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ABSTRACT

Adetail ed 3D anal ysis usi ng BEM (Bounday El enent Method)
was performed to determne the stress distribution and SIFs of
a corner crack of the fuselage to wing attachnment |lug of a
medium range mlitary transport aircraft.The contact pin-lug has
been studied wi th non-linear contact anal ysis. Based on this
study a crack growth prediction has been perforned with a
proper anal ytical model. For the above prediction, both - constant
and variable anplitude | oads were considered. -:An experi nment al
correl ati on has been nmade for both crack growh and final
fracture of the component.

Asa result of the present work it can be concluded the
industrial feasibility of fracture mechanics anal yses using BEM.

In fact a good agreenent has been reached with the available
experimental results. Also it can be concluded that the
interference-fit pin installation causes a significative decrease
in the stress intensity factor range and hence inprovenents in
the fatigue crack grow h life. The elasto-plastic CORPUS nodel
will be used to predict crack growth ewvolution.

Nonencl ature :
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DI SCUSSI ON

Structural fatigue often initiates in areas of high stress
concentration caused by the bearing | oad of pins. The above
causes a small crack initiation time and crack growth life. .
The main purpose of this report is to validate ‘the
Fracture Mechanics tool proposed by ALENIA. The net hod uses
BEM for SIFsevaluationandan elasto-plastic crack propagation
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model for the life prediction wunder spectra
anplitude loads.

A threedimensional BEM analysis using BEASY code.. an
engi neering analysis system based on the Boundary Element
Met hod has been perforned in order to determ ne the stress
distribution in the selected conponent in presence of a
crack and under contact conditions. Even if a nunber of
studies and anal ytical results are available in literature, the

capability of a full BEM analysis gi ves nore understandin g
results.

Hereafter the contents, method and the results of the analysis
are described. The conponent selected for the analysis is the
fuselage to w ng attachnent of a medium range nilitary

transport aircraft for which results are known from an
experinental test program.

and costant

LUG COMPONENT DESCRI PTI ON

Fig.l shows t he detailed* geometry of the component. The | ug
is made of 7075-T73511 forged alum num alloy for which Young
nmodul us is 71 GN/m2 and Poisson ratio is 0.3, with a hole
di aneter of 25.5 mm. The pin and the bushing are both ofis-
5-PH steel with Young nmodul us equal to 210 GN/m2 and Poi sson
ratio to .33.

The lug conponent has been tested with an initial corner flaw
of 1.27x1.27mm under a variable anplitude spectrumcomng from
in service monitoring. The same test article was al so tested
wi th constant anplitude |oad cycles. The test” apparatus used
consists, mainly, of a rigid beam fixed on the ground on which
both the test article and the hydraulic jack have been installed.
The upper end of the test article has been constrai ned through
fasteners to a strong back while the lug lower end has been
joined to the stroke of the hydraulic jack.

BOUNDARY ELEMENT MODELS

BEM is an integral differential equation method based on the
formul ation reported below :

N N
Ce up + Z/ T’tulS:Z/ Ut dS.
i=17%i j=170;

in which r; are segnents in which boundary S is subdivided
and C, is a costant |linked to the source point,whileuand t
are displacenents and tractions vectors.

BEASY is an engineering analysis system basedon this
method. “,,

The surface description of the modelwasrealized directly in
BEASY-IMS, the interactive nodeling environnent of BEASY

soft ware, and post - processing ensures an easy way to
visualize results, in particular stress intensity factors.
The nodel was divided into three distinct zones or

substructures: the main body of the lug,thelugupperside and
the pin. This feature nmakes easier crack tip modeling as well as
full nodel handling (see fig. 2).

Di fferent models have been realized W th various crack sizes.In
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order to have the best sensitivity tothe fracture mechanics
parameters and the best correlation with the experinental
results, different order of elenents and boundary conditions
at lug-pin interface have been wused. I n factnear crack front.
reduced quad ratic el enents are preferable instead of linear
ones. The nodel has been restrained in all 3 directions in the
holes. In order to have a simpler model,only the last three
rows of holes have been modeled. The |latter together with the
pin loading creates a secondary bendinginthestructure
causi ng an higher stress on a surface than on the opposite one.
The | oad has been introduced in the nodel as a pin body | oad

equal to a reference load of 5908 daN. This val ue correspond to
the 38% of the design limt load.

MACRO-ELEMENT FOR AUTOMATIC CRACK TIP MODELING

In order to have a quick crack tip modeling it has been
created a short fortran code which creates the crack geonetry
and the mesh automatically. The code generates a crack tip
mesh of a whatever sem-elliptical aspect to be inserted
wherever in the full nodel through sinple modifications.A
proper mesh grading ranging from1/10 to 1/20 of the crack
depth length can be generated near the crack front using

different element types. In fig. 3 are shown the various crack
fronts used in the analysis.

| NTERFERENCE- FI T LUG PI N EFFECTS

The conponent previously described is characterized fromthe
installation of an interference-fit bushing in which the |oaded
pinacts.Suchinstallation can reduce the effective tangenti al
stress at the likely Jocation of «crack initiation causing
| nprovenents in fatigue and crack growth life and reducing
fretting damage on the hole wall of the lug.

Very few solutions are available for estimating stress intensity
factors for cracks &t attachment lugs having interference
effects. In fact the correct evaluation of the above requires
elas - plas tic tools in order to account the right stress
distribution near the hole. But if t he material is still in elastic
regime, an adequate sensitivity ¥y on the stress distribution
deciease could be reached even with linear elastic tools.

In fact SIFs for the structure can be evaluated using
Buckner’s wei ght function given by the follow ng relation

) = )

where H equals E for plane stress and E/( 1-v2) for plane
strain, u(x,a) is the crack opening displacement at x for a crack
l ength a. The integral of the product of .- this function and the
stress distribution along the crack boundary gives the stress
intensity factor which in equation formis :

k= [oomeads

where p(x) i s the stress distribution: that would exist alcng
the crack boundary if the crack were not there.
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RESULTS OF BEM ANALYSI S

Summar y oi timings for the different analysis performed are
shown in the diagramshown in figure 4.

The above has run on an IBM RISC560 conputer which is a
medi um range workstation with a performance figure of 39
Mflops.Fig.5 shows details of the elliptical crack nodel and the
mesh used with a crack 1.27x1.27mm. The Von Mises stress
distribution near the crack is shown in fig.6. The deformed
geonetry of the conplete model with a crack depth |ength of
21 mmand an aspect ratio a/c=1.288 is shown in fig.7.

SIFs are eval uated through Irwi n’'s equations. For example in
t he twodimensional case, once the displacements nornal to the

crack line have been evaluated, SIF for node | is given from:
I g 36
4; o {(2&- l)smi——sm—i}-%...

Summary of S IFs results with both displacenent and stress
based nethods al ong the’ crack front are shown in the diagram
of fig.8 for the initial <crack size. Table 1 shows results for
the different crack sizes.

All results are obtained by using a non-linear contact
condition at pin-lug interface. The non-linear sol uti on provides
t he exact contact area between the pin and the nmain body of
the model. Fromthe results it can be concluded that best
results are those with non-linear contact analysis and reduced
quadratic elements.

Further nore stable results for SIFs are those obtai ned
t hrough the displacements based method.

CRACK GROWMH PREDI CTI ON AND TEST CORRELATION

Aircraft load spectrum. The |lug was tested for a mlitary
transport aircraft spectrum.

The in flight load spectrumrepresents in terms of frequencies
the gust and maneuvers spectra conbined with |oads due to
the differential pressure in each flight. The above cones from
in service monitoring. Negative loads due to ground loads
conditions have been omtted both in the experimental test
and anal ytical prediction. |In fig.9 the cumlative peak
exceedances per 785 flights are given in terns of percent of
design Iimt load (prLL). The DLL for the lug was 15270 daN
whi ch corresponds to 77.9 MPa.

Next paragraph describes an analytical elastoplastic crack

growth nodel which can perform predictions accounting for
retardation effects.

CORPUS model description. As consequence of the crack
cl osure model, the crack extension in every cycle is determ ned
by the effettive stress range.

In cycle (i) is :

Da / Dn = C; Dk ff

The cycle (i) i s defined by a maxi mum Speax. ; fOllovned by a

mnimum s_, .. The effettive stress range is determmated as
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DScff.i i Smx.i - Snin.i-l Iff S 0'<6 Snxn i-1
Scff.i : max.i Sop I f S-in;i N gpsmx,i
Dscff.i =0 I Sc:p = Sp&x.i

where SOP is the maxi num crack opening stress level, which
will be described below.

The corpus nodel is  basically associated with plastic
deformation left in the wake of the crack (Elbert mechanism).It
is assumed that each cycle will leave its own plastic
deformation, including its reversed plastic deformation during
unloading.

Wien the crack is growing, plastic deformation of previous
cycles will be left in the wake of the crack. According to the
Corpus nodel the wake of the crack is covered wth hunps
where each hump is associated with a previous cycle. The
humps is created during uploading, while reversed flow during
unl oadi ng will reduce the hump. Figure 10 shows three hunps
in the wake of the crack. A crack is considered to be just
opened during uploadi ng when the | ast hump | 00ses contact.It
i mplies that

Sop = Sgp° OF SCP = max S_°

I n CORPUS model a peak load will activate a delay switch
which is turned off if the crack has grown through the plastic
zone of the peak load.

Sop = 8(55,™ Sain)* B if a" < a < a¥ + D
S, =0 if a > a® + D®

where D* is the retardation regi on (plastic zone) and
8(S.,y Saia”) IS the hump opening function. Based on enpiri cal
evidence the function was defined as :

2(Smay"™ Sain™)=S 0, (- 4 R44.9R*-. 15 RE4.2R+.45 ) if R0
8(S gax™ Sgin™)=S..,t(-15R%+ .2R+.45) if -0.5SR<0
and h =1 - 0.2(1 -R?)3#(s_, "/1.15F )3

where R is the stress ratio (s, °/s_."). The sane function
was supposed to be appicable to both 2624-T3 and 7075-Té.

Crack growth predictions.

The DK value for each cycle im the flight-by-flight spectrum
was determned wusing the stress intensity computation
procedures detai |l ed in the previous section. These were then
used to obtain the crack growth extension for each cycle.
Di spl acenent based SIFs were used in the crack growth
integration which agrees with the experimental result of 9500
flights until a gr owi ng crack of 2x3mm -was neasured with ‘rotor
test. Further in fig. 11 is shown crack growh with SIFs
accounting for the intereference fit-bushing effect described in
previ ous section. S

After crack inspection and.new. interference-fit - pin installation
a static test wasperformed: which resultedin a |arge’ plastic
zone ahead crack tip, Again:Joad ‘spectrum was applied - and
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crack growth retardation, due to the periodically applied higher
load levels was taken into account using the elasto-plastic model
described. The calculation h as s hewn that remarkable
retardation effects occur for the load spectrum considered with
a 3X2 mm flaw size so that no growth resulted.

Further load cycles of constant amplitude were applied at
R=0.05 with a maximum load equal to S9% of DLL, i.e. 9000 daN.

The above resulted in around 36200 experinmental crack growth
cycles. Both experinmental and anal ytical results from BEM are
s hewn in fig.12, from which crack growh obtained using
di spl acenent based SIFs is closer to the test results. Probably
a nore accurate catching of stress based SIFs could give better
results. In fact the latter ones are al nost unstable near the
crack front so that not always an accurate SIF val ue based on
this nethod could be extracted. Nevetherless it nust be
remarked that both methods give conservative crack growth
predictions.

As regard conponent final fracture it can be seen that the
vaiue of SIF at the final corner flaw size of 21x16.3 nmis equal
t o 499.5 N/mm3/2 at 26% of DLL. The toughness allowable
obtained from CCT specimens was 2120 N/mm? 2, so that from
BEM results a critical load of 25050 daN has been obtained.

while the experimental critical | oad was 25200 daN correspondi ng
to 1.65% of DLL.

CONCLUSI ONS .

The BEM nethod and CORPUS nodel were used to correlate the
experinmental results of a wing attachnment lug. The accuracy
obt ai ned was about +5 percent or better. The results were
qualitatively consistent with other studies.

AqQuantitative conmparison is difficult because the geometry

was not the same. The tine spent in work is acceptable and the
accuracy high.
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Fig. 2 - Threedimensional Lug
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Fig.4 - CPU tine consuming Of BEM models.

Fig. 5/6 - Details of mesh and Von Mises stresses near 1.27x1.27 crack front.
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Fig. 9 - Cumulative peak exceedances per 785 flights.
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