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Abgtract

The paper describes the plan and the first results of a joint reeearch pro-
ject, alming at the development and the validation of design procedures for
composelfte beam-like structures and structural componenta.

Analytical as well as szperimental resulits are reported; one of the most ai-
gnificant of such resaits has been the development of *he program HANBA (Hol-
low Ainisotropic Besm Analysis) which, besed on an origiral displacement method
approach, allows tHe eveluation of section stiffnesses and stresses. The pro=
g-aw works on 8 finita element ldealization of she besm section and computes
“the ‘stresses from the resuliant forces and zomenta acting on the particular
section, as the usual engingerts beam theory.

Zrperimental results are mainly concerzming bthe idensificatlon of elastic pro
verties for composite lamirnstes, at relativevely low gtress levels, end the
validation of {the rssulis of the vrogram SANSA. The latter has been planmed
through the eveluation of a large number of “ending and torsion tasts %o be
nerformed on nlade #pars gnd on complete slades.

Analytical resuits compare very well with axperimental ones, tha largest dif-
ferenced in section stiffenesses so far evaluatad being of the order of 1%.
T™e plan ia still going on and future activiiles are slse outlined in the paper.

1. INTROTOCTICN .

The continunous evelntion of compoaltea materisls is bringing them among the
wost interesting and the meost studied materials for the manufacturing of air-
craft, and of course also of helicopter.

Among their wost significant festures, besides having, quite ohviously, a fa-
vourable gitrength to weight zatio, composites promise a hlgh fatigue rTesiatance
and a good damage Ltolerancs. : ’

AGUSTA, following this trend, has undertaken s plan for composite application
development, which w»ill lead, in the near future, to ths use of compositas in
the manufacturing of primeary structural componentsa, as rotor mmbs and blades,
and in that of secondary components, as doorsa, fairings ete..

Plgure 1 shows the potential of compoaite application in the sitructura of a
modern igusta helicopfer.

Such devalopment plan brought up the need of religble analysis vrocedures for
primary structural subassemblles made from composites.

Besldes being sufficiently reliable suchk procedures mmst also be:

- sufficiently efficient and almple in use to be employed from the early de-
sign stages, in.lnteractive modes by the designers as well as integrated in .
optimizing routines;

- zufficiently sophisticated to take into account the presence of differsnt
materials in the same section, non-oxrthotropic materials snd non-linear com
pling between shear and normal stresses, as it mey be needed in the more ad
vanced designs;

~ auffieciently flexible to be abls to compute the inertia and stiffnssas pro-
rertiss of rotor blades, to be used in dynamics and dynemic instabllity
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anslysis of rotors.

For such reasons g cooperation hag been underinken bBetwesn AGTSTA and IASP
(Istituto di Ingsgneria Aerospaziale del Politecnieo 41 Milano) for the de-
velopment and the validation ¢of experimsntal and computational procedures
pertaining the analysis and design of composite bheama, with particular em—
paasis on rotor blades.

The cooperatlion has been & complete success, partly due to good plenning
and effective mensgement; undoubtedly it hes been a new evidence of the tre-
mendous potential of the cooperstion of different ad complementary competenw—
e¢iss, es the ones of University and Indusiry.

It may we enough to note that, the first contract having been signed the
27th sept. 1978, now a sigpificant smount of experimental work has been com-
pleted, and the firsat version of the program HANBA is being used for design
purposes, Such version, which in fact is s wmedium eize cpde, has glready
been validatad trough the evaluation of a certain number of theoretical teast
cases, i.e. cases where exact sclutions vased on monocoquer or seui-monocoque
schemas were aveilable. ’ '

Besides, the first resulis of HANBA compare very well alao with the resulis
of ad-hoc measurements cade oz dlade spars in bending anéd torsion.

2., THE RESEARCH PLAN

The main activities of the plan are listed below, grouped according %o metho
dologies.

A. BASIC THRORZTTCAL DEVELOTMENTS

A1l Pormulation of a displacement method procedure for the analysis of a
bean gection

A2 Finite element formulation of the same trocedors for lineer elaatic ma
terials; slement formulation

A3 Critical statement of the probleh of ldentlfying non—elastlc behaviour
of composite materisls gt high stiress lavels

Ad Development of non—elastic materiasl models and of failurs criteria

A5 Pormulation ¢f Tiniie element procedures employing the models develo-
ped by activity A4, based on the general formulatlon stated in Al

B EXTERIMENTAL ACTIVITIES

B1 Evaluation of +technigues for the direct measurement of elaatic proper-
" tiea of composite laminates, in uniaxial stresa states, at low atress
lavels

B2 Development and evalnation of techniques for the dirsct measurement of
elaatie propertiss of composite laminaies in pluriaxial siress atates

B3 Obgervation of failure conditions and failure modes Ffor composite la-
mingtes ian pluriaxial siress states

B4 Deflections and stiffness measursments on blade spars  and complete
blade Bections in various hending end torsion load conditions, in the
elastic range

BS Observation of strength properties and of failure characteristics of
longerons and complets blade sections in varicus combined losd condi-
ticna



¢ IEVELOTVERT OF COMPUTER COIES

C1 Irafiing of the general specifications of the progran
4 Detail specifications of the linesr version

c3 Coding, test and validation of the linesr version

c4 Detail specifications foxr an extended version of the program including
aon-elastic material behaviours and sirength evaluations

c5 Coding, test and validation of the exbtended version specified by acti-
vity C4.

The logical flow of the activities of the plan, showing alaso depen—
dence connections, ia reported in figure 2.

At the present time the activities A1, A2, B1, B3, C1, C2 and C3 have bazen
completad.

3. ANALITTCAL APPROACH

The approach 13 based on the hypothesls that the solid can be considered as

a "beam”, i.e. that, with a good approximstion, it hee the shape of a eylin
der of any <cross ssction, loaded only on ita end sections. In osher worda
the baslc hypotheeis of De Salnt Vénant are supposed to hold, and we seek a
golution which is correct only in s certain distance from the end sections,
where loads and/or consiraint may be applied.

In this case it iz well known that the stresa and/or the satrain state can de
determined on a cross gection of the besm, only from the resultant Zorceea and
noments acting on the same cross section, lgnoring the situation of the nedzh-
boring sectiona.

Let us consider a solid that can b9 assumed to be a beam, or ahortly a8 beem,
and let Oxyz be an orthogonal reference set having the 2z axis paralell %o
the generatrices of the cylinder; the point O 1is g point of the cross sec-
tlon that has been choosen as a reference point.

If the beam iz moderately bent the 3 axris is only locslly parallel *o ths
generatrices, or, more precisely, parallel to the atraight linss tangent to
the generatrices at the crosa sectlon considered.

Se 2z c¢an also be congidered an absclssa ameasured along the Tine connacting
the points O of the cross sections of the beanm.

Let us ilmmagine that the set Oxyz moves during the deformation in such e way
that 2z axis remsins tangent Ho the deflected axis of the beam and 2z and y
axis rotates around 3z axias by and angle o = ©{z) corresponding to the

" torsion of the section (=).

If W= Uf(z) is the displacement of the points 0, in the case of small da-
flections, the rotation [3 /Q {z) of the set Oxyz has the components:

-t
b4

B= | v (1)
&

() In general this definition wounld require a further specification about
toraion: in the case of hollow secitions the projecticn of the section
on Xy plans c¢sn he sasumsd to remain undeformed and torsion is unigue-
ly specifiad.



where the apex means derivation rsspect %o the ghecisasa z.

The displacement 8 of any point P of the c¢roas section can then be regar—
ded as the sum of the rigid displacement of the reference set plus the fol-
lows:

8 (Py2) =wW(z)+ /3 (2} A (P-0) + g (P,2) (2}

The third component g, of the relative displacement g is generally lmown as
the "warping® of the pointa of the orosa section.

The decomposition (2), within the specification (1) of the rotation /3 Zives
the following formulations for the significant strain componenta:

Ep =Wy - T; - ™

(3)

» o &
Xﬂ'a*:aQ(n) o+ 9:.

whare:
2 512( y = (P~0) A n.k = xmy - yox (4)

is the doudble of the area dashed in Pigure 4 / 17, /. 2_7

It may be notsd that the significant components of strain, from (3), depend
on the 4 global defleciion parameter of the cross zection u.r' ’ uJ", w" and £°',
and on the warping g _. 7

If the consiitutive laws of the gaterials are specified, gtresses, virtual
work of deformation, and anything el=e usable For studying egquilibrium, can
be erpressed as functions of the 4 gloval deflecticn parameters and of the
funetion 8,

In this case the ‘desplacement method implies tha+t the above gzlobal deflection
varasmaters and the warping function are azssumed as the unknown of the eguili
brium aguationa. i

An efficient solution yrocedure can be obitainad by means of {inite element
tachniquea, i.s. by dividing the oross sectlon surface in a certain aumber
of finite elements, each element being characisrized by a ceritain number of
nodes or grid point=; the unknown, discrete in number, are then assumed to
be the 4 global desplacement parametars, plus the valusa [, {i = 1,2,...,m)
of the warping fupection g din the m grid points of the Cross section.
The basic elsment types that can be useful for idealizing the section of ag
ronautical beams and heamlike structures aeem $o be the following:

a) pansl elements, i.s. elements thin enough to be representable on the cross
gection by a suitable mean line;

b) flange elements that on the cross section must be considered as surface
alaments;

¢) joint elementa.

The material model can he any linear material model, and generally anysotro-
pic model (i.e. non-orthotropic) must be ellowed. So also semi-mono

achemses can be reproduced just specifylng for panal elemenia s material ha-
ving only the shear modulus G non-gero, and for flange elements a material
capable only of normgl stress (G = o).

Por the pansls i1+t has been convenient %o develop iscoparametric alements ha-
ving 2, 3 and 4 nodes each.

The joint elementa are used to represent a longitudingl Joint in the bheam: on
the cross section & Jjoint element 1s always comnecting 2 grid pointa and has
a gtiffness that can he specified independently of the shape and +the dimen-—
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giona of the joint iteelsf.

Figure 5 showa all these types of elements with some possible way of using
them.

To deacribe briefly the finite—slement approach it is convenient to develop,
al8 an example, the contribution, to the equllibrium of the whole cross sec
tion, of an isoparametric pansl having 3 nodes idealizing a plece of laminate
of thicimesaa %.

With reference to figure 6 we dafine

»= LGZG i q= /t?;,d? 3 (5)

and in se¢cordance with the usual approach for hollow hbeam we can assume that:

/G;ay.o m/z;‘, @7 = o .(8)
+ t

To shorten the notaticon it ia conveniemttc denote the atress £lows with the
eolumn {p} and the significent sirains in the column {&} s LeBa2

O G, a

q b’;z

Yor linear slestic materisls, taking into account (5) and (6), the constitution
relation ¢an be put in the following aymbolic form:

{2} = &7} ' )

where [c _7 i3 2 symmeirical matrix summarizing the significant elastic pro-
partles of the laminata. -

LC] will be a diagonmal matrixz only if the nnidirectional laminee are so orien
tad that the resultant lamingte is crthotropic respect to the dirsction of +the
3 axia, or in other words has an oxthogonal symmetry of the elsstic propertiss
respect to a direcilon parallel to z axis.

The significant deflection parameters, i.e. the 4 global parametera plus the 3

values [[“] of the warping at the pansl nodes can be denoted by the column:

' 3
I
I2

{E} - g . (9

Denoting by { X} and {1’} the column of the T and F coordinates
of panel nodea, the idea of isoparametric e¢lement comes off into the faet that
the coordinate xy and the warping funetion g - of any point of the panel mean
line are expressed in the sams way: '
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x={N } " {I} =y={R } T' {YJ; sg'={nj? {r} ¢y (10}
where{ n are suitable shape funciions.

From (3), taking into acceunt (4), (9), and (10), the strains can be expres-
sed as linear functions of displacement parameters, as follows:

{e3 =37 {7} , (1)

where

0
[37:4 % Z2 - (12)
ax dx

ﬁ'llwg o
H
)
d
[w]

To derive equilibrium equationa we now start writing the virtusl work pertai-
ning to a slice of the beam hound by two cross sectioms at the venishing
distance dz.

The contribution 5’19 of the isoparametric panel that we are considering
t0o the virtual work of "extermal" forces (extermal for the elementary beam
slice), with the notations of figure 7 ia: ;

3 ' -—
Cs.le = d’/ {(p & 92/2%F /3'5 g, ‘Sg/z Y &= H (13)
1 .

whence, for (1) and {2):

L
&1
) - =] ] — _—l ‘ [} - T —-—
—2 = @H) Sl + FA)Sw + 1 Sw-{8a) [ F] L (1e)
where Ex ’ T  and fz ¥ ﬁx , !-iy and Ez are, respectivaly, the contribu-

tion of %he panel +to the regultant forces and moments acting on the cross
saction, and:
! F 37

iz} - ‘<;? Py f3-$k b, & . (15)

Tik¥ewise, the contribution of the same panel to the virtual work of deforma- -

tion:
S'Id = d3 / ’ {éé}m {p}. dz s (16)
1
for (3) and (11) ean be axpressed as :
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L (53] (3)

whera:
[x7- [ 3700707 i . 8)
1

Elements of other type will glve contributions %o extermal and internmal vir-
tual work formally identical to (14) and (17), even if the number of nodal
unknown § [ } , the shape function end the matrix / BJ nay be different.
In any case the toftal virtusl work of the beam alice comes from the sup of
the contribution of ell the elsments, alter having arranged all tha unknown
paramaetars in the column:

- -

' (19)

(v}~ 4

o8- qé. Ne.;cq o 37
i

L -

m being the number of nodes of the whole section.
The total extermal and intermal wvirtual works ccme 22 aa follows:

&'z,

dz

S‘
i 5V 7 () ’

where the forcea T, ths uwoments M, { P and [ K.'_7 come from the suaming,or
ssgembling of all element contributions.

The prineiple of virtmal works atates that at equilibrinm, for any choice of
the virtoal variation of the parameters, it muat be:

- (T +--1:;) S ur;+ (my-—u;) .-Su.r'; - m; 5w+ {é u.}T {?}

(20)

%* L
§'t, = &1, . (21)
whence, for (20), it muat des
[ ) 1 1
HY T - Tx H MI @ TY H Tz =0 ’ (22)

ands (%7 [} - {p} . (23)
The equations (22) are the well known squilibrium equations of the resultant

foreas acting on the section.
The set of linear aquations (23), in the unimown displacement parametars { u}
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are the actual egquilibrium squagtions of the fini{e element section schema.
Yat it oust be noticed that not all the terms of the colummn § P} are actual-
1y known. As & matter of fact the first o terma & are depending on
psy (15), which at the moment cannot be known.

Navertheleasa we way note tnat according to the basic hypothesis, atresses
and streins can only_be constsnt with 2 or linesr funetion of 3z, while the
stifnese matrix / E_/ must be constant with z.

Then deriving both menbers of (23) with regard to 3z, the following ast of e-
quations ia obtalnsed:

(57 {w) =] o

where
C o )
0
{P.}={_g;_} - 4 Z r . (29)
. e
- gy
. 0 o

S0 *he known terms being actually known, the (25) can be solved for ut
Eventually deriving eguations (8) and (11) with regard to =z :

{P/z} = [¢] { ﬁ/z};{;a/z}ﬁ-laj {u'} ,  (26)

+the terms §§' of the mown %erm of (23) can be evalumtad by mesns of (15).
It it is worth noting that the set of equations (23) snd (25) have the same
coefficient matrix, so the latier can he factorized once for both solntiona.
Once the matrix / K_7 kns been factorized it will be convenient to compute
separately the & solutions corresponding to unit values of any one of ths &
componenta of resuliant forces and moments.

If 211 the elements bhave orthoirofie meterisls normel strssses and sheer
stresses regain unnconpled. In this sippler case 1% is possaidbls to define, in
the uwsual way, the eentroid of normal stresses, the principal axes for ben-
ding and the corresponding hending s¥%lffnesseas, the shear center and the cor
responding torsiomal stiffness.

In the more gemeral case where normal and shear stregses gre coupled the above
usual definitions no longer hold, and the stiffnass properties of the cross
section must be expressed by a meiriz.

Nevertheless such general cases eand the posasible ways of preseniing the cor
responding etiffresses deserve a further study, due to the interest inherent
in the poasibility of using non-orthotropic laminates %o ilmprove section pro
perties.

4. THE PROGEAM HANBA

The finita element procedore cutlined above has besn implemented in the pro-
gram HANBA (Eollow Anisotropie Beam Analysis).

Before the first statement of the program had been written, the deaign of the
-program has been developed, and detailed to the descripiion of the subrouti-
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nes, of data base and test cases.

This allowed different parts of the program to be developed independently by
8 persons, helonging to AGUSTA end IASP, in a pret+y short time, and integra
tion to be performed without any particular problem.

In particular HANBA has been designed to have an open modular struciure, and
with the poesibility of stop and restart at intermediate points.

The first level structure of the program iz done by the following modulaas

- Input and Preprocessing
- Analysis
- Stress computation and ocutput.

The input and preprocessing medule reads the data given or apecified by the
user.

It mokres use of a lihrary of materials, laminae end laminatess, with diffe-
rent wodes of operation, at uaser's choice.

Por instance the user may specify a laminate by choosing cne of the laminge
tes of the library, or by selacting a certain number and specifing a ceriain
arrangenent of unidirectionsl lamingas.

Modulas zre also provided to unprove +the lihrary.

In addition the preprocesasing module performs checka and emits diagnostic
messages about input data, preperes the printed and graphie output for data
check, and the input for the subseguent analysis.

The analysis module computes the inertia and stiffness properties of +he beanm
section, and the solutions needed by the posslble subsequent computatiocns.
The atress module computes the stresassa in the laminas forming +the laminates,
in ?lange elements and in joint elements, for given load conditions.

The gross flow ddagram of vrogram HANBA is depieted in fizure 8.

At present the following elsments have been implementads:

- panel elsmenta,igoparamstric, 2, 3 and 4 nodes;
Gauss numerdical intagrative of order 2, 3 or 43

- flange elementa capable of working alac in normal siresses;
= Jjoint elsments.

Zealdes the element nodez way be diaplaced from the grid points by a certain
displacedent or offset. So the grid pointa can be fixed on the exiarmal pro-
£ile and the actusl eslement nodea arsa automatically vlaced, in positions de-~
pending on the laminate.

Clsarly the Program EANSA can be alase a flsxihle arnd efficient instrument for
the analysis of hellow beams of any material, and +hen also wings, tailplanes
ote.

In particular, as it computes the heam gectlorn by gection, it is much mora vex
gatile and manageable than the usual finite elemen®t codes, especially in the
sarly design stages.

As such it 18 already being-used at AGUSTA.

5. EXAMPLE OF AN TDEATIZATION

To give an impresasion of the idealization thet can be used with the program
HANBA, the acheme adoptsed for snalyzing a rotor blade is reported in figure 9.
Flgure SA shows the actual croas section of the blade, while figure 9 B shows
the idealizatlon preparsd by the user, with the grid pointa lacated on the
cuter profile.

Pigure 9C reports the element nodee, computed by the program, whose sctual
voesition defends on element thikmess.
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‘The scheme has & total of 59 degreeas of freedom,6 cublc panel elements (4 no-
des), 11 parabolie (3 nodes) and 7 linear (2 nodes}, plus 5 flange elements

and 12 joint elements,

Daspite its semplicity and relatively low coat thls model is capable of re~

presenting <Jhe cross section with a very good asccuracy.

6. ELASTIC FROPERTIES OF LAMINATES

The elastic moduli of laminatea have been measured directly, employing a techni
que based on uniaxial tension tests of specimens cut from the laminate at dif-
fersnt angled. Flgure 10 shows the three typese of specimens, denocted as I, II
and III: the specimen longitudinal axss x form with the laminate reference
direction X anglea of 09, 90¢ end 45°, respectively.

Por non-orthotropic laminatea the strain 37 of specimens type III may be non
negligible, and then 1+t may be important thAY the end clamps allow this strain
without interferencea. For that remson the clamps were hinged in the specimen
centarline, at the statlons where the apecimen emerges from the clamps, as
shewn in Pigure 11,

- Pach gpecimen have been equipped with two sirain rosettss, cne on each facse,
%0 eliminate posaible bending effecta from the measurewents. So, for each
stress level, three gtrain measured can be extracted from one specimens,and
then 9 for one group of 3 specimens of the 3 types.

For an orthofropic laminate these 9 mesasured wvalues are obviously redundant

%o determine the 4 independent elastic constanita.

In the firat teats these 9 sirzinsg where used to determine the 9 tarms o the
elgstie matrdixz, without malding any assupiion on orthoiropy, nor even on symmeiTy.
The first testa were run with 12 specimens, coming from the same sheet, 4 for
aach of the ftypes in Zigure 10.

The sheet wag done by three urnidirectinal layers, materisl SP250 S2920,placed
a% 09-509-09, ' ‘ .

All the teatshave been run with a Data Acquisition System, meking use of a
spall computer, programmed Yo evaluata ithe elaatlc moduli from sirain measu-
rements, on line.

The firat Hesta showed essentlal symmeiry and orthotropy of the elastic ma-
trix, and a rather strong dependence of +he tangent modulua G on stress level.
To meke gasier the observation of possible siresg-dependence of the moduli, a
gimpler processing of messsured data was programmed, accepting a priori ortho
tropy and symmetry. TFarticularly 5 modull were dirsctly extractad, as Follows:

EI and {)I from specimens type I
=, and {)Y from specimens type II
GEI from specimens type III.

This +ype of test was done_an the same 12 specimens used before, with stress
lavels up to about &6 kg mm .

Specimens type I and II showed linear streas—sirain relations, whils spscimens
type III wmanifeated remarksble non-linearities, notably creep and hysterssis.
Figure 12 shows the decay in time of the secant modulus y for specimens
type II1 at constant siress: it was alao apparent that such modulus 1s stron-—
gly dependent on specimsn temperaturs. )
Figure 13 shows typical stress sirain curves for the three types of spscimens;
the curve reported for specimen 11l was obitained with & fixed loaa an unload ve
loci¥y of +.02 kg mm—2 s”l.

Tabls I gives a summary of +the most significant features and of the moduli mea
sured with the 12 specimens; the moduli G reporfed for specizens III ars se-—
cant moduli, measured with a stress o 5.53 kg am~<, applied for 5.5 minutes.
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TABLE 1

Specimen Type Adhesivs BgE:m-zj ‘Dx ; Ey Qy ny _
(Kg wa 2

245 I 2 3426 » 1440

246 I 1 3397 « 1645

247 I 1! 3462 - 1647

248 I 1 3473 . 1649

253 I 1 2444 . 1076

254 I 1 2347 .0989

255 11 2 2372 .0883

256 I1 2 2387 .0847

249 III 1 3719
252 i1z 1 382
250 III 2 427
251 il 2 394
ADHESIVE # : MICRO~-MEASUREMENTS +type KwﬁOND 200

1
ADHESIVE # 2 : H.B.M. $yve 2 70

From +$able 1 the following observation can be drawn:

-a) Moduli Ex gnd = 2y peasured from specimens I and II show a very low scatiaz,
below 2%.

~b) Systematic differences appear between the measurements coming from strain
gagea applied with the two different adheaives, at least foxr ‘71' and even
wore for G, which ars esgentially dependent on resin stiffnesa. In pariie
cular it appears that adhesive # 2 canses en exceseive stiffening of the re-
gin.

-¢)} The valuas of Ev V. are systematically lower than the values of Ex £)Y'
even comparing only the measurements taken from strain gages applied with the
same adhesiva. This pay appear asg a lack of symmetry of the elastie matrix,
but moat probably it 13 simply due to the fact that specimen width is not
snough %0 iransfer iransverse contraction Zrom the inner layer to the outex
ones, for opecimens II.

Heverthaless the authors-think that the methodelogy sc far tastad has proved
to posses a high votential accuracy; in the future larger specimens will be
ugad, and the effect of adhesive will be carefully inveatigated.

7. TEST ON BLATE SECTIONS

Several experimental tests with different beam cross saction and construction
have been planned. Figurs 14 shows typlcal croams sections employed in tests.
The tesat articles have been made from different composite materials, different
mumber of pre-preg layers, and different fiber angle.

Also the materisgl employed come from diffaerent manufactursra.

Toests are run with a frame allowing the loads to be applied in a well defined
plane, without undesired effects on other planes, and ables to glve good eva-
luations of shear center location.

Loada are applied by weights, and deflection have been measured with dialas in
the first testa (figure 15), and subsequently with a set of LVDT transducers

(figure 16).
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Strain gages have also been f£it, 4o detect the strains of the outer layers.
Pigure 17 shows some typlcal bending and twist measurement obtained from the
testa,

Figure 17b contains also resulis frow a8 metal blads tested for the first ava-
luation of the equipment and of the results of HANBA. In Ytorsion results i%
appears that the length of the apecimen is sufficient to obitain a significant
part of the diagram with a linear itrend of the twiast angle, i.e. ocutalde the
influance of aud restreint,

8. EVALUATION OF HANBA RESULTS

Four types of beam sections have besn so far fested, shown in figure 18,
Section 4 was tested only in bending, in both principsl planes; section D,
correaponding to a typical metal blade was tested only in torsion, while the
remaining sectlons were tested both in bending and in torsion.

In each test bending defleciion and twist angles were measured at § stations,
in different load levels.

411 these gmeasursments were then used, in an optimizing procedure, to compute
the valnme of the stiffnesses and the valuea of the slope at the first siation
(one for each load), giving the best it of experimentsal voints.

Such sxperimental values of the stiffnesses were then compered with the corre
sponding values obtained amalytlcally from the program HANBA, with the ideali
zations showed in figure 19.

The ~tables iz ¥1z.20 report some of these cowpsrison. Furiher tests are neaded
to draw conclusive evaluationa, and probably a deeper insight into reain creep
cay glve a bettsr interpretation of zome of Lorsional resulis. Revertheless
the agresment between amalytical and experimental resulta seems to he extre-
mely good.

9., FUTORE DEVEIOPHENTS

The main futurs developments, related to the completicn of the research plan,

are:

- completion of the linear version of the program HANBA, trough the devalop—
ment of isoparasmetric flange elaments, capable of developing both normal and
gshear stresses. Complete deovelopment of the streas cutput module, and of the
interfaces for rotor dynemics programs.

= Development of g non linear version of HANBA, allowing for genersl non li-
aear hebkaviour:of materials, and including slsc strength evaluations. As 1+t
has been outlined above, this will require some further thecretical work
and much experimental activity. :

In the meen time another ressarch project iz now being planned as a joint ven
ture between IASP and AGUSTA, concerning the development and validation of
new codes for the analysis of rotor dynamics gnd instabilities,.

10. CONCLUDIRG REMAWES

The resulisa so Pfar obtained sirengthen the oplnion of the anthora that the ap
plication of finite slement techniques $o the classical problem of De Saint
Vénant, can give, for many actusl problems, an answer which may be more effec .
tive, more flexible and more usable then the one of usual F.E. programs.
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