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Fatigue Life Evaluation of Damaged Aircraft Lugs

Slobodanka Boljanovi¢'
Stevan Maksimovié?
Andrea Carpinteri’

In the present paper, engineering procedures are proposed for estimating the strength of aircraft lugs subjected to cyclic
tensile loading. The crack growth simulation examines pin loaded lugs under either a constant amplitude loading or a
single overload. The fatigue life analysis tackles the stress intensity factor calculation. The residual strength of through-
the-thickness damaged lugs is modeled by introducing the Walker’s model. In order to investigate the single overload
effect, the Wheeler’s retardation parameter is employed. The estimations are compared with available experimental data.
The verifications show that evaluations and experimental results are in a good agreement. Then, the effect of width,
diameter and thickness on fatigue life up to failure of lugs is analysed.
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Introduction

ome engineering structural systems are designed with

load carrying members known as pin loaded lugs.
During service of lug linked components, the pin bearing
load together with fretting between the pin or bolt and the
lug hole could endanger the strength of lug under cyclic
loading. Since lug failures predominantly occur under
fatigue conditions, it is very important to develop reliable
computational models/procedures. The residual strength of
cracked lugs can be investigated in the case of either
through-the-thickness cracks or surface cracks [1-4]. This
paper examines the case of a lug with a through-the-
thickness crack since it is less resistant to failure than the
surface crack configuration.

According to fracture mechanics and damage tolerant
design philosophy, the residual strength and the fatigue life
up to failure of the lug with a detected through-the-
thickness crack require the stress intensity factor
calculation. In the literature, various methods have been
employed for the evaluation of the stress intensity factor.
Schijve and Hoeymakers [5] investigated a lugs with a
through-the-thickness crack, and developed an empirical
relationship based on experimental data. For such a
configuration, Impellizeri and Rich [6] employed the
weight function, whereas Pian et al [7] computed the stress
intensity factor by applying hybrid finite elements. Then,
Zatz et al [8] used conventional finite elements in order to
compute the stress intensity factor, and Hsu [9] applied
finite elements with singularity.

Moreover, a number of methods have been developed in
order to describe the crack extension under cyclic loading.
Paris [10] found that the crack growth process can be
analysed through the crack growth rate and the stress
intensity factor range. Then, Elber [11] recognized that the
stress ratio has impact on the crack extension, and proposed

the relationship for crack growth rate based on the effective
stress intensity factor. Further, Walker [12] suggested the
two-parameter driving force model for the crack growth
investigation.

The aim of the present paper is to develop mathematical
procedures for the fatigue life analysis of lugs. The authors
tackle two different loading conditions: a constant amplitude
loading and a single overload. The strength of a lug with a
through-the-thickness crack is theoretically simulated by
employing the Walker’s model and the Wheeler’s retardation
parameter. Numerical and/or analytical approaches are
applied for the stress field evaluation and the stress intensity
factor calculation. The validity of the estimations is discussed
by comparing the present results with available experimental
results. Additionally, the effects of width, diameter of a hole
and thickness on the fatigue life up to failure of lugs are
examined.

Residual fatigue strength modeling

Engineering structural components are usually subjected
to loading with different levels, and the fatigue crack growth
process can be investigated if adequate loading parameters
are introduced [11, 12]. Thus, Walker [12] suggested that the
stress intensity factor range can be expressed as a function of
the stress ratio and the maximum stress:

AK =(1=R) K e (1)

where R is the stress ratio, K.« denotes the maximum stress
intensity factor and y represents a material constant.

The failure under cyclic loading can be theoretically
analysed thanks to the appropriate relationships for the
crack growth rate. Walker [12] modified the Paris crack
growth law [10] by introducing the maximum stress
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intensity factor and the stress ratio instead of the stress
intensity factor range:

L0 C((1=R) Ko )
where N is the number of loading cycles up to failure, C
and m are material parameters experimentally obtained.

In the crack growth rate evaluation, the geometry of the
cracked structural component and the loading conditions
are examined through the stress intensity factor. Since pin
loaded lugs are among the most critical structural
components as far as fatigue is concerned, Newman and
Raju [13] investigated the lug with a through-the-thickness
crack (Fig.1) and proposed the following relationship for
the calculation of the maximum stress intensity factor:

Kmax =Smax \/”afwlﬁGl % (3)
7D
cos
)
where w and D are width and diameter of the lug,
respectively.
The interaction between the pin and a hole of lug is
taken into account by the following parameter [13]:
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In order to examine the single crack lug configuration, the
Bowie correction [13] can be employed in Eq. (3):

£, =0.707-0.184+6.551% —10.541° +6.851*  (5)

where

_ 1
A= 2a ©)
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Then, the effect of the finite lug width in the fatigue
process up to failure is tackled through the stress intensity
factor, and can be expressed for the single crack
configuration by the following correction factor:

(N

The strength of the lug can be evaluated by integrating
the relationship related to the crack growth rate:

ar

_ da
N J; 0= Kom )m (8)

where ao and ay are initial and final crack length,
respectively.

Due to the form of functions under integral, the here
developed software is based on the Euler's algorithm for
numerical integration.

Crack growth propagation under single overload

During the fatigue failure process under variable
amplitude loading characterized by tensile overload, the
crack growth retardation effect can occur. This
phenomenon appears due to increase in magnitude and size
of the compressive residual stress field in the vicinity of the
crack tip. Wheeler [14] examined load retardation effects,

and introduced the retardation parameter C,, in the
relationship for the crack growth rate, i.e. the number of
loading cycles up to failure becomes as follows:

ar

J' da )
2 CuC((1=R) Ko )

In the residual strength simulation, the retardation
parameter describes the delay of crack extension until the
current plastic zone is within the plastic zone created by the
overload, and can be expressed by:

p
Tpi
—— | s a;+1,; < a, +r
Coi=\\ay+ry,—a; ) 1 7777 (10)
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where a; is the current crack length, a, denotes the crack
length at the overloading, p represents the retardation
exponent experimentally obtained. Further, r,; and r,, are
the current plastic zone size and the overload plastic zone
size, respectively, and can be written in the following way:

2 2
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where K, is the stress intensity factor generated by an
overload, and o;, denotes the yield strength of the material.
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Figure 1. Geometry of a lug with through-the-thickness crack.

Thus, the strength of a cracked lug subjected to overload
is theoretically investigated thanks to the developed
software based on Egs.(9-11) together with Egs.(3-7) by
also employing the Euler’s algorithm for numerical
integration.

Numerical results

The reliability of the engineering procedure for the
fatigue life evaluation of the lug with through-the-thickness
crack is now examined. Through the following numerical
examples, the residual strength of lug subjected to either a
constant amplitude loading or a single overload is
investigated. Such examples are analysed for both the
numerical calculation of the stress intensity factor and the
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fatigue life estimation. In order to verify the validation of
present model for surface crack growth simulation, the
obtained results are compared with experimental data.

Fatigue strength
damaged lug

In this example, the crack growth analysis of the attachment
lug (Fig.1) is carried out. The lug (ay =0.635mm,

estimation of through-the-thickness

D =38.1 mm, ¢=12.7mm ) subjected to cyclic axial loading

is made of 7075 T651. Geometry and loading parameters for
two examined lugs are as follows: (a) w=114.3 mm,

Smax =103.5MPa (R=0.1, R=0.5); (b) w=285.76 mm,
Smax =103.5 MPa (R =0.1) [15]. The material characteristics
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of 7075 T651 Al alloy are: E =70GPa, y=0.425 [12],

C=8.65x10"", m=349 (for R=0.1) [lI6],

c=2.55%x10"", m=3.06 (for R=0.5)[17].

In the context of fracture mechanics, the stress intensity
factors are computed by applying Eq. (3) together with Egs.
(4-7) for adequate crack increments. Then, the crack growth
rates are evaluated through Eqs. (2-7). Thereafter, the final
number of loading cycles for the lug can be calculated by
integrating the crack growth rate equation (Eq.(8)). The
fatigue life evaluations are presented in Figures 2 and 3 for
the lug with width w=1143mm (R=0.1,R=0.5) and
w=_85.76 mm (R =0.1), respectively.
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Figure 2. Crack length against number of loading cycles up to failure (Experiments from Ref. [15]).
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Figure 3. Crack length against number of loading cycles up to failure (1-ABPLC48, 2-ABPLC92. Experiments from Ref. [15]).

Further, in Figures 2 and 3, the calculated number of
loading cycles up to failure is compared with experimental
results available in the literature [15]. It can be observed
that the estimations are in a good correlation with
experimental results. Hence, by employing the proposed
engineering procedure during service operation under
cyclic loading, the safety residual fatigue life of a lug with a
through-the-thickness crack can be estimated.

The stress field simulation and the stress intensity factor
calculation

Consider the stress analysis of the lug with a through-the-
thickness crack (Fig.1). The lug (w=50mm, D =16 mm,
t =16 mm) is subjected to cyclic axial loading with a constant
amplitude (a far field stress Sp,,=126.5 MPa). For the lug
examined here, made of 7075 T7351 Al Alloy, the following
material characteristics are assumed: S;,=334 MPa, v=0.33.
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(a) The finite element mesh (¢=8.83 mm)

(b) The stress distribution (¢=12.81 mm)

Figure 4. The lug with through-the-thickness crack subjected to cyclic axial loading.

In engineering practice, the contact problem related to
the aircraft lug has to be analysed with special attention due
to the fact that the stress field around the crack tip is
complex. For the known lug geometry, material and loading
parameters, both the stress distribution and the stress
intensity factor are here simulated by performing a finite
element analysis. In the numerical investigation, the two-
dimensional 4-node shell finite elements together with
super elements [18] are employed. Thus, for adequate crack
growth increments, different meshes are modeled, and the
stress distributions are evaluated. In Figures 4a and 4b, the
finite element mesh and the stress distribution are
presented, respectively.

Further, thanks to the stress analysis by applying FEM,
the stress intensity factors are calculated for different crack
lengths. The stress intensity factor results computed by
employing FEM are compared with those obtained by
applying the analytical approach (Eqs.(3-7)). The stress
intensity factor results are listed in Table 1.

Table 1. Comparison of the calculated stress intensity factors for the lug
employing analytical and numerical approaches.

Step a 10° [m] | K2 [MPam®%]

max

KFEM IMPam®?)

1 5.33 33.14 36.85
2 8.82 3791 40.95
3 12.81 52.47 52.34

The comparison in Table 1 implies that the analytical
approach gives us almost the same stress intensity factor
solutions as the finite element method. Thus, both
approaches for the stress intensity factor calculation can be
used in the strength analysis of the lug with through-the-
thickness crack subjected to cyclic axial loading.

The effect of width, diameter and thickness of lug on the
final number of loading cycles up to failure

In engineering practice, reliable exploitation of lugs
could be achieved only if lugs are designed in such a way
that they can stand different loading conditions for both
crack initiation phase and crack growth phase. As far as the
lugs represent an essential type of joint, the lug geometry
parameters demand a careful analysis, especially for the
crack growth phase. Therefore, the effect of width, diameter
and thickness of the lug on the number of loading cycles up
to failure is now examined. The lug made of 7075 T651 Al

alloy is subjected to cyclic axial loading with either
constant amplitude P,,, =40 kN (stress ratio R =0.1) or a
single overload. The material characteristics are the same as
those mentioned in example 4.1. The length of initial
through-the-thickness crack (Fig.1) is ay =0.7 mm for all
considered lugs.

Under constant amplitude loading as well as overload,
the following geometries of lugs are tackled: (a)
w=80mm, ¢=12mm together with three different
diameters of lugs (30 mm, 36 mm and 42 mm); (b)
w=80mm, D =35.55mm and three different thicknesses
(10 mm, 12.5 mm and 15 mm); (¢) D=35mm, =12 mm
with three different widths of lug (70 mm, 80.5 mm and 91
mm).

According to the mentioned geometries, material and
loading parameters, fatigue life up to failure under constant
amplitude loading is estimated by applying Eqgs.(3-7)
together with Eq.(8). Figures 5a, 6a and 7a present the
calculated number of loading cycles against crack length
for different values of diameter, thickness and width,
respectively.

Then, the effect of different parameters (diameter,
thickness and width) on the fatigue strength of lugs
subjected to a single overload is examined. If the lug is
overloaded, the external force is P, =80kN (i.e. the
stress ratio under overload is R, =2). All geometries,
material and loading parameters mentioned for the lugs
subjected to constant amplitude loading are used in the
failure analysis of overloaded lugs. Note that the effects of
diameter, thickness and width are investigated here for the
crack length at overloading equal to a,=6.95 mm, a,~5.70
mm and a,~8.20 mm, respectively.

For the known lug geometries, material, overloading and
constant amplitude loading parameters, the stress intensity
factor, the crack growth rate and fatigue life up to failure
under single overload are evaluated by applying Eqs.(9-11)
together with Eqs.(3-7). The effects of diameter, thickness
and width are shown (as numbers of loading cycles up to
failure against crack length) in Figures 5b, 6b and Fig.7b,
respectively.

From Figures 5b, 6b and 7b, it can be deduced that
diameter, thickness and width have significant impact on
the residual strength of the overloaded lug. Further, by
taking into account overloading, the fatigue life up to
failure increases.
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Figure 5. Crack length against number of loading cycles up to failure for different diameters of lug (1 — D=30 mm, 2 — D=36 mm, 3 — D=42 mm).
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Figure 6. Crack length against number of loading cycles up to failure for different lug thicknesses (1 — =10 mm, 2 — =12.5 mm, 3 — /=15 mm).
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Figure 7. Crack length against number of loading cycles up to failure for different lug widths (1 — w=70 mm, 2 — w=80.5 mm, 3 — w=91 mm).
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Conclusion

In the present paper, a computational procedure has been
developed for the strength evaluation of a pin loaded lug
with a through-the-thickness crack. The lug is subjected to
cyclic loading with either a constant amplitude or an
overload. The formulated procedure examines both the
stress intensity factor calculation and residual strength
evaluation. The stresses are examined by using analytical
and numerical approaches. The fatigue life up to failure is
estimated by employing the Walker’s two-parameter
driving force model and the Wheeler’s retardation model
for a constant amplitude cyclic loadings and overload,
respectively.

The proposed crack growth procedure is assessed by
comparing the estimations with experimental results
available in the literature. A good agreement between
different results implies that the developed procedure
provides the reliable strength estimation for pin loaded lug
with through-the-thickness crack under cyclic loading.

Moreover, such a procedure is implemented in order to
investigate the differences between the residual fatigue life
under a constant amplitude loading and that under an
overload. Finally, the influence of width, diameter of a hole
and thickness on the strength of the lug is analysed.
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Procena veka pri zamoru avionskih uski sa oStecenjem

U ovom radu su predloZene prakti¢ne inZenjerske procedure za procenu ¢vrstoce avionskih uski pri dejstvu cikli¢nog
opterecenja na zatezanje. Simulacija Sirenja prskotine kod uski optere¢enih preko osovinice je razmatrana za cikli¢na
opterecenja konstantne amplitude ili pri preopterecenju sa pojedina¢nim pikom. Analiza veka pri zamoru podrazumeva
odredivanje faktora intenziteta napona. Prilikom modeliranja preostale ¢vrstoée uski oSte¢enih po debljini razmatran je
Walker-ov model. Efekat pika preopterecenja je istraZzen uvodenjem Wheeler-ovog parametra kasnjenja. Proracunate
vrednosti su uporedene sa raspoloZivim eksperimentalnim rezultatima. Dobijena su dobra slaganja numerickih i
eksperimentalnih rezultata. Zatim je analiziran uticaj pojedinih parametara geometrije na preostali vek uski pri zamoru.

Kljucne reci: zamor, ciklicno opterecenje, rast prskotine, uska, avionska konstrukcija, procena veka trajanja, uticaj

preopterecenja.
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OueHkKa JKU3HEHHOT0 HUKJIA HA YCTAJOCTh YIIIKO CaMOJIETA C
MOBPEKACHUAMHU

B 3T0ii cTaThe mpeaIoAKeHbI NMPAKTHYECKHE MHKEHEPHbIe NMPOLEAYPhI ISl OLEHKH NMPOYHOCTH YIIKA camMo/éTa Ha
3¢pdeKT UHMKIMYECKOr0 HArpy:KeHHsi NpH pacTsikeHuH. MoJeaupoBaHue PpAacnpoCTPaHeHHs] TPELUIMHbI YHIKO
3arpys;KeHHOro 4yepes MTH(T paccMaTUPUBAHO ISl HUKJIHYECKHX HArpy:KeHMii ¢ IOCTOSIHHON aMILIMTYIOH WM 1oJ
MepeHarpy3Kkoii ¢ OHHM IHKOM. AHAIH3 KH3HEHHOI0 IMKJIA HA YCTAJOCTH MOApPa3yMeBaeT ompenejenue (pakropa
HHTEHCHBHOCTH HamnpsokeHmii. IIpu pacyére ocraBileecss NPOYHOCTH YHIKO TOBPEXKIEHHOI0 110 TOJIIHHE
paccmatpuBaHa Walker-monenb. JddexT nuka nepeHarpysku 0bl1 uccienoBad nyTém seegenuss Wheeler-napamerpa
3aep:kkH. OleHeHble 3HAUYeHHs] ObLIM CONOCTABJIEHbI C HMMEIOUIMMHCS JIKCIEPHMEHTAJIBHBIMH pe3yabTaTamMu. B
pe3yJbTaTe MOJy4eHbl XOPOIIHE COIJIacHs UM(POBBIX M IKCHEPHMMEHTAJIbHBIX [aHHBIX. BiMsiHHe HEKOTOPBIX
reoMeTPpHYECKHX NAPAMETPOB YIIKO AHATH3HPOBAIH HA OCTABIINIICS KH3HEHHBII UK IIPH yCTAJIOCTH.

Knrouesvie cnosa: yeranocTs, HUKINYECKAsk HATPY3Ka, POCT TPELIMHBI, YIIKO, CTPYKTYPa caMOJIETa, OL[eHKA KU3HEHHOI0
LHKJIa, BO3/JeiicTBHE NePeHarpy3Ku.

Estimation de la durée de vie a la fatigue chez I’épinglette d’avion
endommagée

Dans ce papier on propose les procédures pratiques d’ingénieurs pour I’estimation de la force d’épinglette d’avion sous
I’effet de la charge cyclique a la résistance. La simulation de la croissance de fracture chez I’épinglette chargée par ’axe
est considérée pour les charges cycliques de I’amplitude constante ou a la surcharge au pic particulier. L’analyse de la
durée de vie a la fatigue sous-entend la détermination du facteur d’intensité de la charge. Pendant le calcul de la force
résiduelle de I’épinglette endommagée en épaisseur on a examiné le modele Walker. L’effet du pic de la surcharge a été
étudié en introduisant le paramétre de retard de Weeler. Les valeurs estimées ont été comparées avec les résultats
expérimentaux disponibles. On a obtenu bon accord entre les résultats numériques et ceux expérimentaux. On a analysé
aussi effet de certains paramétres géométriques de I’épinglette quant a la durée de vie a la fatigue.

Mots clés: fatigue, charge cyclique, croissance de fracture, épinglette, construction d’avion , estimation de la duré de vie,
effet de surcharge.



