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Abstract

Purpose: The main purpose of the work is the description of the low-cycle fatigue process of mine powered 
roof supports working under mechanical high loading. The work focuses on the chosen component strain-stress 
characteristics. The issue of modelling the stress-strain behaviour of powered roof supports components during 
low-cycle fatigue has been discussed.
Design/methodology/approach: The FEM modelling and Neuber’s method have been used to describe the 
local stress-strain behaviour of the chosen component.
Findings: In the examined devices, variable stress and strain values were calculated for a chosen characteristic 
load cycle. Diagrams in the form of a hysteresis loop determined using Neuber’s hypothesis and FEM were 
compared. The values of the range of equivalent strain determined for multiaxial stress states using the finite 
element method proved to be close to those estimated via Neuber’s method.
Research limitations/implications: The presented analysis is the part of the complex investigation method 
which main purpose is increasing the accuracy of the low-cycle fatigue process description. In such situation the 
investigations curried out in the work give the model approach and data for the comparison the real behaviour with 
the predictions. However the work is focused only on the chosen component and chosen characteristics of loading.
Practical implications: The method of stress-strain behaviour analysis used in the paper could be useful in the 
practical cases when the real components mechanical behaviour would be analysed and their fatigue life would 
be assessed.
Originality/value: The main value of this paper is the own method of the mechanical behaviour analysis of the powered 
roof support component. This method includes FEM modelling and Neuber’s method of the stress-strain characteristics 
assessment. The material stress-strain behaviour has been treated as the local phenomenon that could be modelled.
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of forces applied to the surface as well as, in which lemniscate 
connectors are fixed, were assumed in the calculations. 

The values of the strains were determined for the entire 
section of the mine powered roof support on the basis of a 
previously conducted analysis, which concerned the elastic model 
of the material. The characteristics of variable in time load in the 
form shown in Figure 2a were adopted. An elastic-plastic material 
model with linear reinforcement (Fig. 2b) was assumed. It was 
also assumed that the material was kinematically reinforced, 
which was corroborated by the previous low-cycle fatigue tests. 

 
a) 

 
b) 

 
 

Fig. 2. The assumed course of changes in the load whose value is 
designated by the coefficient being a ratio of the current, variable 
in time, load or displacement to its maximum value –a) and the 
characteristics of the material assumed in the calculations and 
determined based on the cyclic stress-strain curve –b) 

 
The course of load changes was adopted in the form of stages 

of loading and unloading which repeated in cycles. In that case, 
time should be treated conventionally. The effects of rheological 
nature were omitted in the calculations. Consequently, the 
subsequent instants of time correspond to particular levels of the 
increasing or decreasing load.  
 
 

4. Stress-strain characteristics 
determined by means of FEM 
 

The FEM method has been used, which allow to determine 
the local characteristics of the deformation process and is 
commonly applied in material science and mechanics [9-13]. The 
variable in time distributions of stress (Fig. 3), strain and their 
equivalent values were determined for the conditions characterised 
above. Characteristics of the variable in time components of the 
stress state, reduced stresses and strain intensity in selected points 
of the sill piece marked in Figure 3 were also determined. 
Examples of characteristics determined using the method 
described above are presented in Figure 4. 
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Fig. 3. Distribution of the reduced stress determined in accordance 
with Huber’s hypothesis for the load in the time instant t=20 s 
(Fig. 2) 
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Fig. 4. Changes of the components of the stress state x , y  and 

z – a) of reduced stress determined in accordance with Huber’s 
hypothesis –b) and strain intensity –c) in the selected point A 
marked in Fig. 2 
 

In addition, characteristics in the form of a dependence 
between the components of the stress state and the deformation 
state were determined. Examples of such characteristics for 
selected components are presented in Figure 5. The dependencies 

 
 

1. Introduction 
 
Although numerous studies have been devoted to the problem 

of assessing fatigue life of materials in complex states of stress, 
this issue is still described in a variety of ways [1-3]. A number 
of durability criteria were formulated and then verified for some 
selected materials, load types and states of stress. However, there 
are no general and widely accepted criteria which might be 
applied for groups of materials in a wide range of loading types 
and regardless of the type of stress state. Among the existing 
approaches to assessing fatigue life, the procedure based on 
Neuber’s [1-5] concept is still one of the most frequently applied. 
In this method, the examined processes concern crack formation 
in the vicinity of notches which cause stress concentration 
resulting from internal constraints, the effect of which is disturbance 
of the homogeneous state of stress. The method has been verified 
for simple cases of strength, such as tension or compression, 
bending and torsion. In each above-mentioned case, a complex 
state of stress is present in the vicinity of the notch. It is assumed, 
however, that at a certain distance from the area of stress 
concentration stresses are characterised by a uniform distribution 
of the selected component of the stress state which is referred 
to as the stress concentration. The problem becomes much more 
complex where external load induces a complex state of stress not 
only in the immediate vicinity of the notch, but also at a certain 
distance from it, for which distance a constant stress, normal for 
tension, compression and bending, or a constant shearing stress 
for torsion, were previously assumed. 

 
 

2. Neuber’s method 
 
The method of assessing the fatigue limit or forecasting the 

fatigue life, which is based on Neuber’s hypothesis [1, 4, 5], is 
grounded on two assumptions which are not explicitly formulated. 
The first assumption concerns the possibility of characterising the 
effect of the state of stress in the vicinity of the notch root using 
one value only, namely the maximum stress. The other 
assumption is connected with the adoption of a constitutive 
relation in the form of the following equation: 

const   (1) 
For simple cases of load, the use the above-mentioned dependence 
allows, among others, the determination of the maximum range of 
stress in the notch for the assumed nominal stress value and the 
stress concentration coefficient. 

Neuber’s hypothesis was modified in Glinka-Molski method 
[6-8], in which the expression:  
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E

K nomt
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resulting from Neuber’s hypothesis was replaced with the equation: 

0

2
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where W  is the specific energy of strain in the vicinity of the 
notch root.  
The expression on the left side of the equations represents the 
strain energy calculated in the elastic range for stresses and strains 
in the root of the notch. 

Assuming that the value of the product ee  remains 
constant also in the case of a complex state of stress, as seen from 
a global perspective, an attempt to generalise the Neuber’s 
hypothesis can be made for complex stress states by applying this 
dependence to reduced stresses. Consequently, we receive: 

constiredierede  (4) 
The approach thus formulated allows determining the reduced 
stress and equivalent strain in the root of a notch in a complex 
stress state, assuming that the values ierede ,  for the elastic 
range and the curve of cyclic deformation in the ired  system, 

where i is the strain intensity, are known. This method of 

determining the equivalent values of red  and i  has been 
verified in the paper by using a mine powered roof support 
component - sill piece model for which stresses were determined 
by adopting models of an elastic and elastic-plastic material.  
 
 

3. The model of the device 
 

Figure 1 shows the sill piece model for which the variable 
in time stresses and strains were determined. 
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Fig. 1. Sill piece model 
 

Data received from the manufacturer of mine powered roof 
support were used in the analysis. The data covered geometric 
properties of the sill piece and the type of material used in the 
examined component. The force acting in the prop of a mine 
powered roof support was assumed to amount to 6078 kN and the 
inclination angle of the props to the horizontal plane was 56o. 
A case which was marked with number 3 in the fatigue strength 
tests of the components of a mine powered roof support was 
selected from among numerous possible techniques of propping 
mine powered roof support. While concentrating on an analysis of 
the behaviour of one component of a mine powered roof support 
section, namely the sill piece, the action of the props in the form 

2.	�Neuber’s method
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of forces applied to the surface as well as, in which lemniscate 
connectors are fixed, were assumed in the calculations. 

The values of the strains were determined for the entire 
section of the mine powered roof support on the basis of a 
previously conducted analysis, which concerned the elastic model 
of the material. The characteristics of variable in time load in the 
form shown in Figure 2a were adopted. An elastic-plastic material 
model with linear reinforcement (Fig. 2b) was assumed. It was 
also assumed that the material was kinematically reinforced, 
which was corroborated by the previous low-cycle fatigue tests. 
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Fig. 2. The assumed course of changes in the load whose value is 
designated by the coefficient being a ratio of the current, variable 
in time, load or displacement to its maximum value –a) and the 
characteristics of the material assumed in the calculations and 
determined based on the cyclic stress-strain curve –b) 

 
The course of load changes was adopted in the form of stages 

of loading and unloading which repeated in cycles. In that case, 
time should be treated conventionally. The effects of rheological 
nature were omitted in the calculations. Consequently, the 
subsequent instants of time correspond to particular levels of the 
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commonly applied in material science and mechanics [9-13]. The 
variable in time distributions of stress (Fig. 3), strain and their 
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of the sill piece marked in Figure 3 were also determined. 
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state were determined. Examples of such characteristics for 
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Data received from the manufacturer of mine powered roof 
support were used in the analysis. The data covered geometric 
properties of the sill piece and the type of material used in the 
examined component. The force acting in the prop of a mine 
powered roof support was assumed to amount to 6078 kN and the 
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Similar characteristics of dependencies between the strain 
intensity and reduced stresses, to which a sign depending on the 
first invariant of the stress state 

zyxS  was assigned,

were also determined as part of the study. A positive reduced 
stress value was adopted in the case of a positive value of the first 
invariant of the stress state. The minus sign was assigned 
to negative values of the first invariant. On this basis, equivalent 
characteristics of zyxred sgn  were determined as a 

function of i . Thus, hysteresis loops characterising the course of 
cyclic deformation in a complex stress state (Fig. 6) were obtained. 

 
 

5. Stress-strain characteristics 
estimated on the basis of Neuber’s 
hypothesis
 
 

Elastic–plastic models of a material are very rarely used in en-
gineering calculations. This applies in particular to the construction  
 

stage at which it is necessary to check the strength and durability 
of many different construction solutions. In such cases, 
calculations in the elastic range are used most often. A similar 
approach is applied when assessing the current strength and 
durability of objects after a specified operation time. Therefore, 
there is a need to compare the solutions obtained for the elastic 
model with more precise solutions which adopt the elastic-plastic 
material model. In order to compare both methods of determining 
the characteristics of the cyclic deformation process, the 
calculations performed for an elastic-plastic material were 
repeated for an elastic material, while determining the 
components of the stress and strain state, variable in time. 
The values of reduced stresses and strain intensity were 
determined in previously defined points. Based on them, the 
ranges of equivalent strain were then determined. Figures 7-9 
show the method of determining an equivalent hysteresis loop. 
The equation adopted for the Neuber’s hyperbola has a form of 
a dependence (4). Values of ierede  were determined in points A, 
B and C for the instant of time t=20 s for the elastic material 
model. The values ierede , Neuber's hyperbolae and hysteresis 
loops which characterise the course of cyclic deformation are 
shown in Figures 7-9.  

 

 

 
Fig. 7. Dependencies between the strain intensity and reduced stress determined for point A; rede = 1161 MPa and ie = 0.00991 

 
 

 

 
Fig. 8. Dependencies between the strain intensity and reduced stress determined for point B;  rede = 878 MPa and ie = 0.00727 

 

between stresses and strains show that during cyclic loading and 
unloading, there are areas in the sill piece where the process of 
cyclic deformation is the  elastic-plastic nature (Figs. 5a and 5b). 
As the load increases, plastic deformations occur in the examined 
points during local compression. While the sill piece is unloaded, 
plastic strains occur during tension. In this case, the course of 
local cyclic deformation may be characterised using hysteresis 
loops in a stress/strain system, as determined for the individual 
components of the stress and strain state.   

 
a) 

b) 

 
c) 

 
 

Fig. 5. Dependencies between strains xx and stresses xx determined 
in points A –a), B –b) and C –c) 

a) 

 
b) 

 
c) 

 
d) 

 
 

Fig. 6. The course of changes in time of the reduced stress state 
multiplied by the sign of the first invariant of the stress state, 
determined in point A (Fig. 3) –a) and hysteresis loops 
determined for points A- b), B- c), C- d) in the system: strain 
intensity - reduced stress multiplied by the sign of the first 
invariant of the stress state 
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Similar characteristics of dependencies between the strain 
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the degree of damage caused by each type of the cycle and then 
sum up the damage for the particular types of cycles [13-16]. 
The method of determining the hysteresis loop as presented in the 
paper may also be used in this case in order to estimate local 
fatigue conditions for the prescribed load cycles. Such an approach 
may be applied for gradual loading which could constitute an 
approximation of the real operating conditions of a section of 
a mine powered roof support.  

The results presented in the paper are an attempt to 
approximate the characteristics of material behaviour in the stress 
concentration areas in components of complex shapes. This issue 
has been illustrated based on an example of a selected device, for 
which the ability to estimate durability in operating conditions 
is of special importance on account of work safety in mines. Such 
a possibility depends on the availability of data concerning the 
material properties, while taking into account the inhomogeneity 
of their distribution throughout the volume of the components and 
the problem of determining the load history. The presented 
method and selected results of calculations may in this context 
constitute only a fragment of a complex methodology of forecasting 
the life of analysed objects. A particular attention was paid in the 
study to the phenomenon of fatigue damage formation in the areas 
of stress concentration and to the possibility of a quantitative 
approach to the deformation process in these areas, which 
characterises the phenomenon of the formation of damage of 
a fatigue nature. The results obtained should be considered in 
a close connection with the material testing methodology [16, 17] 
in order to determine the type and range of the test parameters.  

 
 

References 
[1] S.S. Manson, G.R. Halford, Fatigue and Durability of 

Structural Materials, ASM International Materials Park, 
Ohio, 2006. 

[2] A. Neimitz, I. Dzioba, M. Graba, J. Okrajni, The assessment 
of the strength and safety of the operation high temperature 
components containing crack, Printed by Kielce University 
of Technology, Kielce, 2008 (in Polish). 

[3] FITNET Report (European Fitness-for-service Network), 
Edited by M. Kocak, S. Webster, J.J. Janosch, R.A. Ainsworth, 
R. Koers, Contract No. G1RT-CT-2001-05071, 2006. 

[4] H. Neuber, Theory of Notch Stresses – Principles for Exact 
Stress Calculation, Julius Spring, Berlin, 1937 (translated 
and published by J.W. Edwards, Ann Arbor, MI, 1946). 

[5] H. Neuber, Theory of Notch Stresses: Principles for Exact 
Calculation of Strength with Reference to Structural Form 
and Strength, Second Edition, Springer-Verlag, Berlin, 1958 
(translated and issued as AEC-TR-4547 by the U.S. Office 
of Technical Information, 1961). 

[6] G. Glinka, W. Ott, H. Nowack, Elasto-plastic plane strain 
analysis of stresses and strains At the notch root, Journal of 
Engineering Materials and Technology 110/3 (1988) 195-204. 

[7] K. Molski, G. Glinka, A method of elastic-plastic stress and 
strain calculation At a notch root, Materials Science and 
Engineering 50/1 (1981) 93-100. 

[8] S.K. Vismanatha, P.V. Straznicky, R.L. Hewitt, Influence of 
strain estimation methods on life predictions using the local 
strain approach, International Journal of Fatigue 22 (2000) 
675-681. 

[9] K. Mutwil, Effect of creep characteristics on pipeline 
durability, Journal of Achievements in Materials and Manu-
facturing Engineering 48/1 (2011) 97-102. 

[10] A. liwa, L.A. Dobrza ski, W. Kwa ny, M. Tisza, L. Toth, 
S. Szabolcs, S. Pudmer, Innovative method of properties 
determination for tools covered with PVD coatings using 
computer simulation, Journal of Achievements in Materials 
and Manufacturing Engineering 49/2 (2010) 375-382. 

[11] J. Okrajni, G. Junak, Low cycle fatigue of steels At high 
temperature under gradual loading, Journal of Achievements 
in Materials and Manufacturing Engineering 26/2 (2008) 
147-150. 

[12] J. Okrajni, Life and operational safety of power systems and 
chemical plants, Journal of Achievements in Materials and 
Manufacturing Engineering 43/1 (2010) 51-58. 

[13] J. Okrajni, Fatigue aspects of an evaluation of operational 
safety of components working in creep conditions, Journal 
of Achievements in Materials and Manufacturing Engineering 
45/1 (2011) 51-58. 

[14] A. Palmgren, Endurance of ball bearings, Zeitschrift des 
Vereines Deutscher Ingenieure 68 (1924) 339-341. 

[15] M.A. Miner, Cumulative damage in fatigue, Journal of 
Applied Mechanics A 159 (1945) 67-72. 

[16] G. Junak, Low-cycle fatigue of creep resistant steels under 
gradual loading, Library of the Silesian University of 
Technology, Gliwice, 2003 (in Polish). 

[17] S. Mrozi ski, G. Gola ski, Low cycle fatigue of GX12Cr 
MoVNbN9-1 cast steel at elevated temperature, Journal of 
Achievements in Materials and Manufacturing Engineering 
49/1 (2011) 7-16. 

 

 

 
Fig. 9. Dependencies between the strain intensity and reduced stress determined for point C;  rede = 600 MPa and ie = 0.00414 
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Fig. 10. Comparison of the results of calculations of strain ranges using a method based on Neuber's idea and the finite element method (FEM)
 

Table 1.  
Comparison of the results of calculations using a method based on Neuber's idea and the finite element method (FEM) 

 
POINT A POINT B POINT C 
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The diagrams shown in Figures 7-9 allow the determination of 
the ranges of stress and strain intensity based on a model which 
uses Neuber's method. These values were compared with those 
determined by means of the finite element method, while assuming 
the elastic-plastic material model and using the courses shown in 
Figures 6b-6d. They are juxtaposed in Table 1 and in the Fig. 10. 

The values of the range of strain intensity determined for 
complex stress states using the finite element method proved to be 
close to those estimated via Neuber's method. In a majority of 
cases, the estimation conducted using a method based on Neuber’s 
hypothesis is of a conservative nature. By using the determined 

values of deformation ranges for the assumed, variable in time, 
course of loading for an element made of steel S690Q, the number 
of cycles until failure was  determined, which amounted to: 
a) point A – 435 cycles, 
b) point B – 2046 cycles, 
c) point C – 31270 cycles. 

Hence, a fracture may appear first in point A. As soon as after 
435 load cycles with an assumed constant course, the accumulated 
damage reaches a critical value in this place. However, thus 
calculated number of cycles should be treated as a value estimated 
for the assumed load cycle. The number of cycles calculated in 
this way may constitute a basis for comparing the life determined 
for different materials or different courses of load cycles. For 
a load cycle which changes during operation, one should calculate 
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the degree of damage caused by each type of the cycle and then 
sum up the damage for the particular types of cycles [13-16]. 
The method of determining the hysteresis loop as presented in the 
paper may also be used in this case in order to estimate local 
fatigue conditions for the prescribed load cycles. Such an approach 
may be applied for gradual loading which could constitute an 
approximation of the real operating conditions of a section of 
a mine powered roof support.  

The results presented in the paper are an attempt to 
approximate the characteristics of material behaviour in the stress 
concentration areas in components of complex shapes. This issue 
has been illustrated based on an example of a selected device, for 
which the ability to estimate durability in operating conditions 
is of special importance on account of work safety in mines. Such 
a possibility depends on the availability of data concerning the 
material properties, while taking into account the inhomogeneity 
of their distribution throughout the volume of the components and 
the problem of determining the load history. The presented 
method and selected results of calculations may in this context 
constitute only a fragment of a complex methodology of forecasting 
the life of analysed objects. A particular attention was paid in the 
study to the phenomenon of fatigue damage formation in the areas 
of stress concentration and to the possibility of a quantitative 
approach to the deformation process in these areas, which 
characterises the phenomenon of the formation of damage of 
a fatigue nature. The results obtained should be considered in 
a close connection with the material testing methodology [16, 17] 
in order to determine the type and range of the test parameters.  
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Fig. 9. Dependencies between the strain intensity and reduced stress determined for point C;  rede = 600 MPa and ie = 0.00414 
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