procedure to calctilatmoment concentration for
all the laminates (N, P, F, AN, AR, and FP) fosstanalysis. The dimensions of
the notches were 1-in. and 4-in. long, with an emius of 1/8-in. The dimensions
of the plates maintained a 1/10 ratio with respéthe notches: They consisted of
10-in. wide and 10-in. long for the 1-in. notch negdand 40-in. wide and 40-in.
long for the 4-in. notch model.

The analysis of these laminates, just like in tfevjpus simulations, was
grouped into the three different simulation mod8lsell, Shell_tri and Solid
models.

Table 10 shows what the moment concentration facte for each

laminate for the 1-in. centered notch analysis.
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Table 10 - Moment Concentration Factors for 1-mtch models

Moment Concentration Factors

LAMINATES Shell Shell_tri Solid
F (10% 0-degree) 2.961 2.377 2.142
P (30% O-degree) 3.290 2.622 2.967
N (50% 0O-degree) 3.590 2.785 3.535
FP (10% 0-degree) 3.323 2.428 2.850
AR (30% 0-degree) 4.147 2.923 4.800
AN (50% 0-degree) 4.421 3.062 4.800

We observed an overall increase in the momentesdration factors of all
the ABAQUS models for all the laminate types, witspect to the case of the
simulations of the circular hole.

Except for the case of the 20-ply 10% 0-degreerlata, we noticed that
the Shell_tri model, which follows the classicadtel theory, gave us lower
concentration factors in comparison with the otiagr models.

Table 11 shows what the moment concentration fa@a for each

laminate for the 4-in. centered notch analysis.
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Table 11 - Moment Concentration Factors for 4-mtch models

Moment Concentration Factors

LAMINATES Shell Shell_tri Solid
F (10% 0-degree) 4.791 4.181 3.540
P (30% 0-degree) 5.449 4.545 5.200
N (50% 0-degree) 5.991 4.895 6.200
FP (10% 0-degree) 5.174 4.163 4.450
AR (30% 0-degree) 6.738 5.144 7.800
AN (50% 0-degree) 7.231 5.451 8.350

The results that we obtained were similar to tHosed on the analysis of
the 1-in. notch laminated plates. In all the lartengpes, the classical model
“Shell_tri” gave us lower moment concentration gastthan the other two model

types.

5.5.3 Comments on the Analysis of the Moment Concentnafiactors

The bending moment concentration factors as aifumof notch length for
the three 20-ply laminates are shown in the nextlfigures. Figure 5. 5 shows
the moment concentration factors for the 10% O-gedmminate for all three
ABAQUS models. As expected the shell element reswilth transverse shear
effects are higher than those without transversarséffects. Also, we observe
that the solid model gives us lower moment coneiotn factors than the other

two models.
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Figure 5. 5 - Moment Concentration Factors for iiifzate

Figure 5. 6 shows the moment concentration fadtrghe 30% 0-degree laminate
for all three models. We can see a deviation ofttleenent concentration factors
as a function of the notch length for the Solid eidzetween the 10% 0-degree
laminate and the 30% 0-degree laminate. The eftddtse 0-degree plies seemed
to be higher for the Solid model than for the otiwves ABAQUS models.

We can observe the same divergence on the lamintitdigher content
of 0-degree laminae on the next figure, Figure, 5vhich shows the moment

concentration factors for the 50% 0-degree lamif@tall three models.
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Therefore, we come to the conclusion that the ageeé between the
results for shell elements with transverse shdactfand the results for the 3D
solid elements is generally not good for the 20}atginate cases.

We can also observe similar circumstances fortitokér laminates. Figure
5. 8 shows the distribution of the moment conceinefactors for the model with

10% 0-degree laminate.
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Figure 5. 8 - Moment Concentration Factors for &mihate

We noticed again that the results of the Shell rhadehigher than those
of the classical model, which was also true fod@Hply laminates. Figure 5. 9
shows the results for the 30% 0-degree laminateglfmotch lengths. The Solid

model is again here affected by the increase ofbaurof 0-degree laminae.
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Figure 5. 9 - Moment Concentration Factors for ARyinate

Figure 5. 10 shows the results for the case oAtiidaminate, which has 50% O-

degree laminae.
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Figure 5. 10 - Moment Concentration Factors for lalktinate
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5.6 Conclusions of Modeling Stress Concentrations fotcNed Laminates
under Bending

To investigate the discrepancy of the 3-D soliddeis further, we focused
on the case of the 0.25-in. diameter hole in thelg0aminate with 10% 0-degree
plies (the F-laminate.)

First, we looked at mesh density of the 3D Soliddeioln order to
ascertain whether two elements through the thicgkgase us enough accuracy,
the calculation was repeated using four elememntgit/h the thickness of the ply.
We obtained a good agreement between the two madeish gave credibility to
the adequacy of the two elements per ply model.

Then, we paid attention to the strain distributileroughout the thickness
of the laminate. When trying to determine the faldfstrain allowable for
composite aircraft structures, it is probably maeseful to deal with the strain
output rather than the internal bending moments.

The strain distribution through the thickness @ B0-ply laminate with
10% O-degree plies, the F-laminate, at the edgleen®.25-in. diameter hole is
shown in Figure 5. 11. Both the 3-D solid model #melshell model, with

transverse shear effects, were plotted.



99

Layer Orientation
45 90 -45 90 45 0O -45 90 90 45 -45 90 90 -45 0O 45 90 -45 90 45
0.008

0.006 \

0.004 |

s

solid model

shell model

Strain

-0.002
-0.004 \\
-0.006 ’
-0.008 :
0 0.05 0.1 0.15

distance, [in.]

Figure 5. 11 - Strain distribution of F-laminateahghout the thickness at notch tip

As expected, the strain from the shell model isdinthroughout the
thickness. The strain from the 3D solid model iarhelinear except for two
pronounced bulges in the layer location of the @rée plies, which can be easily
appreciated in the plot. The difference betweertleresults is likely to be a
free-edge effect [9]. The free-edge effect is aseguence of the singularities
formed on a free edge when transverse shear anthhetresses are present.

This becomes more apparent if we look at the stiemibution through
the thickness predicted by the two models at atf@025-in away from the edge
of the hole, as shown in Figure 5. 12. Here, tharst are in relatively good

agreement.
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Figure 5. 12 - Strain distribution of F-laminateahghout the thickness at
0.025-in. away from the notch tip

The pronounced bulges at the 0-degree layer alenger present. This
same conclusion can be reached if we were to exatharesults for the other
laminates. The previous calculations that we useaxbtain the moment
concentration factors were repeated for each lamimat this time a strain
concentration factor was calculated based on themuan strain found in the
outermost 0-degree ply. The results for the 20lgoyinates (F, P, and N) are
shown in the following three figures.

Figure 5. 13 shows the results of the strain comagaon factor in terms of

the notch length for the case of the F-laminataciwhas 10% 0-degree plies.



Strain Concentration Factor

F_Laminate (10% 0-deg.)

7.00
6.00 |
5.00 |
4.00 |
3.00 |
2.00 |
[ —=— 10% 0-deg. Shell
1.00 | —&— 10% O-deg. Shell_tri
[ 10% 0-deg. Solid
0.00 - —
0.00 1.00 2.00 3.00 4.00

Notch Length (in.)

Figure 5. 13 - Strain Concentration Factors foafihate

5.00
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Figure 5. 14 shows the results of the strain comagaon factor in terms of the

notch length for the case of the P-laminate, wiiat 30% 0-degree plies.

Strain Concentration Factor

P_Laminate (30% 0-deg.)

8.00 r

7.00 |

6.00 |

5.00 |

400 |

3.00 |

200 | —a— 30% O-deg. Shell

100 | —a— 30% 0-deg. Shell_tri
- 30% 0-deg. Solid

000 t : : —

0.00 1.00 2.00 3.00 4.00

Notch Length (in.)

Figure 5. 14 - Strain Concentration Factors foafhate

5.00
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Lastly, Figure 5. 15 shows the results for the @dgbe N-laminate, which

has 50% 0-degree plies.

N_Laminate (50% 0-deg.)

9.00 p
800 |
7.00 |
6.00 |
5.00 |
4.00 f

3.00 ’

Strain Concentration Factor

2.00 | —=— 50% O-deg. Shell

i —a—50% 0-deg. Shell_tri
- 50% 0-deg. Solid

0.00 b— —_— —_— —_—

0.00 1.00 2.00 3.00 4.00 5.00

Notch Length (in.)

1.00 [

Figure 5. 15 - Strain Concentration Factors folalihate

The results from the two shell models follow thensgpattern as the
distribution obtained using the moment output beedhe strain is directly
proportional to the moment for these two theoré®wever, the results from the
3D solid models are drastically different. The sazan be found on the results of
the 40-ply laminates.

Figure 5. 16 shows the results of the strain comagan factor in terms of

the notch length for the case of the FP-laminateclvhas 10% 0-degree plies.
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FP_Laminate (10% 0-deg.)

9.00
8.00 |
7.00 |
6.00 |
500 |
400 f
3.00 |

2.00 | —a— 10% O-deg. Shell
- —a— 10% 0-deg. Shell_tri
10% 0-deg. Solid

Strain Concentration Factor

1.00 |

0.00 L
0.00 1.00 2.00 3.00 4.00 5.00

Notch Length (in.)

Figure 5. 16 - Strain Concentration Factors fol&Rinate

The results for the other two 40-ply laminates (&Rl AN laminates) are

shown in the following figures (Figure 5. 17 andLB, respectively).

AR_Laminate (30% 0-deg.)

10.00 p
9.00 |
8.00 |
7.00 |
6.00 |
5.00 |
400 |

3.00 |
: —=— 30% 0-deg. Shell
- —a— 30% 0-deg. Shell_tri
1.00 f 30% 0-deg. Solid
0.00 b —— — EE—— .
0.00 1.00 2.00 3.00 4.00 5.00
Notch Length (in.)

Strain Concentration Factor

200 f

Figure 5. 17 - Strain Concentration Factors for laRinate
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AN_Laminate (50% 0-deg.)
10.00

9.00 |

8.00 |
7.00 |
6.00 |
500 |
4.00 |
3.00 |
200 |

—=— 50% 0-deg. Shell

: —— 50% 0-deg. Shell_tri

1.00 50% 0-deg. Solid

0.00 & SR
0.00 1.00 2.00 3.00 4.00 5.00

Notch Length (in.)

Strain Concentration Factor

Figure 5. 18 - Strain Concentration Factors for lakknate

In every case, for both the 20-ply and 40-ply laates, the 3D solid model
predicts a higher strain concentration factor tthentwo shells models.

Table 12 shows the results, in percentage, betaikéme ABAQUS
models in terms of the strain concentration factohe first section of the table
shows the difference between the shell modeldi®0t25-in. hole, 1-in. and 4-in.
cases. The other two sections show the differenteden the solid model and the

two shell models.
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Table 12 - Difference of strain concentration fastoetween all ABAQUS models

Difference Shell vs. Shell_tri

hole 1-in. notch 4-in. notch

Difference Solid vs. Shell_tri

hole 1-in. notch 4-in. notch

Difference Solid vs. Shell

hole 1-in. notch 4-in. notch

N 37.9% 28.9% 22.4% 64.8% 68.8% 59.3% 30.2% 30.2% 30.2%

P 33.9% 25.5% 19.9% 72.4% 69.7% 57.39 31.2% 31.2% 31.2%

F 31.7% 24.6% 14.6% 86.3% 76.7% 55.5% 35.7% 35.7% 35.7%

AN 56.1% 44.4% 32.7% 106.6% 94.3% 79.8% 35.5% 35.5% 35.5%

AR 53.2% 41.9% 31.0% 110.5% 98.5% 78.9% 36.5% 36.5% 36.5%

FP 44.2% 36.9% 24.3% 118.2% 108.0% 89.89 52.7% 52.7% 52.7%
average 43% 34% 24% 93% 86% 70% 37% 37% 37%

For the 0.25-in. diameter hole, the strain conegiuin factor predicted by

the shell model with transverse shear effectsnsg\werage, 43% higher than that

predicted by the shell model without the transvetsear effects. For the 1-in. long

notch, it is 34% higher and for the 4-in. long roiicis 24% higher.

The strain concentration factors predicted by thes8lid model are, on

average, 83% higher than those predicted by thersbdel without transverse

shear effects and 37% higher than those predigteldebshell with transverse

shear effects.
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Chapter 6._Modeling Progressive Damage in Notdlzdinates under Bending

6.1 Introduction to Progressive Damage in Notched Latas

In this chapter, we are going to simulate the pgagian of a notch in a
composite laminate under out-of-plane bendingtRetl Waddoups [38] were
among the first to investigate the failure behavi@r modes) of composite
laminates by progressive failure analysis. Theyenagkd of the Classical
Laminate Plate Theory (CLPT) to predict the stiggmserated in a plate and then
used an incremental loading to account for the r@sgjve damage for failure
analysis.

Williams [46] calculated the crack tip stress amsplacement fields for a
crack in an infinite isotropic plate under bendusing KPT. He found the usual

square root singularity in stress at the crackwipich can be expressed as

£z (6.1)

Whereks, is the stress intensity factor. A number of otstedies [45-51] have
been carried out to calculate stress intensityfadbr orthotropic materials using
Reissner Plate Theory and out-of-plane loading itimmd.

In a composite material, a zone of damage of denable influence is
known to develop in advance of the notch. Thisiesresult of a combination of

different failure modes such as fiber breaking aradrix cracking. Consequently,
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the usual fracture mechanics procedures that havieed successfully in metal
structures do not work well for composites. Thetwdation of damage progression
in a composite is best done with theories thatripoxate principles from the field
of damage mechanics. Several theories [1], [ &] {Rat treat damage
development in the laminate as a whole rather timaa ply-by-ply basis have
been successful in simulation notch growth undgalame loading. In the case of
bending, there is a non-uniform strain throughbetthickness of the laminate. A

theory that treats damage progression at the pé! lgill be needed for this case.

6.2 Hashin Constitutive Model for Damage Progression

As mentioned earlier in Chapter 2, our constitutivadel in ABAQUS
follows the Hashin criterion. The constitutive mbdensiders four different
modes of failure: (1) fiber rupture in tension, {®er buckling and kinking in
compression, (3) matrix cracking under transvegssion and shearing, and (4)
matrix crushing under transverse compression aedrgtg. According to Hashin
theory, when damage occurs, the effective load/rayrarea of the material is
considered to be reduced, and the concept of antef stress is introduced to
account for the area reduction. The propagatiataaiage depends on which of

the four modes of failure, described earlier in @ka2, is activated.
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6.3Modeling Progressive Damage in ABAQUS

For our progressive damage analysis, we used tliarbmodel in
ABAQUS for composite materials, which is basedlomwork of Matzenmiller et
al. (1995,) Hashin and Rotem (1973,) Hashin (1980¢) Camanho and Davila
(2002.) Then, damage simulation was modeled usieagtogressive damage
model for composites described by Hashin theoryhi;mmmodel, damage is
accounted for in each individual ply, but therassumed to be perfect bonding at
the ply interfaces. That is, delamination is asstimegligible.

All Finite element models of the laminates werestarcted using the
conventional shell element type S4, as seen inr€i§ul for the case of a 5-in.

20-ply laminate with 1-in notch.

Figure 6. 1 - Damage finite element model for tha.hotch case (full view)
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In the damage progression models, we simulatedarseof the fixture to
mimic our tests on the laboratory and to providevita a more accurate response
of the loading mechanism. We employed surface attgrte generate these bars
on ABAQUS. Also, contact surfaces with master daglesnodes were added to
these regions and to the contact zones in the stoglel, to ensure seamless
connectivity between them. We set up a two-stegit@acondition to make sure
this connectivity was secured.

Since it is well known that a damage zone is dgyedl ahead of the crack
when it propagates in a composite material, we mpagtattention to the strain
softening effect of the material. Figure 6. 2 shomestypical stress-strain curve for
a linear softening laminate; that is, a materiat the assume softens linearly after

it goes over the peak loading.

Stress

gor- """~ —--
i

C
Eeq f-fec] Strain

Figure 6. 2 - Strain-softening diagram for a linsaftening composite

The incorporation of strain softening into a fen@lement analysis usually
results in calculations that are mesh sensitives ®bcurs because as the mesh is

refined, there is a tendency for the damage zotectdize to a zero volume. The
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energy dissipated is then proportional to that m@urather than to the area of the
damaged zone. Consequently, this leads to zergedessipation, which is
physically impossible. Several techniques have Ipeeposed to address this
issue. One of the simplest, which was pioneeredilbbgrborg, is the use of a
stress displacement law rather than a stress-s&naim the damaged material.
The ABAQUS program accomplishes this by introdgancharacteristic
length, L, based on the element size. Figure 6. 3 showsallealation of this
parameter, where;Ais the total surface area of the element, and the distance

between nodes.

Figure 6. 3 - ABAQUS characteristic length, L

L® = sec Q)VA;p (6.2)

The strain can be expressed as the ratio of tfeerdation over the original

dimension ¢ =6 /L). If we look at the area under the stress-@dispinent diagram,
which is the fracture energy, called, @e realize that the area under the

distribution can be expressed as:
1
Energy = G, =§ oo, (6.3)

By combining this formula with the general expressof strain, we attain that the
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equivalent strain is in terms of the characterisigth.

gf — ZGC
€q 0.0 LC

(6.4)

For a given failure mode, the stress-displacenmeamttikes on the form similar to
Figure 6. 2. The part of the curve with a posisi@pe (OA) follows the usual
linear elastic relationship, and if we use disptaeats instead of strains it can be

expressed as:

Oy = O (6.5)

The point at (A) represents the initiation of damagisplacement beyond this

point results in a decreasing stress. This pati@turve can be represented by:

o = (5efq _Jeq)go (6.6)

eq ( f j eq
O ~ 5;
After experiencing damage, the material unloadsralwhds along line OB, which
has a smaller slope than the original line OA. Thduced new slope is accounted
for using the damage variable d, as follows:
0.0
sope,, :5—?(l—d) (6.7)
eq
Combining the last three equations with equati®?2 gjives the damage variable

as:

(Jeq B 5; )5;1

d= 6.8
(65 - 38)a. ©o

From this, equivalent displacements and equivat@etses according to
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Hashin criterion are defined for the four modesadfire as follows:

Fiber tension(d,,>0) :

O = L& taes (6.9)

PRI 610
Fiber compressioffg,, < 0) :
O =L%(-€,) (6.11)
o =(-0y,) (6.12)

Matrix tension(g,,> 0) :

On =L°\&5, + €5 (6.13)

Uergt =L <022><52§21+ [12€1,

eq

(6.14)

Matrix compressiofg,, <0) :

oy = L&, +& (6.15)

Ug; =L° <_ 022><£22> T 1,6,
O

(6.16)

When running a progression damage analysis in AB&(tble following
parameters must be specified at the material ptyppection: Damage Evolution
and Damage Stabilization parameters. On the daeagation section, we are

asked to put in the strength properties of the refehe dissipation and fracture
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energies (the area under the OAC curve of thessttsplacement diagram,) for

each failure mode. These parameters are purelyrigadm@and were produced at the

Boeing testing facilities.

6.4 Test Results and Damage Analysis

As mentioned earlier, both testing and ABAQUS gsialwere performed
on all the notched laminates. The following figufeggure 6. 4, shows a simulation
of the deformation of one of these laminates whdmnested to this loading
condition. We found that during tests, the lamiaaeperienced large deflections
before failure occurs. This event is illustratedrigure 6. 5b, which shows all the

reaction forces between the laminate and the bhaadarge deformation setting.



114

+1.739e+05

+14568+04
+7.559e+01

s, Mises
SMEG, {fraction = -1.0)
Layer =1

(Avg: 75%)

Figure 6. 4 - ABAQUS simulation of four-point bendi

load pla ne |
|

i i 10-in.

T | 16-in. ' %

*

-

b

(a) small deformation four-point bending

257.8-1bs.

«. 207.8-Ibs.

Y
n

load plane 330.8-Ibs

(b) large deformation four-point bending

Figure 6. 5 - (a) small deformation on a four-pdiahding test.
(b) large deformation for afgaoint bending test



115

The initial external loads, created by INSTRONerton the tension or
compression set-up, are normal to the surfaceeofatiminate (as depicted on
Figure 6. 5a.) However, as the laminate rotatemduwteflection due to large
deflections, a significant horizontal componentarte develops in addition to the
vertical. Note that the horizontal forces are, émeral, not equal, which produces a
small axial load effect that is superposed on #reding moment at the center.
Since the load cell in the testing machine recordyg the vertical component of
the load, the load data from INSTRON cannot be tsetktermine the bending
moment at the center.

Therefore, it was necessary to determine the bgndioment using the
strain gage output coupled with the analysis res@ltcomparison of far field
strains on the compression and tension sides cfgeeimen from the test and
from the theoretical model for the 5-in. wide 4§-f@minates with 50% 0-degree
plies containing 1-in. notch (laminate AN_1 5 23l®wn in Figure 6. 6.

A similar comparison of strains at the notch gl @t a point 1-in. away

from the notch tip for this same laminate is shawthe next figure, Figure 6. 7.
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Laminate AN_1_5_2

0.01 T T
| ——TEST- Comp.
| — TEST - Tens.
| Theory - Comp. ’/—\
0.005 |7 ——Theory - Tens.
{=4
T 0 €
& 3 \
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| \::;Tt
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0 0.25 0.5 0.75 1 1.25 1.5 1.75

displacement, [in.]

Figure 6. 6 - Comparison of far-field strains bedawdBAQUS
and test data for Laminate AN_1 5 2

TEST_tension_1-in. §§
TEST_comp._1-in. X
i TEST_tension_notch X\\x X
i TEST_comp._notch XX |
| ---2--- THEORY _tension_1-in. x X ____E_.-B--"'E'
[| - o THEORY_comp._1-n. | x-% i
- X--- THEORY _tension_notch _'_.‘_g_—-—"""'_—
THEORY _comp._notch
;'an.
|
\ - Y
Eh-N A
o
f
0 0.2 0.4

0.6 0.8 1 1.2
displacement, [in.]

Figure 6. 7 - Comparison of strains athdip and 1-in. away
for Laminate AN_125
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The agreement between the test results and tieadnetedictions is fairly
good with the exception that the theory predictgaificantly higher failure strain
for this case. It was found that this was truegfach case, i.e. the agreement
between measured strain and predicted strain wad @othe load increased (the
only disagreement was the load point for maximuairs?)

Thus, we can have some confidence that our ABA@1d8els represent
the response of the laminates for points belowttimate load. We used these
analysis results to determine the test failure nmanféarst, we assumed that the
ultimate moment is reached when the measure didiarstrain peaked. We then
checked the response state of the model at thaig skor this state, an average
bending moment per unit length along a line extegdiut from the notch to the

side was calculated, as indicated in Figure 6. 8.

M

[...]

4 [ree] n-1

Figure 6. 8 - Calculation of the average bendingnet along a
line in a plate
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We obtained the maximum moment achieved on the pkacomputing

the average moment, using the following formula:

ayg — .
V] ABAQUS ! j M,d, (6.17)
W—a

a

whereMa,yg is the bending moment per unit lengghs the notch half-length, and

w is the specimen half-width. This load was takethagest failure load.

6.4.1 Effects of Large Deformations under Pure Bending

A consequence of large deflections involves aasitot curvature effects
[43]. During pure bending of a long, flat plate kv constant uniform thickness, a
radius of curvature JRs formed in the principal bending direction aswh in

Figure 6. 9.

Longitudinal

Figure 6. 9 - Poisson's effect - anticlastic cunvet
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But the Poisson’s effect causes curvature of thte pn the transverse
direction with radius R This is because in pure bending the only prestess is

ox (all the other stresses are zero,) but thereteams other thamn, present, and

they are:
E, :é g, —V(Uy +az)]=% (6.18)
£, =éay—v(ax+az)]=—v% (6.19)
£, :é:az —|/(aX +ay)] = —v% (6.20)

Plate theory tells us that the curvature of agpledw/ox = - u /z, where u,
v, and w are the displacements of a point in tlageph the X, y, and z directions,
respectively (see Figure 6. 9). Also, we know thatx-direction normal strais

is equal toou/ox, hence, we obtain the following expression:

(6.21)

Thus, we obtain a curvature along the principadogmdirection oficx= - &x/z.
But this is accompanied by a lateral contractioe tiuthe Poisson’s effect,
causing a curvature transverse to the main beaspakich is calculated using the

previous equations.

=-ZK,6 =-VE (6.22)

This transverse curvaturexg= -Viky, which is known as the anticlastic curvature,

and has an opposite sign and is orthogona}.tdhis transverse curvature tends to
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move the fibers near the edge of the plate away tre principal axis of
curvature causing them to go into tension. It éswls to move the fibers at the
center of the plate closer to the principal axiswfvature causing them to go into
compression. The combination of these two effemrtdg to flatten the plate in the
transverse direction, causing it to bend into tiege of a cylinder. This in turn
causes a transverse bending moment to developpteaiche edges where the
transverse moment must be zero. The severity sffect is a function of the

Searle Parameter, described as:

SearleParameter = a (6.23)

whereb is the plate width antlis the plate thickness. This effect is amplified in
our tests by the loads being applied by relativigly bars in the test fixture. A
finite element Analysis was performed on a platihaut a notch. Figure 6. 10
shows a contour plot of the bending moment perlenith along the longitudinal

(principal bending) direction.
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SM, SM2 (CSYS-1)
(Avg: 75%)
+6.396e+00

18756402
Z.090e+02
-2.3068+02

Figure 6. 10 — Contour plot of the principal bergdmoment of a plate

We observe in this picture that the moment isquote uniform in the
center portion of the plate, inside the two intebars. Figure 6. 11 shows a

contour plot of the bending moment per unit lergjting the transverse direction.

SM, SM1 (CSYS-1)

(Avg: 75%)
+1.484e+00
-5.788e+00
-1,306e+01
-2.033e+01
-2.761le+01
-3488e+01
-4,215e+401
-4,942e401
-5.670e+01
-6,397e+01
-7.124e+01
-7.851e+01

Figure 6. 11 - Contour plot of the transverse begdnoment of a plate
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As it is clearly shown in this picture, the traasse moment is also non-
uniformly distributed in the center of the interlmars. We found that the
maximum value of this transverse moment is aboatthird that of the
longitudinal moment. Thus, we can conclude thaiuntests damage will be
propagated in advance of the notch tip in a nofeami biaxial bending field. The

degree of this biaxial state will be a functiornptdte thickness.

6.4.2 ABAQUS Results with Damage Propagation Application

In our tests, we found that the transverse stnaare negligible for all of
the 20-ply thick laminates (on average less tharof %e longitudinal strains.)
These strains were measured by reading the ougpaitficbm the strain gages X1
(see gage mapping in Chapter 2.) The same wasadrtiee 40-ply thick laminates
with a 4-in. notch. However, for the 40-ply lamiesitwith 1-in. notch and 5-in.
specimen width, the transverse strains were orageet3% of the longitudinal

strains (as seen in Figure 6. 12.)
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Laminate AN_1_5_3

0.006

——Transverse_Comp.

0.004 || ——Longitudinal_Comp.
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0.002 [ Longitudinal_tens.

=
T~

-0.006

Strains

40 60 80
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Figure 6. 12 - Far-Field gage comparison of a gidiein.
wide 40-ply laminate

When the specimen width was increased to 10-irthis case, the
transverse strain dropped to about 2% of the ladgial strain. Thus, except for
the 40-ply thick laminates with 1-in. notches anith 5specimen width, the
specimens experienced bending to a cylindricabserf

Tables 13, 14, and 15 give a list of test redoltshe 20-ply thick
laminates. Tables 16, 17, and 18 give a list dfresults for the 40-ply thick
laminates. The spacing between the inner and paies of bars in the test fixture
is indicated in column 5 of the tables. The bendimament per unit length for
failure, determined by the theoretical model arsd, tere given in columns 6 and 7,
respectively. The difference between these momsmgiven in column 8. Note
that the predicted bending moment per unit lengihfluenced by the bar spacing.

A probable explanation for this difference in tegiments is due to the change in
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axial loads exerted on the plate, as it is deforrdeé to the change in bar spacing

(see Figure 6. 5.)

Table 13 - Failure Moments of the 5-in. wide 20-paminates

Specimen % of 0-degree No. of Notch Theory Test
Label plies Plies Length (in.) Bar Spacings Moment (Ib.) Moment (Ib.) Difference
F-1-5-1 10 20 1 8-in & 13-in 256.2 273 6.2%
F-1-5-2 10 20 1 10-in & 16-in 224.7 224.9 0.1%
P-1-5-1 30 20 1 6-in & 16-in 176.9 169.7 4.2%
P-1-5-2 30 20 1 10-in & 16-in 249.3 236.7 5.3%
P-1-5-3 30 20 1 10-in & 16-in 249.3 255.6 2.5%
N-1-5-1 50 20 1 10-in & 16-in 348.5 401.9 13.3%
N-1-5-2 50 20 1 10-in & 16-in 348.5 377.6 7.7%
N-1-5-3 50 20 1 6-in & 16-in 347.9 357.6 2.7%

Comparing the test results with the ABAQUS modelictions, we
observe good agreement for all of the 5-in. widgB0Othick laminates (except for
laminate N_1 5 1.) Table 14 shows the result$hferL0-in. wide 20-ply

laminates.

Table 14 - Failure Moments of the 10-in. wide 2@4paminates

Specimen % of 0-degree No. of Notch Theory Test Moment
Label plies Plies Length (in.) Bar Spacings Moment (Ib.) (Ib.) Difference

F-1-10-1 10 20 1 8-in & 13-in 229.3 217.9 5.2%
F-1-10-2 10 20 1 8-in & 13-in 229.3 197 16.4%
P-1-10-1 30 20 1 10-in & 16-in 227.5 213.4 6.6%
P-1-10-2 30 20 1 10-in & 16-in 227.5 218.9 3.9%
N-1-10-1 50 20 1 10-in & 16-in 337 360.8 6.6%
N-1-10-2 50 20 1 10-in & 16-in 337 353.6 4.7%
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We still observe a good agreement between theréaiest moments and
the theoretical moments (around 5%, except foctse of laminate F_1_10_2.)

Table 15 shows the failure moments for the 20-idedaminates.

Table 15 - Failure Moments of the 20-in. wide 294{pdminates

Specimen % of 0O-degree No. of Notch Theory Test Moment
Label plies Plies Length (in.) Bar Spacings Moment (Ib.) (Ib.) Difference

F-4-20-1 10 20 4 8-in & 13-in 233.9 212.3 10.2%
F-4-20-2 10 20 4 10-in & 14.5-in 190 198.2 4.1%
F4-20-3 10 20 4 8-in & 13-in 233.9 200 17.0%
P-4-20-1 30 20 4 10-in & 16-in 196.7 1775 10.8%
P-4-20-2 30 20 4 10-in & 16-in 196.7 1775 10.8%
P-4-20-3 30 20 4 10-in & 18-in 220.2 228.4 3.6%
N-4-20-1 50 20 4 10-in & 16-in 266.8 251.5 6.1%
N-4-20-2 50 20 4 10-in & 16-in 266.8 255.1 4.6%
N-4-20-3 50 20 4 10-in & 18-in 268.1 252 6.4%

We found good agreement between failure momenttsg®specially for
the N-laminates. Laminates F and P show good tatgeements of 4% to 10%.
The next set of tables show the results for th@lg0aminates; and, in most cases,
we found either fair to poor agreements betweerfdiigre moment results. Table

16 shows the results for the 5-in. wide cases.
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Table 16 - Failure Moments of the 5-in. wide 40-paminates

Specimen % of 0-degree No. of Notch Theory Test
Label plies Plies Length (in.) Bar Spacings Moment (Ib.) Moment (Ib.) Difference

FP-1-5-1 10 40 1 10-in & 18-in 936.3 1151.5 18.7%
FP-1-5-2 10 40 1 10-in & 18-in 936.3 1078.9 13.2%
FP-1-5-3 10 40 1 6-in & 16-in 934 1133.1 17.6%
AR-1-5-1 30 40 1 10-in & 18-in 1125.4 1342.2 16.2%
AR-1-5-2 30 40 1 10-in & 18-in 1125.4 1313.7 14.3%
AR-1-5-3 30 40 1 6-in & 16-in 1119.2 1396.5 19.9%
AN-1-5-1 50 40 1 10-in & 18-in 1520.4 1939.3 21.6%
AN-1-5-2 50 40 1 10-in & 18-in 1520.4 1817.2 16.3%
AN-1-5-3 50 40 1 6-in & 16-in 1459.3 1850.1 21.1%

We observe poor agreement between theoreticaleshdhoments at
around 15% to 20% difference. The difference desmgavith increasing width of
the plates, as seen in Table 17, which shows thmenbresults for the 10-in.

laminates.

Table 17 - Failure Moments of the 10-in. wide 49-4paminates

Specimen % of 0-degree No. of Notch Theory Test
Label plies Plies Length (in.) Bar Spacings Moment (lb.) Moment (Ib.) Difference

FP-1-10-1 10 40 1 10-in & 18-in 862.5 961.2 10.3%
FP-1-10-2 10 40 1 10-in & 18-in 862.5 1007.8 14.4%
AR-1-10-1 30 40 1 10-in & 18-in 1053 1308.9 19.6%
AR-1-10-2 30 40 1 10-in & 18-in 1053 1269.9 17.1%
AN-1-10-1 50 40 1 10-in & 18-in 1313 1529.1 14.1%
AN-1-10-2 50 40 1 10-in & 18-in 1313 1501.2 12.5%

Now the moment difference is between 10% to 1®%onfost laminates
types. Table 18, which shows the moment resultg#®R20-in. wide tests, gives us

better agreement with the test results.
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Table 18 - Failure Moments of the 20-in. wide 494{pdminates

Specimen % of 0-degree No. of Notch Theory Test
Label plies Plies Length (in.) Bar Spacings Moment (lb.) Moment (Ib.) Difference

FP-4-20-1 10 40 4 10-in & 18-in 715.1 612.5 16.8%
FP-4-20-2 10 40 4 10-in & 18-in 715.1 688.6 3.8%
FP-4-20-3 10 40 4 10-in & 18-in 715.1 634.1 12.8%
AR-4-20-1 30 40 4 10-in & 18-in 929.3 11445 18.8%
AR-4-20-2 30 40 4 10-in & 18-in 929.3 1111.8 16.4%
AR-4-20-3 30 40 4 10-in & 18-in 929.3 1090.3 14.8%
AN-4-20-1 50 40 4 10-in & 18-in 1120.5 1068.3 4.9%
AN-4-20-2 50 40 4 10-in & 18-in 1120.5 1119.8 0.1%
AN-4-20-3 50 40 4 10-in & 18-in 1120.5 1133.7 1.2%

The difference between the theoretical momenttasidmoment is, on
average, 16% for the AR-laminates and 12% for thddminates. AN-laminates

gave us very good agreement in the results, wabrat 2% difference.

6.5 Comments of Video and Photo Test Results

The observations taken from the video and photwueh@ntation for each
laminate are explained in this section. In summduying the test of the 20-ply
thick laminates we observed that they exhibitedigéxde visible damage before
failure, which, in most cases, was sudden and lysteslulted in the laminate
being broken into two pieces. The 40-ply thick Iaates exhibited a gradual
progression of damage which usually began with kling of the outer ply on the
compression side. This was followed by de-lamimatibthe outermost O-degree

ply and the surface. The tension side of the lataieahibited considerably less
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visible damage for most test cases. Tables 19 @mpd®ide a summary of the
observations taken from the photos and videos delteat the laboratory.
Appendices B and C present a collection of the ghof all the laminates tested

showing the side view, revealing the visible damidbigeughout the layers.

6.5.1 Observations for Laminates F, P, and N

All the F-laminates did not break off completelyrithg testing (see Figures
B. 1 through B. 8.) Photographs show that thedelamination next to two 0-
degree layers for the 5-in. wide tests. We alsodiaihat there is some partial
delamination of the top layers on both tension emmpression side near the crack
edges. The video for the 5-in. wide F-laminatesasha slow crack propagating to
a distance of about 0.5-in. to 1-in. before reagluollapse. The tests for the 10-in.
F-laminates varied slightly from the 5-in. wide sjpeens. In these tests, the crack
did not propagate all the way throughout the thédsnof the laminate (see Figures
B. 4 and B. 5.) We obtained failure when the cracdpagated only through the
compression side. We also found that the O-degngrd on the tension side did
not delaminate like they did for the slender spetim Also, here the video shows
collapse without total detachment. Similarly, tiei@. wide F-laminates did no
break off during testing, and showed very littldigation of failure or crack
propagation before collapse. And in some case$addlifficulty reaching failure

loading conditions, as shown in Figure B. 6. Defation of the 0-degree layers
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were similar to those found on the 10-in. wide speas.

Unlike the F-laminates, all the P-laminates (segfas B. 9 through B. 16)
were broken off completely during tests. Post-bagakphotos for the 5-in. wide
tests show that there is delamination of the tgprgin both tension and
compression sides. We also noticed the 0-degreedayf both tension and
compression sides to have been delaminated. Tleewvialso show no to very little
(~2-in.) crack propagation, and it shows the lan@rsaapping off completely
when reaching failure. The test for the 10-in. wiRlaminates were different.
Videos show that it took several tries to reachufai and in the case of P_1 10 1,
the laminate failed during unloading. No visiblaak propagation was observed
before failure. Unlike the first two P-laminate &5 the 20-in. wide laminate did
not break off completely after reaching failured®os show that the laminate
exhibited crack formation thoroughly to the side$doe absolute collapse. Also,
the crack did not propagate throughout the thicknié®nly reached the outermost
layers on both tension and compression sides,rabeaeen in Figures B. 14,

B. 15, and B. 16. Furthermore, unlike the 5-ird 40-in. wide specimens, we
only found O-degree layer delamination on the casgion side only.

All the N-laminates broke off completely duringtiag (see Figures B. 17
through B. 24.) Consequently, the crack reachelhgdirs throughout the
thickness. We noticed that all specimen typesHerN-laminate (5-in., 10-in., and
20-in. wide specimens) behaved in a very similanmea. In all cases, we found O-

degree layer delamination in the outermost layélsth tension and compression
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sides, and severe delamination of the top layeth@compression side (this can
be observed at Figures B. 21 and B. 22.) In sorees;aideos indicate some
partial damage propagation before breaking offl& 4B provides a summary of
the observations taken from the laminates F, P Nanithe fifth column from the
left describes the distance the crack travels filoartip of the notch before the
laminate reaches failure. In column six, we inddoahether the surface layers of
the tension and compression sides were delaminalgal. described in the last
column, we point up how far the crack propagatedughout the thickness of the

laminate before it failed.

Table 19 - Test observations for the 20-ply thexkinates

Laminates Complete delircr'w??lrafon deloe;rc:w??lra??on Crack Disfance Top I__aye_ar propggr:filgn on
Break off (Tens) (Comp.) before Failure Delamination thickness

F_5-in. wide No Yes Yes ~ 1-in. No Yes
F_10-in. wide No No Yes ~ 1-in. C C
F_20-in. wide No No Yes < 0.5-in. No C
P_5-in. wide Yes Yes Yes ~ 2-in. T,C Yes
P_10-in. wide Yes Yes Yes No T,C Yes
P_20-in. wide No No Yes Total T,C Outermost layers
N_5-in. wide Yes Yes Outermost layers ~0.5-in. T,C Yes
N_10-in. wide Yes Yes Qutermost layers > 2-in. C Yes
N_20-in. wide Yes Yes Outermost layers > 2-in. C Yes

Note: T and C denote “tension side" and "compresside”, respectively.
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6.5.2 Observations for Laminate FP, AR, and AN

All the 40-ply laminates did not break off complgtduring testing (see
Figures C. 1 through C. 8.) Photographs show treaetis no delamination on the
0-degree layer of the tension side for the 5-irdentests (see Figure C. 3.) In fact,
all specimen types for the FP-laminate (5-in., AQ-and 20-in. wide specimens)
behaved in a very similar manner. The videos ferdhn. wide F-laminates show
a slow crack propagating all the way across theéhwad the plate before reaching
collapse. In general, we observed that only theroubst layers were damaged by
the crack propagation (this can be seen in Figui2)T he tests for the 10-in. FP-
laminates varied slightly from the 5-in. wide speens. In these tests, the crack
only propagated throughout the compression layas Figures C. 4 and C. 5).
Also, the videos show a crack propagating throlghwidth before failure.
Similarly, the 20-in. wide F-laminates showed tati@ck propagation before
collapse.

The AR-laminates did not break off completely dgriasting (see Figures
C. 9 through C. 16,) and crack reached only thepression side. We noticed that
the 5-in., 10-in., and 20-in. wide AR-laminates &edd in a very similar manner.
In all cases, we found 0-degree layer delaminatiadhe compression side, and
none in the tension sides (this can be observEdyate C. 9.) Videos indicate
some partial damage propagation in proportion ¢ostiecimen width before

breaking off. We also noticed some top layer deteation on the compression
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side for the 20-in. wide specimens, as seen inrEigu 16.

Similar to the AR-laminates, the AN-laminates dat hreak off
completely during testing (see Figures C. 17 thhoGg24,) and the cracks
propagated only to the compression side. In sorsesg@amage was limited to the
outermost layers of the tension side as well (aighg it is unclear whether this is
due to overloading of the specimen after it hdgeda We noticed that the 5-in.,
10-in., and 20-in. wide AN-laminates behaved atsa very similar manner. In all
cases, we found O-degree layer delamination ircoingpression side and none in
the tension sides (this can be observed in Figul( although for the 5-in. wide
specimens, we observed some damage on the tem$&ofsse Figure C. 18.)

Videos for the AN-laminates indicate some pad@mnage propagation in
proportion to the specimen width before breakirfg lmit for the 20-in. wide tests
we could not observe any crack propagation fronr test videos. We also
noticed top layer delamination on the compresside ®r all the AN-type
specimens. Table 20 lists the observations tal@n the laminates FP, AR, and

AN.
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Laminates Complete delos;r(:wei}?];?ieon delos;r(:wei}?]raetjieon Crack Disfance Top I_.aye;r propggr:filzn on
Break off (Tens) (Comp.) before Failure Delamination thickness
FP_5-in. wide No No Yes Total C Outermost only
FP_10-in. wide No No Yes Total C C
FP_20-in. wide No No Yes Total C C
AR_5-in. wide No No Yes ~ 1-in. No C
AR_10-in. wide No No Yes ~ 2-in. No C
AR_20-in. wide No No Yes > 5-in. C C
AN_5-in. wide No No Yes ~ 2-in. C C
AN_10-in. wide No No Yes > 5-in. C C
AN_20-in. wide No No Yes - C C

Note: T and C denote "tension side" and "compresside”, respectively.
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Chapter 7. Summary and Conclusions

7.1Testing and Simulation Summary

As expected, we obtained different test and sinanaesults between the
20-ply and 40-ply laminates. During testing, thie lhminates exhibited extremely
large deformations and showed no signs of visiblaage before failure (this was
more evident with the wider specimens.) Nonethelessrnal damage was
certainly being developed as it could be obserwethé sound of cracking. On the
other hand, the thicker 40-ply laminates producatsierably less deformation
before failure and revealed visual damage as trexg @weformed. Of the 20-ply
laminates, only the 50% 0-degree ply specimensebiokalf completely after
reaching failure (although the 5-in. wide P-lamesatwhich consist of 30% O-
degree laminae, also snhapped off into two piedésne of the thicker laminates
completely broke apart. Delamination of the outeshD-degree plies at the
compression side occurred for all specimens, amdast cases for the thin
laminates, delamination of the 0-degree plies aecluat the tension side as well.
No delamination of O-degree plies at the tenside siccurred for any of the 40-ply
laminates. Overall, as expected, we noticed areas® of strength as we increase

the O-degree plies in the laminates.

It was found that the laminates experienced lagjerchations before

failure occurred. This was particularly true foe tihin 20-ply laminates with some
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deflections in excess of 5-in. Since the laminaresiuced these remarkable
deflections, we no longer had only vertical reatdithat generate a bending
moment (which were the only reactions we were ci@pabrecording.) Instead, the
large deformation effects created horizontal reasti which contributed
significantly to the bending moment. Hence, we waoed with the added
difficulty of finding the test failure moment. Tolse this problem, we determined
the maximum bending moment using the far-field gaggput coupled with the

ABAQUS analysis results.

Regarding the calculation of strain concentratigsiag ABAQUS, we
found that the strain in the 0-degree plies wascé#d significantly by the free edge
effect right at the notch with the 3D solid moddlkis effect was not present in the
shell models. We decided to use the maximum straiput of the outermost O-
degree layer to calculate the concentration fadiecause this value is frequently
used in aircraft design. In Table 12, we can obséme difference in results
generated by the three ABAQUS models. We noticatithall cases, the models
followed a similar distribution based on notch si&kso, in every case, the 3D
solid model predicts a higher strain concentratamtor than the other two shell
models. We came to the conclusion that the cldssiodel, which does not take
into account transverse shear effects, under-geettie concentration factors of a

composite laminate under pure bending.

For modeling the propagation of damage in our satnrhs, we decided to

make use of the shell models. We used a damagelenaldeady included in
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ABAQUS to incorporate the damage progression imtonoodels. We compared
the output data of the far-field gages from ourezkpents with the strain data
obtained from these analytical models. As it isveh@n the graphs of Appendix A,
in general, we found good agreement between owerarpntal and analytical
results for strain before failure. For the 20-@inates P and N, ABAQUS was
able to predict the failure moment with reasonajagd accuracy. For most of the
40-ply laminates, the models over-predicted thieif@imoment (in some cases up

to 20%.)

7.2 Research Conclusions

This research work on composite laminates providedith useful
information for failure analysis modeling of notcheomposite laminates
subjected to pure bending. We observed that tesidlal laminated plate models
seemed to under-predict the strain concentraticiofs. This tells us that
transverse shear stresses are an important effda overall behavior of
composite laminates when subjected to pure bendhsgexpected, we also
determined that the notch size plays an importletin the failure analysis of
composite laminates. We found that the strain catnagons increased
considerably as we increased the notch size frOm@%in hole to a 4-in.

elongated notch.
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We also found that for most of the 20-ply laminaths failure models in
ABAQUS were able to replicate the results generatexdir experiments. Our
theoretical models were capable of reproducingrately their failure points by
taking into consideration the large deformatioreet§ and damage progression.
We discovered that the thicker laminates raisedensomplications for
determining failure loads, probably due to the kigielamination occurrences and
larger transverse shear effects. At any rate, @A@US models accurately

represented the strain behavior of the laminatepdts below the ultimate load.

7.3 Recommendations for Future Work

Some of the laminates exhibited extremely largerdeations, and it took
several test runs to obtain a maximum moment teegetfailure. Additionally, we
found some deviations in the test results of repéidaminates that used the same
bottom fixture setup. Laminate slippage, causirfecehtered loading, could have
triggered these deviations. Therefore, if more e@rpents were to be conducted, it
would be advised to construct a fixture to adjostthese complications. In
addition, digital image correlation (DIC) could derery useful tool to determine
the strain field of the laminates. In such a caseould be recommended to
adequately design fixtures for the DIC equipmenmnt &nadapt this technology for

out-of-plane large deformations.
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In terms of improving the modeling of progressiage, it would be
important to dedicate time in developing new danfaggerty values. ABAQUS
uses these values to generate the evaluation addgiaand produce a reduction of
the material properties. Therefore, an improveds#tese values might increase
the accuracy of the failure predictions generatethb models. In addition, we
made use of the shell models to run the damagegssign on the pre-notched
laminates. Previously, we found that the solid nl®@eoduced 30% higher strain
concentration factors than our shell models. lidde interesting to study damage
progression models using the 3D-solid models.

Also, other methods could be taken into considendid improve the
simulation models. The virtual crack closure teguei (VCCT) by Rybicki and
Kanninen [32] could be implemented in this reseaBthce we have obtained
delamination on most of the specimens tested, VE&ild be an efficient method
to predict delamination growth instead of using lidasheory, which overlooks
delamination effects.

Additionally, there are also a number of invesiigas that can be
implemented in the research of these compositenlai@s. Thermal effects are an
important omission in this work. If we look at thain variation equations of a
laminate, mentioned in Chapter 2, we assumed hieaiermal strains are not
present, since they are assumed to be very sn@aletkr, a thermally induced
strainser, which is equal taAT, wherea is the coefficient of linear thermal

expansion, should be taken into considerationgfworking conditions of the
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laminates will force them to experience high or k@mperatures. In the case of an
airplane fuselage, where it will be functioning endonsiderably high
temperature differences, it could be interestingefroduce the damage
progression tests by taking into account the thefator.

Experimental testing has already been conducteeiaforcing laminated
plates by stitching strips, and they have showmatee better damage tolerance,
hence reducing the probability of catastrophiauf@l Qing et al. [40] showed that
strips can improve the structural design of a cositpdaminate without the need
for a major restructuring change in the model. &fae, it could be interesting to
conduct a finite element analysis on reinforcegbgéd composite laminates with

the simulation conditions carried out on this reska
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APPENDIX A — List of Figures for Progressive Damadedeling
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APPENDIX B — Photographic Images of the 20-ply Laates after Failure
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Figure B.1 - Laminate F_1 5 1

Figure B. 2 - Laminate F_1 5 2
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Figure B. 5 - Laminate F_1 10 2

Figure B. 6 - Laminate F_ 4 20 1
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Figure B. 7 - Laminate F_4 20 2

Figure B. 8 - Laminate F_4 20 3
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Figure B. 9 - Laminate P_1 5 1

Figure B. 10 - Laminate P_1 5 2
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Figure B. 11 - Laminate P_1 5 3

Figure B. 12 - Laminate P_1 10 1
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Figure B. 13 - Laminate P_1 10 2

Figure B. 14 - Laminate P_4 20 1
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Figure B. 15 - Laminate P_4 20 2

Figure B. 16 - Laminate P_4 20 3
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Figure B. 17 - Laminate N_1 5 1

Figure B. 18 - Laminate N_1 5 2
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Figure B. 19 - Laminate N_1 5 3

Figure B. 20 - Laminate N_1 10 1
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Figure B. 21 - Laminate N_1 10 2

Figure B. 22 - Laminate N_4 20 1



182

Figure B. 24 - Laminate N_4 20 _3
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APPENDIX C — Photographic Images of the 40-ply Liaaes after Failure
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Figure C. 1 - Laminate FP_1 5 1

Figure C. 2 - Laminate FP_1 5 2
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Figure C. 3 - Laminate FP_1 5 3

Figure C. 4 - Laminate FP_1_10_1
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Figure C. 5 - Laminate FP_1 10 2

Figure C. 6 - Laminate FP_4_20_1
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Figure C. 8 - Laminate FP_4 20 3
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Figure C. 9 - Laminate AR_1 5 1

Figure C. 10 - Laminate AR_1 5 2
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Figure C. 12 - Laminate AR_1 10 1
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Figure C. 13 - Laminate AR_1_10 2

Figure C. 14 - Laminate AR_4 20 1
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Figure C. 15 - Laminate AR_4 20 2

Figure C. 16 - Laminate AR_4 20 3



192

Figure C. 17 - Laminate AN_1 5 1

Figure C. 18 - Laminate AN_1 5 2
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Figure C. 19 - Laminate AN_1 5 3

Figure C. 20 - Laminate AN_1 10 1
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Figure C. 21 - Laminate AN_1 10 2

Figure C. 22 - Laminate AN_4 20 1
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Figure C. 23 - Laminate AN_4 20 2

Figure C. 24 - Laminate AN_4 20 3
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APPENDIX D — Labview Program
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