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Abstract

This work deals with fatigue behaviour of cracked aircraft structural components under cyclic
loads of constant amplitudes and load spectrum. This investigation is focused on developing
efficient and reliable computational methods for fatigue life estimation of cracked aircraft lugs
under cyclic loads of constant amplitude and load spectrum. For crack growth analyses and
residual lives of damaged lugs two approaches are used: the Strain Energy Density (SED) method
and the conventional Forman's method. A special attention has been focused on the determination
of the fracture mechanics parameters of structural components such as stress intensity factors of
aircraft cracked lugs. The effects of the shape of lug surface cracks on the residual fatigue life are
investigated as well. The SED method uses the low-cycle fatigue (LCF) properties of the material,
which are also used for the lifetime evaluation until the occurrence of final failure. Therefore, the
experimentally obtained dynamic properties of the material such as Forman's constants are not
required when this approach is concerned. The complete computational procedure for the crack
propagation analysis using low-cycle fatigue material properties is illustrated with the cracked
structural elements. To determine analytic expressions for stress intensity factors (SIF), singular
finite elements are used. The results of the numerical simulations for crack propagation based on
the strain energy density method have been compared with the authors’ experimental results.
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1. Introduction

Many structural components are subjected to cyclic loading. In these components, fatigue
damage is the prime factor in affecting structural integrity and service life. Fatigue damage is
typically divided into three stages: crack initiation, crack propagation and final failure. These
three stages are important in determining the fatigue life of structural components.

Primary attention in this research has been to develop an efficient and reliable computational
method for residual life estimation of damaged structural components under cyclic loading. To
determine residual life of damaged structural components two crack growth methods are used:
conventional Forman's crack growth method and crack growth model based on the strain energy
density method. The latter method uses the low cycle fatigue properties in the crack growth
model. The governing equations for both crack initiation and crack growth phase using
conventional crack growth and SED are given in Maksimovi¢ Set al. (2011); Maksimovi¢ S. et
al. (2012) and Sehitoglu H. et al. (1996). The ability to successfully maintain aircraft
airworthiness and structural integrity is critically dependent on the application of appropriate
fatigue crack growth (FCG) prediction tools. The prediction tools are required to accurately
predict FCG in aircraft structures and components under flight spectrum loading, and thus reliably
provide total economic lives or inspection intervals as part of a stringent aircraft structural
integrity management plan.

Fatigue crack growth in aircraft structures and components under flight spectrum loading is
traditionally predicted based on FCG rates obtained from constant-amplitude (CA) crack growth
testing using the cycle-by-cycle approaches (Blazi¢ M. et al. 2011; Maksimovi¢ M. et al. 2012).

2. Fatigue crack growth method model based on strain energy method

In this work, fatigue crack growth method based on energy concept is considered and it is
necessary to determine the energy absorbed till failure. This energy can be calculated by using
cyclic stress-strain curve. As a result, the energy absorbed till failure becomes (Maksimovi¢ M.
et al. 2018):
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where of is cyclic yield strength and &f - fatigue ductility coefficient. Fatigue crack growth rate
can be obtained in the next form (Maksimovi¢ M. et al. 2018; Boljanovi¢ S. et al. 2014):
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where AK| is the range of stress intensity factor, y - constant depending on the strain hardening
exponent ', 1/ - the non-dimensional parameter depending on AKy, is the range of threshold
stress intensity factor and is function of stress ratio i.e.

AK,, = AKy, (1-RY) (3)

AKino is the range of threshold stress intensity factor for the stress ratio R = 0 and v is coefficient
(usually, y = 0.71). Equation (2) enables us to determine crack growth life of different structural
component. Very important fact is that equation (2) is easy for application since low cyclic
material properties (1, of, ¢7) are used as parameters.
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For comparisons computation results based on SED we used conventional Forman's crack growth
method too in the next form

da_ C(AK)'
dN  (1-R)K.-AK

(4)

where: C, n are crack growth rate constant and exponent, R is stress ratio, Kc is fracture toughness
and AK is the range of stress intensity factor. For tension-compression cyclic load cases, the
following Elber rate model is adopted:

da q n

= C[(1-R)' K | R<R,, R<R, 5)
where Rey is the cut-off value of the negative stress ratio. In the previous equation, the exponent
q is considered as the acceleration index (Chang, JB et al. 1981).

3. Crack growth analysis of cracked aircraft skin/plate under load spectrum

Here, we illustrated numerical simulation of crack growth method using strain energy density
method (SED). Geometry of cracked aircraft skin is shown in Figure 1. Material of aircraft skin
is aluminium alloy 2219-T851. Low cyclic material properties of aluminium alloy 2219-T851
are: of =613 MPa; & = 0.35; n’ = 0.121; k' = 710 MPa; S,/ = 334 MPa; E = 71 10° MPa; AKgo
=30; I/ = 3.067; y = 0.95152, K. = 71.5 MPa \m. Detail computation residual life estimation of
cracked skin for various load spectra are given in Table 1. Computation results are compared with
available experimental results according to Chang J. B. et al. (1981). Good agreement of present
numerical results with experiments is evident.

o Geometry of cracked skin/plate:
w=152.4mm

L =4572mm

w 2a=7.62mm
=535 mm
L Dynamic properties of duraluminum plate
o 2219-T851:
C=8367-107"

1n=3.64, m=06, ¢=03
*HHHH K. =71.5MPa~m

Roy=0.99

Fig. 1. Model of skin/plate panel with initial crack
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Fig. 2. Finite element model of skin/plate with initial crack and “super-element” around crack

tip

In Figure 2, finite element model of cracked part panel is shown. To obtain precise stress intensity
factors special “super-element” with 6-node singular finite elements around initial crack tip is

used.
. o o . Computation | Computation
Speli:l:)men e e Expeererxr;ent results(eq.2) | results (eq.5)
: [MPa] [MPa] f NISED NI Efber
M-1 55.16 0 355810 370530 339000
M-3 55.16 -55.16 129240 126324 96000
M-4 55.16 -16.55 144000 138912
M-5 275.8 0 846 701 803
M-6 275.8 82.74 1695 1927 1537
M-7 275.8 193.06 14870 13346 7200
M-8 275.8 -27.58 409 447
M-9 55.16 -5.516 175000 179552
M-10 275.8 -82.74 251 143.5

Table 1. Comparisons numerical crack growth model based on Strain Energy Density Method

(SED) with experiments for cyclic load of constant amplitude

In Table 1, due to a systematic approach, in addition to the computation estimates based on SED
and calculation results of the evaluation with conventional laws of crack growth here modified
Elber’s crack growth law in which the fatigue crack growth properties of dynamic characteristics

material are used.
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[ p1-ccT-2219-T851
Ulazni podaci Rezultati
E 71000 0y 3,067 w 0.1524 peftasigma 55,15
samaF  [gi3  Psi bosisz a0 ooors | " b
EpsilonF [o35 Deitakthd [ SigmaMax  [s5.16 e 0.0718118685303582
n 0,121 Ke 715 SigmaMin o c1 |4.475547402884107 2266E-09
Unesite duzinu koraka: W lzracunaj integral . ’37
.. |
MUkupno al al Kl Klprim Diferencijal Alfa
3 0 0,0076 0,0106 9651643604 8 1,22089645003439E-08 113238507 401365
245721 078654882 0,0108 00136 1156260971 8 5,68044858645212E-08 1,14869237931862
288533,806309502 0,036 00166 1334446910 8 1, 275366265564 24E-07 1,17033552452972
322001 259056106 0,ME6 00198 1507744920 3 224151454867 475E-07 1,19694621 293432
335353, 275577138 0,198 00226 1650703330 3 3,4714101711096E-07 122790271 635295
344025,296992542 0,0226 0,026 1556235051 3 4993094431 5363E-07 1,26293284414445
350033,595135316 0,0256 0,0286 2036423518 3 6,541 96228556585E-07 1,30151386930574
394418,302145756 0,0286 00316 2222907444 8 9,081 43684650271 E-07 134443301 822204
397729,017095743 0,0318 0,0346 2417147721 8 1,17043027654451 E-06 1,39078647121673
3B0202,177040062 0,345 0,0376 2620557220 8 148340453531 206E-06 1 44008036305159
362314 551870295 0,0376 0,0406 2834661468 B8 1,852808281191 52E-06 1,49523025292633
363933,715617809 0,0408 0,0436 3061078604 8 2,28581130725556E-06 1,55386137447307
365244 539633456 0,0436 0,0466 330188162 3 2500952692251 05E-06 16173053357561
366315,592308613 0,0468 0,0496 3558602276 3 3,40554075350041 E-06 165611541 936194
367196 732072573 0,0436 0,0526 3534275998 3 4120563931027 79E-06 1,7609364321593
3679247657555 0,0526 0,0556 4131499931 3 4 967 36163353437E-06 1,54253473556913
3685258,729213786 0,0556 0,0586 44 53433633 3 597377149540252E-06 1,83178324542055
369030,924515346 0,0586 00616 4503659304 8 7,173985541 0651 2E-06 2,02966443193105
369449,102111041 0,0616 0,0646 9186196941 8 5,61035194920475E-06 2,13727031995611
36977 S1G7I0637  0,0545 0,0576 56,05527974 © 1,09354250760904E-05  2,25500245640959
370087 782508854 0,0676 0,0706 B0 GBE24236 8 1,241 3973904592E-05 2,38657207116351
370329,445655809 0,0708 0,0736 6574968063 8 1 ,48260652222007E-05 2/53093975599511
370530,436335594 0,0736 0,0766 7136574220 3 1,79702952933003E-05 2 69061575545187
370897 373500785 0,0768 0,0796 7758010333 3 21B678739333663E-05 256703995642145
*

Table 2. Results of residual life estimation of cracked specimen M-1

In Table 2 are given the complete computation residual life results which include relation, a-N,
(a- crack length, N- is the number of cycles). These results are obtained using in-house software
“SED” based on Strain Energy Density Method (Maksimovic S. and Maksimovic K. 2012;
Boljanovi¢ S. and Maksimovi¢, S. 2014; Chang, J. B. et al. 1981; Maksimovi¢, S. 2008;
Maksimovi¢ K. et al. 2011; Boljanovi¢ S. et al. 2019).

In Figure 3 graphical crack growth behaviour of cracked panel under tension cyclic load is shown.
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Fig. 3. Dependence a-N for specimen M-1 using SED under cyclic loads of constant amplitude

In Table 3 are shown residual life estimations of cracked plate/shell panel under multiple
overload/underload spectrum. Good agreement of the present computation with experimental
results is evident, according to Chang, J. B. et al. (1981).

Type i | | G“ M Numerical
Of Loadlng Gmax O-min max O-min N| N|| N exp SOlUtion
speci- profile [MPa] | [MPa] | [MPa] [MPa] | cycles cycles f (SED)
men
] 1000 to (21140)
M-31 N Ny 55.16 0 137.9 0 0 failure 22430 29262
) ' to (5476)
M-32 137.9 0 275.8 0 5000 failure 5275 5131
M-33 55.16 | 16.55 | 137.9 | 16.55 | 1000 | 10 1 o7000 | 27043
0 failure
M-34 137.9 | 41.37 | 275.8 | 82.74 | 5000 f _tO 6884 6462
ailure

Table 3. Multiple overload/underload test descriptions and crack growth correlation:

4. Conclusion

Comparisons Numerical results with experiments

This work presents a computational model/procedure for assessing the residual strength of
damaged aircraft structural components subjected to cyclic loading. A special aspect of this
investigation is based on application of Strain Energy Density (SED) method in residual life




Journal of the Serbian Society for Computational Mechanics / Vol. 13/ No. 2, 2019 7

estimation of structural components with initial cracks under load spectrum. In this approach, we
used the same low cyclic material properties for crack growth and crack initiation. For
determination low cyclic fatigue properties of materials and corresponding parameters of fracture
mechanics including fatigue tests of representative aircraft structural components such as cracked
aircraft skin are used. To validate computation methods in residual life estimation of cracked
structural elements modified conventional crack growth method is used too. The computation
procedures for residual life estimations of cracked structural elements these are compared with
corresponding experimental tests. Good agreement between computation and experimental
results are obtained (Tables 1 and 3). This approach can be used as efficient computation method
in total fatigue life estimations of structural element under cyclic loads.

This work was partially supported by the Ministry of Education, Science and Technological
Developments of Serbia under projects ON 174001 and TR-35024.
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