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Abstract:Fatigue crack closure is the most used mechanism to explain load cycle interactions such as delays in or arrests of 
the crack growth after overloads.Load cycle interactions can have a very significant effect to residual fatigue life estimation 
in fatigue crack growth under variable amplitude loading.For many fatigue critical parts of aircraft structures, fatigue crack 
growth under service conditions generally involves random or variable amplitude, rather than constant amplitude loading 
conditions. Due to the random nature of variable loading, significant accelerations and/or retardations in crack growth rate 
can occur. Thus, an accurate prediction of fatigue life requires an adequate evaluation of these load interaction effects. This 
work is focused to developing computation procedure for residual fatigue life of damaged aircraft structural components. 
These interactions, which are highly dependent upon the loading sequence, make the prediction of fatigue life under variable 
amplitude loading more complex than under constant amplitude loading. In this work efficient computation models have 
been considered to predict the fatigue life of components under variable amplitude loading, which try to correctly evaluate 
the load interaction effects in crack growth behavior. The results show that the predicted results agree well with the 
experimental tests. 
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1. INTRODUCTION 

Aircraft structural components are generally exposed to the 
variable amplitude loading. The method of fatigue life 
estimation of aircraft structural components under VA 
loading becomes very complex and complicated if one aims 
for an accurate assessment. Introduction of features related 
with the VA loadings in the models such as like interaction 
(retardation and acceleration), plastic zone formation and 
crack closure make the prediction very accurate, but on the 
expense of complexity and complicated algorithms. 

Overloads are known to retard crack growth, while 
underloads generally accelerate crack growth relatively to 
the baseline crack growth rate. These interactions, which are 
highly dependent upon the loading sequence, make the 
prediction of fatigue life under variable amplitude loading 
more complex than under constant amplitude loading. Many 
models have been developed to predict the fatigue life of 
components under variable amplitude loading, which try to 
correctly evaluate the load interaction effects in crack 
growth propagation (Wheeler1 1972; Willemborg2 1971; 
Elber3 1972; Newman4 1981). 

It is well known that when structural elements are loaded 
with cyclic loads of variable amplitude, there are a number 
of phenomena that cannot be described by conventional 
laws of crack propagation. Most engineering structures, 
especially aircraft, are under the action of cyclic loads of 
variable amplitude5-7. Neglecting the effects of the 
interaction between individual cycles within the load 
spectrum leads to certain errors in the estimate of the 
century itself. It was observed that in structural elements 
with initial cracks under the action of the load spectrum of 
variable amplitude, when after a cyclic load of constant 
amplitude one positive single cycle (positive peak- 
"overload") appears whose amplitude has a higher value 
than the previous one (Fig. 1). until a slowdown16 of crack 
propagation occurs. 

This phenomenon is explained by the appearance of 
plasticization that occurs around the crack tip when a 
positive peak appears within the load spectrum. The 
opposite effect occurs when a negative peak ("underload") 
occurs after a cyclic load of constant amplitude. This means 
that when a single positive peak (positive overload) appears, 
the crack propagation slows down, and when a single 
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negative peak (negative overload) appears, the crack 
propagation accelerates. Several computational models53-55 
have been developed with the aim of including the effects of 
peaks within the load spectrum. However, it cannot be 
assessed that a model has been developed that describes all 
the important effects related to the effects of deceleration or 
acceleration of crack propagation at the appearance of peaks 
in the load spectrum. More successful models used to 
describe the effects of crack propagation retardation at the 
occurrence of load peaks are the Wohler57 and Willenborg 
models58. These two models are based on the theory related 
to the increased zone of plasticization around the crack tip 
that is formed under the action of the peak. When it comes 
to negative peaks within the spectrum that occur 
immediately after a positive load peak then Wohler's57 

model does not give satisfactory results. To describe these 
effects (occurrence of first positive and then immediately 
negative peak) corrections of the basic Wohler model were 
made. In these cases, there is first a deceleration and then an 
acceleration of crack propagation. The subject of 
consideration in this chapter is focused on the analysis of 
the effects of positive peaks, ie on the cases of overload that 
lead to the slowing down of crack propagation. 
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Figure 1 Load spectra with single overloads 

2. MODELING THE EFFECTS OF LOAD 
PEAKS 

As mentioned above, Wohler's57 model has been shown to 
be very successful in describing the effects of slowing crack 
propagation when positive peaks appear in the load 
spectrum. This model will be used as a basis for describing 
the effects of peaks on crack propagation. It basically 
describes the reduction of the crack propagation gradient 
(da/dN) through the expansion of the plasticization zone that 
occurs during the appearance of peaks in the load spectrum. 
For this purpose, he introduces a deceleration parameter Cp 
to calculate the crack propagation gradient within the 
plasticization zone in the form 

  (1) 

  (2) 

  (3) 

  (4) 

In the above expressions are: a - crack length, C, m - 
conventional dynamic characteristics of the material related 
to crack propagation, n1- (“shaping” parameter) determined 
experimentally, Kmax- maximum stress intensity factor that 
occurs during overload (positive peak) . 

The individual quantities in the above expressions are 
defined in Fig. 2. The size of the plasticization zone around 
the crack tip is relatively small at a cyclic load of constant 
amplitude (ry) while the plasticization zone increases 
significantly at the peak (rOL). The ratio of crack lengths 
after the peak and before the appearance of the peak (ai /a0) 
is determined iteratively from the condition that at the end 
of the process of slowing down the spread of the crack  
Cpi = 1. The factor α defines the zone of plasticization 
around the crack tip. The most commonly used analytical 
solution60 for this factor is: α = 1 / 2π for the flat stress state 
and α = 1 / 3π for the flat deformation state. Voorwald 
proposed a parametric function for defining the factor α in 
the form61 which takes into account the maximum stress 
(expressed in Kmax), the material yield stress σy, 
thespecimen thickness t: 

 (5) 

 

Figure 2  Plasticization zones around the crack tip in case 
of positive peaks 

It should be noted that the Wohler model can be 
successfully used to retardation crack growthunder positive 
single or periodic overload peaks within the load spectrum. 
This model cannot be used in this form for crack 
propagation for negative peaks within the load spectrum or 
for cases of combined peaks (positive peak and immediately 
afterwards negative peak). 

3. NUMERICAL EXAMPLES FOR 
SIMULATION OF CRACK GROWTH 
UNDER LOAD SPECTRA WITH 
SINGLE OVERLOADS 

In order to consider the influence of the shape of the 
spectrum with peaks within the load spectrum, numerical 
examples are included. An example of a formwork field 
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with an initial crack is considered, whose geometric and 
material characteristics are given in Fig. 3, under the action 
of the peak load spectrum. Table 1 shows the load spectra 
for which the calculated estimates were performed, as well 
as the effects of individual overload peaks on the retardation 
of crack growth for the spectra (M-12 and M-13) in relation 
to the cyclic loads of constant amplitude (M-CA). 

For precise determination stress intensity factors special 

singular finite elements8around crack tipe are used. Crack 
growth analysis can to use dynamic or low cyclic material 
properties. 

Low cyclic material properties of aluminum alloy 2219-
Т851 are :f

/ = 613 MPa; f
/ = 0.35; n/ = 0.121; k/ = 710 

MPa; Sy
/ = 334 MPa; E =  71 103 MPa; Kth0 = 30; In

/ = 
3.067;  = 0.95152, Kc = 71.5 MPa m. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Geometry of cracked panel under  single 
overloads in load spectra: 

 
152.4w mm  

457.2L mm  

2 7.62a mm  

t=5.35 mm 
 

 

 
 
 

Finite element model of cracked panel 
 
 
Dynamic properties of  cracked duraluminumplate 2219-Т851: 
 

108.367 10C    
3.64n   

71.5CK MPa m  

Figure 3 Model of skin/panel with initial crack under single overloads in load spectra 

 

Table1.  Comparisons computation crack growth model under load spectrum with single or periodic overload  with 
experiments9 

PanelNo. 
Loading 
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137.9 0 206.85 0 2500 до лома 15182 15000 

M-12 137.9 0 206.85 0 2500 2500 16623 16350 
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In Figure 4 the effects of  of crack retardation for wing skin 
panel are graphically illustrated . 
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Figure 4 Influence of individual positive peaks on 
retardation  crack growth 

Figure 4 shows the effect of individual positive overload 
peaks on the crack propagation deceleration. It is evident 
that the effect of deceleration of crack propagation depends 
on the overload coefficient (ROL), which represents the 
ratio of the maximum voltage that hepeak amplitude has and 
the maximum constant amplitude voltage that precedes the 
peak amplitude. For the M-12 load spectrum, the overload 
coefficient is ROL = 1.5 and for the M-13 spectrum, ROL = 
2.25. The obtained results related to the slowing down of 
crack propagation agree extremely well with the 
experiments5 given in Table 1. Overload ROL = 1.5 (case 
M-12) leads to a retardation in crack growth by about 23.5% 
while overload ROL = 2.25 (case M-13) leads to a 
retardation in crack growth by about 280%.Tables 2 to 4 
give complete results of crack propagation of constant 
amplitude as well as in cases of positive overload peaks. 
 

 

Table 2 The complete crack growth results for cyclic loads of constant amplitude(М-CA) 
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Table 3 Complete crack growth results for ROL overload = 1.5 (M-12 overload case) 

Table 4. Complete crack growth results for ROL overload = 2.25 (M-13 overload case) 
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4. CONCLUSION 

This work presents computation method for residual fatigue 
life estimation of cracked structural elements under positive 
overload single peaks within load spectra. Special attention 
has been focused to the effects of single overloads to crack 
growth retardation. Computation procedure is illustrated on 
cracked wing skin panel. Present computation resultsare 
compared with available experimental results Good 
agreement computation with experimental results is 
obtained. The effects single overload to crack retardation is 
evident. Present computation procedure with correspond 
software can be efficient applied in practical residual life 
estimations of aircraft structural components. 
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