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Abstract

The Bell Helicopter M407 main rotor yoke is a structural belicopter part made

of laminated glass-epoxy composite maleria!. Delamination failure ofthe main rotor yoke

under statie and fatigue loarling conditions is investigatecL both analyticaIly and

experimentally. A finite element model of the yoke is developed with a commercial finite

element 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 thtigue experiments - limited ta beamwise bending loads - are performed on

representative test specimens cut out of actual yokes. The model is able ta accurately

predict the location of initial static failure, which corresponds ta the interlaminar shear

stress concentration predicted by the stress analysis. ResuIts of the specimen fatigue tests

are successfully correlated with the glass-epoxy materia! fatigue properties, using the

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

La chape du rotor principal de l'hélicoptère Bell 407 est une pièce structurale

faite de matériaux composites fibre de verre / époxy. Cette thèse 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 modèle de la chape est

développé à l~aide d'un logiciel commercial d'éléments finis, utilisant la technique de

réduction des plis pour faciliter la modélisation d'un laminé à épaisseur variable. Ce

modèle est validé par le biais de résultats expérimentaux. Une série d'essais statiques et

en tàtigue - limités à des chargements en flexion longitudinale - est effectuée sur des

spécimens représentatifs obtenus à partir de chapes. Le modèle est capable de prédire

avec précision remplacement de la rupture initiale sous un chargement statique; celui-ci

correspond à l'emplacement où les contraintes maximales en cisaillement interlaminaire

sont prédites par l'analyse de contraintes. Une corrélation entre les résultats des essais en

tàtigue et les propriétés en fatigue des matériaux fibre de verre 1époxy est établie avec

succès. à 1·aide du modèle éléments finis du spécimen et du Modèle normalisé de durée

de vie en fatigue.
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Chapter 1

1 Introduction

1.1 Motivation

Introduction

In recent years, composite materials have been used extensively in helicopter

dynamic structures, initially for blade constructio~ and more recentIy in other highly

loaded dynamic parts. The introduction of composites in highly loaded structures bas

resulted in major performance improvements. Besides their superior strength-to-weight

ratio. composites aIso provide unique design capabilities to tailor the materia! properties

tor specitie requirements, such as strength, stiffness or dynamic characteristics.

Recentiy, an increasing number of helicopter rotor hubs have been built of

I.:omposite materials. These new hub designs exhibit significant advantages over

I.:onventional artieuIated rotors: lower weight, better corrosion r~istance, reduced number

of parts. low maintenance costs and bener damage tolerance capabilities. The Bell 407

main rotor hub (Figure 1) is one such new design. [ts primary load bearing part, the main

rotor yoke. is a four-bladed single piece structure made of glass-epoxy composite. The

yoke cames the blades' centrifugai 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

force. 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 bath

long and costly. Moreover~ the analYtÎcal methods used are rather empirical, relying

heavily on specifie laboratory data Therefore, with the increasing number of structural

applications of composite materials, where a critical part is subjected ta a complex

dynamic load environment, there is a strong need to develop reliable analytical tools ta

predict their fatigue behavior and damage tolerance capabilities.



Chapter l Introduction

The present study is aimed at developing a methodology which will allow to

predict the delamination failure ofa complex laminated composite structure under fatigue

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

yoke.

Figure J - The -107 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 materiaIs 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 faiIure. 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

he used in the present study.

2



Chapter 1 Introduction

•

Delamination is a three-dimensional mode of failure, and is primarily caused

by interlaminar stresses. Considerable work has been done to cbaracterize the

interlaminar stress state in laminates under axial tension. A good review of the subject is

presented in [II. The free edge delamination problem bas 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. Tbeir results

provided an explanation of the mechanisms responsible for edge delaminatia~ showing

that in the area near a free edge't 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 ta determine this full three-dimensional state

of stress.

Wang and Crossman [3] develaped a simple twa-dimensional fmite element

method.. which cao be used to study the free edge problem.. The so~alled quasi-three­

dimensional finite element method is capable of determining the three-dimensional state

of stress in symmetricallaminates under uniaxial tension, while avoiding the complexity

and computational cost of a full three-dimensional fmite element analysis. Raju and

Cre\vs [41 used the same approach, but with 8-noded isoparametric quadrilateral elements

instead of 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 [51 and the interlaminar shear stresses [6] on the delamination strength of various

Iaminates. T0 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]

tûr notched laminates, was used together with the maximum stress criterion.. Predictions

of delamination onset showed good correlation with the experimental results, except for

thase Iaminates for which both the nonnal and shear interlaminar stresses were impottant..

[t was therefore concluded that there is an interaction between the normal and shear

3



Chapter 1 Introduction

interlaminar stresses" and that failure prediction should take bath stresses into accounl.

Therefore. using the same method ofanalysis, they conducted a study [9] on a new set of

laminates providing various ratios of interlaminar normal stress and shear stress at the

intertàce of interest. Failure was predicted using a tensor polynomial delamination failure

eriterion. 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 [Il], based on overali force and moment equilibrium and the principle of

minimum complementary energy. Strength prediction correlated reasonably both \vith the

experimental data and with data previously reported in lîterature.

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.

Interlaminar 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 sbear stress sbowed ta be sensitive to the finite element

mesh size. while the interlaminar normal stress was insensitive ta il.

Fracture mechanics techniques, concemed with failure of materials by crack

initiation and propagatio~ are widely used for failure analysis of common isotropie

materials such as metals. Sïnce the early applications of composite materials, designers

and researchers have looked into possibilities to adapt these methods to predict

delamination ofcomposite laminates. The most widespread approach uses the local strain

energy release rate ta characterlze the delamination initiation and growth. A good review

of the method is presented in [13].

4



Chapter l Introduction

Most of the prior work done on delamination failme of composites was

exclusively focused on symmetric laminates under uniaxial extension. A few studies

however. considered generalloading 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-torm solution provides a good estimate of the interlaminar stresses., but is

inaccurate tor normal interlaminar stresses. Chan and Ochoa [15] derived a quasi-tbree­

dimensional finite element formulation for the analysis of general composite laminates

under combined loarling conditions. The model allows ta determine the interlaminar

normal and shear stress distributions, as weU as strain energy release rates. for composite

laminates subjected to tension., bending and torsion loads. Fish [16] adapted the finite

dement formulation ofChan and Ochoa to perform the stress analysis ofcomposite 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 internai

plies alang the flexure. However, these ply drop-offs introduce geometrical and material

discontinuiùes in the stnlcture~ resuIting in local stress concentrations which may lead to

delamination. In the [ast 15 years. severa! studies have been eonducted on the failure

meehanisms of tapered laminates. Many of these studies were directIy motivated by

applications in composite rotor hub flexures, either at Bell Helicopter Textron,

McDonnell Douglas Helieopters or Westland Helieopters.

Kemp and Johnson [17] used a two-dimensional finite element analysis to

determine the stress state at the dro}H>ff location in quasi-isotropie laminates containing

up ta three dropped plies, under axial tension or compression loads. The maximum stress

entenou was used to predict the failure of the pure resin region around the ply drop-oft:

However.. no experiments were performed to correlate with the analysis. Curry et al. [18]

employed a similar finite element formulation to study the stress distribution in laminates

5



Chapter 1 Introduction

with one nat face and one tapered face. They used a delamination failure criterion that is

a moditication of the intralamina tensile matrix mode cntenon proposed by Hashin [19].

This entenon was able to correctIy predict the location of failure observed in

èxperiments.. but underestimated the failure load.

Hoa et al. [20] investigated unidirectionallaminates with two pairs ofdropped

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

entenon \vas usecL but a reasonable comparison was obtained with experimental values.

Daoust and Hoa [21] used the same three-dimensional mesh to study varions parameters

affecting inter1aminar stresses under staric tension, bending and torsion Ioads. Parameters

include the location of the dropped plies in the layup, the shape of the drop-ofI and how

much it i5 tilled 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 oftapered laminates made of

00 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·ot:'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

tàilure showed good agreement with the experiments. This work was extended [23] to

include the free..edge effect in the strength prediction of quasi-isotropie tapered

laminates. The interlaminar stress state due to the free-edge effect was determined using a

quasi-three..<fimensional finite element model of the laminate cross-seetio~ while the

interlaminar stress state due to the ply drop-offs was calculated with a three-dimensional

tinite element analysis, as in [22]. The two stress states were superimposed at the root of

the taper. Using the same strength prediction metho~ a good correlation was obtained

\vith the experimentai results. Lee and Vizzini [24] used the same tapered laminate

contigurations as in [22] to evaluate the interaction between the free-edge and the ply

6



Chapter 1 Introduction

drop-otf stress concentrations. Their results indicate that the effect of the taper and the

free-edge discontinuities cannat be uncouple~ and thus that only a three-dimensional

model can account for this interaction. They aIso 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.

Severa! studies have also been conducted on the failure of tapered laminates

using a tracture 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

tinite elenlent model of the taper was used to calcuIate the interlaminar stresses and the

strain energy release rates associated with an initial delamination at the root of the taper.

:\rmanios and Parnas [26] conducted a study on the same tapered laminate, however

using simplified energy methods to detennine bath the interlaminar stress state and the

strain energy release rates. The resuIts 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 proPQsed by O'Brien [29]. The frrst paper [27]

considered a unidirectiona! 0° tapered laminatey 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

dement analysis is used ta calcuIate the strain energy release rate G for this specifie

delamination. Then.. using the curve of Gmax = f{N) of the materia!. the S-N curve of

delamination onset for this laminate can be determined. A reasonable correlation was

obtained between calculated values and experimental results.

Recently, Murri et al. [30} developed a fatigue life methodology for helicopter

composite rotor hub flexheams under tension and bending loads.. Coupon specimens eut

trom a full-size glass-ePQXY flexbeam were tested onder these combined loads, up to

failure. A two-dimensional finite element model of the tapered Iaminate was used to

7



Chapter 1 Introduction

calculate the strain energy release rates (G) associated with the experimentally observed

tirst delamination. The number of cycles to tirst 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 ta the

present work. However.. the methodology used for predicting the fatigue life of laminated

composites structures, as weIl as all other fracture mechanics based methods't bas a

serious drawback. In order ta calculate the strain energy release rates associated with a

delamination and then predict the number of cycles to failure onse~ one must either

assume or experimentally determine the location of the initial delamination. In practical

applications.. such as in design of laminated composite parts, it is usuaIly desired to

~valuate the fatigue characteristics of the part without baving to manufacture a specimen

and pertorm long and costly fatigue tests. The only way the location of the tirst

delamination can be predicted using a fracture mechanics based method is by

successively calculating the strain energy release rates associated with a delamination for

t:ach location where failure couId potentially initiate. This method is therefore not weil

suited tor complex laminated composite structures such as the main rotor yoke, given the

substantial computing effort that would be required.

On the other band't failure prediction methods based on the mechanics of

materials are not subject to the same limitation. A fmite elemeot model is used to

determine the stress state throughout the entire laminate. Then the location where

delamination will initiate under fatigue loading conditions, as weIl as the number of

cycles to tàilure onset, can be predicted through the use of a suitable fallure criterioo.

Another advantage of these methods is that they can readily he used with a commercial

tinite dement code.. without the need for custom made computational tools.

As a resuIts of the above considerations, this work: will foeus on the

mechanics of materials approach rather than fracture mechanics.

8



Chapter 2 Composite materia! modeling capabilities

2 Composite material modeling capabilities

The finite element software package MSCINASTRAN will he used for all

tinite 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 stiffuess

constitutive equations, and on the calculation of interlaminar shear stresses, which are

distinctive features ofNASTRAN, and are critical ta the analysis.

Although use of a full three-dimensional stress analysis would have been

pretèrable. 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 materiaIs properties

Laminated composite properties are only available with shell (plate) elements,

tor dther tour- or eight...noded quadrilateral elements (CQUAD4, CQUAD8), and for

three- or six-noded triangular elements (CTRIA3, CTRlA6). The laminate is defined on a

ply-by-ply basis (PCOMP entry) by inpuning the thickness, the matena! properties

(~[AT8 entry) and the relative orientation ofeach individuai lamina.

In the formulation of these laminated composite sheD elements,

MSCINASTRAN uses the assumptions of classicai lamination theory regarding the

behavior of the laminae:

1. The laminae are perfectIy bonded together.

2. The bonds are infinitesimally thin.

3. The strain varies linearly through the laminate thickness.

9



Chapter2 Composite materia! modeling capabilities

This approach allows the modeling of plates with coupled membrane and

bending elastie behavior according to the following relations, known as the laminate

constitutive equations:

(1)

where {.V} =1Z: )=stress resultants, i.e. force per unit width acting on the plate

LV ni

llv/
r

)1M } = M.~. =external momen4 Le. moment per unit width acting on the plate

1~[ ry

1
&0 r )

l '1 O· •

le 1= ;u:' =ln-plane strams

{k 1=1:J= plate c~nnes
[A1=membrane stiffness matrix

[D] = bending stiffness matrix

[B1=membrane-bending coupling stiffuess matrix

2.2 Calculation of transverse shear strains and stresses

Typically~ a two-dimensional formulation based on the classical lamination

theory does not allow the caiculation ofthe out-of-plane stresses, or interlaminar stresses.

Nevertheless.. these stresses are generally present, and they play an important raIe in

sorne tàilure mechanisms of laminated composites. A distinct feature of MSC/NATRAN

plate dements is their capability to include the transverse shear stiffness:

10



Chapter 2 Compasite materia! modeling capabilities

(2)

where {Q} = {Qr} = transverse shear stress resultants
Q~

~l ={~:} =lraILWerse shearstrains

T,. =effective transverse shear materia! thickness

[G] =effective transverse shear stifthess matrix

lvlSCfNASTRAN uses an approximate procedure ta evaluate bath the

interlaminar shear stresses and the components of the transverse shear stiffness matrix

[31-32). [t is based on the assumptian that the equations from elementary beam theory are

applicable to plate elements" causing the effect of the twisting moments ta be neglected.

This is expected ta yield satisfactory results in most cases.

Assuming that the x- and y... components of stress are decoupled frOID one

another. equations from elementary beam theory can be used to calculate the interlaminar

shear stresses r(z). Demonstration will he given here for the x- direction ooly.. For a

beam of unit cross-sectional width (Figure 2), the equilibrium condition for the shaded

area in the x- direction can he expressed as:

or

ar t= èc:r%--=--az ax

Il

(3)

(4)
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Z
Â

Vx
... M't
l "
i
1

x

Figure 2 - Equilibrium condition, beam ofunit cross-sectional width

1=3
1=2
1 = l

Figure 3 - Laminate configuration

Using the classicallamination theory, the strain distribution is Linear through

the thickness.. However~ the stress distribution is piecewise linear because of moduIus

changes bet\veen plies. Based on elementary beam theory, the axial stress distribution

within the i1h ply (Figure 3) can be expressed as:

Z;_I <z<z;
(5)

where ft = directional bending center Oocation ofthe neutral surface)

p = radius ofcurvature ofthe neutral surface of the beam

(Ellr = equivaient bending stiffuess ofthe laminate

Mx = bending moment

12
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The location of the directional bending center zx is given. by:

t(E.), ~(z/ _Z'_1
2

)
,=1 -

..;.'C = ,v

L(Ex);(z; -z;_.}
1_1

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

(6)

(Ex);{z - zx)V-r
(E/lx Z;_I < Z < Zi

(7)

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

stress distribution within the iÙ1 ply:

() (Er);V;r (Z2 - ) C
r =-lE7r- --z z +

C , El 2 r ,
;r

(8)

The knO\vn 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 = zo), r:t: =0 and therefore:

Then at the interface bet\veen the first and the second plies (z =Zl):

() ~~(E.JI [1 (2 2) _( )~
Tr: 1 = (EI)x ï %1 -Zo -Zx Zl -zo J

and

13
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(11)

The value ofC! is obtained by equating (10) and (11):

(12)

Vr [{ 1(2 2 ) _ ( )}(E) {Zl 2 _ }( )]=- - ~ - ~ - ~ ~ - ~ - -- ~ '?(EI). 2 -1 -0 -. -1 -, • 1 2 -.-1 E. l

Theretore.. at the interface between the second and the third plies (z = Z2), we obtain:

(13)

[n g~n~ral. for a given ply i such that Z'_I < z < z; , the transverse shear is given by:

(14)

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

(15)

where

14



Chapter2 Composite material modeling capabilities

This can now he used to evaluate the components of the transverse shear

stiffness matn=<: [0]. We define an equivalent transverse shear modulus G for the

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

u =~ J(t'(Z}}2 dz=.!. V
2

2 G(z) 2GT

where T = laminate thickness

(16)

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 tarm:

(17)

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

purpose is:

( ) VJE%}; [, r ) 1( 2 2) - ( )]
Tc: ; = (E/Ir V%; -2" Z -Z;_I +Z.I Z-Z;_I

where

NOVi.. substituting (18) into (4), and then integrating with respect ta Z yields:

15

(18)

(19)



Chapter 2 Composite materia! modeling capabilities

where

(RJ =(EJ/1;[{U:); +{z. -Z;_I)7; _~1;2}(rJ;

J l(;; -,.,. )-.!.T}:; TlL 3 - ~ --;-1 4; - % ;

1~Zj} +~Zi-,1; +;0 r,2 }1;2]

(20)

(21)

This equation aIlows to caicuIate the uncoupled x- component of the

~quivalent transverse shear modulus G% , or GII • Note that the moduli for individual plies

((j f)' are provided through user input. Equation (20) can he generalized in the foUowing

torm to provide tàr calculation ofthe other components:

where

(---) 12
Elu =Du .-

TJ

(-h l'El =D . ....::.
-2 22 T,

3

k, l = 1.. 2
(22)

(23)

Finally. because in general GI2 :1: G21 , an average ofthe two values will he used for the

coupling tenus. The transverse shear stiffness matrix is therefore as fol1ows:

(24)

16



Chapter3 Main rotor yoke finite element model

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 Ioad bearing part within the main rotor hub

assembly. The tapered section of each ~arm" called the flexure, allows for elastic

deforrnation of the rotor hub in order to aceommodate the blades flapping motion. The

thick central sectio{4 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 forros of the same E-giass 1 epoxy

matcriaI: roving" unidirectional tape and woven fabric. Continuous 0° roving beits (four

belts across each pair ofopposing arms) are manufaetured separately, and then laid up in

a mold with numerous ± 45° fahric and 0° tape plies of various length ta achieve the

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

The main rotor yoke is subjeeted to a complexe dynamic loading

environment: axial centrifugai force CF, cyclic beamwise bending loads Fh (due to the

blades vertical flapping motion) and cyclic chordwise bending loads Fe (due ta the blades

lead-Iag motion). These loads are shawn schematically on Figure 4.

Finally" note that specifie locations (sections) along one of the yoke anns are

retèrred ta in tenns of •station", i.e. the distance in inches between the section and the

rotor a.xis.

11



Chapter 3 Main rotor yoke finite element model

Fe

~CF
Figure 4 - Main rotor yake loading environmenl

3.2 Model overview

A global model of the Main Rotor Yoke was created using NASTRAN

laminated composite sheII elements capabilities. Detailed modeling of the yoke's

laminated composite structure was carried o~ 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 oftwo-dimensional elements).

The yoke geometry used for developing of the fmite element model was

obtained from the CATIA CAD model of the part. Using the midplane of this solid

modeL a tridimensional shell model was create~ and served as a geometrical basis ta

develop the NASTRAN finite element model (Figure 5). Because of the existing

symmetries in the geometry and internai structure of the yoke, only one of the four yoke

arms \vas modeled. In reality, if one considers the exact laminating sequence, there is a

slight ditTerence in the layup of the two pairs ofopPOsing arms due ta the position of the

roving beLts.. but in arder to keep the model reasonably simple, the four arms were

considered as identical. When requir~ a more complete model ofthe yoke can he easily

obtained by copying this one-ann model..

18
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Four-noded quadrilateral isoparametric shell elements (CQUAD4) were us~

together with several three-noded triangular isoparametric shell elements (CTRIA3),

when required by the geometry. Although NASTRAN also bas higher arder shell

dements that can be used for composite materials applications, these elements were not

used at tirst in order ta limit the size of the model. It will he shawn in section 3.5.4 that

for the present model.. the use ofhigher-order elements would not result in any significant

improvement in precision.

Figure 5 - Yoke finite element shell mesh

3.3 Materials and layup

3.3.1 Ply materialproperties

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 tàbric. Roving and tape plies are unidirectional (Figure 6), while fibers in the plain

19



Chapter 3 Main rotor yoke finite element model

weave fahric are al 00 /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 ta perform any experiment to characterize

the material parameters (moduli and strengths). However~ most of the required materia!

characterization has a1ready been performed. Those material parameter values that cannot

be found in the available documentation are approximated based on materia! symmetries,

and on similar data ter the other materials. Table 1 summarizes the materia! properties

used in this study. El.'b Eyy, Exy, En, Eyz are the longitudinal~ transverse, in-plane shear,

out-ot:plane shear (x-z plane) and out-of-plane shear (y-z plane) modulus, respectively,

v'Y is the Poisson's ratio. and p is the density. Xt, Yb Xc, Yc, Sxy and Sb are the

longitudinal tensile, transverse tensile, longitudinal compressive, transverse compressive,

in-plane shear and interlaminar shear strengths, respectively.

z

y

1

Figure 6 - Structure oftape androving unidirectiona/ plies

z

~ ... .......... ~ .

y

x

Figure 7- Structure ofwoven fabric plies

20



Chapter 3 Main rotor yoke finite element model

i Roving
1

Tape
1

Fabric

1

Ex., Msi

(Gpa)
1

Eyy Msi

(Gpa)

Exy Msi

(Gpa)

1
Eu Msi

i (Gpa)

1 Eyz Msi
1

;
(Opa)

1

v"Y - Data removed for protection
1

1 ofproprietary informationi

i

1
p lb/in.)

1

(kg/m3)1

Xt ksi

(Mpa)

Yt ksi

1

(Mpa)
!

Xc ksi

(Mpa)

1 Yc ksi

1
(Mpa)

Sxy ksi

(Mpa)

Sb ksi

(Mpa)

Table 1 - J\1aterial parameters ofthe yoke giassftber/epoxy materials
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For a given pLy direction, the NASTRAN orthotropic materiaI definition does

not allow input of different vaIues for tension and compression moduli. However, the

available data shows that ail three ply materials are significantly stitfer in compression

than in tension. Because of the loads the yoke is subjected to, it will deform mainly in

bending. meaning that roughly haIfof the Laminate is onder 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 stiftbess of the model will approach that of the

real part. This will he verified using experimental yoke stiffness data (section 3.5).

The bonding shear stress Limit, which represents the interiaminar strength of

the laminate. must have the same vaiue for ail three ply materiaIs. This is because the

interlaminar strength depends mainly on the resin properties. lndeed, availabLe values of

interlaminar shear strength for these materiaIs are found to be very similar. The lowest of

the three values (i.e. interlaminar shear strength offabric) is used in the mode!.

1.3.1 Composite laminates

As described in Section 3.1, the tapered geometry of the yoke is obtained by

grndually dropping internal plies along the flexure. The only way snch 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 ofdiscrete steps, as

sho~n in Figure 8. For the yoke model (one arm), a total of60 different sub-Iaminates are

required in arder to obtain a geometry reasonably close ta that of the part (Figure 9). The

tinite element mesh was created sa that it coincides with this partition ofthe model.

Sideview

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

3.3.1 Individual ply tIlickness

The cured ply thickness is data thal is readily available, but il is ooly a mean

value for given curing conditions. If a higher pressure is applied during the cure cycle.

more resin \viU 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 he constant in all areas. This would cause the

cured ply thickness to vary from one area to another. It is therefore required ta determine

realistic cured ply thickness values for the modeL The nominal cured ply thickness for

the tape and tàbric materials are given in Table 2. The nominal thickness of the roving

layers is given by the dimension ofthe tool [33] used ta manufacture the belts by filament

winding. Using these values and the exact yoke laminating sequence, the global thickness

of the laminate is caIcuiated al various locations along the flexure, and then compared ta

the actual yoke 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 ta 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~ varying their

thickness causes the model thickness ta vary of an equal amount on the entire length of

the tlexure. On the other hand.. the fabric and tape layers are used ta build up the tapered

geometry of the yoke. Therefore.. varying the fabric and/or tape ply thickness will cause

the model thickness ta vary much more in the inboard and outboard ends than in the

thinner pan of the flexure. The reduced ply thickness values given in Table 2 are found to

yield a global model thickness that is very close ta the yoke mold geometry, as shawn in

Figure Il. 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 ar~

while underestimating the thickness of the outboard area.

Ply thickness Roving Fabric Tape

ln. 0.054 0.0092 0.0092
Nominal value

(mm) (1.37) (0.234) (0.234)

in. 0.050 0.0080 0.0080
Reduced value

(mm) (1.27) (0.020) (0.020)

Table 2 - Curedply rhickness. nominal andreduced values
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---== - Madel (mmioal)

_Moklshape

15.010.0

Yoke statiln (in.)
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Figure 10 - Model thickness Wilh nominal values ofply thickness
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Figure Il - Model thiclcness with reduced values ofply 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 fiat laminates decreasing in thickness. In the NASTRAN model definitio~

the layups for each of these laminates are defined independently from each other. The

code does not allow the user to keep track ofa given ply across different laminates~ or ta

identifY which plies have been dropped between two adjacent laminates. For example in

Figure 12. a five plies laminate reduces to three plies after internai plies are dropPed. In

Figure 12(a). the bottommost ply is identified as ply 5 in laminate A~ while the same ply

is identitied as ply 3 in laminate B. Clearly in this case~ it is not possible to postprocess

the analysis results by 44g1obai layer", Le. \vith respect to the actual composite plies from

which the part is built. The individual plies identification wouid need to he consistent

bet\veen 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 ta modify the layup

of the laminates defined in the mode!. 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 ordees 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 ~nough. the presence of the 4~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 mterest for the present study is the inboard regio~ from

the thick central part up ta the thinnest part of the flexure, at station 13.0 (Figure 14). In

arder to limit the size of the madel, ooly the laminates in that portion of the yoke were

modified by the ·-dummy plies" technique.
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Laminate A : Laminate B

(a) (h)

F(l,rzlre 12 -lndividual plies in a laminate (a) as defined in NASTRAN. (h) requiredfor

meaningful resuIts postprocessing

LaminateA Laminate B

illlli~~~a 1

1 2(dummv)
33#

~! Wdummy
)

• •• •
t •, .
• •· .
t :

Figure 13 - New laminate definition using thin dummy layers

original

)

Sta 13.0

Figure 14 - Laminates modified to allowfor ply...by...ply results postprocessing
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3.4 Externalloads

Main rotor yoke finite eIement model

In actual use, extemalloads 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 ta twiS4 so that the yoke does not react torsion. Therefore't

the yoke is ooly subjected ta centrifugai force, and to chordwise and beamwise bending

loaels. [t can be assumed that the resultant ofthese extemalloads is applied on the adaptor

at the CF elastomeric bearing focal poin~ which is at station 19.0 on the centerline of the

arm (see Figure 16).

The actual load distribution alang the yokeladaptar contact interface is

unknown. In the model.. the load distribution along this interface will directIy depend on

ho\v the adaptor and the yoke/adaptor interface are modeled. The adaptor is assumed ta

be a rigid body. [t is aIso assumed that there is no friction between the yoke and the

adaptor. and thus that ooly normal contact forces are transmitted at this interface. Pairs of

coincident nodes are created all along the yokeladaptor interface. The adaptor is

represented by a single rigid element (an RBE2 element) connecting a node of each pair

to the central node where extemalloads are applied (Figure 16). The radial contact at the

yoke/adaptor interface is modeled using contact (CGAP) elements between the coincident

intertàce nodes. The out-of-plane contact between the tlanges on the adaptor and the

top/bonom surfaces of the yoke is modeled by constraining the coincident nodes to move

togetht:r in the vertical plane. Thus, the troe area of contact between the adaptor and the

yoke is modeled.. making the load application more realistic.

Figure 15- Yoke outboardadaptor
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\
POINT OF
APPLICATION
OF EXTER.'lAI.
1.0Anl\

Figure 16 - Modeling ofthe yoke-adaptor radial interface
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3.5 Verification of model stiffDess

Main rotor yoke finite element model

3.5./ 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't or

[oad - detlection experimental data was gathered during strain gages calibration tests

pertormed at the Structural Test Laboratory of Bell Helicopter TextroD't Fort Worth [34].

Those experiments were performed on a rigid test fixture. Ali the supporting parts in the

the main rotor hub assembly (Figure 1) were included in the test assembly't in order to

reproduce the environment encountered by the yoke in actual tlight 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't thus the extemalloads were applied directIy on the outboard

yoke surtace (Figure 17).

3.5.2 ~"Iodeling and analysis

[n order for the model to properly represent the experimental COnfiguratiOD't

the stiffness of the two arms adjacent ta the one being loaded needs ta be taken into

account. A tinite element model corresponding to 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 directIy on the appropriate shell element node.

Ali 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

tixture. On the t\vo boundaries B and C, aIl degrees of freedom are constrained except Tx

(in local coordinates) to allow for radial expansion. Even though the latter restraints are

slightly over-eonstraining the model, they are located far enough from the area of interest

on the loaded arm ta assume that they have a negligible influence on the results.

For bath chordwise and beamwise loading conditions~ calculations are

performed both using a linear solution sequence (SOL 101) and using a non-lïnear
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solution sequence (SOL 106).. This will allow to evaluate whether it is required ta

pertorm non-linear (iterative) calculations, which are significantly more time consuming

than the one-step linear caiculatioDS.

Fb

Figure 17 - Externalloads fOr calibration experiments

, 1 U L
B

~~------- -, C----._--..

c

n \
Figure 18 - Three-arm model and restraints

3.5.3 Analysis resalis

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-lînear analysis yields resuIts that are slightly more

precise than those obtained with a linear analysis.. This is because the structure

experiences large deflections.. The global stiffitess matrix needs ta he reevaluated based.

on an updated model geometry, and this requites the use of an iterative non-linear
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solution sequence. The beamwise bending stiffuess of the finite element model. as

obtained with the non-linear analysisy is shawn ta he about 90/0 lower than the stiffuess of

the actual PaI4 which is considered to he 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 abviausly

wrong.. the model being too stiff by as much as 55%. According to NASTRAN analysis

specialists.. such results are campletely unexpected. They could be due ta the element

formulation yielding ta shear stiffuess problems, when used for modeling tapered

laminates. However.. the cause of the problem is very clifficult ta assess here because of

the complexity of the Madel (geometry, materials and laminate layup). [n order ta

continu the source of the problem, much additianal wark wauld he requrred. One would

need to pertorm a series af experiments on various simple test specimens. and carrelate

the results with the carreponding 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 deOection (inches)

(lbs) Experimental Linear %error Non-Iinear %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 9.4% 1.063 8.8%

389 1.294 1.424 10.0% 1.407 8.8 %

-186 1.61 1.779 10.5 % 1.745 8.4%

Load Beamwise deflection (mm)

(N) Experimental Linear %error Non-linear °.4error

431.5 7.44 9.02 21.2% 9.04 21.6%

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 8.4%

Tahle 3 - E."Cperimenrat and ana/yricat beamwise bending load-dej1ecrion resulrs

(N)
2500

.­.­....

__Expe1'ÏIœntal
....... Model (oon-lin.)

~ 50

400200
------------------ 0

600

Appœd had (lbs)

Figure 19 - Experimental andanaLytical beamwise bending load-dejlection
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Load Chordwise deOeetion (inches)

(lbs) Experimental Linear %error Non-6near %error

-167 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 deOection (mm)

(N) Experimental Linear °Aterror Non-Iinear %error

2077.3 0.711 0.351 -50.8 % 0.351 -50.8 %

4154.6 1.499 0.699 -53.3 % 0.699 -53.3 %

6236.4 2.337 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 -56.9 % 1.750 -56.9 %

Tahle el - Experimental and analytical chordwise bending load-deflection results
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Figure 20 - Experimental andanalytical chordwise bending /oad-defleclÏon

34



Chapter 3 Main rotor yoke finite element model

•

3.5.4 Higher arder shell elements

[t is desired ta verifiy if the element topology used in the model is appropriate

or ifhigher arder shell elements, also available in NASTRAN, would yield more accurate

results. A second three-arm model is therefore created using higher arder (quadratic)

elements: eight-noded quadrilateral shells (CQUADS) and six-noded triangular shells

(CTRlA6). The composite layup, boundary conditions and loads are exactly the same as

in the madel described in the previous section. A load-detlection analysis is performed

\vith 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 det1ectioD (inches)

(lbs) Experimental Linear °AJerror Quadratic %error

97 0.293 0.356 21.6% 0.355 21.2 %

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.l %

-186 1.610 1.745 8.4% 1.780 10.7%

Load
1

Beamwise deOectioD (mm)

(N) Experimental Linear °AJerror Quadratic %error

-131.5 7.44 9.04 21.6% 9.02 21.2%

863.0 16.15 18.03 11.6% IS.06 11.8 %

1298.9 24.82 27.00 8.8% 27.18 9.5%

1730.3 32.87 35.74 8.8% 36.20 10.1 %

2161.8 40.89 44.32 8.4% 45.21 10.7%

Table 5 - Beanrwise bending /oad-deflection resu/ls as a function ofelement topology

(non-linear solution sequence)
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Load Chordwise deOection (inches)

(lbs) Experimental Linear °.ftterror Quadratic %error

-167 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 ...54.9 %

1869 0.126 0.0551 ...56.3% 0.0553 -56.1 %

2336 0.160 0.0689 ...56.9% 0.0691 ..56.8%

Load Chordwise def1ection (mm)

(N) 1 Experimental Linear %error Quadntic %error

2877.3 0.711 0.351 ...50.8% 0.351 ...50.7%

4154.6 1.499 0.699 -53.3% 0.701 -532%

6236.4 2.337 1.049 -55.0 % 1.054 -54.9 %

8313.7 3.200 1.400 -56.3 % 1.405 -56.1 %

10391.0 4.064 1.750 -56.9% 1.755 -56.8 %

Tahle 6 - Chordwise bending load-deflection results as afunction element lopology

(linear solution sequence)

The beamwise stiffness obtained with the original model (linear element

topology) is shawn to correspond better to the experimental results than the stiffness

caIculated using the higher-order elements. In chordwise bending~ the calculated stiffuess

is the same using either element topology. Moreover~ the use of higher arder shell

dements results in a significant increase in computation time~ due to an increased number

of degrees of freedom in the mode!. Therefore't there are no advantages in using higher

orcIer elements in the present modeL
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3.6 Verification of calculated stress field

Main rotor yoke finite element model

1.6. J Experimental data

An extensive fatigue test program [35] was condueted on the main rotor yoke.

These tàtigue tests were performed on an hydraulie test bench speciaIly designed for this

purpose. which can subject the entire yoke to realistic multidirectional 10OOs: a statie

tensile load (corresponding ta the centrifugai load) as weIl 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 eaeh aIIll, the chordwise bending loads are

applied in opposite directions on adjacent arms. AlI the supporting parts in the main rotor

hub assembly (Figure 1) were included in the test assembly, in arder to reproduce the

environment encountered by the yoke in actual flight conditions. The yokes used in this

tàtigue 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.

FIt

Figure 21 -E:cternalloads applied to the yake in fatigue tests

This test program provided typical 10ad vs number of cycles to failure (S-N)

data for each specimen tested. The results available also include information on the

nature of the failures and the approximate location where these fallures were observed.

Although these fatigue test results cannat he used to perfoon a quantitative validation of

the model (because ofthe difIerence in the resin system), part ofthese 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 ta areas in the model

where high stress levels are encountered.

37



Chapter 3 Main rotor yoke finite element model

1.6.2 Determination ofextemalloads

The bending loads ta whieh the yoke is subjected ta are usually described in

terms of resultant bending moments at a specifie locatio~ usually station 7.0 or station

8.75. ExperimentaIly, the resultant bending moments are directly measured usÎDg

properly calibrated strain gages. In the present finite element model, the laarling of the

yake is only known in terms of the extemal forces applied to the outboard adaptar.. as

described in section 3.4. Consequently, in arder to eorrelate the finite element model with

the existing dat~ a relationship must he established between the external forces applied ta

the model and the resultant bending moments.

The resultant ehordwise bending moment at a given location ofthe flexure can

he directly calculated based on the unloaded configuration. The moment ann of Fe is

assumed not ta vary upan laading, given that chardwise deflectians remain very small.

The load Fe being applied at station 19.0 (see section 3.4), the resultant chordwise

bending moment at station X will he given by:

J(.x =F,... (19.0-X) (25)

A different approach is required ta calculate the beamwise bending mamen~

because the structure undergaes large flapping defannations. 80th Fb and the centrifugai

load contribute ta the resulting beamwise bending moment. While the moment arm of Fb

could be assumed constan~ the moment arm of the centrifugai force is strongly dependent

on the deformed geometry~ as shawn in Figure 22. The directions of the forces~ Fb and

CF. are assurned ta remain constan~ even under large defIections. The relationship

bet\veen the laad Fb applied to the yoke and the resultant beamwise bending moment cao

theretore nat be defined in terms ofao explicit equation. For a gÏven loading conditio~ a

non-linear tinite element analysis must first he performed to obtain the final defanned

shape of the yoke onder the combined Fb and CF loads. The detlection results obtained

are then used ta determine the new moment arms (Â.~ and À.z) of the extemal forces. The

resultant beamwise bending moment is given by:
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~\lh.X = F,. . il): -CF· il: (26)

[·b'

i...'<

j. Fb

.J: • CF'
j..z .. CF

:(

Sta 7.0 Sta 19.0

Figure 22 - Applied /oads vs dejOrmed and undeformedgeometry

Using this procedure systematicaIly, one can develop curves of resultant

beam\\ise bending moment as a function of the applied Fb load, for a given value of

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

centritugal force of 33150 lbs.

0
(N)

30000

15000 . _... -

~ 1600

__Mb@Sta7.0

- 10000 •.••••• Mb @ Sta 8.75
:r.

.J:. ..-..
1 . e= ..-, ~~ ... .-
~

.
5000 -.-.,.-...

...'
.--...- ."

0 -
,- 0

0 1000 2000 3000 4000 5000 6000 7000

Fb (lbs)

Figure 23 - Curves ofresu/tant beamwise bending moment (Mb) as afunction ofthe

heamwise bending /oad (Fb) applied fOr 33150 lbs ofcentrifugal/oad
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3.6.3 Analysis and results

Main rotor yoke finite element model

Because of the symmetries that exist in the extemal loads applied to the yoke

(Figure 21)~ ooly one yoke arm with proper boundary conditions is required in the model

in arder ta properly represent the test conditions. AlI six degrees of freedom are

canstrained on baundary 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 ofthe part and in the loads applied.

B....·.......

Yv"
~

)~ Fe .

.~ ----
'\..'< Fb

C'.r

Figure 2-1 -lnboardrestraÎnts on the Madel fOr yake fatigue tests

A qualitative comparison is to be performed between static stress analysis

results and the fatigue experimental results. In arder for that comparison to he valid, ooly

the oscillatory part of all stress components must he considered. This is acbieved by

performing (Wo separate fmite 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 complered.. the two stress results sets are subtracted.

Ail of the fallures observed during yoke fatigue experiments were due to

delamination [35]. Based on examination of the fracture faces, these delaminations were

determined ta have accurred due to interlaminar shear. Most of them were located in the
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Chapter 3 Main rotor yoke finite element model

same area of the yoke., between station 6.0 and station 9.0, on the bottom side of the

tlexure between the lower roving belt and the outermost group of unidirectional tape plies

(Figure 25). Detailed information on the exact location ofthe delaminations (i.e. at which

specitïc ply interface they were observed) is not available.

Figure 25 - Approximate location ofdelaminations in fatigue experiments

An exarnple of the oscillatory stresses distribution calculated with the model

is shawn in Figure 26 through Figure 29, here for fatigue experiment #1. Note that very

similar results are obtained for the other test specimens. AlI results are shown for the

same fahric 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 coïncide weIl with with highly stre5sed areas, more specifically with high

values 0 f the interlarninar shear stress and normal tensile (ox) 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 ofthe yoke model will be carried out in Chapter 4.
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4 Yoke specimen static experiments and analysis

A series of experiments is to he performed on specimens cut out of aetual

main rotor yokes. The purpose of these experiments is to generate data on the statie and

tàùgue properties of the yoke as a whole, under simple and controlled testing conditions.

The experimental results are to he correlated with analytical results from a finite element

analysis of the specime~ in order to develop a model for predicting the fatigue behavior

of the yoke.

4.1 Introduction

[n actual flight conditions, the yoke is subjected to a complex combination of

steady and oscillatory loads: osciUatory beamwise bending loads't oscillatory cbordwise

bending laads. and a steady centrifugai load (Figure 4). In order to experimentally

recreate such a loading environmen4 a complex test apparatus would he required. In the

present study. it is desired instead to subject the yoke specimens to much more simple

test conditions.

The major defonnations experienced by the yoke in flight are due to the

blades· tlapping motion, i.e. beamwise deflection of the yoke flexure. In a previous study

[35}. even thougb complex multiaxial loads were applied to the yoke during the

experiments. the measured beamwise bending moment was considered to he the

determinant parameter in delamination of the yoke. The present study will therefore

concentrate on this specifie component ofthe yoke loading environment. Only beamwise

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

4.2 Specimen geometry

Severa! points need to he considered when selecting the proper specimen

geometry ta he used in the experiments, to make sure that the results obtained from

specimen testing are as representative as possible ofthe entire yoke mechanical behavior.
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Most of the failures observed in previous yoke fatigue experiments [35] were

delaminatioDS originating at the edges of a flexure. This suggests that the edge effeet

plays an important role in these fallures. If a narrow beam-like specimen was to he cut in

the yoke tlexure, the width-to-thickness ratio of this specimen would be significantly

smaller mat in the actual yoke, thus increasing the influence of the edge effect on the

tàilure. [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. AIso, examining these results trom 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 he considered a critical area for failure. In order to

allow tor meaningful correlation between the yoke specimen and the entire yoke, it is

desired chat 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, 50 that

the test tixture does not induce any local stress concentrations in that critical area. The

yoke test specimen must aIso include a portion ofthe thick and flat inboard section of the

yake. in arder 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

yoke. However.. the portion ofthe specimen that can be used for installation on the testing

machine is relatively small, and not weil aligned with the flexure. Specimen type #2

appears to have better overall characteristics: the portion of the specimen that can be used

tor installation on the testing machine is much wider, and aIlows to properly constrain the

specimen beamwise. Although ooly four specimens of this type can be obtained from a

yoke.. this specimen shape is selected for the present study due to its superior geometrical

characteristics (Figure 31). The flexure will he cut at station 13.0, just after it reaches its

minimum thickness.

[t should he ootOO that the two yokes made available for testing are aetual

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 take~ when

selecting the specifie arms ta he used as specimens, to ensure that aIl of these known

detècts are avoided.

o
((~=---~J

o
( C=

Specimen type # 1 Specimen type #2

Figure 30 - Two types o/yoke lesl specimens

o
o

o
o

Figure 31 - Selecred lest specimen geometry
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4.3 Test apparatus

Yoke mecimen statie experiments and analysis

AIl experiments were eondueted in the Composite Materials Laboratory, in the

Department of Mechanical Engineering of MeOill University. The yoke specimens were

tested on an MIS 810 hydraulic load frame, having a capacity of25 metric toDS.

A specially designed test fixture (Figure 32) is used to install the specimens

on the testing machine. The upper cantilevered part of the test tixture 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 hyclraulic head of the load frame.

The cylinder extends across the entire width ofthe 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 oÏ the specimen are exactly the same as in the corresponding area of

the global yoke modeL The finite element mesh is aIso very similar, except for the thick

~nd of the specimen which was completely remeshed in order ta allow for proper

modeling of the specimen's boundary conditions.

,.11 t ' l

Il 1
Il

1 ~ 1 i 1

Il j

, 1
, ,

• , 1 t

, 1

+
Figure 33 - Finite element model ofthe test specimen

As described in section 4.3, the thick end of the test specimen is rigidly

anached ta 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, 50 that no

displacement is aIlowed in all six degrees of freedom.

lt is aIso necessary to properly model the displacement restraint imposed ta

the specimen where it contacts with the test fixture. The area where the yoke and the test

tixture 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

tùlly constrained nodes ta the ModeL These new nodes are coïncident with the shell

dement nodes located on the sides of the surface of contact. Contact (CGAP) elements

are detined between these coincident nodes~ in order ta simulate the contact hetween the

t\vo surtàces (Figure 35).

Figure 3..f - Surface ofcontact between the yake specimen and the test fixture

Figure 35 - Restraints on the specimen model due to the test jixture

The external bending load is applied to the test specimen by means of a

cylinder pushing on the outboard end of the flexure. In arder ta simulate properly the

loarling configuratio~ the cylindrical loading head needs to he included in the finite

element analysis. It is modeled by a rigid element (Figure 36)~ and constrained 50 that it
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can only move vertically without any rigid body rotation. The contact between the

[oarling head and the test specimen is modeled using contact (CGAP) elements, defined

benveen the nodes of the cylinder and the corresponding nodes on the specimen moàeI.

The result is that upon (oading, aIl the shell element nodes at the interface undergo the

same vertical displacement.

Figure 36 -Specimen modelloading

4.5 Verification of boundary conditions

[n arder ta assess the vaIidity of the proposed boundary and loading

conditions.. an arbitrary (oad 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 arder

tor the gap elements to behave as non..linear elements (Le. different stiffness values in

tension and in compression), the analysis must he run using a non..lioear solution

sequence.

The contact forces between the specimen and the test fixture are as shawn in

Figure 37. On the edge between points A and C, the distribution of contact forces is

asymmetricaL because the extemalload applied by the cylinder is eccentric with respect

to the bolted anachment. 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 lîne.. The distribution ofcontact forces

observed in the model therefore appears to he in good agreement with the loading
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contiguration. It can be noted in the results tbat the model exhibits a [oad concentration at

point B. It is however very unlikely that a simiIar 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 sbarp edge (Figure 34). This characteristic of

the geometry cannat be taken into account in the model; therefore, the resultant local cise

in stresses will simply be ignored in the results.

Figure 38 shows the load distribution at the interface between the [oading

head and the surface of the specimen. The calculated load distribution is clearly

as~ mmetric: 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 orthe 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 extemal loaels applied through the

cylind~r are eccentric with respect to the specimen's inboard constraints, the flexure

tends to warp under bending, causing the observed asymmetricalload distribution.
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4.6 Verification of the model stiffness

[n Chapter 3y the stiffness of the global yoke model was verified against

~xperimental load-deflection data from tests perfonned 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 stiflhess calculated with the specimen

tinite element model. Given that the test specimen finite element model is basically a

portion of the global yoke modely these new experimental load-deflection results will

provide an additional validation ofthe stiffness of the global yoke model.

Displacement is gradually applied to the end of the specimen under te~ 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 resuIts are caiculated with the specimen Madel. Comparison

between the experimental and analytical load-deflection curves (Figure 39) suggests that

the mode! has a slightly higher stiffness than what is observed experimentally. However9

a doser 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 he determine~ 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

wi Il he done under load controL this situation will therefare not pose a prablem in further

results.

[n order ta obtain a valid measurement of the specimen stiflhess, an additianal

measurement of the displacement must he taken direetly on the test specimen. An

extensometer is therefore fitted on the lower surface of the specime~ with the two

branches 1~ apart at statians 7.0 and 8.0, giving a measurement ofthe Mean surface strain

over that area (Figure 40). The surface of the specimen was sanded loca1ly prior to

installation of the extensometer9 in arder to increase the surface roughness, and thus

avoid slippage ofthe extensometer when the specimen detlects.
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Figure 40 - Extensometer installation
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The experimental load·strain curves obtained for two test specimens are

shawn in Figure 42 along with the equivalent analytical curve calculated with the finite

dement model. The analytical mean surface strains~ corresponding ta the experimental

values measured with the use ofthe extensometer, are calculated based on the assumption

that the beamwise bending neutral plane is located at the midplane of the specimen

tlexure. The relative displacements (translations and rotations) of two nodes located in

the center of the flexure al station 7.0 and station 8.0 are used to calculate the required

surface strains.. as shawn in Figure 41.

Comparison between the experimental and analyticalload-strain curves shows

that the stitfness of the model is lower than what is observed experimentally. This is

consistent with what was round in Cbapter 3 for the full yoke model. However9 the error

on the calculated stiffness is greater9 here about 20%. This is still considered a reasonable

correlation. The increased error on the calculated stiffness is probably due to the method

used ta derive the Mean surface strains. The experimentally measured surface strains are

beli~\'ed to be accurate9 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 neutraI axis is likely not to he exactly at the midplane9 given that the

laminate is not fiat (2° preset angle upwards) and the layup is not symmetric in the upper

half and lower half of the tlexure.

Note that in Figure 399 the model seems to underpredict displacement results~

whilt: in Figure 42 the model overprediets strain results. In fac~ this is due ta the error

discussed on page 53: part of the displacement measured experimentally occurs in the test

lixture rather than within the specimen.
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4.7 Prediction ofstatie failore

Yoke soecimen stati~ experiments and analysis

The model needs to properly simulate the properties of the test specimen

under a statie loa~ including the ability to predict the ultimate load tbat the specimen can

carry. Without meeting this requirement the model could not be further used to predict

the tatigue behavior of the part. This cames down to verify the validity of the stress

results calculated with the mode!. Although the present model is not capable of

calculating detaiIed three-dimensional stress fields~ it should, however, be able to

reasonably prediet the areas ofhigh stresses, therefore allowing estimating the location of

thilure and ultimate faiIure load.

Quasi-starie destructive experiments were performed on two test specimens to

determine the ultimate static laad the specimen can withstand. The tests were performed

under displacement control; the loading head displacement was monotonically inereased

at the rate of 0.1 mm/sec untiI the tirst failure was observed. In both cases.. the test

specimen showed no sign ofdamage prior ta catastrophic delamination failure.

For the first specimen tested, the failure occurred under a load of 4680 lbs.

TViO delamination failures developed simultaneously in the SPecimen, bath of them

between the second and the third roving belts, as shawn 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 beIt. Delamination B runs

across a much smaiIer area at the end of the specimen, extending further along the edges

of the tlexure. [t is located along the upper surface of the third roving belt.
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For the second specimen tested under statie loatL the fallure occurred under a

load of 5025 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 tlexure. except for a narrow band at the end of the flexure. It is located aIong the

lo\\'er surtace of the second roving bell. Delamination D nms a10ng the upper surface of

the third roving bel~ across mast ofthe flexure aIl the way to the end of the specimen. It

extends further inboard on one side ofthe flexure.
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Figure -1-1 - Delaminationfailures observedfOr second specimen

Most of the delaminated surfaces in both specimens appear very smoo~

indicating a clean separation of the fabric layers from the adjacent roving bell. However

in certain small areas~ indieated on Figure 43 and Figure 44 by a hatch patte~ the fahric

pli~s between the two central roving belts were severely damaged.

Using the average of the faiIure loads for the two experiments performe~ the

uItimate load that can he carried by the specimen is determined to he 4850 lbs (21.5 kN).
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•

Finite element calcuIations are then perfarm~ with that ultimate laad applied ta the

model.

Figure 45 shows an example ofthe interiarninar 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 far

an ply locations through the thickness. Camparing these resuIts 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 fahric 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 doser look at this specific are~ Figure 46 presents the variation of

interlaminar shear stresses through the thickness of the model. The calculated

interlaminar shear stresses are found to he the highest near the midplane of the flexure,

bet\'ieen the second and the third roving belts. This indeed corresponds ta the ply

intertàce where delaminations were observed experimentaIly.

Further. interlaminar failure indices are caIculatecL for the interfaces where

delaminations were observed experimentally, by applying a Maximum Stress failure

..:riterion on the interlaminar shear stresses:

wht:re

r "F.1. = maximum of ~ and .2:.
Sb Sb

Sh = interlaminar shear strength

(27)

•
Although this fallure 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 0 f 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

ta transter the failure indices to PATRAN, for postprocessing. A C++ program was

theretore developed ta transfer the required data and allow for a graphicaI postprocessing

of the tàilure 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 tor the interface lacated along the upper surface of the third roving belt The

maximum tàilure index~ obtained along the edge of the specimen in the area where

material splintering was observed experimentally, bas a value of 1.45 .
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Figure ./5 - Interlaminar shear stresses along the upper surface ofthe third roving belt.

Applied load is 4850 lbs (21.5 kN).
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The strength of the actual yoke specimens is therefore about 450/0 higher than

predicted by the finite element modeL However~ the fallure observed experimentally

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 ta catastrophic failure of the specimen. Ouring the experiments,

sorne initial matrix cracking, or small delaminatioDS~ may have occurred before the final

catustrophie tàilure. Given the thickness and the size of the yoke specimen, it i5 very

difficult to deteet these early stages of damage leading to an extensive visible

delamination.

Another important factor needs to he taken into account when comparing

experimental results ta the finite element model failure prediction. The value of

interiaminar (out-of-plane) shear strength used in the analysis was determined using

short-beam shear tests, in accordance with ASTM 0-2344 standard. This method is

\videly used tor material characterization. However, while it 15 weIl 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 calcuIations ooly provide

an approximation of the actual interlaminar shear strength. In order ta better characterize

the interlaminar shear strength of the material, additionaI testing should be carried out

using the double-notched specimen test method (ASTM 0-2733 and 0-3846).
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5 Fatigue experiments and analysis

Fatigue experiments and analysis

[n Chapter 4, we described the characteristics of the test specimen and

~xperimental 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 statie tests performed on two specimens. The present chapter describes the fatigue

loading ~xperiments performed on yoke specimens. Experimental results are then

correlated with the available material fatigue da~ using the finite element model of the

specimen and the Normalized Fatigue Life MadeL

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 (deseribed in Section 4.3).

However. difficulties were encountered when trying to apply oscillatory loads ta the test

specimen. Under bath statie or fatigue loading conditions, the loads required ta cause

tailure 0 f the specimen are quite high. Given the relatively low beamwise bending

stiffness 0 f the specime~ the moving head of the load frame is required to perfonn large

strokes in arder ta generate these loads. Limitations in the stroke 1 load 1 frequency

settings due to the hydraulics of the load frame had ta he taken into account when

selecting the test conditions.

Eight yake specimens were subjected ta cyclic loading. AlI the fatigue tests

were pertormed with a load ratio R (maximum peak load divided by the minimum peak

loarl) approximately equal to 0.5 . For each specime~ different percentages of the

u[timate statie failure load (selected as the maximum peakload) are applied in arder to

generate data points ta build an S-N curve for the yoke specimens. The frequency of the

oscillatory loads was set to l Hz.
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5.2 Fatigue tests results

Fatigue experiments and analysis

The tirst test specimen was subjected to cycUc loading with a peak load

corresponding to 70% of the ultimate static fallure load. The specimen failed by

delamination after 10 072 load cycles. The failure is very sunilar in nature ta what was

observed for the two specimens subjected ta static destructive tests (Section 4.7). Two

delaminations developed simultaneously, both close ta the midplane of the specimen.

One delarnination covers a small area at the ouboard end of the specime~ 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 580/à of the ultimate static failure load. The specimen completed over

1x1Ob load cycles without showing any sign of failure. X...rays of the specimen taken after

the test contirmed the absence ofdelamination. This test is considered to be a runout.. Le.

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 starie failure load. The test was stopped after 382

100 load cycles, after small cracks were observed in the thin resin coat covering the edges

of the specimen. However, X-rays ofthe specimen taken after the test did not indicate the

presence ofany delamination in the specimen.

Test specimen #4 was subjected to cyclic loading with a maximum load

corresponding to 70% of the ultimate statie load.. as was done for the first test. The

specimen completed 22 700 1000 cycles without any sign of failure't 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 [oad

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

delarnination after 27 750 load cycles. Multiple delaminations occurred simultaneously in
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the specimen. all of them being loeated close to the midplane of the speeimen~ between

the second and the third roving belt.

Test specimen #6 was subjected to cyelic loading with a maximum load

corresponding to 80% of the statie failure load. The specimen failed after 53 660 cycles,

due ta 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 ultimate statie load, respectively. Specimen

#7 tàiled by delamination after 113 910 load cycles, while specimen #8 failed after 9160

load cycles. again by delaminatioo. Bath specimens failed after friction caused sorne

damage at the interface between the loading head and the surface of the specimen. The

I.:ombination of high loads and small oscillatory motion between the two parts.. during a

long period aftime.. appeared to cause an overheating ofthe resin at the point ofcontact.

Table 7 presents a summary of the fatigue testing performed on yoke

specimens. The ultimate static failure laad (21.5 kN) was obtained by taking the average

tàilure loud tor the two specimens failed under static conditions (Section 4.7).

Max. peak load % ofult static Nf
Test ID Stress ratio

(kN) faiIure load (cycles)

1 15 70% 0.55 10072
., 12.5 58% 0.54 1 003 370
..,

14.6 68% 0.51 382 100.J

-+ 15 70% 0.57 22700

5 18.3 85% 0.51 27750

6 17.2 80% 0.49 53660

7 172 80% 0.51 113910

8 19.0 89% 0.47 9 160

Table 7- Summary ofjâtigue experimentsperjiJrmedon yoke specimens
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Specimen fallures occurred suddenly, without prior visual or acoustic signs of

damage (except for surface damages on specimens # 7 and 8). AIso, for aIl of the

~xperiments performed, the specimens exhibited no significant change in stiffness, even

during the last few cycles before fallure. Figure 48 shows an SeN plot of the fatigue test

results. Ali the experiments were included in the plot for comparison purposes, even

though sorne points do not correspond to fallure of the specimen. The y-axis of the graph

indicates the peak applied loarl, expressed as a percentage of the ultimate statie failure

load. There is obviously not enough data ta establish a meaningful SeN corve for the yoke

specimens. However, the test points appear to align in the shape ofa standard fatigue (S...

N) curve. i.e. decreasing fatigue Life with increasing applied load.

Note on Figure 48 that early fallure of yoke specimen #1 (which occurred

after approximately lxl 04 [oad 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-Nplot ofthe yofce specimenfatigue tests results
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5.3 Material fatigue properties cbaracterizatioD

In arder to analyze the current fatigue test results using the finite element

model 0 f the yoke specime~ the fatigue characteristics of the materials from which the

yoke is built - fiberglass tape, roving and woven fahric - need to be evaluated. Similarly

[0 the approach that was previously taken for statie failure of the specimens, only the

interlaminar shear component of the stress will he considered in the analysis. This was

sho\\ln to yield satisfactory results in tenns ofdelamination failure prediction.

lnterlaminar shear fatigue data from material characterization tests is only

available tor the tape and roving plies [37]. A limited number of tests were performed.

AIl material fatigue testing was done at the same level of mean stress, with different

values ofoscillatory stresses (or stress ratio) for each data point in arder to generate an S­

N curve. Fatigue testing of yoke specimens, on the other han<L 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 directIy correlated with the

material tatigue characterization data available. In order to establish a correlation

between yoke specimen fatigue results and materia! fatigue data, a technique is required

(0 collapse the {Wo families of curves - constant Mean stress and constant stress ratio ­

into a single general fatigue curve.

In a series of papers, Adam and AL [38~9,40] proposed a method to convert

ail related tàtigue 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

·Norma1ized Fatigue Life Model'. First, non-dimensional stresses are calculated by

dividing the mean stress (am), aItemating stress (crJ and the compressive strength (ae) by

the tensile strength (crr):

au =(alllllX -umin )/2

a", =(umu +amin )/2
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q =(j'", 1Ut

a =(j'u 1Ut

Fatigue experiments and analysis

(29)

The tollowing empiricai relationship may then he derive~ where t: A and B are curve

titting constants:

a =f[(l-q)(c +q)]- =f[(l-q)(c +q)}......BIOJN(
(30)

Note that there is a linear relationship between the parameter u - called the

'master curve life parameter' - and (log Nr). The constant f used for curve fitting is

dependant on the materiai tested. By reananging (30), the following equation can be

ùbtained:

In(al f)
(3/)

The method described above was developed for carbon fibre reinforced

composites. for tension/tension and tension/compression experimentai 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), am represents the Mean

shear stress. O"a the altemating shear stress and a; the shear strength.. Given that there is no

ditlèrence between positive and negative shear strength «(Tc =a; ), parameter 'c' in (31) is

equal to unity for shear fatigue loading conditions. Shomeh aIso determine~ based on

experirnental da~ that a better curve fitting was obtained by adding a (log (0) to the left

hand side of (31). For shear fatigue loading conditions, the relationship is therefore as

tolLows:
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{
In(a/I) }

u = 10gl0 ln[(l-qXl+q)] = A+BlogNf (32)

In the present study, use ofthe Normalized Fatigue Life Madel is extended to

glass tiber reinforced composites. The method is first applied to the tape and roving

interlaminar shear fatigue lire data available. For each fatigue data poin~ the normalized

stresses ·a" and ;,q" are calculated, then the master curve life parameter "u' is computed.lt

should be remembered that the value of ~r in (32) is material dependant. Using the tape

and roving interlaminar shear fatigue data only, the best linear correlation is obtained by

sening f = 1.6 . The resultant (u) versus (log Nt) plot is shawn in Figure 49. Note that the

linear correlation of the data is extremely good. AIso, the "u' versus (1og Nd eurves of the

t\'/o matcrials. tape and roving, are very similar; this was to be expected sinee the fibers

and resin are the same for both materials.
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Figure -19 - Tape and roving inlerlaminar shear normalizedfatigue lifè dala (au/J = 9.18

ksi.f= /.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 «Jm in (28). The value of 'r calculated based on

this data might therefore not he representative of the materia! fatigue characteristics

across a wider range of load leveIs. For further caIcuIations, f = 1.60 will be used as a

preliminary value for the yoke glass fiber materiaI. This vaIue will later be readjusted

bas~d on the results of the fatigue tests pertbrmed on yoke specimens (see Section 5.4).

No interlaminar shear tàtigue life data is available for the woven fabric plies.

The liber and resin't 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't it can

reasonably be assumed that for an interlaminar shear fatigue failure, the behavior of

tàbric plies will be very sunHar ta that ofthe tape and roving plies.

5.4 Prediction of yoke specimens fatigue lire

[n the previous section, interlaminar shear normaIized fatigue life curves have

been established for the glass fiber / epoxy materials used in the yoke. It is now desired ta

correlate these curves with the results of the fatigue experiments perfonned 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 fmite element

model (S~ction 4.7). Again using the fmite element model, the mean interlaminar shear

stress (O'm) and the oscillatory interlaminar shear stress (cra) are obtained for each one of

the yoke specimen fatigue loading tests performed, for that specifie location. CalcuIated

values are shawn in Table 8. Then using the normalized fatigue life model described in

the previous section, the normalized stresses and the master corve 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 I.q' and 'a' is obtained from material

characterization data «jult =9.18 ksi). The resulting (u) versus (log Nr) plot is shawn in

Figure 50. along with the corresponcling tape and roving normalized fatigue curves. It

appears that hardly any correlation can be made between the two sets ofdata.
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Meanload Mean stress~ (fm Ose.load Ose. stress~ (fa

Test ID
(lbs) (kN) (psi) (MPa) (lbs) (kN) (psi) (MPa)

1 2618 11.65 7780 53.6 753 3.35 2364 16.3
.., 2157 9.60 6500 44.8 652 2.90 2053 14.2
~ 2472 11.00 7379 50.9 809 3.60 2535 17.5J

4 2641 11.75 7843 54.1 730 325 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

Tl.lhle 8 - Applied loads and co"esponding inter/aminar shear stresses (mean and

oscillatory) for yoke specimenfatigue experiments
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Figure 50 - lnterlaminar shear normalizedfatigue life data ftr yolce specimensfâtigue

experiments (ault =9.18 ksi~f= 1.60)
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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

tioite element model (Section 4.7). For the maximum static load that the yoke test

specimen can withstand (4850 lbs, 21.5 kN), the maximum interlaminar shear stress, as

calculated with the finite element model is equal ta 13.35 ksi, Le. 45% above the

·theoreticar value ofstrength.

This error in the calculated stresses is inherent ta the model, and will he

considered as such in the calculations related to the specimen fatigue life. Therefore using

13.35 ksi as a 'corrected' value ofinterlaminar shear stren~ the normalized stresses "q'

and .a' are recalculatecL and the master curve life parameter "u' is computed for each one

of the experiments. The resulting (u) versus (log Nr) plot is shawn in Figure 51, along

with the tape and roving normalized fatigue life curves. The use of a "corrected' value of

interlaminar shear strength yields ta a better correlation between the yoke specimens

tàtigue 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 he 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

r:xperimenta1 data: therefore this data point will not be included in the calculations. AIso,

tàilure of specimens #7 and 8 occurred after the surface of the yoke in contact with the

test tixture started to wear out due to friction. Comparing these two data points with the

rest of the experirnental results in Figure 48, it can reasonably he 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

intluence on the fatigue failure.

Now. using test points # 5, 7 and 8 together with the taPe and roving coupon

tàtigue data. the ·best fit' value for parameter 'f in equation (32) is round to he equal to
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0.56. This value should he more representative of the yoke fiberglass materia! than the

preliminary value presented in section 5.3, given that it is based on data collected from

èxperiments representing a wider range offatigue loading cODditons. Figure 52 shows the

resulting (u) versus (log Nf) plo~ along with the interlaminar shear normalized fatigue life

curve which corresponds ta the best linear fit of all the data points. Given mat parameter

. f has no physical meaning (it i5 merely a curve fitting constant) and that

mathematicaIly.. its value is not restricted ta a specifie range, it is not possible ta assess

the validity of the ·r value obtained here.

The same interlaminar shear fatigue lire curve is shawn in Figure 53, and

compared \Vith the test resuIts from all yoke specimen fatigue tests. It is interesting ta

noœ that aIL the points on the plot not corresponding ta fatigue failure of the specimen ­

narndy 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 l'ailure ofthese specimens.

• These data points do not correspond ta
delamination failure ofthe specimen
(refer to Section 5.2 for details)

o Tape

• RoYing

~Yoke spee. -

9.08.07.06.0

&
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~ 0.6la
~
Q. 0.5
Q)

:: 0.4
Q)

c: 0.3 .
~
u
~ 0.2 .Q)-(1)
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Figure 5/ -lnterlaminar shear normalizedfatigue life data fOr yofce specimensfatigue

experiments (Urd' = 13.35 frsi.f= 1.60)
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The graph presented in Figure 52 can he 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 he reasooably representative of the yoke fiberglass materia!

interlaminar shear fatigue cbaracteristics, considering the limited amount ofexperimental

data on which it is based: four specimens tested until delamination fallure (among which

one is highly questionahle), one specimen failure due to a problem with the test fixture.,

and three fatigue tests interrupted prior to fallure of the specimen. Obviously, additional

tàtigue tests pertormed 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 materia! characterization data (matena! coupon

tàtigue 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

materiaI coupon tàtigue 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 pans. It will allow to evaluate the fatigue properties of the complex laminated

part based on readily available material fatigue characterization da~ Le. without ha\ing

ta manutàcture and test specimens ofthe part.
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6 Conclusions

6.1 Summary

Conclusions

The goal of the present research project was ta develop an analytical method

to predict the failure of a helicopter main rotor yoke, made of Iaminated tiberglass

composite. under fatigue loacling conditions. From a previous set of fatigue experiments..

it is knO"TI that the primary failure mode of the main rotor yake is delamination driven

by interlaminar shear. A finite element model of the yoke was developed using a

commercial fmite 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 materia!

coupon tàtigue data. using a finite element model of the specimen and the Normalized

Fatigue Life mode!. From the analytical and experimental work performed.. the following

conclusions can be drawn:

• The ·dummy plies' technique was successfully used to avoid sorne difficulties

inherent to modeling oftapered laminates.

• The flnite 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).

• The Nonnalized 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 1epoxy laminated composites.
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• The Normalized Fatigue Lire Madel 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 he required ta improve the method and resuIt in a too1

that could readily be used for practical design applications. Sorne suggestions for future

work on the subject are given below:

• Additiona! materia! fatigue tests are required ta fully characterize the materia!

properties. The fatigue properties of fiberglass fabric plies need ta be

characterized. Alsa~ for the tape and roving unidirectional plies.. fatigue data

need ta be obtained for a wider range ofmean and oscillatory stresses.

• The apparent inadequacy of the fmite element model to represent the

chordwise bending characteristics of the yake flexure should be investigated.

• AdditionaI fatigue tests need to he performed on yoke specimens, at various

load levels. in order ta obtain a set of experimental results that is statistically

more significant. It should aIso he considered to redesign the test fixture, in

order to avoid sorne of the difficulties that were encountered in the present

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

• Within the scope of this study, fatigue experiments and the corrcsponding

analyses were only performed for yoke test specimens subjeeted ta beamwise

bending loads. The fallure of yoke specimens under more comple" [oading

conditions - including axial tension (oads and chordwise oseillatory bending

loads - needs to be investigated.

• ln the present wo~ failure analyses (statie and fatigue loading conditions)

were based on the interlaminar shear stresses only. Although this yielded ta a

reasonably good agreement with the experimental da~ the influence of other

stress components should he included in order to obtain a better accuracy.
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AppendixA

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 cIamped end) consists of an eight·ply laminate.. Four of these plies

terminate at mid-Iength, sa that only four plies remain in the thinner half of the beam.

Both normal and transverse bending loads are applied at the tip ofthe beam. The material

properties and thickness ofthe individual plies are the same as in the actual yoke modeL

l

1 \'

~~

,,,

~hll:k laro Ult'lte

Thin lamtnnte

Figure 54 - Test case - cantilever beam model

F

Two ditferent models were used for the analysis. In model A. the thin part of

the laminate (afier 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 be~ but the thickness of the

dropped plies is reduced to IxIO-lS 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 teons 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 modeIs are also identical.
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Thicklayup ThiD layup

ModelA & B ModelA ModelB

[D Thickness Materia! ID Thickness ID Thickness

1 0.008 fahric 1 0.008 1 0.008
., 0.008 tape 2 lxl0·15..
.,

0.008 tape 2 0.008 3 0.008J

4 0.008 fahric 4 lxlO·15

5 0.008 fahric 5 lxl0·15

6 0.008 tape 3 0.008 6 0.008

7 0.008 tape 7 lxl0·15

8 0.008 rahric 4 0.008 8 0.008

Table 9 - CharaCleristics oflaminates in cantilever beam test case, model A and model B

Modd A: Ply ID '2

1
1

1S200 1 l04lW

1.wocJ 96.53

121110 U.25

11600 1IJ 'JI

lOoJoo 71.71

'1!00. 6H3

WOO. ~H6

n&OO 46.11.

5600. 31.61

.woo. 30.34

3200. 22.1>6

1000 13.79

100. ~.52

~. ·2.76

psi ·1600. ·11.03 ~fP:I

Figure 55 - Cantilever beam test case, Stress resufls (-xx component) in layer 3.
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:\lodd A: Plv ID ';3

\Iodd B: Pl" ID iiJ

Modd A: Ply ID in.

_T
. .J.:.'
l _~~ ~

Ji.:::

Figure 56 - Cantilever beam test case. Stress resu/ts (-xy component) in layer 3.

\Iodc:l A. Ply ID ~3

;r.. --
ç; .....

\hldc:l a Ply ID =':3

Modc:l A: Ply ID .2

41U. !on

l6S. DI

2110. 1.'.13

21~. 1.41

ISO. 1.01

11$. O.~9

lU. 1.14

4S. .o.JI

·110. .0.76

·l7S. ·1.11

·24(1. .1.f.5

-lM. ·!oIO

.J70. 1 ·2.~S
m

435. .300

PSI .4illO. ·H~ MP:a

Figure 5i - Cantilever beam test case. Stress results (-xz componenl) in layer 3.
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fail_index_ni.dmap

Appendix B

AppendixB

With the current version (V69) ofNASTRAN, it is not possible to have composite failure

indices written ta the binary results output file (.op2), which is used to transfer results to

PATRA.N. The failure indices are ooly available in the text results file (.jD6). The

tollowing procedure has been develope~ to allow postprocessing of the failure indices in

PATRAN.

First.. a NASTRAN DMAP (Direct Matrix Abstraction Program) is used to redirect all the

tàiLure indices output into a new results file labeled '.ndx'. The DMAPs used for this

purpose are as foLlows:

Linear statics (SOL 101):

Non-linear statics (SOL 106):

The C++ program ex/rac/.C is then used to read inta the .ndx file, extract the failure

indices tûr the selected composite layers. The utility generates bath a PATRAN2.S

dements results file (.eis) and the corresponding PATRAN2.S Results template file

(.re.\·_lmpl). These are oId 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 iota

PATRAN usiog the Import utility.

The {WO NASTRAN DMAPs fail_index_lin.dmap and [ail_indu_nl.dmap, and the

c-:; progmm e:clrac/.C are given in the following pages.
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fllil_Îndex.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:
$

S assign userfile='{filename}' status=new unit=13 formatted delete
S
compile sedrcvr
alter 'OFP OES1C,OEFIT'," $
type parm"i,n,linespp $
linespp=getsys(linespp,9) $
paraml ke~//'trailer'/1/s,n,noelem$ No. of nI elem. in model
~celem=20*noelem $ calc. lines per page to 20 x no. of elem.
putsys(noelem,9) $ set lines per page
putsys{13,2) S write printed output to unit 13
ofp oefitlls,n,cardno $
putsys(linespp,9) S reset lines per page to original value
9utsys~6,2} S restore unit 6 for printed output
Jf~ oeslc/Is,n,cardno $ ply stress output
endal:er S
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$ The DMAP alter writes the composite element failure indices
$ ta a user defined file rather than the conventional f06 output
S file. Fortran unit 13 is used to write the failure indices.
S The user needs ta provide an ASSIGN statement such as:
$

S assign userfile='(filename}' status=new unit=l3 formatted delete
S

$ The failure indices are dependent on the value of the parameter
S LGDISP. For a LGDISP of -l, subDMAP SEDRCVR writes the failure
S inàices ta the OEFIT data black. If LGDISP is l, subDMAP NLSTATIC
S writes the indices to the OEFIT data black.
s
compile sedrcvr
alter 'OFP OESlC,OEFIT'," $
~ype parm"i,n,linespp $
li~espp=getsys(linespp,9) $
?araml kelm//'trailer'/l/s,n,noelem $ No. of nI elem. in model
noelem=20*noelem $ cale. lines per page ta 20 x no. of elem.
putsys(noelem,9) $ set lines per page
putsys{13,2) S write printed output ta unit 13
of~ oefit//s,n,cardno $
putsys(linespp,9) $ reset lines per page ta original value
putsys(6,2) $ restore unit 6 for printed output
ofp oeslc//s,n,cardno S ply stress output
endalter $

S
$

COmpl.Le nlscatic
alter 'OFP OESCP,OEFIT'," $
type parm"i,n,linespp $
linespp=getsys(linespp,9) $
paraml kelm//'trailer'/l/s,n,noelem $ No. of nI elem. in model
noelem=20*noelem $ cale. lines per page ta 20 x no. of elem.
PUl:SYS (noelem, 9} $ set lines per page
putsys(13,2) $ write printed output to unit 13
ofp oefit//s,n,cardno $
putsys(linespp,9) $ reset lines per page ta original value
?utsys(6,2) $ restore unit 6 for printed output
ofp oescp//s,n,cardno $ ply stress output
endalce:- $
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~include <stdio.h>
~include <iostream.h>
~include <iomanip.h>
;include <fstream.h>
,include <string.h>
~include <stddef.h>
~include <ctype.h>

int 'N!." i te header(char * char * char *} ;, ,
int write_template();
int process lines(char *) ;

int write res(int, int, float *) ;-

Appendix B

ifstream infile;
ofstream outfile;
ofstr~am templfile;
int n results;
int result_id[lO];

:.nt main(void)

Il Number of requested results
Il Ply ID for requested results

char ndxfile[80], elsfile[SO], restmplfile[SO];
char title[40], subtitle[40];
char line[256];

cout « "Input file (without the .ndx extension) :
c':"n » ndxfile;
.:cut « ItHow many results to process? (max = 6)
=ln » n results;

for ~int i=O; i<n_results; i++)

cout « "Ply ID for result in cc i+l c< "
cin » result_id[i];

st~cpy(elsfile,ndxfile;;

strcpytrestmplfile,ndxfile);
strncat(elsfile,".els",4);
strncatlndxfile,".ndx",4);
strncat(restmplfile,".res_tmpl",9);

infi:e.open{ndxfile);
if t: ~ infile) {

cout « "Cannat open .ndx file.\n";
return 1;
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~utfile.Qpen(elsfile);

if ( ! oucfile) {
cout « "Cannat open .els file.\n";
recurn 1;

cemplfile.open(restmplfile);
if ( ! templfile) {

cout « "Cannat open .res_tmpl file.\n";
return 1;

i~file.get:line(line,255,'\n');
scr~cpy(tiLle,line+5,39);

~nfile.gecline(line,255,'\n');
scrncpy(subtitle,line+6,39);

~rite_header(ndxfile, title, subtitle);

~rocess_lines(subtitle);

infile.close();
oucfil.e.close();
templfile.close();

ccut « "Job finished. \n";

retur:l 'J;

int process lines(char *subtitle)

char cur_line[256};
stacic int elm_type;
static int elm_id = 0;
stacic float index[lO};
static int j = 0;
inc ~ly_id;

while(!infile.eof(»)
{

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

if (strstr(cur line,"PAGE") ~= NULL) continue;
if (strstr (cur_line, subtitle) != NOLL) continue;
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if (strstr(cur_line,"SUBCASE n ) != NULL) continue;
if (5trstr(cur_line,"STEP") != NULL) continue;
if (strstr(cur_line,"ELEMENTn ) != NULL} continue;
if (strstr(cur_line,"IDn ) != NULL) continue;

if (strstr(cur_line,"F AIL U R En) != NULL)
{

if (strstr(cur_line,"Q U A D 4") != NULL) elm_type = 4;
else if (strstr(cur_line,"T RIA 3") != NULL) elm_type 3;
continue;
~

if ;strscr{cur_line,"TSAI-WU") != NULL)
t
if (elm_id t= 0)

write_res(elm_id, elm_type, index);
sscanf(cur_line," \d",&elm_id);
ply_id = 1;
j = 0;
:ontinue;

;.= (isdigit(cur_line[25]) != 0) Il Ply ID •••

sscanf(cur_line," ~d",&ply_id)i

-::ontinuei
:

Il Interlaminar index ...

sscanf(cur_line," \fn,&index[j])i

20ntinuei

Il End of while loop

return 0;

int wrice res(int id, int type, float *indices)

outfile « "\n";

Jutfi.le
« setiosflags(ios::riqht) « setw(8) « id;
« setiosflags(ios::riqht) « setw(8) « type « endl;

far (int i=Q; i<n_results; i++)
outfile « setiosflaqs(ios::riqht) « setw(13) « indices[iJ;
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return 0;

inc write_header{char *file, char *title, char *subtitle)

int l = 1;

Gutriie « subtitle « "\n":
outiile « setiosflags(ios::right) « setw(S} « n results « endl:
outfile « "From file '" « file « "'\n";

·"hile (citle[i} != '\0')

i f (isaIpha {t i t 1e [ il} ! = 0)
title[i] = tolower(title[i));

i++;

outiile « title;

return 0;

:ernplfile « "KEYLOC = 0" « "\n\n";

for (int i=O; i<n_results; i++)

:.ernplfile « "TYPE = SCALAR" « "\n";
templfile « "COLUMN = If « i + 1 « "\n lt

;

:.ernplfile « "PRI = Index" « "\n";
templfile « "SEC = Interlam Il « result_id[i] « "_" «

result_id[il + 1 « "\n\n";

return 0;
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