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Abstract

The Bell Helicopter M407 main rotor yoke is a structural helicopter part made
of laminated glass-epoxy composite material. Delamination failure of the main rotor yoke
under static and fatigue loading conditions is investigated, both analytically and
experimentally. A finite element model of the yoke is developed with a commercial finite
clement code. using the ‘dummy plies’ technique to allow modeling of a tapered
laminate. The model is validated against the available experimental data. A set of static
and fatigue experiments — limited to beamwise bending loads — are performed on
representative test specimens cut out of actual yokes. The modei is able to accurately
predict the location of initial static failure, which corresponds to the interlaminar shear
stress concentration predicted by the stress analysis. Results of the specimen fatigue tests
are successfully correlated with the glass-epoxy material fatigue properties, using the

Normalized Fatigue Life Model and the finite element model of the specimen.



Résumeé

La chape du rotor principal de I’hélicoptére Bell 407 est une piéce structuraie
faite de matériaux composites fibre de verre / époxy. Cette thése présente une étude
analytique et expérimentale de la rupture par délamination de la chape du rotor principal
sous des conditions de chargement statiques et en fatigue. Un modéle de la chape est
développé a ’aide d’un logiciel commercial d’éléments finis, utilisant la technique de
réduction des plis pour faciliter la modélisation d’un laminé a épaisseur variable. Ce
modéle est validé par le biais de résultats expérimentaux. Une série d’essais statiques et
en fatigue — limités & des chargements en flexion longitudinale — est effectuée sur des
spécimens représentatifs obtenus a partir de chapes. Le modéle est capable de prédire
avec précision ["'emplacement de la rupture initiale sous un chargement statique; celui-ci
correspond a I'emplacement ou les contraintes maximales en cisaillement interlaminaire
sont prédites par I’analyse de contraintes. Une corrélation entre les résuitats des essais en
fatigue et les propriétés en fatigue des matériaux fibre de verre / époxy est établie avec
succes. a I'aide du modéle éléments finis du spécimen et du Modéle normalisé de durée

de vie en fatigue.
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Chapter 1 Introduction

1 Introduction

1.1 Motivation

In recent years, composite materials have been used extensively in helicopter
dynamic structures, initially for blade construction, and more recently in other highly
loaded dynamic parts. The introduction of composites in highly loaded structures has
resulted in major performance improvements. Besides their superior strength-to-weight
ratio. composites also provide unique design capabilities to tailor the material properties

for specitic requirements, such as strength, stiffness or dynamic characteristics.

Recently, an increasing number of helicopter rotor hubs have been built of
composite materials. These new hub designs exhibit significant advantages over
conventional articulated rotors: lower weight, better corrosion resistance, reduced number
of parts. low maintenance costs and better damage tolerance capabilities. The Bell 407
main rotor hub (Figure 1} is one such new design. Its primary load bearing part, the main
rotor voke. is a four-bladed single piece structure made of glass-epoxy composite. The
voke carries the blades’ centrifugal force, while the tapered flexure allows elastic bending
of the part to accommodate the blades cyclic flapping motion. The main rotor yoke is
thus subjected to a complex dynamic loading environment: low-cycle axial centrifugai

torce. and high-cycle beamwise and chordwise bending moments.

Currently, the long-term behavior of composite structural components
subjected to dynamic loads is mainly addressed through testing programs, which are both
long and costly. Moreover, the analytical methods used are rather empirical, relying
heavily on specific laboratory data. Therefore, with the increasing number of structural
applications of composite materials, where a critical part is subjected to a complex
dynamic load environment, there is a strong need to develop reliable analytical tools to
predict their fatigue behavior and damage tolerance capabilities.
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The present study is aimed at developing a methodology which will allow to
predict the delamination failure of a complex laminated composite structure under fatigue

loading conditions. This research work will concentrate on the Bell M407 Main rotor

voke.

Figure I — The 407 main rotor hub

1.2 Literature review

Delamination is a primary mode of failure of laminated composites, and has
been of interest since the earliest developments of composite structures. There are two
basic approaches to predict the delamination strength of laminated composites. The
mechanics of materials approach [1-24] uses stress-based failure criteria to predict
delamination. comparing the material strength properties to the local stress field in the
laminate. The second approach uses fracture mechanics techniques [25-30] to predict
delamination failure. A review is presented of both methods. However, much more

emphasis is given on the mechanics of materials approach as this is the method that will
be used in the present study.
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Delamination is a three-dimensional mode of failure, and is primarily caused
by interlaminar stresses. Considerable work has been done to characterize the
interlaminar stress state in laminates under axial tension. A good review of the subject is
presented in [I]. The free edge delamination problem has also been extensively studied
by many authors. [n an early work [2], Pipes and Pagano used a finite-difference solution
to determine the three-dimensional stress state in a laminated composite. Their results
provided an explanation of the mechanisms responsible for edge delamination, showing
that in the area near a free edge, there is a rise in the interlaminar stresses due to the
mismatch of the elastic properties between the plies. Thus the Classical Lamination
Theory, which assumes a state of plane stress, is no longer valid near a free edge, and
more detailed analysis methods are required to determine this full three-dimensional state

ot stress.

Wang and Crossman [3] developed a simple two-dimensional finite element
method. which can be used to study the free edge problem. The so-called quasi-three-
dimensional finite element method is capable of determining the three-dimensional state
of stress in symmetrical laminates under uniaxial tension, while avoiding the complexity
and computational cost of a full three-dimensional finite element analysis. Raju and
Crews [4] used the same approach, but with 8-noded isoparametric quadrilateral elements

instead ot 3-noded triangular elements near the free edge.

On the same problem, Kim and Soni [5, 6] used the global-local mathematical
model developed by Pagano and Soni [7], to calculate the interlaminar stress distribution
near the free-edge. They first studied separately the influence of the interlaminar normal
stress [3] and the interlaminar shear stresses [6] on the delamination strength of various
laminates. To overcome the problems caused by stress singularities near the free edge, a
stress averaging method, similar to the approach developed by Whitney and Nuismer [8]
tor notched laminates, was used together with the maximum stress criterion. Predictions
of delamination onset showed good correlation with the experimental results, except for
these laminates for which both the normal and shear interlaminar stresses were important.

It was therefore concluded that there is an interaction between the normal and shear
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interlaminar stresses, and that failure prediction should take both stresses into account.
Therefore. using the same method of analysis, they conducted a study [9] on a new set of
laminates providing various ratios of interlaminar normal stress and shear stress at the
interface of interest. Failure was predicted using a tensor polynomial delamination failure
criterion. which was developed based on the Tsai-Wu failure criterion. A reasonable

agreement was found between the analytical predictions and the experimental results.

Brewer and Lagace [10] used a similar quadratic stress criterion, along with
the average stress method, to predict delamination at the free-edge. The out-of-plane
stresses at free edges were estimated using the solution method proposed by Kassapoglou
and Lagace [11], based on overall force and moment equilibrium and the principle of
minimum complementary energy. Strength prediction correlated reasonably both with the

experimental data and with data previously reported in literature.

Fish and Lee [12] studied the delamination onset strength of symmetric
composite laminates under tension, based on the failure of a thin interply resin layer.
[nterlaminar stress values were obtained using a quasi-three-dimensional finite element
model. Delamination failure, predicted by the same failure criterion used in [9] and the
average stress method, was in good agreement with the experimental results. The
calculated values of interlaminar shear stress showed to be sensitive to the finite element

mesh size. while the interlaminar normal stress was insensitive to it.

Fracture mechanics techniques, concerned with failure of materials by crack
initiation and propagation, are widely used for failure analysis of common isotropic
materials such as metals. Since the early applications of composite materials, designers
and researchers have looked into possibilities to adapt these methods to predict
delamination of composite laminates. The most widespread approach uses the local strain
energy release rate to characterize the delamination initiation and growth. A good review

of the method is presented in [13].
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Most of the prior work done on delamination failure of composites was
exclusively focused on symmetric laminates under uniaxial extension. A few studies
however. considered general loading conditions, and modified previous analysis tools.
Armanios and Rehfield [14] used a sublaminate modeling approach to determine the
interlaminar stresses and strain energy release rates in composite laminates under bending
and combined bending and extension. The shear deformation theory used to derive the
closed-form solution provides a good estimate of the interlaminar stresses, but is
inaccurate for normal interlaminar stresses. Chan and Ochoa [15] derived a quasi-three-
dimensional finite element formulation for the analysis of general composite laminates
under combined loading conditions. The model allows to determine the interlaminar
normal and shear stress distributions, as well as strain energy release rates, for composite
laminates subjected to tension, bending and torsion loads. Fish [16] adapted the finite
element tormulation of Chan and Ochoa to perform the stress analysis of composite beam
rotor components, subjected to axial tension, torsion and both beamwise and chordwise

bending loads. No failure analysis was performed based on the calculated stresses.

The tapered geometry of the yoke is achieved by gradually dropping internal
plies along the flexure. However, these ply drop-offs introduce geometrical and materiai
discontinuities in the structure, resulting in local stress concentrations which may lead to
delamination. In the last 15 years, several studies have been conducted on the failure
mechanisms of tapered laminates. Many of these studies were directly motivated by
applications in composite rotor hub flexures, either at Bell Helicopter Textron,

McDonnell Douglas Helicopters or Westland Helicopters.

Kemp and Johnson [17] used a two-dimensional finite element analysis to
determine the stress state at the drop-off location in quasi-isotropic laminates containing
up to three dropped plies, under axial tension or compression loads. The maximum stress
criterion was used to predict the failure of the pure resin region around the ply drop-off.
However. no experiments were performed to correlate with the analysis. Curry ez al. [18]
employed a similar finite element formulation to study the stress distribution in laminates
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with one flat face and one tapered face. They used a delamination failure criterion that is
a modification of the intralamina tensile matrix mode criterion proposed by Hashin [19].
This criterion was able to correctly predict the location of failure observed in

experiments. but underestimated the failure load.

Hoa er al. [20] investigated unidirectional laminates with two pairs of dropped
plies. under axial tension loading. A three-dimensional finite element analysis was used
to determine the stress and strain fields in the region of the ply drop-offs. No failure
criterion was used, but a reasonable comparison was obtained with experimental values.
Daoust and Hoa [21] used the same three-dimensional mesh to study various parameters
atfecting interlaminar stresses under static tension, bending and torsion loads. Parameters
include the location of the dropped plies in the layup, the shape of the drop-off and how
much it is filled with resin, the width of the laminate, and the orientation of the dropped
plies. Failure is predicted using a maximum stress criterion. No experiments were

pertormed to correlate with the analytical results.

Fish and Lee [22] investigated the delamination of tapered laminates made of
0° and +45° plies under tension loads. A three-dimensional finite element model,
including a thin interply resin layer surrounding the drop-offs, is used to calculate the
out-of-plane stresses. The delamination failure criterion presented in [12], together with
the average stress method, is applied to both the plies and the interply resin layers to
predict the strength of the laminate. Delamination predictions based on interply resin
failure showed good agreement with the experiments. This work was extended [23] to
include the free-edge effect in the strength prediction of quasi-isotropic tapered
laminates. The interlaminar stress state due to the free-edge effect was determined using a
quasi-three-dimensional finite element model of the laminate cross-section, while the
interfaminar stress state due to the ply drop-offs was calculated with a three-dimensional
finite element analysis, as in [22]. The two stress states were superimposed at the root of
the taper. Using the same strength prediction method, a good correlation was obtained
with the experimental results. Lee and Vizzini [24] used the same tapered laminate
configurations as in [22] to evaluate the interaction between the free-edge and the ply
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drop-off stress concentrations. Their results indicate that the effect of the taper and the
free-edge discontinuities cannot be uncoupled, and thus that only a three-dimensional
model can account for this interaction. They also considered the influence of the interply
resin layer thickness in the model. It was found the interlaminar shear stresses are
dependent on the interply resin layer thickness, getting significantly higher as the

thickness is decreased.

Several studies have also been conducted on the failure of tapered laminates
using a fracture mechanics approach. Salpekar et al. [25] considered a laminate made of
0° and 45° plies with three ply drop-offs, under axial tensile load. A two-dimensional
finite element model of the taper was used to calculate the interlaminar stresses and the
strain energy release rates associated with an initial delamination at the root of the taper.
Armanios and Parnas [26] conducted a study on the same tapered laminate, however
using simplified energy methods to determine both the interlaminar stress state and the
strain energy release rates. The results obtained with this closed-form solution are in

qualitative agreement with the results reported in [25].

Murri et al. [27, 28] investigated the behavior of tapered laminates under
tensile fatigue loads using the method proposed by O’Brien [29]. The first paper {27]
considered a unidirectional 0° tapered laminate, while the second one [28] considered a
multidirectional laminate similar to the one studied in [25]. The location of the initial
delamination is determined from experimental observations. A two-dimensional finite
element analysis is used to calculate the strain energy release rate G for this specific
delamination. Then. using the curve of Gmax = f{N) of the material, the S-N curve of
delamination onset for this laminate can be determined. A reasonable correlation was

obtained between calculated values and experimental resuits.

Recently, Murri et al. [30] developed a fatigue life methodology for helicopter
composite rotor hub flexbeams under tension and bending loads. Coupon specimens cut
from a tull-size glass-epoxy flexbeam were tested under these combined loads, up to

failure. A two-dimensional finite element model of the tapered laminate was used to
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calculate the strain energy release rates (G) associated with the experimentally observed
first delamination. The number of cycles to first delamination onset was predicted by
correlating these analytical G values with a curve of Gmax vs N obtained from material

characterization tests. The calculated fatigue life compared well with the test results.

The research project described in [30] is very similar in its purpose to the
present work. However, the methodology used for predicting the fatigue life of laminated
composites structures, as well as all other fracture mechanics based methods, has a
serious drawback. [n order to calculate the strain energy release rates associated with a
delamination and then predict the number of cycles to failure onset, one must either
assume or experimentally determine the location of the initial delamination. [n practical
applications. such as in design of laminated composite parts, it is usually desired to
evaluate the fatigue characteristics of the part without having to manufacture a specimen
and perform long and costly fatigue tests. The only way the location of the first
delamination can be predicted using a fracture mechanics based method is by
successively calculating the strain energy release rates associated with a delamination for
each location where failure could potentially initiate. This method is therefore not well
suited for complex laminated composite structures such as the main rotor yoke, given the

substantial computing effort that would be required.

On the other hand, failure prediction methods based on the mechanics of
materials are not subject to the same limitation. A finite element model is used to
determine the stress state throughout the entire laminate. Then the location where
delamination will initiate under fatigue loading conditions, as well as the number of
cycles to failure onset, can be predicted through the use of a suitable failure criterion.
Another advantage of these methods is that they can readily be used with a commercial
tinite element code, without the need for custom made computational tools.

As a results of the above considerations, this work will focus on the

mechanics of materials approach rather than fracture mechanics.
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2 Composite material modeling capabilities

The finite element software package MSC/NASTRAN will be used for all
finite element modeling and analysis required for the present research project. This
chapter describes NASTRAN’s capabilities in the modeling and analysis of laminated
composite materials. Details are not provided for the standard calculations based on the
classical lamination theory. Emphasis is placed on the transverse shear stiffness
constitutive equations, and on the calculation of interlaminar shear stresses, which are
distinctive features of NASTRAN, and are critical to the analysis.

Although use of a full three-dimensional stress analysis would have been
preferable. the semi-3D analysis capabilities described in this section will be used

instead. given that it is the best option available in NASTRAN.

2.1 Laminated composite materials properties

Laminated composite properties are only available with sheli (plate) elements,
tor etther tour- or eight-noded quadrilateral elements (CQUAD4, CQUADS), and for
three- or six-noded triangular elements (CTRIA3, CTRIAG6). The laminate is defined on a
ply-by-ply basis (PCOMP entry) by inputting the thickness, the material properties
(MATS entry) and the relative orientation of each individual lamina.

In the formulation of these laminated composite shell elements,
MSC/NASTRAN uses the assumptions of classical lamination theory regarding the

behavior of the laminae:

1. The laminae are perfectly bonded together.
The bonds are infinitesimally thin.
The strain varies linearly through the laminate thickness.

I~

LI
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This approach allows the modeling of plates with coupled membrane and
bending elastic behavior according to the following relations, known as the laminate

constitutive equations:
N [4 B]f 1)
M|~ |B D|lk

where {¥}={ N, o= stress resultants, i.e. force per unit width acting on the plate

> = external moment, i.e. moment per unit width acting on the plate

le"'}=4 &' } = in-plane strains

= plate curvatures

=38
——
]
Lol

v

[4] = membrane stiffness matrix
[D]= bending stiffness matrix

[B]= membrane-bending coupling stiffness matrix

2.2 Calculation of transverse shear strains and stresses

Typically, a two-dimensional formulation based on the classical lamination
theorv does not allow the calculation of the out-of-plane stresses, or interlaminar stresses.
Nevertheless. these stresses are generally present, and they play an important role in
some failure mechanisms of laminated composites. A distinct feature of MSC/NATRAN
plate elements is their capability to include the transverse shear stiffness:

10
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{0} =T[Gly} )

1 4

where {0}= {

c 1o

} = transverse shear stress resuitants

¥

= {}}:'} = transverse shear strains

T, = effective transverse shear material thickness

[G] = effective transverse shear stiffness matrix

MSC/NASTRAN uses an approximate procedure to evaluate both the
interlaminar shear stresses and the components of the transverse shear stiffness matrix
[31-32]. It is based on the assumption that the equations from elementary beam theory are
applicable to plate elements, causing the effect of the twisting moments to be neglected.

This is expected to vield satisfactory results in most cases.

Assuming that the x- and y- components of stress are decoupled from one
another. equations from elementary beam theory can be used to calculate the interlaminar
shear stresses r(z). Demonstration will be given here for the x- direction only. For a
beam of unit cross-sectional width (Figure 2), the equilibrium condition for the shaded

area in the x- direction can be expressed as:

3
J‘(o; +do Mz- |odz-1_dc=0 ©)
or
or, _do, @
oz ox

11



Chapter 2 Composite material modeling capabilities

Ox % ox +dox \;er‘

Figure 2 — Equilibrium condition, beam of unit cross-sectional width

Al
z
1=3
nk n X
r=1 _m——)

Figure 3 — Laminate configuration

Using the classical lamination theory, the strain distribution is linear through
the thickness. However, the stress distribution is piecewise linear because of modulus
changes between plies. Based on elementary beam theory, the axial stress distribution
within the i® ply (Figure 3) can be expressed as:

(¢.) = (E)(z-%,) _ (EJ,)E(Z_.—Z.“*'J,)ll«[Jr » <res (5)
cJi (E[I z,, z,

p

where Z_ = directional bending center (location of the neutral surface)

p = radius of curvature of the neutral surface of the beam
(-1:.:7)x = equivalent bending stiffness of the laminate

M, = bending moment

12
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The location of the directional bending center Z, is given by:

i(Ex )i %'(ziz - Zi-lz ) (6)

1=l

SEN e -)

=)

T

Differentiating (5) with respect to x and substituting it into (4) yields:

(Ex)i(z—fx)Vx M

a(rr:)i = a(ax)i - z <z<LK 2
& o (21) R

Then. integrating (7) with respect to z yields an expression for the interlaminar shear

stress distribution within the i ply:

tay
d

2 (8)
(re), =-(E‘)‘V‘ ['?-— ,z]-i-C, z,,<z<z

The known boundary conditions at the ply interfaces are used to determine the constants

Ci. For the first ply at the bottom surface (i = 1 and z = 2p), 7. =0 and therefore:
VAE 2.} 9
C =- ‘_(_‘)' [-—;—-{-2‘ zo]

Then at the interface between the first and the second plies (z = z;):

V.tEx )l 1 2 ( 1 0)

(r.) = -—(E—IL—[E(ZI A A LR )]

and

13
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- V(E) 5 . (b
(r,=)2 = —(E)X—[T—_ -,]+C

The value of C, is obtained by equating (10) and (11):

V_,(E,)z( ' ., } (12)

(13)

(r.), = (o) _((__)_[ (2 -z.2)-z, (_,_z'_l)] (14)

And at any ply interface z;, the shear is therefore:

) = 36N T[54 >

_r 1=l

where

14
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This can now be used to evaluate the components of the transverse shear

stiffness matrix [G]. We define an equivalent transverse shear modulus G for the

laminate. based on the expression for the transverse shear strain energy U:

ol [ L (16

G(2) 2GT
where T = laminate thickness
Only the evaluation of an uncoupled x- component of the equivalent

transverse shear moduli will be demonstrated here. Equation (16) can thus be rewritten in

the tollowing form:

% v & (17)

Equation ( 14) could be substituted into (17) and integrated. A better form of (14) for this

purpose is:

_V(E), L2, 2), 5 (18)
(o) =g H U0 -5 -2 o2

where

. (19)

O ISR

Now. substituting (18) into (4), and then integrating with respect to z yields:
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1 (20)
G, e e )

where

1 1 ) 1)
«{4 -2z, )-=T, 3T}
3( x l—[) 4 t} %

T: = (Z, —:I-—l)

This equation allows to calculate the uncoupled x- component of the
equivalent transverse shear modulus G, or G,, . Note that the moduli for individual plies

(G,), are provided through user input. Equation (20) can be generalized in the following

torm to provide for calculation of the other components:

o 22)
2 k,£=l.,2
ARG
where
12 (23)
(E[) Dn F}
— 12
(E{)H_Dn-i

Finally. because in general Giz # G2 , an average of the two values will be used for the
coupling terms. The transverse shear stiffness matrix is therefore as follows

o], %
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3 Main rotor yoke finite element model

3.1 General description

The main rotor yoke is a ‘+’ shaped single piece structure made of glass fiber
laminated composite. The yoke is the primary load bearing part within the main rotor hub
assembly. The tapered section of each ‘arm’, called the flexure, allows for elastic
deformation of the rotor hub in order to accommodate the blades flapping motion. The
thick central section, and the thick outboard end of each arm, are used for attachment
with the main rotor hub and with the blades, respectively (Figure 1).

The yoke is made of three different forms of the same E-glass / epoxy
material: roving, unidirectional tape and woven fabric. Continuous 0° roving belts (four
belts across each pair of opposing arms) are manufactured separately, and then laid up in
a mold with numerous = 45° fabric and 0° tape plies of various length to achieve the

tapered flexure profile. The layup is therefore not constant across the laminate.

The main rotor yoke is subjected to a complexe dynamic loading
environment: axial centrifugal force CF, cyclic beamwise bending loads £} (due to the
blades vertical flapping motion) and cyclic chordwise bending loads F. (due to the blades

lead-lag motion). These loads are shown schematically on Figure 4.

Finally, note that specific locations (sections) along one of the yoke arms are
referred to in terms of ‘station’, i.e. the distance in inches between the section and the

rotor axis.
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<IN

Figure 4 — Main rotor yoke loading environment

3.2 Model overview

A global model of the Main Rotor Yoke was created using NASTRAN
laminated composite shell elements capabilities. Detailed modeling of the yoke’s
laminated composite structure was carried out, in order for the model to correctly
reproduce the global response of the part, but also to yield detailed local ply stress and

strain results (within the limitations due to the use of two-dimensional elements).

The voke geometry used for developing of the finite element model was
obtained from the CATIA CAD model of the part. Using the midplane of this solid
model. a tridimensional shell model was created, and served as a geometrical basis to
develop the NASTRAN finite element model (Figure 5). Because of the existing
symmetries in the geometry and internal structure of the yoke, only one of the four yoke
arms was modeled. [n reality, if one considers the exact laminating sequence, there is a
slight difference in the layup of the two pairs of opposing arms due to the position of the
roving belts. but in order to keep the model reasonably simple, the four arms were
considered as identical. When required, a more complete model of the yoke can be easily
obtained by copying this one-arm model.
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Four-noded quadrilateral isoparametric shell elements (CQUAD4) were used,
together with several three-noded triangular isoparametric shell elements (CTRIA3),
when required by the geometry. Although NASTRAN also has higher order shell
elements that can be used for composite materials applications, these elements were not
used at first in order to limit the size of the model. It will be shown in section 3.5.4 that
for the present model. the use of higher-order elements would not result in any significant

improvement in precision.

Ty
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Figure 5 - Yoke finite element shell mesh

3.3 Materials and layup

3.3.1 Ply material properties

The main rotor yoke laminate structure is made of three different composite
ply materials: glass fiber/epoxy roving, glass fiber/epoxy tape, and glass fiber/epoxy
woven fabric. Roving and tape plies are unidirectional (Figure 6), while fibers in the plain
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weave fabric are at 0°/90° (Figure 7). The x, y and z axes are in the longitudinal,

transverse and normal directions, respectively.

Within the scope of the present study, the raw prepregs materials are not
available for testing. It is therefore not possible to perform any experiment to characterize
the material parameters (moduli and strengths). However, most of the required material
characterization has already been performed. Those material parameter values that cannot
be tound in the available documentation are approximated based on material symmetries,
and on similar data for the other materials. Table 1 summarizes the material properties
used in this study. E«, Eyy, Exy, Exq, Ey. are the longitudinal, transverse, in-plane shear,
out-of-plane shear (x-z plane) and out-of-plane shear (y-z plane) modulus, respectively.
vy is the Poisson’s ratio. and p is the density. X;, Yi, X, Ye, Sxy and Sp are the
longitudinal tensile, transverse tensile, longitudinal compressive, transverse compressive,

in-plane shear and interlaminar shear strengths, respectively.

Figure 6 — Structure of tape and roving unidirectional plies

=
W T -
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Figure 7 — Structure of woven fabric plies

20



Chapter 3

Main rotor yoke finite element model

Roving Tape " Fabric

Exx Msi
(Gpa)
Eyy Msi
| (Gpa)
Exy Msi
(Gpa)
Exz Msi
(Gpa)
Eyz Msi
(Gpa)

vy - Data removed for protection

| of proprietary information
p Ib/in’
(kg/m’)
| Xt ksi
| (Mpa)
I TR
; (Mpa)
~Xc ks
(Mpa)
Ye ksi
(Mpa)
Sxy kst
g (Mpa)
~Sb ksi
| (Mpa)

Table | - Material parameters of the yoke glass fiber/epoxy materials
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For a given ply direction, the NASTRAN orthotropic material definition does
not allow input of different values for tension and compression moduli. However, the
available data shows that all three ply materials are significantly stiffer in compression
than in tension. Because of the loads the yoke is subjected to, it will deform mainly in
bending. meaning that roughly half of the laminate is under tension while the other half is
under compression. [t is therefore assumed that by using an average value of the tensile
and the compressive moduli, the global stiffness of the model will approach that of the
real part. This will be verified using experimental yoke stiffness data (section 3.5).

The bonding shear stress limit, which represents the interlaminar strength of
the laminate, must have the same value for all three ply materials. This is because the
interlaminar strength depends mainly on the resin properties. [ndeed, available values of
interlaminar shear strength for these materials are found to be very similar. The lowest of

the three values (i.e. interlaminar shear strength of fabric) is used in the model.

3.3.2 Composite laminates

As described in Section 3.1, the tapered geometry of the yoke is obtained by
gradually dropping internal plies along the flexure. The only way such a tapered laminate
can be modeled with NASTRAN is using a succession of flat laminates decreasing in
thickness. The continuous taper is therefore approximated by a series of discrete steps, as
shown in Figure 8. For the yoke model (one arm), a total of 60 different sub-laminates are
required in order to obtain a geometry reasonably close to that of the part (Figure 9). The

finite element mesh was created so that it coincides with this partition of the model.

Side view

Figure 8 — Approximating the taper with a succession of flat laminates
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Figure 9 — Yoke model partition into sub-laminates

3.3.3 Individual ply thickness

The cured ply thickness is data that is readily available, but it is only a mean
value for given curing conditions. If a higher pressure is applied during the cure cycle.
more resin will flow out of the laminate, resulting in thinner plies. Moreover, for a
complex laminated part cured in a closed mold, as for the main rotor yoke, the pressure
applied to the composite plies may not be constant in all areas. This would cause the
cured ply thickness to vary from one area to another. It is therefore required to determine
realistic cured ply thickness values for the model. The nominal cured ply thickness for
the tape and fabric materials are given in Table 2. The nominal thickness of the roving
layers is given by the dimension of the tool [33] used to manufacture the belts by filament
winding. Using these values and the exact yoke laminating sequence, the global thickness
of the laminate is calculated at various locations along the flexure, and then compared to
the actual voke mold shape. Figure 10 shows that if the nominal ply thickness values are
used. the resulting model is significantly too thick.
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Several combinations of reduced roving, tape and fabric ply thickness values
have been studied, in order to bring the thickness of the model closer to the yoke mold
shape. Given that the roving belts run on the entire length of the yoke arm, varying their
thickness causes the model thickness to vary of an equal amount on the entire length of
the flexure. On the other hand, the fabric and tape layers are used to build up the tapered
geometry of the yoke. Therefore, varying the fabric and/or tape ply thickness will cause
the model thickness to vary much more in the inboard and outboard ends than in the
thinrer part of the flexure. The reduced ply thickness values given in Table 2 are found to
vield a global model thickness that is very close to the yoke mold geometry, as shown in
Figure 11. This combination is therefore retained for the yoke shell model. Note that any
of the ply thickness combinations studied overestimated the thickness of the inboard area,
while underestimating the thickness of the outboard area.

Ply thickness Roving Fabric Tape
| n. 0.054 0.0092 0.0092
Nomimalvalue o) (137) (0.234) (0.234)
i . 0.050 0.0080 0.0080
 Reduced value (1.27) (0.020) (0.020)

Table 2 — Cured ply thickness, nominal and reduced values
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M .
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Figure 10 - Model thickness with nominal values of ply thickness
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Figure |1 — Model thickness with reduced values of ply thickness
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3.3.4  Postprocessing considerations

As described in section 3.3.2, the tapered yoke flexure is modeled by a
succession of flat laminates decreasing in thickness. In the NASTRAN model definition,
the layups for each of these laminates are defined independently from each other. The
cade does not allow the user to keep track of a given ply across different laminates, or to
identify which plies have been dropped between two adjacent laminates. For example in
Figure 12. a tive plies laminate reduces to three plies after internal plies are dropped. In
Figure 12(a). the bottommost ply is identified as ply S in laminate A, while the same ply
is identified as ply 3 in laminate B. Clearly in this case, it is not possible to postprocess
the analysis results by “global layer”, i.e. with respect to the actual composite plies from
which the part is built. The individual plies identification would need to be consistent

between the various laminates, as in Figure 12(b).

A technique was developed to overcome this problem, and allow tor
appropriate and meaningful postprocessing of the results. It requires to modify the layup
of the laminates defined in the model. When one or more plies are dropped between a
given laminate and the adjacent one, instead of completely removing the dropped plies
from the layup, these plies are kept in the laminate as extremely thin dummy layers,
about 12 orders of magnitude thinner than the real plies. This method is based on the
assumption that if the thickness ratio between the real plies and the thin dummy plies is
large enough. the presence of the “dummy™ plies will not have any noticeable influence
on the results. The validity of this assumption was verified using a simple representative

test case. as described in appendix A.

However, the technique previously described presents a major drawback, in
that it significantly increases the size of the model, and the time required for
computations. The main area of interest for the present study is the inboard region, from
the thick central part up to the thinnest part of the flexure, at station 13.0 (Figure 14). In
order to limit the size of the model, only the laminates in that portion of the yoke were
modified by the “dummy plies” technique.
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Figure 12 - Individual plies in a laminate (a) as defined in NASTRAN, (b) required for

meaningful results postprocessing
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Figure 13 — New laminate definition using thin dummy layers

Figure 14 — Laminates modified to allow for ply-by-ply results postprocessing
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3.4 External loads

In actual use, external loads are applied to each arm of the yoke through a CF
elastomeric bearing which is attached to the yoke by an aluminium adaptor (Figure 15).
The elastomeric bearing is free to twist, so that the yoke does not react torsion. Therefore,
the yoke is only subjected to centrifugal force, and to chordwise and beamwise bending
loads. [t can be assumed that the resultant of these external loads is applied on the adaptor
at the CF elastomeric bearing focal point, which is at station 19.0 on the centerline of the

arm (see Figure 16).

The actual load distribution along the yoke/adaptor contact interface is
unknown. [n the model, the load distribution along this interface will directly depend on
how the adaptor and the yoke/adaptor interface are modeled. The adaptor is assumed to
be a rigid body. It is also assumed that there is no friction between the yoke and the
adaptor. and thus that only normal contact forces are transmitted at this interface. Pairs of
coincident nodes are created all along the yoke/adaptor interface. The adaptor is
represented by a single rigid element (an RBE2 element) connecting a node of each pair
to the central node where external loads are applied (Figure 16). The radial contact at the
voke/adaptor interface is modeled using contact (CGAP) elements between the coincident
interface nodes. The out-of-plane contact between the flanges on the adaptor and the
top/bottom surfaces of the yoke is modeled by constraining the coincident nodes to move
together in the vertical plane. Thus, the true area of contact between the adaptor and the

voke is modeled, making the load application more realistic.

Figure 15 — Yoke outboard adaptor
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APPLICATION

OF EXTERNAL
LOADS

Figure 16 — Modeling of the yoke-adaptor radial interface
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3.5 Verification of model stiffness

3.5.1 Experimental data

As a preliminary validation for the yoke finite element model developed in
this study, the stiffness of the model is compared with experimental data. The stiffness, or
load - deflection experimental data was gathered during strain gages calibration tests
performed at the Structural Test Laboratory of Bell Helicopter Textron, Fort Worth [34].
Those experiments were performed on a rigid test fixture. All the supporting parts in the
the main rotor hub assembly (Figure 1) were included in the test assembly, in order to
reproduce the environment encountered by the yoke in actual flight conditions. The
bending loads ~ beamwise or chordwise — were applied to one arm at the time, while the
central section of the yoke was rigidly maintained on the test fixture. The outboard
adaptors were not installed, thus the external loads were applied directly on the outboard

voke surtace (Figure 17).

3.5.2 Modeling and analysis

[n order for the model to properly represent the experimental configuration,
the stiffness of the two arms adjacent to the one being loaded needs to be taken into
account. A finite element model corresponding tc three-quarters of the yoke (Figure 18)
is theretore obtained by simply copying the one-arm model previously described. The

external loads are applied to the model directly on the appropriate shell element node.

All six degrees of freedom are constrained on boundary A (Figure 18), which
represents the location of the assembling bolts that rigidly maintain the yoke on the test
fixture. On the two boundaries B and C, all degrees of freedom are constrained except T,
(in local coordinates) to allow for radial expansion. Even though the latter restraints are
slightly over-constraining the model, they are located far enough from the area of interest
on the loaded arm to assume that they have a negligible influence on the results.

For both chordwise and beamwise loading conditions, calculations are

performed both using a linear solution sequence (SOL 101) and using a non-linear
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solution sequence (SOL 106). This will allow to evaluate whether it is required to
perform non-linear (iterative) calculations, which are significantly more time consuming

than the one-step linear calculations.

Figure 18 — Three-arm model and restraints

3.3.3  Analysis results

The analytical load-deflection results obtained for beamwise and chordwise
bending are shown in Table 3 (Figure 19) and Table 4 (Figure 20), respectively. Under
beamwise bending loads, the non-linear analysis yields results that are slightly more
precise than those obtained with a linear analysis. This is because the structure
experiences large deflections. The global stiffness matrix needs to be reevaluated based

on an updated model geometry, and this requires the use of an iterative non-linear

31



Chapter 3 Main rotor yoke finite element model

solution sequence. The beamwise bending stiffness of the finite element model, as
obtained with the non-linear analysis, is shown to be about 9% lower than the stiffness of
the actual part, which is considered to be an acceptable correlation.

Under chordwise bending loads, the linear and non-linear solutions yield
virtually the same load-deflection results. The yoke being much stiffer chordwise than
beamwise. no relatively large displacements are involved and therefore a non-linear
analysis is not required. However, the load-deflection results obtained are obviously
wrong. the model being too stiff by as much as 55%. According to NASTRAN analysis
specialists. such results are completely unexpected. They could be due to the element
formulation yielding to shear stiffness problems, when used for modeling tapered
laminates. However, the cause of the problem is very difficult to assess here because of
the complexity of the model (geometry, materials and laminate layup). In order to
confirm the source of the problem, much additional work would be required. One would
need to perform a series of experiments on various simple test specimens, and correlate
the results with the correponding finite element analyses. This work was not conducted
within the scope of this study; the raw prepreg materials are not available, therefore it is

not possible to manufacture the required test specimens.
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Load Beamwise deflection (inches)

(Ibs) Experimental Linear %error | Non-linear %error
97 0.293 0.355 21.2% 0.356 21.6 %
194 0.636 0.710 11.6 % 0.710 11.6 %
292 0.977 1.069 94 % 1.063 8.8%
389 1.294 1.424 10.0 % 1.407 8.8%
486 1.61 1.779 10.5 % 1.745 84%

Load Beamwise deflection (mm)

(N) Experimental Linear %error | Non-linear %error
431.5 744 9.02 21.2% 9.04 216 %
863.0 16.15 18.03 11.6% 18.03 11.6 %
1298.9 24.82 27.15 9.4% 27.00 8.8%
1730.3 32.87 36.17 10.0 % 35.74 8.8 %
2161.8 40.89 45.19 10.5% 44.32 84%

Tuble 3 ~ Experimental and analytical beamwise bending load-deflection results

Tip deflection (in)

™) 2500
- 50
e
£
——— Experimental
....... Model (non-lin.)
0
200 400 600
Apphed load (Ibs)

Figure 19 ~ Experimental and analytical beamwise bending load-deflection
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Load Chordwise deflection (inches)
(Ibs) Experimental Linear %error | Non-linear “error

467 0.028 0.0138 -50.8% 0.0138 -50.8 %

934 0.059 0.0275 -53.3% 0.0275 -53.3%

1402 0.092 0.0413 -55.0% 0.0413 -55.0%

1869 0.126 0.0551 -56.3 % 0.0551 -56.3 %

2336 0.160 0.0689 -56.9 % 0.0689 -56.9%
Load Chordwise deflection (mm)

(N) Experimental Linear  %error | Non-linear %error
2077.3 0.711 0.351 -50.8 % 0.351 -50.8%
4154.6 1.499 0.699 533 % 0.699 -333%
6236.4 2337 1.049 -55.0% 1.049 -55.0%
8313.7 3.200 1.400 -56.3 % 1.400 -56.3%
10391.0 4.064 1.750 -36.9 % 1.750 -56.9%

Tuble + ~ Experimental and analytical chordwise bending load-deflection results

0 )
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012 . ... Model (non-lin.)

Tip deflection (in)

0.03 -

s
-
-
-
.-
.....
-
e
="
-
-
-
-
.=

0.00 - 0
0 500 1000 1500 2000 2500

Applied load (Ibs)

Figure 20 — Experimental and analytical chordwise bending load-deflection
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3.5.4 Higher order shell elements

[t is desired to verifiy if the element topology used in the model is appropriate
or if higher order shell elements, also available in NASTRAN, would yield more accurate
results. A second three-arm model is therefore created using higher order (quadratic)
elements: eight-noded quadrilateral shells (CQUADS) and six-noded triangular shells
(CTRIAG). The composite layup, boundary conditions and loads are exactly the same as
in the model described in the previous section. A load-deflection analysis is performed
with this second model. A non-linear solution is used for beamwise bending while a
linear solution is used for chordwise bending. Results are given in Table 5 and Table 6,

respectively.

Load Beamwise deflection (inches)

{lbs) Experimental Linear %error | Quadratic %error
97 0.293 0.356 21.6% 0.355 212 %
194 0.636 0.710 11.6 % 0.711 11.8 %
292 0.977 1.063 8.8% 1.070 9.5%
389 1.294 1.407 8.8% 1.425 10.1 %
486 1.610 1.745 84% 1.780 10.7 %

Load Beamwise deflection (mm)

(N) Experimental Linear = %error | Quadratic %error
431.5 744 9.04 21.6% 9.02 21.2%
863.0 16.15 18.03 11.6% 18.06 11.8%
1298.9 24.82 27.00 8.8% 27.18 95%
17303 32.87 35.74 8.8% 36.20 10.1 %
2161.8 40.89 4432 84% 45.21 10.7 %

Tuble 5 — Beamwise bending load-deflection results as a function of element topology

(non-linear solution sequence)
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Load Chordwise deflection (inches)
(Ibs) Experimental Linear %error | Quadratic %error

467 0.028 0.0138 -50.8 % 0.0138 -50.7%

934 0.059 0.0275 -53.3% 0.0276 -53.2%

1402 0.092 0.0413 -55.0% 0.0415 -549%

1869 0.126 0.0551 -56.3 % 0.0553 -56.1 %

2336 0.160 0.0689 -56.9 % 0.0691 -56.8 %
Load Chordwise deflection (mm)

(N) Experimental Linear %error | Quadratic %error
20773 0.711 0.351 -50.8 % 0.351 -50.7%
4154.6 1.499 0.699 -53.3% 0.701 -53.2%
6236.4 2.337 1.049 -355.0% 1.054 -549%
8313.7 3.200 1.400 -56.3 % 1.405 -36.1 %
10391.0 4.064 1.750 -56.9% 1.755 -56.8 %

Tuble 6 - Chordwise bending load-deflection results as a function element topology

(linear solution sequence)

The beamwise stiffness obtained with the original model (linear element
topology) is shown to correspond better to the experimental results than the stiffness
calculated using the higher-order elements. In chordwise bending, the calculated stiffness
is the same using either element topology. Moreover, the use of higher order shell
clements results in a significant increase in computation time, due to an increased number
of degrees of freedom in the model. Therefore, there are no advantages in using higher

order elements in the present model.
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3.6 Verification of calculated stress field

3.6.1 Experimental data

An extensive fatigue test program [35] was conducted on the main rotor yoke.
These tatigue tests were performed on an hydraulic test bench specially designed for this
purpose. which can subject the entire yoke to realistic multidirectional loads: a static
tensile load (corresponding to the centrifugal load) as well as oscillatory beamwise and
chordwise bending loads (Figure 21). Note that while the axial tensile load (CF) and the
beamwise bending load (Fb) are the same on each arm, the chordwise bending loads are
applied in opposite directions on adjacent arms. All the supporting parts in the main rotor
hub assembly (Figure 1) were included in the test assembly, in order to reproduce the
environment encountered by the yoke in actual flight conditions. The yokes used in this
fatigue test program are basically the same as those used in the experimental portion of

the current research program, except that they were made with a different resin system.

Figure 21 —External loads applied to the yoke in fatigue tests

This test program provided typical load vs number of cycles to failure (S-N)
data tor each specimen tested. The results available also include information on the
nature of the failures and the approximate location where these failures were observed.
Although these fatigue test results cannot be used to perform a quantitative validation of
the model (because of the difference in the resin system), part of these results can be used
in a qualitative evaluation of the model. The objective is to verify whether the areas
where failures were observed in the fatigue experiments correspond to areas in the model

where high stress levels are encountered.
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3.6.2 Determination of external loads

The bending loads to which the yoke is subjected to are usually described in
terms of resultant bending moments at a specific location, usually station 7.0 or station
8.75. Experimentally, the resultant bending moments are directly measured using
properly calibrated strain gages. In the present finite element model, the loading of the
voke is only known in terms of the external forces applied to the outboard adaptor, as
described in section 3.4. Consequently, in order to correlate the finite element model with
the existing data. a relationship must be established between the external forces applied to
the model and the resultant bending moments.

The resultant chordwise bending moment at a given location of the flexure can
be directly calculated based on the unioaded configuration. The moment arm of Fc is
assumed not to vary upon loading, given that chordwise deflections remain very small.
The load Fc being applied at station 19.0 (see section 3.4), the resultant chordwise

bending moment at station X will be given by:

M, =F -(19.0-X) 2%

A different approach is required to calculate the beamwise bending moment,
because the structure undergoes large flapping deformations. Both Fb and the centrifugal
load contribute to the resulting beamwise bending moment. While the moment arm of Fb
could be assumed constant, the moment arm of the centrifugal force is strongly dependent
on the deformed geometry, as shown in Figure 22. The directions of the forces, Fb and
CF. are assumed to remain constant, even under large deflections. The relationship
between the load Fb applied to the yoke and the resultant beamwise bending moment can
therefore not be defined in terms of an explicit equation. For a given loading condition, a
non-linear finite element analysis must first be performed to obtain the final deformed
shape of the yoke under the combined Fb and CF loads. The deflection results obtained
are then used to determine the new moment arms (Ax and A;) of the external forces. The

resultant beamwise bending moment is given by:
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Figure 22 — Applied loads vs deformed and undeformed geometry

Using this procedure systematically, one can develop curves of resultant
beamwise bending moment as a function of the applied Fb load, for a given value of

centrifugal force. CF. Figure 23 shows an example of such a curve for a constant

centrifugal torce of 33150 Ibs.
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Figure 23 — Curves of resultant beamwise bending moment (Mb) as a function of the
beamwise bending load (Fb) applied, for 33150 Ibs of centrifugal load.
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3.6.3 Analysis and results

Because of the symmetries that exist in the external loads applied to the yoke
(Figure 21), only one yoke arm with proper boundary conditions is required in the model
in order to properly represent the test conditions. All six degrees of freedom are
constrained on boundary A (Figure 24), which represents the location of the assembling
bolts that rigidly maintain the yoke and the supporting parts. The nodes on the two
boundaries B and C are constrained in Ty, Rx and Rz (in local coordinates) because of
the existing symmetries both in the geometry of the part and in the loads applied.

B/"M'_——

Figure 24 — Inboard restraints on the model for yoke fatigue tests

A qualitative comparison is to be performed between static stress analysis
results and the fatigue experimental results. In order for that comparison to be valid, only
the oscillatory part of all stress components must be considered. This is achieved by
performing two separate finite element analyses for each test condition. One analysis uses
the maximum peak loads (steady loads plus oscillatory loads), while the other analysis
uses the minimum peak loads (steady loads minus oscillatory loads). After the analyses
are completed. the two stress results sets are subtracted.

All of the failures observed during yoke fatigue experiments were due to
delamination [35]. Based on examination of the fracture faces, these delaminations were

determined to have occurred due to interlaminar shear. Most of them were located in the
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same area of the yoke, between station 6.0 and station 9.0, on the bottom side of the
flexure between the lower roving belt and the outermost group of unidirectional tape plies
(Figure 25). Detailed information on the exact location of the delaminations (i.e. at which

specitic ply interface they were observed) is not available.

Figure 25 — Approximate location of delaminations in fatigue experiments

An example of the oscillatory stresses distribution calculated with the model
is shown in Figure 26 through Figure 29, here for fatigue experiment #1. Note that very
similar results are obtained for the other test specimens. All results are shown for the
same fabric ply (ID 107), which is located between the lower roving belt and the
outermost group of unidirectional tape plies, i.e. where delaminations were observed
experimentally. These results indicate that the laminate failures observed during fatigue

experiments coincide well with with highly stressed areas, more specifically with high

values of the interlaminar shear stress and normal tensile (5;) stress.

This qualitative correlation suggests that the yoke finite element model is
reasonably representative of the yoke, and is able to properly simulate its properties. A
more detailed validation of the yoke model will be carried out in Chapter 4.
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Figure 27 — Yoke fatigue test #1 : Oy oscillatory stress results (layer 107)
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Figure 28 — Yoke fatigue test #1 : G, oscillatory stress results (layer 107)
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Figure 29 — Yoke fatigue test #1 : Oy, oscillatory stress results (layer 107)
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4 Yoke specimen static experiments and analysis

A series of experiments is to be performed on specimens cut out of actual
main rotor yokes. The purpose of these experiments is to generate data on the static and
fatigue properties of the yoke as a whole, under simple and controlled testing conditions.
The experimental results are to be correlated with analytical results from a finite element
analysis of the specimen, in order to develop a model for predicting the fatigue behavior

of the voke.

4.1 Introduction

[n actual flight conditions, the yoke is subjected to a complex combination of
steady and oscillatory loads: oscillatory beamwise bending loads, oscillatory chordwise
bending loads. and a steady centrifugal load (Figure 4). In order to experimentally
recreate such a loading environment, a complex test apparatus would be required. In the
present study. it is desired instead to subject the yoke specimens to much more simple

test conditions.

The major deformations experienced by the yoke in flight are due to the
blades™ flapping motion, i.e. beamwise deflection of the yoke flexure. In a previous study
[35]. even though complex multiaxial loads were applied to the yoke during the
experiments, the measured beamwise bending moment was considered to be the
determinant parameter in delamination of the yoke. The present study will therefore
concentrate on this specific component of the yoke loading environment. Only beamwise

bending loads are to be applied to the yoke specimen in the experiments.

4.2 Specimen geometry

Several points need to be considered when selecting the proper specimen
geometry to be used in the experiments, to make sure that the results obtained from

specimen testing are as representative as possible of the entire yoke mechanical behavior.
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Most of the failures observed in previous yoke fatigue experiments [35] were
delaminations originating at the edges of a flexure. This suggests that the edge effect
plays an important role in these failures. If a narrow beam-like specimen was to be cut in
the voke flexure, the width-to-thickness ratio of this specimen would be significantly
smaller that in the actual yoke, thus increasing the influence of the edge effect on the
failure. [t is therefore desirable that the selected test specimen geometry includes the full
width of the yoke flexure, to ensure that they will be representative of the yoke
mechanical properties. Also, examining these results from previous fatigue experiments,
it is observed that most of the delaminations occurred between station 6.0 and station 9.0
on the tlexure. This can therefore be considered a critical area for failure. In order to
allow for meaningful correlation between the yoke specimen and the entire yoke, it is
desired that this portion of the flexure be included in the test specimen. Care must be
taken when selecting the geometry of the specimen and designing the test fixture, so that
the test fixture does not induce any local stress concentrations in that critical area. The
voke test specimen must also include a portion of the thick and flat inboard section of the
voke. in order to provide a good attachment area to install the specimen on the testing

machine.

Two specimen shapes can be obtained, which meet all of the above
requirements (see Figure 30). Specimen type #1 can provide up to eight specimens per
voke. However, the portion of the specimen that can be used for installation on the testing
machine is relatively small, and not well aligned with the flexure. Specimen type #2
appears to have better overall characteristics: the portion of the specimen that can be used
for installation on the testing machine is much wider, and allows to properly constrain the
specimen beamwise. Although only four specimens of this type can be obtained from a
voke. this specimen shape is selected for the present study due to its superior geometrical
characteristics (Figure 31). The flexure will be cut at station 13.0, just after it reaches its

minimum thickness.

[t should be noted that the two yokes made available for testing are actual

production parts that were rejected because of local defects in the composite laminated
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structure (porosity, inclusions or fibers misalignment). Great care was taken, when
selecting the specific arms to be used as specimens, to ensure that all of these known

defects are avoided.

N

Specimen type #1 Specimen type #2

Figure 30 - Two types of yoke test specimens

Figure 31 — Selected test specimen geometry
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4.3 Test apparatus

All experiments were conducted in the Composite Materials Laboratory, in the
Department of Mechanical Engineering of McGill University. The yoke specimens were
tested on an MTS 810 hydraulic load frame, having a capacity of 25 metric tons.

A specially designed test fixture (Figure 32) is used to install the specimens
on the testing machine. The upper cantilevered part of the test fixture is attached to the
steady crossbar of the load frame. The test specimen is then fastened to this part by
means of four bolts. Beamwise bending loads are applied to the test specimen at station
12.0. via a horizontal steel cylinder fixed on the moving hydraulic head of the load frame.

The cylinder extends across the entire width of the flexure.

Figure 32 — Test apparatus
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4.4 Finite element model of the test specimen

A finite element model of the yoke test specimen (Figure 33) was developed
based on the global yoke model described in Chapter 3. The geometry and laminated
composite structure of the specimen are exactly the same as in the corresponding area of
the global yoke model. The finite element mesh is also very similar, except for the thick
end of the specimen which was completely remeshed in order to allow for proper

modeling of the specimen’s boundary conditions.
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Figure 33 — Finite element model of the test specimen

As described in section 4.3, the thick end of the test specimen is rigidly
attached to the test fixture by means of four bolts. This is represented in the model by
constraining the nodes corresponding to the location of the four bolts, so that no

displacement is allowed in all six degrees of freedom.

[t is also necessary to properly model the displacement restraint imposed to
the specimen where it contacts with the test fixture. The area where the yoke and the test
fixture are in contact is determined by the tapered geometry of the yoke, rather than by
the geometry of the fixture, as shown in Figure 34. The surface of contact is therefore as
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indicated by the shaded area in Figure 35. The test fixture is modeled by adding a set of
. fully constrained nodes to the model. These new nodes are coincident with the shell
¢lement nodes located on the sides of the surface of contact. Contact (CGAP) elements
are defined between these coincident nodes, in order to simulate the contact between the

two surfaces (Figure 35).

Figure 34 - Surface of contact between the yoke specimen and the test fixture

Figure 35 — Restraints on the specimen model due to the test fixture

The external bending load is applied to the test specimen by means of a
cylinder pushing on the outboard end of the flexure. In order to simulate properly the
loading configuration, the cylindrical loading head needs to be inciuded in the finite

‘ element analysis. It is modeled by a rigid element (Figure 36), and constrained so that it
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can only move vertically without any rigid body rotation. The contact between the
loading head and the test specimen is modeled using contact (CGAP) elements, defined
between the nodes of the cylinder and the corresponding nodes on the specimen model.
The result is that upon loading, all the shell element nodes at the interface undergo the

same vertical displacement.

Figure 36 - Specimen model loading

4.5 Verification of boundary conditions

[n order to assess the validity of the proposed boundary and loading
conditions. an arbitrary load is applied to the model, and the distribution of forces at the
inboard and outboard interfaces of the model is qualitatively evaluated. Note that in order
for the gap elements to behave as non-linear elements (i.e. different stiffness values in
tension and in compression), the analysis must be run using a non-linear soiution

sequence.

The contact forces between the specimen and the test fixture are as shown in
Figure 37. On the edge between points A and C, the distribution of contact forces is
asymmetrical. because the external load applied by the cylinder is eccentric with respect
to the bolted artachment. The edge between points B and C is free of contact forces; this
can be explained by the edge A-C acting as a pivot line. The distribution of contact forces
observed in the model therefore appears to be in good agreement with the loading
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configuration. It can be noted in the resuits that the model exhibits a load concentration at
point B. It is however very unlikely that a similar concentrated reaction exists in the
actual experimental conditions, because the contact between the specimen and the fixture
at this point is a smooth curve, rather than a sharp edge (Figure 34). This characteristic of
the geometry cannot be taken into account in the model; therefore, the resultant local rise

in stresses will simply be ignored in the results.

Figure 38 shows the load distribution at the interface between the loading
head and the surface of the specimen. The calculated load distribution is clearly
asymmetric: much more pressure is applied on one side of the flexure than on the other
side. This phenomenon was confirmed experimentally during fatigue tests (Chapter 5), by
an apparent wear of the surface of the specimen under the loading head. The surface wear
is observed to be much more severe at the location where higher contact forces are
predicted by the model. It is believed that because the external loads applied through the
cvlinder are eccentric with respect to the specimen’s inboard constraints, the flexure

tends to warp under bending, causing the observed asymmetrical load distribution.
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Figure 38 — Contact forces at the interface between the loading head and the specimen
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4.6 Verification of the model stiffness

[n Chapter 3, the stiffness of the global yoke model was verified against
experimental load-deflection data from tests performed on a complete yoke arm. In this
study. similar quasi-static non-destructive experiments are performed on the yoke
specimens, and results are then correlated with the stiffness calculated with the specimen
finite element model. Given that the test specimen finite element model is basically a
portion of the global yoke model, these new experimental load-deflection results will
provide an additional validation of the stiffhess of the global yoke model.

Displacement is gradually applied to the end of the specimen under test, and
load-displacement data points are recorded at regular intervals by the testing machine
controller. The displacement values are given by the relative position of the loading head.
Corresponding analytical results are calculated with the specimen model. Comparison
between the experimental and analytical load-deflection curves (Figure 39) suggests that
the model has a slightly higher stiffness than what is observed experimentally. However,
a closer look at the experimental setup revealed that a movement occurs in the test
assembly when load is applied to the specimen. The exact source of this unwanted
detlection in the fixture could not be determined, whether it is the test fixture that
detlects. or part of the testing machine, or both. This will affect the measure of
displacements. but not the loads applied to the specimen. Given that all specimen testing
will be done under load control. this situation will therefore not pose a problem in further

results.

In order to obtain a valid measurement of the specimen stiffness, an additional
measurement of the displacement must be taken directly on the test specimen. An
extensometer is therefore fitted on the lower surface of the specimen, with the two
branches 17 apart at stations 7.0 and 8.0, giving a measurement of the mean surface strain
over that area (Figure 40). The surface of the specimen was sanded locally prior to
installation of the extensometer, in order to increase the surface roughness, and thus

avoid slippage of the extensometer when the specimen deflects.
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Figure 39 — Test specimen, analytical and experimental load — deflection curves

Figure 40 — Extensometer installation
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The experimental load-strain curves obtained for two test specimens are
shown in Figure 42 along with the equivalent analytical curve calculated with the finite
element model. The analytical mean surface strains, corresponding to the experimental
values measured with the use of the extensometer, are calculated based on the assumption
that the beamwise bending neutral plane is located at the midplane of the specimen
flexure. The relative displacements (translations and rotations) of two nodes located in
the center of the flexure at station 7.0 and station 8.0 are used to calculate the required

surtace strains. as shown in Figure 41.

Comparison between the experimental and analytical load-strain curves shows
that the stiffness of the model is lower than what is observed experimentally. This is
consistent with what was found in Chapter 3 for the full yoke model. However, the error
on the calculated stiffness is greater, here about 20%. This is still considered a reasonable
correlation. The increased error on the calculated stiffness is probably due to the method
used to derive the mean surface strains. The experimentally measured surface strains are
believed to be accurate, since very similar results were obtained with two different test
specimens. However, the surface strains calculated based on the finite element model are
not exact values, because of the assumption made on the location of the bending neutral
axis. The bending neutral axis is likely not to be exactly at the midplane, given that the
laminate is not flat (2° preset angie upwards) and the layup is not symmetric in the upper
half and lower half of the flexure.

Note that in Figure 39, the model seems to underpredict displacement results,
while in Figure 42 the model overpredicts strain results. In fact, this is due to the error
discussed on page 53: part of the displacement measured experimentally occurs in the test
fixture rather than within the specimen.
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Figure 42 — Test specimen, analytical and experimental load - strain curves
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4.7 Prediction of static failure

The model needs to properly simulate the properties of the test specimen
under a static load, including the ability to predict the ultimate load that the specimen can
carrv. Without meeting this requirement, the model could not be further used to predict
the tatigue behavior of the part. This comes down to verify the validity of the stress
results calculated with the model. Although the present model is not capable of
calculating detailed three-dimensional stress fields, it should, however, be able to
reasonably predict the areas of high stresses, therefore allowing estimating the location of

tailure and ultimate failure load.

Quasi-static destructive experiments were performed on two test specimens to
determine the ultimate static load the specimen can withstand. The tests were performed
under displacement control; the loading head displacement was monotonically increased
at the rate of 0.1 mm/sec until the first failure was observed. In both cases, the test

specimen showed no sign of damage prior to catastrophic delamination failure.

For the first specimen tested, the failure occurred under a load of 4680 Ibs.
Two delamination failures developed simultaneously in the specimen, both of them
between the second and the third roving belts, as shown in Figure 43. Delamination A
runs throughout the entire flexure, except for a small area near the end of the specimen,
and is located along the lower surface of the second roving belt. Delamination B runs
across a much smaller area at the end of the specimen, extending further along the edges
of the tlexure. It is located along the upper surface of the third roving belt.
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/‘I Delamination A

Delamination B

Figure 43 — Delamination failures observed for first specimen

For the second specimen tested under static load, the failure occurred under a
load of 3025 lbs. As for the first specimen tested, two delaminations developed
simultaneously near the mid-plane of the flexure. Delamination C extends over most of
the flexure. except for a narrow band at the end of the flexure. It is located along the
tower surtace of the second roving belt. Delamination D runs along the upper surface of
the third roving belt, across most of the flexure all the way to the end of the specimen. It

extends further inboard on one side of the flexure.
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N ‘ . l Delamination C

Delamination D

Figure 44 — Delamination failures observed for second specimen

Most of the delaminated surfaces in both specimens appear very smooth,
indicating a clean separation of the fabric layers from the adjacent roving belt. However
in certain small areas, indicated on Figure 43 and Figure 44 by a hatch pattern, the fabric
plies between the two central roving belts were severely damaged.

Using the average of the failure loads for the two experiments performed, the
ultimate load that can be carried by the specimen is determined to be 4850 [bs (21.5 kN).
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Finite element calculations are then performed, with that ultimate load applied to the
model.

Figure 45 shows an example of the interlaminar shear stress distribution in the
specimen. at the interface located along the lower surface of the second roving belt. The
highest interlaminar shear stresses are encountered at the edge of the specimen, close to
the point where loads are applied. The interlaminar stress distribution is very similar for
all ply locations through the thickness. Comparing these results with the characteristics of
the delaminations obtained experimentally, it appears that the highest interlaminar shear
stresses are encountered at the exact location where severe damage to the fabric plies was
observed on the failed specimens. This suggests that in the present case, the interlaminar

shear stresses are the principal factor driving the delamination failure.

Taking a closer look at this specific area, Figure 46 presents the variation of
interlaminar shear stresses through the thickness of the model. The calculated
interlaminar shear stresses are found to be the highest near the midplane of the flexure,
between the second and the third roving belts. This indeed corresponds to the ply

intertace where delaminations were observed experimentaily.

Further. interlaminar failure indices are calculated, for the interfaces where
delaminations were observed experimentally, by applying a Maximum Stress failure

criterion on the interlaminar shear stresses:

. T T 27N
F.I. = maximumof —= and —

where S, = interlaminar shear strength

Although this failure criterion is very simple, its use appeared appropriate in
this case given the predominance of interlaminar stresses in delamination failure. Also,
normal interlaminar stresses are not calculated by NASTRAN, therefore precluding the

use of other failure criteria taking these stresses into account.
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Because of the nature of the NASTRAN results files, it is not readily possible
to transter the failure indices to PATRAN, for postprocessing. A C++ program was
therefore developed to transfer the required data and allow for a graphical postprocessing
of the failure indices. The procedure used for the data transfer and the C++ code are
described in Appendix B.

Figure 47 shows a plot of the interlaminar shear stress failure indices
calculated for the interface located along the upper surface of the third roving belt. The
maximum failure index, obtained along the edge of the specimen in the area where

material splintering was observed experimentally, has a value of 1.45 .

-16.58%
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-138
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1379
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Figure 43 — Interlaminar shear stresses along the upper surface of the third roving belt.
Applied load is 4850 lbs (21.5 kN).
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Figure 46 — Values of interlaminar shear stress at the ply interfaces, at location of

maximum stresses. Applied load is 4850 Ibs (21.5 kN).

Figure 47 - Interlaminar shear failure indices (maximum stress) along the upper surface
of the third roving belt. Applied load is 4850 Ibs (21.5 kN).
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The strength of the actual yoke specimens is therefore about 45% higher than
predicted by the finite element model. However, the failure observed experimentaily
occurred exactly at the location where the maximum interlaminar shear stresses were

predicted by the stress analysis.

[t should be noted that the interlaminar failure predicted by the model does not
necessarily correspond to catastrophic failure of the specimen. During the experiments,
some initial matrix cracking, or small delaminations, may have occurred before the final
catastrophic failure. Given the thickness and the size of the yoke specimen, it is very
ditficult to detect these early stages of damage leading to an extensive visible

delamination.

Another important factor needs to be taken into account when comparing
experimental results to the finite element model failure prediction. The value of
interlaminar (out-of-plane) shear strength used in the analysis was determined using
short-beam shear tests, in accordance with ASTM D-2344 standard. This method is
widely used for material characterization. However, while it is well suited for quality
control purposes, this method does not provide proper design data [36]. The interlaminar
shear strength is determined using equations based on the homogeneous beam theory,
which does not hold for short laminated beams. Therefore the calculations only provide
an approximation of the actual interfaminar shear strength. In order to better characterize
the interlaminar shear strength of the material, additional testing should be carried out
using the double-notched specimen test method (ASTM D-2733 and D-3846).
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5 Fatigue experiments and analysis

[n Chapter 4, we described the characteristics of the test specimen and
experimental setup used in the present study. A finite element model of the test specimen
was developed, based on the model of the entire yoke. It was validated using the results
of static tests performed on two specimens. The present chapter describes the fatigue
loading experiments performed on yoke specimens. Experimental results are then
correlated with the available material fatigue data, using the finite element model of the
specimen and the Normalized Fatigue Life Model.

5.1 Experimental setup

The experimental setup used for testing yoke specimens under fatigue loading
conditions is the same as the one used for static experiments (described in Section 4.3).
However. difficulties were encountered when trying to apply oscillatory loads to the test
specimen. Under both static or fatigue loading conditions, the loads required to cause
failure of the specimen are quite high. Given the relatively low beamwise bending
stitfness of the specimen, the moving head of the load frame is required to perform large
strokes in order to generate these loads. Limitations in the stroke / load / frequency
settings due to the hydraulics of the load frame had to be taken into account when

selecting the test conditions.

Eight yoke specimens were subjected to cyclic loading. All the fatigue tests
were performed with a load ratio R (maximum peak load divided by the minimum peak
load) approximately equal to 0.5 . For each specimen, different percentages of the
ultimate static failure load (selected as the maximum peak load) are applied in order to
generate data points to build an S-N curve for the yoke specimens. The frequency of the

oscillatorv loads was set to [ Hz.
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3.2 Fatigue tests results

The first test specimen was subjected to cyclic loading with a peak load
corresponding to 70% of the ultimate static failure load. The specimen failed by
delamination after 10 072 load cycles. The failure is very similar in nature to what was
observed for the two specimens subjected to static destructive tests (Section 4.7). Two
delaminations developed simultaneously, both close to the midplane of the specimen.
One delamination covers a small area at the ouboard end of the specimen, and is located
along the upper surface of the third roving belt. The other delamination runs throughout

the entire tlexure, and is located along the lower surface of the second roving belt.

The second test specimen was subjected to cyclic loading with a peak load
corresponding to 58% of the uitimate static failure load. The specimen completed over
Ix10" load cycles without showing any sign of failure. X-rays of the specimen taken after
the test contirmed the absence of delamination. This test is considered to be a runout, i.e.

nearly intinite fatigue life for the specimen under these loading conditions.

Test specimen #3 was subjected to cyclic loading with a peak load
corresponding to 68% of the ultimate static failure load. The test was stopped after 382
100 load cvcles, after small cracks were observed in the thin resin coat covering the edges
of the specimen. However, X-rays of the specimen taken after the test did not indicate the

presence of any delamination in the specimen.

Test specimen #4 was subjected to cyclic loading with 2 maximum load
corresponding to 70% of the ultimate static load, as was done for the first test. The
specimen completed 22 700 load cycles without any sign of failure, at which point the

test was stopped. This specimen was then used for static tests.
Test specimen #5 was subjected to cyclic loading with a maximum load

corresponding to 85% of the ultimate static failure load. The specimen failed by

delamination after 27 750 load cycles. Multiple delaminations occurred simultaneously in
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the specimen, all of them being located close to the midplane of the specimen, between
the second and the third roving belt.

Test specimen #6 was subjected to cyclic loading with a maximum load
corresponding to 80% of the static failure load. The specimen failed after 53 660 cycles,
due to a component failure within the test fixture.

Test specimens #7 and #8 were subjected to cyclic loading with a maximum
load corresponding to 80% and 88% of the uitimate static load, respectively. Specimen
#7 failed by delamination after [13 910 load cycles, while specimen #8 failed after 9160
load cycles. again by delamination. Both specimens failed after friction caused some
damage at the interface between the loading head and the surface of the specimen. The
combination of high loads and small oscillatory motion between the two parts, during a

long period of time, appeared to cause an overheating of the resin at the point of contact.

Table 7 presents a summary of the fatigue testing performed on yoke
specimens. The ultimate static failure load (21.5 kN) was obtained by taking the average

tailure load for the two specimens failed under static conditions (Section 4.7).

Test ID Max. peak load | % of ult. static Stress ratio N¢

(kN) failure load (cycles)
1 15 70% 0.55 10072
2 2.5 58 % 0.54 1003 370
3 14.6 68 % 0.51 382 100
4 15 70 % 0.57 22 700
5 18.3 85% 0.51 27750
6 17.2 80 % 0.49 53 660
7 172 80 % 0.51 113910
8 19.0 89% 047 9160

Table 7 - Summary of fatigue experiments performed on yoke specimens
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Specimen failures occurred suddenly, without prior visual or acoustic signs of
damage (except for surface damages on specimens # 7 and 8). Also, for all of the
experiments performed, the specimens exhibited no significant change in stiffness, even
during the last few cycles before failure. Figure 48 shows an S-N plot of the fatigue test
results. All the experiments were included in the plot for comparison purposes, even
though some points do not correspond to failure of the specimen. The y-axis of the graph
indicates the peak applied load, expressed as a percentage of the ultimate static failure
load. There is obviously not enough data to establish a meaningful S-N curve for the yoke
specimens. However, the test points appear to align in the shape of a standard fatigue (S-

N) curve. 1.e. decreasing fatigue life with increasing applied load.

Note on Figure 48 that early failure of yoke specimen #1 (which occurred
after approximately 1x10* load cycles) is inconsistent with the rest of the experimental

results. This test specimen failed significantly earlier than expected.
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Figure 48 — S-N plot of the yoke specimen fatigue tests results
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5.3 Material fatigue properties characterization

In order to analyze the current fatigue test results using the finite element
model of the voke specimen, the fatigue characteristics of the materials from which the
yoke is built - fiberglass tape, roving and woven fabric — need to be evaluated. Similarly
to the approach that was previously taken for static failure of the specimens, only the
interlaminar shear component of the stress will be considered in the analysis. This was

shown to vield satisfactory results in terms of delamination failure prediction.

interlaminar shear fatigue data from material characterization tests is only
available for the tape and roving plies [37]. A limited number of tests were performed.
All material fatigue testing was done at the same level of mean stress, with different
values of oscillatory stresses (or stress ratio) for each data point in order to generate an S-
N curve. Fatigue testing of yoke specimens, on the other hand, was performed at a
constant stress ratio, with different values of mean and oscillatory stresses for each data
point. Yoke specimens fatigue data can therefore not be directly correlated with the
material fatigue characterization data available. In order to establish a correlation
between voke specimen fatigue results and material fatigue data, a technique is required
to collapse the two families of curves — constant mean stress and constant stress ratio ~

into a single general fatigue curve.

In a series of papers, Adam and Al. [38,39,40] proposed a method to convert
all related fatigue life data for a given material into a single two parameters fatigue curve,
regardless of the state of stress or the stress ratio. This will be referred to as the
“Normalized Fatigue Life Model’. First, non-dimensional stresses are calculated by
dividing the mean stress (o), alternating stress (G,) and the compressive strength (o;) by

the tensile strength (o):

G, =0 -0 )2
(28)
o, =(0u +0,.)/2
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= a.ll /o-l
4 (29)

a=0o,l0,

c=o0,l0,

The tollowing empirical relationship may then be derived, where f, A and B are curve

fitting constants:

a=fll-g)c+ ) = fl-q)e + """ 30)

Note that there is a linear relationship between the parameter 4 — called the
"master curve life parameter’ — and (log N¢). The constant f used for curve fitting is

dependant on the material tested. By rearranging (30), the following equation can be

obtained:

L= In(a/ f)
Inf(1 - ¢)c +q)}

=A+BlogN, (31)

The method described above was developed for carbon fibre reinforced
composites. for tension/tension and tension/compression experimental fatigue data.
Shokrieh [41] used the same model, again for carbon fibre composites, and extended it to
shear fatigue loading conditions. For shear loads in (28) and (29), o, represents the mean
shear stress. &, the alternating shear stress and o; the shear strength. Given that there is no
ditference between positive and negative shear strength (o = &; ), parameter ‘c’ in (31) is
equal to unity for shear fatigue loading conditions. Shokrieh also determined, based on
experimental data, that a better curve fitting was obtained by adding a (log 10) to the left
hand side of (31). For shear fatigue loading conditions, the relationship is therefore as

tollows:
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u= 1og,o{————m[(ll“_(‘;;({ J), q)]} = A+ BlogN, (32)

in the present study, use of the Normalized Fatigue Life Model is extended to
glass fiber reinforced composites. The method is first applied to the tape and roving
interlaminar shear fatigue life data available. For each fatigue data point, the normalized
stresses "a’ and °q’ are calculated, then the master curve life parameter ‘u’ is computed. It
should be remembered that the value of *f’ in (32) is material dependant. Using the tape
and roving interlaminar shear fatigue data only, the best linear correlation is obtained by
setting f = 1.6 . The resultant (u) versus (log Nf) plot is shown in Figure 49. Note that the
linear correlation of the data is extremely good. Also, the ‘u’ versus (log Ny) curves of the
two materials. tape and roving, are very similar; this was to be expected since the fibers

and resin are the same for both materials.
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Figure 49 — Tape and roving interlaminar shear normalized fatigue life data (o, = 9.18
ksi, f= 1.60)
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Care should be taken however, in the interpretation of these results. The
material coupon fatigue tests for both the tape and roving were all conducted using the
same value of mean interlaminar stress (o, in (28)). The value of ‘f* calculated based on
this data might therefore not be representative of the material fatigue characteristics
across a wider range of load levels. For further calculations, f = 1.60 will be used as a
preliminarv value for the yoke glass fiber material. This value will later be readjusted

based on the results of the fatigue tests performed on yoke specimens (see Section 5.4).

No interlaminar shear fatigue life data is available for the woven fabric plies.
The tiber and resin, however, are the same as for the tape and roving plies. Given that
interlaminar shear failure involves mainly the shearing of the thin resin interlayer, it can
reasonably be assumed that for an interlaminar shear fatigue failure, the behavior of

tabric plies will be very similar to that of the tape and roving plies.

5.4 Prediction of yoke specimens fatigue life

[n the previous section, interlaminar shear normalized fatigue life curves have
been established for the glass fiber / epoxy materials used in the yoke. [t is now desired to
correlate these curves with the results of the fatigue experiments performed on yoke
specimens. The location of the maximum interlaminar shear stresses, for loads applied to
the outboard end of the specimen, was previously determined using the finite element
model (Section 4.7). Again using the finite element model, the mean interlaminar shear
stress (Oy,) and the oscillatory interlaminar shear stress () are obtained for each one of
the voke specimen fatigue loading tests performed, for that specific location. Calculated
values are shown in Table 8. Then using the normalized fatigue life model described in
the previous section, the normalized stresses and the master curve life parameter ‘u’ are
calculated for each one of the experiments. The value of interlaminar shear strength used
in the computation of the normalized stresses ‘q” and ‘a’ is obtained from material
characterization data {Gy = 9.18 ksi). The resulting (u) versus (log N¢) plot is shown in
Figure 30. along with the corresponding tape and roving normalized fatigue curves. It
appears that hardiy any correlation can be made between the two sets of data.
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Test [D Mean load Mean stress, o Osc. load Osc. stress, G,
(Ibs) (kN) (psi)  (MPa) | (lbs) (kN) (pst)  (MPa)
1 2618 11.65 7780 53.6 753 3.35 2364 16.3
2 2157 9.60 6500 44 8 652 2.90 2053 14.2
3 2472 11.00 7379 509 809 3.60 2535 17.5
4 2641 11.75 7843 4.1 730 3.25 2293 15.8
5 3101 13.80 9081 62.5 1011 4.50 3150 21.7
6 2888 12.85 8512 58.7 978 4.35 3051 21.0
7 2910 12.95 8572 59.1 955 425 2981 20.6
8 3146 14.00 9200 63.4 1124 5.00 3492 24.1

Tuble 8 - Applied loads and corresponding interlaminar shear stresses (mean and

Master curve life parameter (u)
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Figure 50 — Interlaminar shear normalized fatigue life data for yoke specimens fatigue
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However, the value of interlaminar shear strength obtained from material
characterization data (‘theoretical’ strength) differs significantly from the value of
strength based on the static destructive tests of yoke specimens, and calculated with the
finite element model (Section 4.7). For the maximum static load that the yoke test
specimen can withstand (4850 Ibs, 21.5 kN), the maximum interlaminar shear stress, as
calculated with the finite element model is equal to 13.35 ksi, i.e. 45% above the
“theoretical” value of strength.

This error in the calculated stresses is inherent to the model, and will be
considered as such in the calculations related to the specimen fatigue life. Therefore using
13.35 ksi as a “corrected’ value of interlaminar shear strength, the normalized stresses ‘q’
and "a’ are recalculated, and the master curve life parameter “u’ is computed for each one
of the experiments. The resulting (u) versus (log N¢) plot is shown in Figure 51, along
with the tape and roving normalized fatigue life curves. The use of a ‘corrected’ value of
interlaminar shear strength yields to a better correlation between the yoke specimens

fatigue test points and the material fatigue data.

As in the plots from previous results, all eight yoke specimen fatigue
experiments are included in the graph. It should be remembered however, that only data
points # 1. 5. 7 and 8 represent fatigue failure (delamination) of the corresponding test
specimen. Failure of test specimen #1 showed to be inconsistent with the rest of the
experimental data: therefore this data point will not be included in the calculations. Also,
tailure of specimens #7 and 8 occurred after the surface of the yoke in contact with the
test fixture started to wear out due to friction. Comparing these two data points with the
rest of the experimental results in Figure 48, it can reasonably be assumed that even
without the surface damages, the specimens would have failed after approximately the
same number of load cycles, and therefore that the surface damages had no significant
influence on the fatigue failure.

Now, using test points # 5, 7 and 8 together with the tape and roving coupon
fatigue data. the “best fit’ value for parameter ‘f’ in equation (32) is found to be equal to
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0.56. This value should be more representative of the yoke fiberglass material than the
preliminary value presented in section 5.3, given that it is based on data collected from
experiments representing a wider range of fatigue loading conditons. Figure 52 shows the
resulting (u) versus (log N¢) plot, along with the interlaminar shear normalized fatigue life
curve which corresponds to the best linear fit of all the data points. Given that parameter
‘" has no physical meaning (it is merely a curve fitting constant) and that
mathematically. its value is not restricted to a specific range, it is not possible to assess
the validity of the *f* value obtained here.

The same interlaminar shear fatigue life curve is shown in Figure 53, and
compared with the test results from all yoke specimen fatigue tests. [t is interesting to
note that all the points on the plot not corresponding to fatigue failure of the specimen -
namely test points #1. 2. 3, 4 and 6 — are located above the normalized fatigue life curve.
This means that indeed, additional load cycles were (or should have been) required in

order to cause failure of these specimens.
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Figure 51 — Interlaminar shear normalized fatigue life data for yoke specimens fatigue
experiments (Guy = 13.35 ksi, f= 1.60)
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The graph presented in Figure 52 can be used to predict the failure of
laminated composites structures (made of the same material) under given fatigue loading
conditions, using the Normalized Fatigue Life Method described in this chapter. The
curve is believed to be reasonably representative of the yoke fiberglass material
interlaminar shear fatigue characteristics, considering the limited amount of experimental
data on which it is based: four specimens tested until delamination failure (among which
one is highly questionable), one specimen failure due to a problem with the test fixture,
and three fatigue tests interrupted prior to failure of the specimen. Obviously, additional
fatigue tests performed at various mean and oscillatory stress levels would allow to

determine more accurately these fatigue properties.

Finally note that within the scope of the present study, the normalized fatigue
life curve was established using both material characterization data (material coupon
fatigue testing) and fatigue experiments performed on yoke specimens. We can
reasonably believe that a very similar curve would have been obtained if one was to use
material coupon fatigue testing data only, provided that this data covers a wide range of
mean and oscillatory interlaminar stress loading conditions. This is a primary motivation
in actual applications of this method, such as in the design of complex laminated
composite parts. It will allow to evaluate the fatigue properties of the complex laminated
part based on readily available material fatigue characterization data, i.e. without having

to manufacture and test specimens of the part.
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6 Conclusions

6.1 Summary

The goal of the present research project was to develop an analytical method
to predict the failure of a helicopter main rotor yoke, made of laminated fiberglass
composite. under fatigue loading conditions. From a previous set of fatigue experiments,
it is known that the primary failure mode of the main rotor yoke is delamination driven
by interlaminar shear. A finite element model of the yoke was developed using a
commercial finite element code, and validated against the available experimental data. A
set of fatigue experiments were then performed on representative test specimens cut out
of actual yokes. Results of these fatigue tests were correlated with the available material
coupon fatigue data, using a finite element model of the specimen and the Normalized
Fatigue Life model. From the analytical and experimental work performed, the following

conclusions can be drawn:

o The "dummy plies’ technique was successfully used to avoid some difficulties

inherent to modeling of tapered laminates.

o The finite element model adequately simulated the beamwise bending

characteristics of the yoke flexure, but not its chordwise bending

characteristics.

« For static tests performed on yoke specimens, the model was capable of
accurately predicting the location of initial failure, but yielded about 50%
error for the failure load prediction, based on the maximum stress criterion

(interlaminar shear stresses).

o The Normalized Fatigue Life Model provided very good linear correlation for
the yoke material (tape and roving) coupon fatigue data. This confirms that
the method - initially developed for carbon fiber reinforced composites — can
be readily extended to glass fiber / epoxy laminated composites.
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o The Normalized Fatigue Life Model achieved a good correlation between the
material coupon fatigue data and the yoke specimen fatigue test results.

6.2 Recommendations for future work

Further work would be required to improve the method and result in a tool
that could readily be used for practical design applications. Some suggestions for future

work on the subject are given below:

« Additional material fatigue tests are required to fully characterize the material
properties. The fatigue properties of fiberglass fabric plies need to be
characterized. Also, for the tape and roving unidirectional plies, fatigue data

need to be obtained for a wider range of mean and oscillatory stresses.

o The apparent inadequacy of the finite element model to represent the

chordwise bending characteristics of the yoke flexure should be investigated.

o Additional fatigue tests need to be performed on yoke specimens, at various
load levels. in order to obtain a set of experimental results that is statistically
more significant. It should also be considered to redesign the test fixture, in
order to avoid some of the difficulties that were encountered in the present

work (friction on the specimen, test fixture failure).

e Within the scope of this study, fatigue experiments and the corresponding
analyses were only performed for yoke test specimens subjected to beamwise
bending loads. The failure of yoke specimens under more complex loading
conditions - including axial tension loads and chordwise oscillatory bending

loads - needs to be investigated.

« In the present work, failure analyses (static and fatigue loading conditions)
were based on the interlaminar shear stresses only. Although this yielded to a
reasonably good agreement with the experimental data, the influence of other
stress components should be included in order to obtain a better accuracy.
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Appendix A

A simple cantilever beam test case (Figure 54), made of CQUAD4 shell
elements. is used to verify the validity of the “dummy plies” technique. One half of the
beam (near the clamped end) consists of an eight-ply laminate. Four of these plies
terminate at mid-length, so that only four plies remain in the thinner half of the beam.
Both normal and transverse bending loads are applied at the tip of the beam. The material

properties and thickness of the individual plies are the same as in the actual yoke model.

Figure 54 — Test case — cantilever beam model

Two different models were used for the analysis. In model A. the thin part of
the laminate (after the ply drops) is made up of only four plies. In model B, all eight
original plies are included in the thin section of the beam, but the thickness of the
dropped plies is reduced to 1x10™° inches (dummy plies). Details about the various

laminates in models A and B are given in Table 9.

Examples of results obtained with the two different models are shown on the
next pages. It clearly appears that the two models are equivalent in terms of calculated
stress results, thus validating the “dummy plies” technique. Moreover, stress results
calculated using the “dummy plies’ technique are shown to be more realistic, because it is
continuous across the entire length of the ply. Displacement results (not shown) obtained
with the two models are also identical.
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Thick layup “Thin layup

ModelA & B Model A Model B
(D Thickness  Material ID Thickness D Thickness
I 0.008 fabric I 0.008 1 0.008
2 0.008 tape 2 1x10°"
3 0.008 tape 2 0.008 3 0.008
4 0.008 fabric 4 1x10°"
5 0.008 fabric 5 1x10
6 0.008 tape 3 0.008 6 0.008
7 0.008 tape 7 1x10°7
8 0.008 fabric 4 0.008 8 0.008

Tuble 9 - Characteristics of laminates in cantilever beam test case, model A and mode! B

\Moded A Ply [D #3

Mode! A: Ply iD #2

s
15200, o 104 %0

14000 96.53
12300, 58.28
11600 ™Y
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200. 63.43
3000. $5.16
6800, 46.X8
S600. 38.61
4400, n3M
3200. e
2000 137
100. i
-400. 276
psi  -1600, ' -11.03 MPa

Figure 35 — Cantilever beam test case, Stress results (-xx component) in layer 3.
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Mode! A: Ply [D #3 Model A: Ply ID #2
LEE

AISN

». b8 B

Mudel B: Ply [D #3
i1
11
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<320,

Figure 56 — Cantilever beam test case, Stress results (-xy component) in layer 3.
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Figure 37 — Cantilever beam test case, Stress results (-xz component) in layer 3.
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Appendix B

With the current version (V69) of NASTRAN, it is not possible to have composite failure
indices written to the binary results output file (.0p2), which is used to transfer results to
PATRAN. The failure indices are only available in the text results file (.f06). The
following procedure has been developed, to allow postprocessing of the failure indices in
PATRAN.

First. a NASTRAN DMAP (Direct Matrix Abstraction Program) is used to redirect all the
failure indices output into a new results file labeled “.ndx’. The DMAPs used for this
purpose are as follows:

Linear statics (SOL 101): Jfail_index_lin.dmap

Non-linear statics (SOL 106): Jfail_index_nl.dmap

The C++ program extract.C is then used to read into the .ndx file, extract the failure
indices for the selected composite layers. The utility generates both a PATRAN2.5
clements results file (.e/s) and the corresponding PATRAN2.5 Results template file
(.res_tmpl). These are old file formats still supported by PATRAN. Details on the
structure of these files can be found in [42]. The .els results file is finally read into
PATRAN using the Import utility.

The two NASTRAN DMAPs fail_index_lin.dmap and fail _index_nl.dmap , and the

C++ program extract.C are given in the following pages.
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Sail_index.dmap

This DMAP alter writes the composite element failure indices
to a user defined file rather than the conventional f06 output
file. Fortran unit 13 is used to write the failure indices.
The user needs to provide an ASSIGN statement such as:

W v W

assign userfile='{filename}' status=new unit=13 formatted delete

O

ompile sedrcvr

alter 'OFP OCES1C,OEFIT','' $§

vpe parm,,i,n,linespp $

inespp=getsys{linespp,%) $

araml kelm//'trailer'/l/s,n,noelem $ No. of nl elem. in model

ncelem=20*noelem $ calc. lines per page to 20 x no. of elem.

putsys (ncelem, 9) $ set lines per page

putsys{13,2) $ write printed output to unit 13
cefit//s,n,cardno $

svsi{linespp,9) $§ reset lines per page to original value

sYs'6,2) $ restore unit 6 for printed output

oeslc//s,n,cardno $ ply stress output

cer S

D o~

th £ £
B¢ Ie B B o}

ad D' O

b+

nda
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fail_index_new.dmap

The DMAP alter writes the composite element failure indices

to a user defined file rather than the conventional f06 output
file. Fortran unit 13 is used to write the failure indices.
The user needs to provide an ASSIGN statement such as:

assign userfile='{(filename}' status=new unit=13 formatted delete

The failure indices are dependent on the value of the parameter
LGDISP. For a LGDISP of -1, subDMAP SEDRCVR writes the failure
indices to the QEFIT data block. If LGDISP is 1, subDMAP NLSTATIC
writes the indices to the OEFIT data block.

v vrn v ,min n v ann

compile sedrcvr

alter 'OFP OES1C,OEFIT','"' $
type parm,,i,n,linespp $
lirespp=getsys(linespp,9) $

paraml kelm//'trailer'/l/s,n,ncelem $ No. of nl elem. in model
ncelem=20*noelem $ calc. lines per page to 20 x no. of elem.
gutsys(ncelem,9) $ set lines per page
putsys{(1l3,2) § write printed output to unit 13

fr cefit//s,n,cardno $

utsys(linespp,9) $ reset lines per page to original value

sys(6,2) $ restore unit 6 for printed output
ceslc//s,n,cardno $ ply stress output
ndalter $

e rl 1

“w nwae O ' D O
A"

compile nlstatic

alcer 'OFP OESCP,QEFIT','' §

:wecmm”inJﬂmpr

linespp=getsys(linespp,9) $

paraml kelm//'trailer'/l/s,n,noelem $ No. of nl elem. in model
noelem=20*noelem $ calc. lines per page to 20 x no. of elem.

putsys (noelem, 9) $ set lines per page

putsys(13,2) $ write printed output to unit 13

ofp oefit//s,n,cardno $

puts (llnespp,9) $ reset lines per page to original value
outsvs{6,2) $ restore unit 6 for printed output

ofp oescp//s,n,cardno $ ply stress output

andaiter §
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extract.C

#include <stdio.h>
#include <iostream.h>
#include <iomanip.h>
#include <fstream.h>
#include <string.h>
#include <stddef.h>
#include <ctype.h>

int write_header(char *, char *, char *};
int write_template();

int process_lines(char *);

int write_res(int, int, float *);

ifstream infile;

ofstream outfile;

ofstream templfile;

int n_results; // Number of requested results
int resulec_id(10]; // Ply ID for requested results

int main(void)

char ndxfile{80), elsfile(80], restmplfile[80]:
char title([40], subtitle(40]:
char line[256];

cout << "Input file (without the .ndx extension}): ";
n >> ndxfile;

ut << "How many results to process? (max = 6) ";

n >> n_results;

for ‘int 1=0; i<n_results; i++)
cout << "Ply ID for result #" << i+l << " : ";

cin >> result_id[i];
'

7

LA

1 0O

(elsfile,ndxfile};
trestmplfile,ndxfile);
rncatc(elsfile,".els",4);
rncat{ndxfile, " .ndx",4);
rncat(restmplfile, ".res_tmpl",9});

‘0o
[P

r

n un
ot oy ortort

w u

infile.open(ndxfile);

ifilinfile) {
cout << "Cannot open .ndx file.\n";
return 1l;
I
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sutfile.open(elsfile);

if('outfile) {
cout << "Cannot open .els file.\n";
return 1;
t

rempifile.open(restmplfile};

1E( .:emplflle) {

cout << "Cannot open .res_tmpl file.\n";

recurn 1;

>

infile.getline(line, 253, '\n'};
strncpyi{title, line+5,39);

infile.getline(line,255,'\n'});
strncpy(subticle, line+6, 39);

write header(ndxfile, title, subtitle};
write template();

process_lines(subtitle);

ile .close(),
ctempifile.close();

cour << "Job finished. \n";

int process lines(char *subtitle)
i —

char cur_line{256}];

static int elm_type;

static int elm_id = 0;

static float index([10];

static int j = 0;

int ply_id;

while(!infile.eof ()}

{

infile.getline(cur_line, 255, '\n'};

if (strstr(cur_line, "PAGE") != NULL) continue;
1€ (strstr(cur_line,subtitle) != NULL) continue;
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if (strstr(cur_line,"SUBCASE") != NULL) continue;
if {strsctr(cur_line,"STEP") != NULL) continue;
if (strstr(cur_line,"ELEMENT") != NULL) continue;
if (strstr(cur_line,"ID") != NULL) continue;
if (strstr(cur_line,"F A I L U R E") != NULL)
{
if (strstr(cur_line,"Q U A D 4") != NULL) elm type = 4;
else if (strstr(cur_line,"T R I A 3") != NULL) elm_type = 3;
continue;
)
if istrstr(cur_line, "TSAI-WU") != NULL)
{
if (elm_id != 0)
write_res(elm_id, elm_type, index);
sscanf(cur_line," %d",&elm_id);
oly _id = 1;
3= 0;
continue;
if {isdigit(cur_line[25]) != 0) // Ply ID...
sscanf(cur_line," %d", &ply_id):
continue;
i
else iI (result_id([j] == ply_id) // Interlaminar index...
{
sscanf(cur_line," %f", sindex(]]);
Zontinue;
} // End of while loop
return 0;

int write res{int id, int type, float *indices)

autfile << "\n";

<
<

A

au
aurt

setiosflags(ios::right) << setw(8) << id;
setiosflags(ios::right) << setw(8) << type << endl;

1t
gl
[

n
@
A

< 7

for tint i=0; i<n_results; i++)
outfile << setiosflags(ios::right) << setw(13) << indices[i];
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return 0;
H

int write_header(char *file, char *title, char *subtitle)

int 1 = 1;

outfile << subtitle << "\n";

outfile << setiosflags(ios::right) << setw(5) << n_results << endl;
outfile << "From file '" << file << "'\n";

while i{citleli}] '= *\Q")

if (isalpha(title(i]) != 0)
title[i] = tolower(titlef[i]};
i?+;

cutfile << title;

recurn QJ;
}

int write template()
{
zemplfile << "KEYLOC = 0" << "\n\n";

for {int i=0; i<n_results; i++)

cemplfile << "TYPE = SCALAR" << "\n";

cemplfile << "COLUMN = " << i + 1 << "\n";

cemplfile << "PRI = Index" << "\n";

templfile << "SEC = Interlam " << result_id[i] << "-" <<
result_id(i] + 1 << "\n\n";

raturn J3;

14
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