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Aircraft Duraluminum Wing Spar
Fatigue Testing

Experimental fatigue crack growth analysis of the aircraft structural
component subjected to different cycling loading has been presented. The
purpose of the experimental test was to evaluates the fatigue behavior of
the real aircraft spar, made in aluminum 2024-T3. In-house laboratory
fatigue test installation is described in the paper. The spar-test specimen
has been manufactured specifically for the cycling damage testing. Test
results were obtained with most modern equipment for data acquisition.
Applied loads and obtained spar fatigue results are described in detail.
Conclusions have been made with reference to the previous work on the
duraluminum spar fatigue testing. As it is presented in the previous work
with advanced numerical methods for fatigue analysis, in this paper is
given an opinion on the same. At the end, possible directions of the further
experimental spar fatigue testing is given and shows us that it makes sense
to make the comparison beetwen real and numerical results only in
situations where cracks behave similarly and the numbers of required
cycles are about the same.

Keywords: wing spar, fatigue testing, crack, alluminum alloy 2024-T3, test

installation.

1. INTRODUCTION

Today, aircraft engineers are making great efforts to
analyze and predict fatigue crack growth in aircraft
structures. It is widely accepted that the small crack
propagation takes up the most of the fatigue life,
especially in materials (like aluminum alloys) used for
primary aircraft components such as the wing spar [1].
Fatigue failure of wing spar may lead to catastrophic
consequences, so the analysis of fatigue crack growth in
spar under cyclic loading conditions is of the greatest
importance.

Due to the lack of the general methods for stress
analyses in the plasticity range of statically
indeterminate structures of any type, reliable intensity of
fracture load can be determined only experimentally [1].

The objective of this examination is the testing of the
complete aircraft structure, complete assemblies such as
complete wing, fuselage, landing gear, tail surfaces or
basic elements, etc [2].

In dynamic aero elastic problems, we are concerned
with the oscillatory motion of various structural parts of
aircraft, and particularly interested in the conditions
under which these oscillatory modes tend to result
structural failure.

On the basis of detailed theoretical and experimental
study of aero elastic problems, it was found that the
stiffness of the structure is of primary importance for
the aero elastic phenomena [3], [4].
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This paper presents full scale fatigue testing of the
aircraft metal wing supporting element. The element
was subjected to the symmetrical cyclic loading until
the point of loss of security of wing structural
supporting element [5], [6]. During the experiment,
fatigue characteristics were measured. After processing,
obtained results were compared with advanced
numerical method [7]. As a result we found very good
agreement between the results.

-

Figure 1. Aluminum spar

2. TEST SPECIMENS

The purpose of the experimental test was to evaluate the
fatigue behavior of the real aircraft spar, made in
aluminum 2024-T3 [2], under cycling loading. Alloy
2024 products are used in fuselage and wing tension
members, shear webs and ribs and structural areas
where high stiffness, fatigue performance and good
strength characteristics are required. The table 1 shows
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the chemical composition of the material. The test
specimen is full scale and a geometrical representative
of a light aircraft spar, Fig. 1.

Table 1. Chemical composition of the material

Element | Chemical composition (%)
Al 90.7-94.7
Cr max 0.1
Cu 3.8-4.9
Fe max 0.5
Mg 1.2-1.8
Mn 0.3-0.9
Si max 0.5
Ti max 0.15
7n max 0.25
Rest max 0.15

The test specimen, elementary part of the wing main
spar, with its common and basic dimensions (Fig. 2) has
been manufactured specially for the cycling damage
testing.

detail A

Figure 2. Spar model

Spar caps and the spar wall were conected with rivets
also made of aluminum alloy 2024-T3 [2]. To ensure
maximum homogeneity of the spar structure, rivets were
placed at the distance of 25 mm, detail A (Fig. 2).

3. TESTINSTALATION

As it is shown in the Figure 3 one side of the spar was
clamped with the test installation frame. On the other
side, the spar was connected with an adjustable drawbar
that was also connected with an adjustable eccentric
disc.

The main advantages of the adjustable eccentric disc
are 4 independent clamping jaws, which enable
displacement in different directions. To prevent
undesired torsion, and tensure only bending of the spar
end, the spar was also attached with 4-bearing slider [8].
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Test installation used in the experiment consists of
two basic sections:
e Testrig,
e  Measuring system.

2.1 TESTRIG

The test rig consists of the following components [8-9]:

e Robust cast supporting frame connected to the
laboratory floor. The reason for using cast iron
frame is big mass and rigidity, which disable
the cause of possible vibration during testing.

® Robust dovetail slider cantilever. It enables us
to set different console length for different test
speciemens.

e (Clamp with a large number of holes for
connecting different test specimens.

e Linear guide connected to dovetail slider
cantilever enables transversal movement.

e 4 kW electromotor, with the rotation speed of
750 rpm, also connected to the laboratory floor.

e Adjustable eccentric disc with 4 independent
clamping jaws, which enables setting of the
amplitudes and directions of the applied
displacement.

e Rigid adjustable drawbar that enables fine
displacement adjustments.

®  4-bearing slider which ensures only bending of
the spar end (Item 1 in Fig. 5).

cantilever linear guide
frame

N -
™\ /

clamp test specimen

0 W e

frame conection to laboratory floor  electric motor

Figure 3. Test rig scheme

2.2 MEASURING SYSTEM

Measuring equipment used in the experiment consists of
the following [1]:

e Hottinger Baldwin Messtechnik U3 50 kN
force transducer (Item 1 in Fig. 4), directly
connected to the adjustable drawbar in order to
obtain the best feedback about the applied
force.

e FELAP PMS2S 150 mm linear displacement
transducer (Item 2 in Fig. 4) was used for
measuring deflection in relation to a central
point.

e Hottinger  Baldwin = Messtechnik  BI12
accelerometer which was used for measuring
acceleration of the slider (Item 2 in Fig. 5)
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¢ Aluminum strain gauges HBM 1-LY13-
10/120 types were used for stress measuring in
the spar clamp zone at four measuring points.
Each strain gauge (Fig. 6) was also connected
to a dummy strain gauge into one half of
the Wheatstone bridge, and then to the
acquisition system.

e Data recording and some simple analyses were
performed using HBM SPIDERS acquisition
system and Catman Express software package.

- ‘ _

Figure 6. Strain gages

Strain gages were applied at four measuring points,
which are expected to be critical for the analysis [10].
They were placed on the both spar caps 20 mm from the
clamp zone. At the numerical model can be seen that
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this zone, is the zone with the highest normal stresses,
Fig. 7.

Figure 7. Normal stresses distribution

4. FATIGUE TEST RESULTS

The wing spar fatigue test was carried out in the
Laboratory for static and dynamic analysis of aircraft
structures at the Faculty of Mechanical Engineering,
University of Belgrade.

In the first phase of the experiment, static values of
the force and displacement at the end of the test spar
were measured (Fig. 8 and 9).
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Figure 8. Static- displacement
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Figure 9. Static-force

From these two diagrams it can be seen that the
narrow band sequence load has been added. The total
amplitude of the displacement was 9 mm, which is
significantly higher value compared to previous tests.
For this value of the displacement forces ranged from -
1.5 to +1.5 kN.

After the static measurement was carried out,
dynamic force was measured at the frequency of 12.5
Hz. Fig. 10 shows the applied loads, with small
insignificant changes from the static image.

On the next 4 diagrams is presented whole range of
the loads. Different shapes of dilatation vs. time
diagrams are due to existence of the imperfections in the

VOL. 45, No 4, 2017 = 533



material, such as residual stresses induced by the
production process.

force (kN)

time (s)

Figure 10. Force vs. time - dynamics

At the upper right spar cap measuring zone, shown
in Fig. 11., micro crack first appeared which can be seen
on the dilatation vs. time diagram, in the upper part of
the right spar cape zone after 3500 seconds (43 750
cycles). After cracking, it spread for the next 6500
(81250 cycles) seconds until the termination of the
experiment, when it was obvious that there exists a
fracture. Based on the number of cycles until fracture
we can conclude that is in the elastic plastic range and
low cyclical fatigue. Also, the diagram shows that the
micro dilatation at the lower spar cap zone kept constant
shape which indicates that right spar cap retained the
ability to carry loads.
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Figure 11. Dilatation vs. time measured at the upper right
spar cap zone

Fig. 12. shows crack at the right upper spar cap
zone.

Figure 12. The crack at the upper right spar cap zone

At the lower left spar cap measuring zone, shown in
Fig. 13., micro crack also appeared in the upper part of
the left spar cap zone after 5000 seconds (62 500
cycles). Brittle fracture of materials can be observed
after 6800 seconds (85 000 cycles). Cause of micro
dilatation increase in the lower part zone is load transfer
on the spar wall.
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Figure 13. Dilatation vs. time measured at the lower left
spar cap zone

Fig. 14. shows crack at the left lower spar cap zone.

Figure 14. The crack at the left lower spar cap zone

At the lower right spar cap measuring zone shown in
Fig. 15. micro crack appeared in the lower part of the
left spar cap zone after 3000 seconds (37 500 cycles).
At the upper zone there has been a slight increase of the
micro dilatation, also due to the load transfer trough the
spar wall.
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Figure 15. Dilatation vs. time measured at the right lower
spar cap zone

Fig. 16. shows crack at the right lower spar cap zone.

Figure 16. The crack at the right lower spar cap zone

At the upper left spar cap measuring zone micro
crack did not appeared until termination of the
experiment.
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Figure 17. Virtual crack path

The experiment was terminated after 90000 seconds,
when it was obvious that there were a large number of
fatigue cracks. Although the experiment was terminated
before the final fracture of the entire cross section, the
time elapsed until the time which is very close to the
time of spar fatigue life.

After the experiment termination, we have seen that
the crack that could not be seen during experiment
started to spread to spar wall. Wall crack is shown in the
Fig. 18.

In previous spar fatigue works this type of crack
propagation never appeared. However these results
coincided with the numerical crack propagation model
[10], [11], [12] developed in the previous spar fatigue
work, Fig. 17.

Figure 18. Wall crack path

The differences between real and virtual crack
propagation, as well as the points between which they
extended, lead us to conclude that it makes sense to
make the comparison only in situations where cracks
behave similarly and the numbers of required cycles are
about the same.

Entering the zone between the vertical and
horizontal spar wall there was a small difference in the
"behavior" of the virtual and the real crack [13], which
is explained by assuming the existence of residual
tensile stresses and/or micro-damage of materials (Fig. 6
and 17).

Also, we can conclude that crack propagation [7, 8,
14] in the areas of holes for rivets, is result of poor
drilling process, which is a common theme in the field
of fatigue of aircraft structures.

5. CONCLUSIONS

In the future it is necessary to perform more expe—
riments on the spar fatigue life, with different number of
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cycles and variety of different loads. The results of these
tests provide an even better basis for making
conclusions on wing spar fatigue life.

Further analyses and comparison between the results
of the numerical methods and the experimental results
will support development of the modern numerical
methods as a power tool for fatigue crack growth
prediction [9].

The presented experimental results and the behavior
of the wing spar under cyclic loading were more or less
expected, considering long-term of experience in
dealing with aircraft and other structures fatigue life.
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EKCIIEPUMEHTAJIHO OJIPEBUBAIBE
3AMOPHOI'X BEKA IYPATYMUHHNJYMCKE
PAMEIBAYE KPUJIA

H. Ilerpamunosuh, /1. Ilerpamunosuh, b. Pamyo,
J. Muakosuh

VY pany je npukazaHa eKCriepUMEHTAIHA aHAJIM3a HPeba

3aMOpHE MPCIIMHE y CTPYKTYPATHOM JIeTy Ba3IyXOIJIOBHE
KOHCTPYKIIMje T0J] NUKINYHUM onrtepe-hemem. 1lum
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eKCIIEpUMEHTAIIHE aHaIu3e je Ja Ce Onpe-Ad CTBApHH
3aMOpPHM BEK paMemaye HalpaBbeHEe Of alyMUHHjyMa
2024-T3. WcnuTHa WHCTamanyja, 3a HCIUTHUBAKC
3aMOPHHX KapaKTepHUCTHKa Ba3JTyXOIUIO-BHUX KOHCT—
PYKIHja, COIICTBEHE M3pajie MpPHUKa3aHa j€ Yy MOTITyHOCTH.
Hcrutan  y3opak kopuinheH y pagy HampaBJbeH je
WCKJbYYMBO 3a WCIUTHBAamE Ha 3amop. Pesynratu
3aMOpPHOTI HCTIMTHBAMA TPUKYIURCHHU Cy HajCaBPEMEHHjOM
ONMpeMOM 32  aKBU3MIMjy mojaTaka. [IprMemeHa
ontepehera, Kao U MPUKYIUBEHH PE3YJI-TaTh Cy JIETaJbHO
M3JIOKEHH Y TeKCTy. Ha OCHOBY IPETXOIHO CIIPOBENCHHUX
UCTPaXXKUBAMkba, [OHETH Cy 3a-KJby4ld O JI0OMjeHUM
pe3yATartiMa eKCIepUMEHTAIHE aHaIu3e Kao U yropeaHa
aHaM3a CEKCIICPHMEHTAIHE M CaBPEMEHE HyMEpHuKe
Mmetoze. Ha kpajy paga nare cy cMepHHIE y KOM MpaBIly
On Tpebama ma wWOy Jajka  eKCIIEpUMEHTalIHa
HCTpaXKMBara, K0ja HaM MOKa3yjy Ja NMa CMHCIIa BPIIUTH
mopeheme m3Mehy peamHMX M HyMEpHUKHX pe3yirara
caMo y CUTyalHju rzae cy Opoj HMOTpeOHMX LHUKIyca U
TMIOHAIIAKE 3AMOPHUX MPCIIMHA UCTH.
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