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Abstract –Attention in this work is focused on developing computation methods of damaged aircraft structural components with respect fatigue and fracture mechanics. Computation method is based on combining singular finite elements to determine stress intensity factors for cracked structural components with corresponding crack growth lows that include effect of load spectra on number of cycles or blocks up to failure. To demonstrate efficient computation procedure in fatigue life estimation here numerical examples are included. Attention in this work is focused on design of aircraft wing-fuselage joints. Computation procedure to strength analyze with respects fatigue and fracture mechanic is applied to cracked aircraft lug type structure. Computation results are compared with correspond experiments. Good agreement between computation and experimental results is obtained.
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1.   Introduction
Damage tolerance application to the light training aircraft structural components is limited to critical parts. A part, that if it fails, alone may cause the loss of an aircraft is classified as a critical part. This definition means, that aircraft wing-fuselage attachments must be comply with the damage tolerance requirements [1,2]. The main goal is a safe life design, i.e. a slow crack growth structure not requiring any insection during its full life.  The Damage Tolerance approach assumes the components have a preexisting flaw from which a crack will grow under dynamic loads. This assumption makes it possible to account for in-service or manufacturing defects in determining the dynamic life. The Damage Tolerance Methodology uses fracture mechanics to predict the fatigue crack growth in a structure. In the design analysis of a slow crack growth structure it is most important to make correct estimates for the early portion of the crack growth process, because it is there the life is. In most cases this implies that maximum accuracy is needed for small corner cracks. 
Attachment lugs are particularly critical components in crack initiation and growth because of their inherently high stress concentration levels near the lug hole. For these reasons, it is important to develop analytical/numerical as well as experimental procedures for assessing and designing damage tolerant attachment lugs to ensure the operational safety of aircraft. Over the years, several extensive studies [3-5] have been made on lug fatigue performance, involving both experimental and numerical means.

In the work of fatigue crack growth and fracture behavior of attachment lugs [6,7], an accurate calculation of the stress intensity factor is essential. Over the years several methods have evolved to compute the stress intensity factors for structural components containing cracks. These methods include analytical as well as experimental approach. The experimental backtracking approach was used to derive empirically the stress intensity factors for structural components using the growth rate data of through-the-thickness cracks for simple geometry subjected to constant-amplitude loading.

The finite element method can be applied easily to the propagation of the crack under constant amplitude loading condition, but it is difficult to use under random loading condition due to the complexity of modeling the retardation behavior of the crack (crack closure effect suggested by Elber), which can be introduced by overloadings. 

Accurate stress-intensity factor (SIF) solutions are required to conduct thorough damage tolerance analyses of structures containing cracks. Exact closed form SIF solutions for cracks in three-dimensional solids are often lacking for complex configurations; therefore, approximate solutions must be used. Over the past two decades, considerable effort has been placed on developing computationally efficient methods which provide highly accurate SIF solutions for cracks in three-dimensional bodies. 

The purpose of this investigation was to test the accuracy of the crack growth models. All necessary parameters, such as material property data, stress intensity solutions, and the load spectrum, were defined. To determine residual life of damaged structural components here are used two crack growth methods: conventional Forman`s crack growth method and crack growth model based on the strain energy density method. The last metod uses the low cycle fatigue properties in the crack growth model.
2. Computation procedures to life estimations
An analysis to show complience with a crack growth criterion, as required by a damage tolerance specification, involves following steps:

·    Calculation of the stress intensity factors

·    Calculation of the critical crack size

·    Compilation of crack growth data

·     Adoption of a model for prediction of fatigue crack gwowth

In the design analysis of a slow crack growth structure it is most important to make correct estimates for the early portion of the crack growth process, because it is there the life is. In most cases this implies that maximum accuracy is needed for small corner cracks. Stress intensity Factor (SIF) is an important fracture parameter to predict the behaviour of the joint in the presence of cracks using Linear Elastic Fracture Mechanics (LEFM). For a successful implementation of the damage tolerance philosophy to the design and in-service operation of structures subjected to fatigue loading it is crucial to have reliable crack growth prediction tools.
3. Stress intensity factor solution of cracked lugs

In general geometry of notched structural components and loading is too complex for the stress intensity factor (SIF) to be solved analytically. The SIF calculation is further complicated because it is a function of the position along the crack front, crack size and shape, type loading and geometry of the structure. In this work analytic and FEM were used to perform linear fracture mechanics analysis of the pin-lug assembly. Analytic results are obtained using relations derived in this paper. Good agreement between finite element and analytic results is obtained. It is very important because we can to use analytic derived expresions in crack growth analyses. Lugs are essential components of an aircraft for which proof of damage tolerance has to be undertaken. Since the literature does not contain the stress intensity solution for lugs which are required for proof of damage tolerance, the problem posed in the following investigation are: selection of a suitable method of determining othe SIF, determination of SIF as a function of crack length for various form of lug and setting up a complete formula for calculation of the SIF for lug, allowing essential parameters. The stress intensity factors are the key parameters to estimate the characteristic of the cracked structure. Based on the stress intensity factors, fatigue crack growth and structural life predictions have been investigated. The lug dimensions are defined in Fig. 1.
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FIGURE 1: Geometry and loading of lugs
To obtain stress intensity factor for the lugs it is possible to start with general expression for the SIF in the next form
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where: Y – correction function, a- the crack length. This function is essential in determining of the the stress intensity factor. Primary, this  function depends on stress concentration factor, kt and geometric ratio a/b. The correction function is defined using experimental and numerical investigations.  This function can be defined in the next form [13]: 
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The stress concentration factor kt is very important in calculation of correction function, eq. 3.2. In this investigation. A contact finite element stress analysis was used to analyze the load transfer between the pin and lug.

4. Crack growth analysis using conventional approach
Za analizu širenja prsline a time i samog zamornog veka koriste se različiti konvencionalni zakoni širenja prsline. Većina ovih zakona daje prihvatljiva rešenja kada se analizira ponašanje  sa cikličnim opterećenjima konstantne amplitude. Međutim, konstrukcija izložena cikličnim opterećenjima promenljivih amplituta odnosno u vidu spektra opterećenja kakvi se javljaju kod avionskih konstrukcija kada je potrebno uključiti i uticaj oblika spektra opterećenja na sam vek strukturalnog elementa [9]. 

Forman, Newman and others [8] developed the NASGRO equation, which is an equation often used to describe crack growth. This equation describes the crack growth curve in terms of the crack length a , the number of cycles N , the stress ratio R , the stress intensity factor range DK, and material constants,  C, n, p, q through best fits of the da/dN  - DK data.
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where: 
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- crack length, N-number of cycles, C, n, p, q – are experimentally derived material  parameters , K is the stress intensity factor (SIF), 
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is the threshold stress intensity factor, R is the stress ratio, 
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- is the critical stress intensity factor. The Newman closure function isone of these terms and is define as f :
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and the coefficients are given by:
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where: ( - is the plane stress/strain constraint factor, ((max/(0) is the ratio of maximum stress to the flow stress. The threshold stress intensity factor range is calculated by the following empirical equation:
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Relation (4.1) represents one general crack growth models based on conventional approach. This relation can be transformed to conventional Forman`s crack growth model5. In region III rapid and unstable crack growth occurs, so Forman at al. Proposed equation for region III as well as for region II [9]
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where KC is the fracture toughness. Forman`s equation has been developed to model of unstable crack growth domain (III).
Crack growth model based on Strain Energy Density Method
In this work fatigue crack growth method based on energy concept is considered and then it is necessary to determine the energy absorbed till failure. This energy can be calculated by using cyclic stress-strain curve. Function between stress and strain, as recommended by Ramberg-Osgood provides good description of elastic-plastic behavior of material, and may be expressed as(
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where E is the modulus of elasticity, ((/2 is strain amplitude and ((/2 is stress amplitude. Equation (5.1) enables the calculation of the stress-strain distribution by knowing low cyclic fatigue properties. As a result the energy absorbed till failure become [10,11](
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(5.2)
where (f/ is cyclic yield strength and (f/ - fatigue ductility coefficient. Given the fact that strain energy density method is considered, the energy absorbed till failure must be determined after the energy concept is based on the following fact: The energy absorbed per unit growth of crack is equal to the plastic energy dissipated within the process zone per cycle. This energy concept is expressed by(
Wc (a = (p,
                                                        


                                                                         









(5.3)

where Wc is energy absorbed till failure, (p- the plastic energy and a - the crack length. 

In equation (5.3) it is necessary just to determine the plastic energy dissipated in the process zone (p. By integration of equation for the cyclic plastic strain energy density in the units of Joule per cycle per unit volume (10( from zero to the length of the process zone ahead of crack tip d* it is possible to determine the plastic energy dissipated in the process zone (p. After integration relation of the plastic energy dissipated in the process zone becomes(
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where (KI is the range of stress intensity factor, ( - constant depending on the strain hardening exponent n/, In/  - the non-dimensional parameter depending on n/.

Fatigue crack growth rate can be obtained by substituting Eq. (5.2) and Eq. (5.4) in Eq. (5.3)(
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where (Kth is the range of threshold stress intensity factor and is function of stress ratio i.e.

(Kth= (Kth0(1-R)(,
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(Kth0 is the range of threshold stress intensity factor for the stress ratio R = 0 and ( is coefficient (usually, ( = 0.71). Finally number of cycles till failure can be determined by integration of relation for fatigue crack growth rate(
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and
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Equation (5.7) enables us to determine crack growth life of different structural component. Very important fact is that equation (5.7) is easy for application since low cyclic material properties (n/, (f/, (f) available in literature are used as parameters. The only important point is stress intensity factor which, depending on the geometry complexity and the type of loading, could be determined by using analytical and/or numerical approaches.

    6.  Numerical validation
To illustrate computation procedures in damage tolerance analysis and residual life estimations of damged structural components here are numerical examples included. 
   6.1 Life estimation of damaged structural elements
Subject of this analyses are cracked aircraft lugs under cyclic load of conctant amplitude end spectra. For that purpose conventional Forman crack growth model and crack growth model based on strain energy density method are used. Material of lugs is Aluminum alloy 7075 T7351 with the next material properties:
            
 (m=432 N/mm2  ( Tensile strength of material
             (02=334 N/mm2
             KIC=2225 [N/mm3/2]

Dynamic material properties (Forman`s constants): 
    CF=3* 10-7,    nF=2.39.

Cyclic material properties: 

   (f/=613 МПа, 
 (f/=0.35
,
     n/=0.121.
The stress intensity factors (SIF`s) of cracked lugs are determined for nominal stress levels: (g = (max=98.1  N/mm2 and  (min=9.81  N/mm2.  These stresses are determined in net cross-section of lug. The corresponding forces of lugs are defined as, Fmax= (g (w-2R) t = 63716 N and Fmin= 6371.16 N, that are loaded of lugs. For stress analyses contact pin/lug finite element model is used.  
For cracked lugs defined in Table 6.1, with initial cracks a0, SIF`s are determined using finite elements, Table 6.2. To obtain high-quality results of SIF`s cracked lugs are modeled by singular finite elements around crack tip.
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Fig 6.1: Geometry of cracked lug 2
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Fig. 6.2. Finite Element Model of cracked lug with stress distribution




                                        Table 6.1: Geometric parameters of lugs [13]

	Lug No.
	Dimensions [mm]

	
	2R
	W
	H
	L
	t

	2

6

7
	40

40

40
	83.3

83.3

83.3
	44.4

57.1

33.3
	160

160

160
	15

15

15


The stress intensity factors of cracked lugs are calculated under stress level: (g = (max=98.1  N/mm2, or corresponding axial force, Fmax= (g (w-2R) t = 63716 N. In present finite element analysis of cracked lug is modeled with special singular quarter-point six-node finite elements around crack tip, Fig. 6.2. The load the model, a concentrated force, Fmax, was applied at the center of the pin and reacted at the other and of the lug. Spring elements were used to connect the pin and lug at each pairs of nodes having identical nodal coordinates all around the periphery. The area of contact was determined iteratively by assigning a very high stiffness to spring elements which were in compression and very low stiffness (essentially zero) to spring elements which were in tension. The stress intensity factors of lugs, analytic and finite elements, for through-the-thickness cracks are shown in Table 6.2. Analytic results are obtained using relations from previous sections, eq. (3.1).
Table 6.2: Comparisons analytic with FEM results of SIF
	Lug No.
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	2
	5.00
	68.784
	65.621

	6
	5.33
	68.124
	70.246

	7
	4.16
	94.72
	93.64


From above Table 6.2 is evident good agreement between analytic and finite element results for determination of stress intensity factors.  Accuracy of SIF`s is very important in  precise crack growth analyses and life estimation of cracked lugs. That means that proposed analytic model for determination of SIF`s is adequate in crack growth analyses.In design process is very important to know how any geometric parameters of lug have the effects on fracture mechanics parameters. In Fig. 6.4 are shown dependence SIF, Kmax, and height of head of lug H. In this analysis geometric properties of lugs are given in Table 6.1. From Fig. 6.4 is evident increasing of  SIF`s with increasing crack length and reducing with increasing height of  lug`s head. 
In Fig. 6.3 are shown computation and experimental results of cracked lug No. 2 as defined in Fig. 6.1 and Table 6.1. In this computation analysis Forman crack growth model is used. Good agreement between computation and experimental results is obtained. It is evident that computation Forman`s crack growth model is to a small extent conservative for longer crack, Fig. 6.3.
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Fig. 6.3 Comparisons computational with experimental crack growth results for lug No. 2 (H=44.4 mm); kt=2.8
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Fig. 6.4.  The effects of head of length (H) in function of crack length to SIF of Lug. No: 7 (H=33.3), 2 (H=44.4), 6 (H=57.1)
In Fig. 6.5 are shown results of crack growth results for cracked lug using two methods: (1) conventional Forman`s method i (2) strain energy density method7 (GED).
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Fig. 6.5  Comparisons crack growth resultats of cracked lug using two crack growth models: (1) Forman`s and (2) Strain Energy Density (GED)
Results in Fig. 6.5  shows good correlation crack growth results of cracked lugs using two crack growth methods; (1) conventional Forman`s method and (2) crack growth model based on strain energy density method (GED). 
 7.  Conclusions

Predictions and experimental investigations for fatigue life of an attachment lug under load spectrum were performed. From this investigation followings are concluded:
   A model for the fatigue crack growth is included which incorporates the low cycle fatigue properties of the material.

   Comparisons of the predicted crack growth rate using strain energy method method with experimental data and conventional Forman`s model points out the fact that this model could be effective used for residual life estimations

   The stress intensity factor of cracked lug is well defined by analytical method since there is really minor   difference when compared results obtained by singular finite elements.
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