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Introduction  
 
In science about strength of structural materials the fact of influencing of a detail absolute sizes 
on its fatigue durability is known for a long time. There were numerous attempts to give 
satisfactory explanation of this phenomenon, moreover as the determining reasons the 
metallurgical, technological, scale and statistical factors were advanced [1-5]. The influence of 
the first and second factors connected with the special features of specific technological 
process and specific equipment for its realization. So it is difficulty to summarize its. The 
calculation of the influence of metallurgical and technological factors is usually achieved either 
on the basis of experimental data. It may be to apply the some coefficients (the safety factors), 
which guarantee against the dangerous errors of overstating the fatigue resistance 
characteristics of the structure critical elements. Thus, in the existing theories the influence of 
sizes is limited by statistical factor and factor of the stress state heterogeneity. The fatigue 
fracture models, constructed on this basis conception, well agree with the experimental results 
in a number of cases. However, the universal model, applied to different materials and details 
of them, is not obtained up to now. 

 

This paper completely is constrained with the indisputably established experimental facts about 
the influence of sizes on the fatigue characteristics of samples and structural elements. There is 
an attempt to construct a certain new model. The more adequate description of the special 
features of the fatigue fracture is this model basis. It is known [6-12] that in structural steels 
and alloys the conception of fatigue fracture occurs in a comparatively thin surface layer that 
eventually leads to developing of complete destruction of a sample or a detail. In the absence 
of the surface shaping or other strengthened forms of treatment, the fatigue cracks are 
conceived from the surface. In this case, the greater gradient (in the absolute value) of the first 
principal stress in the particular point of surface calls the higher operating time to the origin of 
crack. The action of gradient is reduced to lowering in the result of effective stresses. In the 
proposed model it is assumed that the durability to the origin of fatigue crack in the 
environment of this point of surface is determined by stresses on a certain small depth b. In this 
case it is assumed that this parameter is a certain constant of material. The greater this constant, 
the more sensitive material to the non-uniformity of stresses in the surface layer appears. 

 

This fact is a basic difference in the system of the assumptions of the proposed model in 
comparison with the known theories.  
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2. Brief Description of Experiment  
 

For purposes of the analysis of governing laws the distribution of fatigue durability to the 
origin of crack the experiment in the sheet samples with a width of 100 mm and with a 
thickness of 2 mm from aluminum alloy D16T with the system of circular orifices is made. 
Data of this experiment have large volume and are good initial information for fulfilling the 
analysis of the phenomenon in question. The samples of two types are tested. In the first group 
the samples had two rows of the equidistant orifices (4 in each number), and in the second 
group – one row of orifices (fig.1). The diameter of orifices for the different groups of samples 
was taken as the equal to 3, 5, 8, 10 and 20 mm. The system of orifices formed periodic or 
doubly periodic structure. Tests were conducted in the hydraulic testing machine with a 
frequency of about 12 Hertz with the cyclic tension. Two regimes of the regular cyclic load 
have be selected: 1) σmax=120 MPa, σmin=0 MPa; 2) σmax=120 MPa, σmin=60 MPa. 

In the process of tests the operating time to the fatigue crack (a length of 0.5 mm) appearance 
near each of the stress concentrators was recorded.  

In order to prevent further propagation of crack 
and to reduce to a minimum its influence on the 
stress-strained state in adjacent concentrators 
were taken measures for their braking by 
creation near the vertex of the crack of the local 
zone of the compressive residual stresses. This 
goal was achieved by the local plastic 
deformation of material [13, 14]. 
The processing of the experimental results was 
performed on the assumption that the logarithm 
of fatigue durability was distributed normally. In 
fig.2 are represented the results, characteristic for 
the majority of the experimental data: the 
theoretical straight line, corresponding to the 
logarithmically normal law of distribution of fatigue durability and obtained by the method of 
least squares, will agree well with the empirical function. 

 
Fig. 2. Empirical and theoretical functions of distribution 
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The special features of the procedure of statistical processing of information of the type in 
question in detail were discussed in [15]. 

Table 1 gives the total results of experimental information about the estimations of the 
distribution function parameters for the logarithm of the number of cycles.  These data were 
obtained by two different methods. It is evident that the differences between the estimations of 
the mathematical expectation lgN and the standard deviations S, obtained by these methods, 
differ insignificantly. In the table k indicates total number of observations, and d - diameter of 
orifice. The value v=S/lgN is the variation coefficient of the logarithm of the cycles number.  

 
Table1 
 

d, mm 3 5 8 10 3 20 
k 80 64 64 80 64 32 

lgN 5,247 5,098 4,8522 4,6684 5,6821 5,2891 
S 0,1363 0,1653 0,1114 0,0834 0,1403 0,1602 

 
1 

v=S/lgN 0,02598 0,0324 0,02296 0,01787 0,02469 0,0303 
lgN 5,241 5,064 4,848 4,674 5,705 5,308553 
S 0,133 0,153 0,108 0,0814 0,135 0,151 

 
2 

v=S/lgN 0,0254 0,0302 0,0223 0,0174 0,0237 0,0284 
  Smin= 0  Smin= 60MPa 
  Smax= 120MPa  Smax= 120MPa 

 

Fig.3. gives the generalization of the results of tests. Graph demonstrates the degree of the 
effect of the size of orifice on the fatigue durability in two regimes of the testing  
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Fig. 3. Effect of the size of orifice on the fatigue durability  

at two load conditions 

Mean-square approximation allows to obtain the equation of dependence between the fatigue 
durability, which corresponds to the average value of its logarithm, and the size of orifice in the 
form 

 d
0 eNN α⋅= , 
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where N0 and α – experimental constants, and 0d/dd = – the relative diameter of orifice. As 
the base diameter it is conditionally accepted d0=3 mm. By the first regime of varying load N0 
= 3.18·105, α= -0.57, and on second N0 = 5.64·105, α= -0.16.  
 

3. Model of the Calculation of the Effect of Sizes on the Fatigue Durability 
 
The proposed model of the origin of fatigue fracture in many respects is similar to those 
existing. The following initial prerequisites are the model basis: 
1. For this material, state of semi-finished product, technological methods of preparing of 
detail, quality of the treatment of its surface there are an elementary section of the surface 
layer, an appearance of a critical fatigue microscopic crack in which independent of the 
appearance of analogous microscopic cracks in other sections. Under the critical it is customary 
to assume the fatigue crack, which uniquely determines further development of destruction in 
this section. This means that no other crack can grow into the macro-fissure in this section. It is 
assumed that the significant dimension of this section over the surface is equal to certain 
constant a, i.e., the area of the external surface of this section is proportional a2. The 
characteristic of the depth of surface layer accepted value b. It is assumed that values a and b 
are kept constants under the above-indicated conditions. As consequence, the law of 
distribution F0(N,σ,G) fatigue  durability  N to the origin of crack on this area depends only on 
the cyclic parameters of the first principal stress σ and its relative gradient G in the direction of 
normal to the surface.  
2. The law of distribution F(N,σ) fatigue  durability  N to the origin of main crack in a certain 
critical zone of detail on the assigned level of nominal load is determined on the basis of model 
of the weakest link.  

Thus, the law of distribution F(N,σ) fatigue  durability  N to the origin of main crack in a 
certain critical zone of detail with the assigned load is determined from the formula  

 ( )[ ]∏
=

−−=
n

1i
ii0 G,,NF11),N(F σσ , (1) 

where the parameters n, σi, Gi is set to the results of the analysis of the geometric special 
features of the critical zone of detail and stressed state in this zone. 

It is accepted for purposes of further analysis that in the range in question the fatigue durability 
N to the origin of main crack in the elementary section is connected with the characteristic of 
stresses σ by the power dependency of the following form  

 CNm =σ , (2) 

where m and C the constants of material under given conditions for tests, that depend on the 
coefficient of the asymmetry R of varying load. 
 

4. Application of a Model for the Evaluation of the Effect of Sizes on the 
Fatigue Durability of Sheet with the Circular Orifice 
 

Thus, when making these assumptions the procedure of the determination of the function of the 
distribution of fatigue durability to the zone of detail is reduced to the following: 
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1. The analysis of the stress-strained state is conducted and define the boundaries themselves 
of zone with stress level, close to the maximum. The values of maximum stress and relative 
stress within the limits of this zone are determined. 

2. The functional connections between the average values of fatigue durability in the 
elementary zones of the surface layer of detail are determined in accordance with formula 
(2). In this case, actual stress, which determines destruction in this elementary section, is 
determined for the point of surface layer at the depth b by the formula  

 ( )bG1 imaxii ⋅+= σσ , (3) 

where σimax and Gi – the maximum value of the first principal stress and its relative gradient 
in the direction of internal normal to the surface in the elementary zone i. 

3. By formula (1) is determined the law of distribution F(N,σ) fatigue durability N to the 
origin of main crack in a certain critical zone of detail on the assigned level of nominal 
load. 

This procedure is realized for the design diagram of the fatigue fracture of thin sheet from the 
aluminum alloy D16T with the tensile variable cyclic load. Sheet is weakened by the periodic 
or doubly periodic system of the circular orifices with a diameter d with the parameters, which 
correspond to the carried out experiment. 

By the method of finite elements investigated stress-strain state of sheet around the orifices. 
The obtained values of factors of concentration of stresses well agree with reference data [16]. 
In fig. 4 they are represented the results of changing the relative gradient of the first principal 
stress along the normal to the outline of orifice at the point of maximum stresses in the 
dependence on the diameter of orifice. There the change in the relative stress gradient for the 
case of the isolated orifice at the same point, obtained with the use of known exact solution by 
the formula is shown  

 
R
1

2Cos21
2Cos61

r
1G
max θ

θσ
σ

θ

θ +
+

−=
∂
∂

= , (4) 

where σθmax – the circumferential stresses, which coincide in the examined case with the first 
principal stress at the points of the outline of orifice, θ – the coordinate angle of the point of the 
orifice outline with respect to the transverse axis of symmetry. 

 
Fig .4. Dependences of the relative gradient of the first principal stress  

from the diameter of orifice 
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The results of the numerical of calculation of relative stress gradient for entire range of 
diameters it differs little from its value in the case of the isolated orifice. Therefore 
subsequently for its determination formula (4) is used. Values of circumferential stresses on the 
internal surface of orifice were determined from the formula  

 
( )

3
2Cos21K θ

σ
σ

σ θθ
θ

+
== , (5) 

where Kθ – the factor of load of circumferential stresses for design data diagram of sheet with 
the periodic or doubly periodic system of orifices. 

This coefficient depends on the diameter of orifice. It is reflected with the following formula, 
obtained by the mean-square approximation of the numerical calculations data 

 432 d00486.0d0351.0d0106.0d0753.03K +−+−=θ , (6) 

where 
0d

dd = , moreover as the base value of the diameter of orifice is accepted its smallest 

value for the experimental samples d0 = 3 mm. 

The calculation of the dependence of the parameters of fatigue durability on the orifice 
diameter is carried out on the assumption that the logarithm of fatigue longevity has 
logarithmically normal distribution. Let for the elementary section of surface layer with a 
certain base stress σ0 and zero gradient the mathematical expectation of the logarithm of the 
fatigue durability is equal lgN0, and standard deviation – S0. It is obvious that base and actual 
stresses coincide in the uniform stress state. Then in accordance with formula (2) for the 
section i with actual stress σi the mathematical expectation of the logarithm of fatigue 
durability to the origin of crack is determined from the formula  

 
i

0
0i lgmNlgNlg

σ
σ

+= , (7) 

If as the base to choose the maximal stress on a surface of an orifice, then the difference 
between lgN0 and lgNi will be relatively small. Under these conditions the standard deviation 
of the logarithm of fatigue longevity for the elementary section i can be taken as equal S0. 

Thus, if we divide the surface of the critical zone of detail in the elementary sections, then for 
each of them with the aid of formulas (3) - (6) it is possible to estimate the ratio of stresses in 
(7) and then to determine the mathematical expectation lgNi for each elementary section. After 
this, according to formula (1) can be determined the law of distribution of fatigue durability to 
the origin of crack, its mathematical expectation and standard deviation. 

In the calculations it is accepted that the critical zone of the surface of orifice is limited by 
coordinate angle θ=±6º. Estimations show that in this zone a change of the first principal stress 
and its gradient do not exceed 1.5%. The purpose of calculations was the selection of the 
dimensional parameters a and b, and also the numerical characteristics lgN0 and S0 such, at 
which is reached the best correspondence to the theory also of experiment. 

The Fig. 5 and 6 represent the graphs of the dependences of average logarithm and standard 
deviation of fatigue durability for the results of the carried out tests in the comparison with the 
theoretical curves, obtained as a result of calculations on the basis of the proposed theory.  

These results correspond to the values of the parameters a = 0.075mm and b = 0.28 mm, 
lgN0  = 5.225 and S0 = 0.25. 

 



Transport and Telecommunication Vol. 4, N 2, 2003 

 55

 
Fig. 5. Dependences between the average logarithm of fatigue durability 

and the diameter of orifice. 
 
 
 

 
 

Fig. 6. Dependences between the standard deviation of fatigue durability 
and the diameter of orifice 
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