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1. Introduction 

Frequent crack occurrence in welded components after operation in different condition of 
rotor excavator bearing structures is observed during service. Program of the analysis of these 
cracks included the identification of critical regions, measuring strains in these regions by 
strain gauges in different conditions, determination of stress spectrum based on performed 
measurements, production of model corresponding to selected welded joint from real structure 
and model testing by variable load of constant amplitude and by defined stress spectrum. 
Obtained experimental results are compared to numerical solutions, applying linear fatigue 
damage accumulation hypothesis by Palmgren-Miner /1, 2/, and by modified linear 
hypothesis, trying to correct its system errors, proposed by Corten-Dolan /3/, Serensen-
Kogaev /4/ and Haibach /5/.   
2. Determination of stress spectrum acting on real structure 
Service life of small sized components can be assessed by corresponding fatigue experiments, 
but this approach in many cases can not be applied for large welded structures, e.g. rotor 
excavator.  

In order to achieve proper construction, designer has to define critical regions of the structure 
and to limit maximum stress bellow allowable stress, based on experience with similar 
structures. In considered rotor excavator, service cracks occurred in the regions of welded 
joints (Fig. 1). 

 
Figure 2 � Cracks in critical regions of welded components of rotor excavator 



During operation rotor excavator is exposed to stresses of different origin. The bearing 
structure can be stressed during manufacturing and assembling of components, in the digging 
process and through low frequency self-vibrations, caused by movement of the excavator. 
Time dependent complex stress of the structure and its elements are presented as divided by 
stress origin (Fig. 2).  

 
Figure 2 -  Presentation of total stress as divided according to stress origin 

Experimental testing of highly stressed welded components by variable loading in rotor 
excavator bearing structure is required for the analysis of the effect of non-stationary loading 
regime and low frequency self-vibrations on material fatigue behaviour. This can not be 
performed on real structure. Stress spectrum, caused by variable loading in different 
excavator operating regimes and required for evaluation of component strength, can be 
determined based on strains, measured by strain gauges positioned in critical regions, e.g. in 
welded arrow frame structure.  

  
Figure 3 � Critical positions, marked by solid bold lines (2, 3), in welded arrow frame structure. Small 

circles correspond to crossings in Fig. 1. Tension bars are indicated by 1.  

Following strain measuring have been performed /6/: 
in excavator unloading operation, 
in operation of non-charged excavator (transportation, 
in average operating condition, 
in excavator full cut condition, 
in extreme operating condition, with carefully selected loading to avoid the fracture.  

Statistical data for percentage of different loading conditions are given in Table 1.   
Table 1. Statistical data for time percentage of different loading conditions  
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Loading Transport Average Full cut 
Loading percentage, % 4 60 36 

Using statistical method, acting stress spectra are found for different operating regimes of 
rotor excavator, for derived stress range r and mean stress value m, as described in ref. /6, 
7/. By discreditation of experimentally obtained stress variations in time (Fig.4), using rain-
flow method, the characteristics of random loading process are derived.  

 
Figure 4 � Process of discreditation of experimentally obtained stress variations in normal service of 

rotor excavator 

Weibull distribution is most convenient for description of acting stress range, as it is 
confirmed by graphical and analytical nethods of probability theory and mathematical 
statistics. Based on operating regime percentage data (Table 1), the general form for stress 
function could be derived: 
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Here,  coefficients are characteristics of stress value for probability level 0.62 and the slopes 
of corresponding lines are characterized by . The total spectrum of stress range is obtained 
by introducing also the pik stress, defined by the extrapolation of pik value distribution. These 
loadings, which can arrest the excavator in operation, represent 0.05 to 10% of total operating 
time, and can reach the value three times higher than full cut loading /6/.  

3. Experimental testing 
In order to get the data for fatigue properties (S � N curve) of welded joint of steel .0563 
(St52.3 � DIN, S355 - ISO), testing had been performed by constant loading amplitude and 
than by variable loading amplitude, e.g. by stress spectrum obtained by experimental 
measurement of strains. Design of cross welded joint specimen (Fig. 5) had been modeled to 
simulate one typical welded joint of bearing structure components of rotor excavator arrow.  

Fatigue experimental testing of designed specimen had been performed with constant 
amplitude loading on high-frequency resonant pulsator Amsler, capacity 100 kN. Obtained S 
� N curve is presented in double logarithmic diagram in Fig. 6, with exponent m = 6.7 (S6.7N 
= const), and in Fig. 7, designed as F.S.  
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Applying defined loading spectrum, fatigue experimental testing of designed specimen had 
been  performed on servohydraulic closed loop MTS device. Corresponding S � N curve is 
presented in Fig. 7, designed as A.S.  
4.  Damage accumulation hypothesis and the assessment of fatigue life by calculation 
According to frequently used linear fatigue damage accumulation hypothesis of Palmgren-
Miner total damage accumulation in general form reads: 

ii N
nD

1
 2. 

where n presents actual cycle number and N  is cycle number required for failure at 
determined stress level i, comprising that fracture occurred for value D = 1. For metallic 
materials in general, value of D is ranged between 0.1 and 1, and for large size welded 
structures is about 0.5 /8/. 
 

 
Figure 5 - Specimen for fatigue testing, model of cross welded joint of rotor excavator arrow  
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Figure 6 - Experimental S � N curve for cross welded joint specimen, obtained with constant 

amplitude loading 

Based on experimental test results and derived unit stress spectrum, characteristic values for 
fatigue life numerical evaluation, listed in Table 2, are calculated applying different linear 
hypothesis of damage accumulation.  
The results of the calculation for four cumulative damage hypothesis are compared in Fig. 7 
to experimentally obtained values for constant amplitude loading (F.S.) and for variable 
loading of loading spectrum (A.S.).  

 
Figure 7 - Comparison of S � N curves, obtained experimentally with constant (F.S.) and variable 

amplitude loading spectrum (stress spectrum) (A.S.) and calculated by linear accumulation hypothesis 
(Corten-Dolan � C-D, Haibach � H, Serensen-Kogaev � S-K and Palmgren-Miner � P-M) 
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Table 2.  Characteristic values, required for fatigue life calculation 
 i 1 2 3 4 5 6 7 8 
1 nbi 1 19 58 504 3824 21112 54326 85462 
2 nbi/nb 6x10-6 1.15x10-4 3.5x10-4 3.05x10-4 0.023 0.128 0.329 0.517 
3 r, MPa 141.38 94.26 90.22 80.78 68.66 53.9 40.4 26.92 
4 ri/ r1 1 0.667 0.638 0.5714 0.486 0.381 0.286 0.191 
5 ( ri/ r1)6.7 1 0.066 0.049 0.024 0.0079 0.0016 0.00023 0.000015
6 ( nbi/nb)( ri/ r1) 6x10-6 7.67x10-5 2.23x10-4 1.74x10-3 0.0112 0.0488 0.094 0.099 
7 ( nbi/nb)( ri/ r1)6.7 6x10-6 7.63x10-6 1.72x10-5 7.17x10-5 1.82x10-4 2x10-4 7.46x10-5 7.71x10-6

8 ( ri/ r1)12.4 1 6.59x10-3 3.8x10-3 9.68x10-4 1.29x10-4 6.41x10-6 1.8x10-7 1.17x10-9

9 ( nbi/nb)( ri/ r1)12.

4 6x10-6 7.58x10-7 1.33x10-6 2.95x10-6 0.03x10-4 0.82x10-6 0.59x10-7 0.61x10-9

Explanation of used values: 
nbi � number of stress changes at level i in unit spectrum nb = 165306 cycles 
r, MPa � stress range 
r1, MPa � stress range value at first level in unit spectrum (the highest stress value in unit spectrum) 
ri, MPa - stress range value at level i in unit spectrum 

m = 6.7 � exponent of base S � N curve 
2m � 1 = 12.4 � exponent of second segment in S � N curve according to Haibach hypothesis 
4.1. Palmgren-Miner hypothesis  

Basic approach for fatigue life, given by Eq. 1, had been proposed by Palmgren /1/. It is 
extended by Miner /2/, with proposal that only amplitude stresses ai higher than fatigue limit 

D contributes to damage accumulation. From Eq. 2 it follows 
m
DD

m
aii NN  3. 

with subscript D indicating fatigue limit. For stress spectrum, Miner defined relation: 
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in which ND = 107, D = 9.22 MPa, r1 = 141,38 MPa, m = 6.7, with j = 2 - stress levels in 
spectrum, higher than fatigue strength value.  
4.2.  Corten-Dolan hypothesis 

This hypothesis includes all amplitudes of stress as responsible for cumulative damage. 
Accordingly, fatigue life is: 
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with k = 8 - all stress levels in spectrum. 

 
 

6



4.3. Serensen-Kogaev hypothesis  

This hypothesis involves also the stresses, lower than fatigue limit, for fatigue life calculation. 
They defined stress interaction function ap (in range 0.2 to 1) in the form: 
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which takes into account, based on experimental evidence, all stresses higher than 0.5 D. In 
considered case, fatigue life is calculated as: 
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4.4. Haibach hypothesis  

Considering fatigue behaviour of welded structures, Haibach concluded that all amplitudes in 
stress spectrum contribute to damage accumulation, but the effect of stresses higher than 
fatigue limit is much more expressed than that of lower values. In the range of fatigue limit he 
introduced fictive fatigue curve, starting in point ( D, D) with the slope 2m � 1 (12.4 for 
given data). So: 
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5. Discussion and conclusion 
The comparison of fatigue testing results, obtained with constant loading amplitude and stress 
spectrum, shows that the effect of constant amplitude is more expressed (Fig. 7), indicating 
that the structure in real operating condition with different amplitude can exhibit longer 
fatigue life than expected based on laboratory test by constant amplitude. This can also be 
applied to fatigue strength of bearing structure components of rotor excavator. The 
comparison of results for fatigue limit, obtained by experiment with stress spectrum and by 
the application of this spectrum for the calculation using four hypothesis revealed that 
hypothesis significantly overestimate the number ND for fatigue limit. The first introduced 
hypothesis by Palmgren and Miner produces the longest life, far from the value obtained in 
experiments with stress spectrum. Similar property can be attributed to Serensen-Kogaev 
hypothesis. The hypothesis of Corten-Dolan can be evaluated as the closest to real behaviour, 
but also Haibach hypothesis can be applied, being proposed for welded joints. 
Anyhow, in consideration of applicability of proposed hypothesis, their relation to 
experimental results has to be taken into account. The same is valid for the other structures 
with similar loading history or to the same structure, exhibiting different loading history.  
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