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1.  INTRODUCTION 

Pulleys are critical items in belt conveyors.  Their primary role is to drive large mining 
conveyor systems, facilitating the transportation of ore over extensive distances, both in 
South Africa and abroad.  The effect of the manufacturing process (with specific emphasis on 
the induced residual stresses) on the fatigue performance of conveyor pulleys is herein 
investigated and reported.  Early researchers investigated the design of the pulleys and the 
relevant components making up the assembly.  Their work concentrated on the analysis of 
the individual components and not the effect on each other as an integral unit, based on the 
numerical methods available at the time.  Finite element analysis (FEA) allows for the 
investigation of the pulley as a complete structurally-integrated unit.  This facilitates the 
determination of the in situ deformation and stresses in the pulley, due to the induced 
assembly and operational loads. The manufacturing process of the pulleys requires extensive 
metal forming and joining methods.  The finished product is then stress relieved typically if the 
shaft size is above a pre-determined size.  

An investigation was undertaken to study these effects by virtue of a testing program to 
determine the residual stress state in the relevant components.  The  processes of interest 
include the roll bending of the cylindrical shell, the machining of the end disks and the welding 
of the end disks to the shell.  The effect on the reduction of the residual stresses, with regards 
to stress relieving, is also investigated for the assembly.  The testing program consisted of the 
fabrication of two roll bent cylindrical plates of a pre-selected size, using the same joining 
techniques (sub-arc welding) as used for the pulleys.  The sample was then split into separate 
samples.  One sample was sent for stress relieving. 

The incremental hole drilling technique was used to determine the residual stresses at the 
surface of the welded plates.  Equally spaced measuring positions were considered in the 
transverse direction (across the plate and the weld bead), thus evaluating the residual stress 
in the surface of the plate, due to roll bending and welding respectively.  The residual stress 
measurement was conducted for both the stress relieved and as-built condition. The material 
properties of the mild steel used for construction were determined by tensile tests of the 350 
WA plate specimens.  An FE model of a pre-selected T-Bottom type pulley would then be 
developed, including the assembly and operational loads.  The measured residual stresses 
would then be added to the calculated stress via superposition.  The effect on the fatigue 
resistance of the critical areas of the pulley are estimated with the residual stresses included 
and excluded and comparisons made.  Conclusions and recommendations are drawn and 
presented. 

Figure 1.  Locations of pulleys in the conveyor system [1]
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2.  DEVELOPMENT OF THE DESIGN OF CONVEYOR PULLEYS 

The design of conveyor pulleys dates back to the 1930’s and 1940’s when the classical theory 
of plates and shells was utilised.  The research that was to follow in the 1960’s and 1970’s in 
Germany would set the benchmark for the fundamental development of the understanding of 
the behaviour of the pulley, still used today.  

Lange [2] was the first to formalise the representation of the triaxial stress state in the pulley 
shells and end disks as a Fourier series expansion.  Schmoltzi [3] investigated the contact 
stress field of the keyless locking element connections used between the shaft and pulley, 
which became popular at the time.  These investigators also conducted extensive strain 
gauging to verify their work. 

King [4] developed a design procedure for the pulleys that could be utilised in a drawing 
office.  His work considered both steady-state static and fatigue conditions of the pulley.  His 
work is still extensively used by industry.  Qiu et al. [5] developed a new pulley stress analysis 
system based on the modified matrix method.  The system allowed for simpler analysis than 
was possible with Finite Element Analysis (FEA) at the time.  It was also able to correctly 
determine the complex stress state at the shell-to-end disk interface not previously possible. 
The integrated analysis of the pulley and shaft as in FEA was possible.  Sethi et al. [6] 
described the Conveyor Dynamics, Inc. (CDI) design criteria of pulleys with a test case 
investigated empirically as well as with FEA and experimental work.  Experience based on 
failure analyses was also discussed. 

The current empirical methods do not consider the pulley as an integral unit with all the 
components having an influence on each other.  The modified matrix method and FEA are the 
only methods that allow the pulley manufacturer to accurately assess the appropriateness of 
the design of the pulley.  Further to this, the effect of stress relieving the pulley is not included 
in the design criteria currently used.  This paper aims to assess this effect on the performance 
of a pulley. 

3.  MANUFACTURING PROCESS OF CONVEYOR PULLEYS 

The manufacturing process of the conveyor pulley consists of the assembly of a number of 
machined and fabricated components. 

 

Figure 2.  Components of the conveyor pulley [7] 
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The components are produced from the following manufacturing procedures: 

 A length of bright bar of mild steel is cut to length and then machined into a shaft 

 The locking element is typically machined in-house or it is a bought-out item 

 The end plate/disk is cut and machined from SANS 1431 350 WA plate.  A turbine or T-
Bottom type end disk is machined depending on the loading and size of the pulley required 
for the application. 

 

Figure 3.  T-bottom and turbine type end disks 

 The shell is cut from 350 WA plate and then roll bent to form a pipe.  A double butt seam 
weld is used to join the ends of the shell 

 The turbine type end disk is inserted into the shell from each end a specified distance and 
then a submerged arc single butt weld is used to join it to the shell 

 The T-Bottom type end disk is joined to the ends of the shell with a submerged arc double 
butt weld. 

The locking elements are then placed onto the shaft, which is in turn placed into the pulley 
shell.  The bolts of the locking elements are then tightened to the specified torque thus 
inducing the appropriate interface pressure to prevent slip and disassembly during operation. 

4.  EXPERIMENTAL WORK 

An experimental program was set up to assess the residual stress state in the critical welds of 
the shell.  The residual stresses set up due to the machining operations of the end disks and 
shaft is not considered in the study. 

The program consisted of the roll bending of two cylinders of a predetermined size.  Sub-
merged arc welding of the longitudinal and circumferential seams was conducted as per the 
specification for manufacturing a T-Bottom type shell along with the roll bending of the shell. 
The flange of the end disk and shell of the pulley was considered, each being of equal length. 
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Figure 4.  Completed fabrication of the shell 

4.1  Mechanical Properties 

Tensile tests were conducted to determine the mechanical properties of the SANS 1431 GR 
350 WA plate as used for the shells and end disks.  The tests were performed according to 
ISO 6892:1998. 

Modulus of Elasticity (GPa) 200.00 

Poisson’s Ratio 0.3 

Proportional Limit (MPa) 299.23 

0.2% Off-Set Yield Strength (MPa) 390.77 

Upper Yield Strength (MPa) 395.39 

Lower Yield Strength (MPa) 390.44 

Ultimate Tensile Strength (MPa) 479.53 

Table 1.  Mechanical properties of 350 WA 

4.2  Stress Relieving of the Shell 

The shell was split in two, and the one half was sent for stress relieving.  This was done in 
order to measure the as-welded and stress relieved residual stresses in each section 
respectively. 

Holding Temperature (°C) Time (hrs) 

600 4 

Table 2.  Holding temperature for the stress relieving 

4.3  Residual Stress Measurement 

The residual stress measurements of the welds were conducted with the use of the 
incremental hole drilling method.  Residual stresses are inherent in many components due to 
the manufacturing process.  They are said to be ’self-equilibrating’ stresses as they are in 
equilibrium within the component without external loads [8]. 
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For equilibrium to exist, both tensile and compressive residual stresses must be present in 
order to satisfy equations of internal force and moment equilibrium. This complies as follows: 

∑   ∑    
 

They are caused by different production methods.  A mechanical method such as bending of 
sheet metal upon removal of the load spring back occurs and residual stresses remain in the 
part.  Thermal methods such as welding induce non-uniform temperature gradients which 
cause thermal expansion and contraction contributing to elastic/plastic deformations 
producing triaxial residual stresses.  This reduces the fatigue resistance of the welded 
assembly.  Machining operations such as turning, milling and grinding affect fatigue 
resistance of the part.  Cold working and possible phase transformations contribute to the 
development of residual stress in these processes [8]. 

 

Figure 5.  Longitudinal and transverse residual stresses in a single butt weld [9] 

The incremental hole drilling method is one of the most widely used techniques for measuring 
residual stress.  It is relatively simple, affordable and versatile.  The equipment can be used in 
the laboratory and out in the field.  The hole drilling principle was first proposed by Mathar [10] 
in 1934 and since then many investigators have developed the method resulting in the 
standard procedure ASTM E837 [11] being formalised to assist researchers. 

The technique involves the introduction of a small hole into a component containing residual 
stresses or under preload.  The subsequent local relieved surface strains are measured with 
the use of a specifically designed strain gauge rosette.  The residual stresses are then 
calculated from the relieved strains in conjunction with specific calibration constants derived 
from experimental and Finite Element Analyses. 

In practise, the method involves the increment drilling of a hole in the centre of the strain 
gauge rosette, recording the relieved strains at each depth increment.  The incremental 
measurement of the relieved strains allows stress gradients to be measured through the 
depth.  This may be essential when trying to ascertain the residual stresses generated due to 
shot peening which has an abrupt stress gradient directly under the surface.  Uncertainties 
such as surface roughness, hole diameter and eccentricity as well as user skill affect the 
accuracy of the method. 
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Figure 6.  Drilling through the centre of the strain gauge rosette [12] 

4.4  Experimental Set-up for the Residual Stress Measurement 

The experimental set-up of the residual stress measurement of the welds involved particular 
steps for the required output.  A quantitative study was conducted to determine the level of 
residual stresses in both the as-welded and stress relieved states for strategic positions of the 
split shell samples. 

The measurement positions were selected at the weld toes of the circumferential butt welds in 
order to determine the residual stress due to welding in the longitudinal and transverse 
directions.  The residual stress in the transverse direction is of particular interest as this would 
be used for the fatigue assessment at the weld toe.  Residual stress was additionally 
measured a distance away from the weld as this would allow the measurement of the residual 
stress due to the roll bending in the shell. 

 

 

Figure 7.  Measurement positions on the inside and outside diameter 

The labelling convention refers to the as-welded and stress relieved conditions.  The ’NSR’ 
pertains to the non-stress relieved or as-welded state.  The ’SR’ pertains to the stress relieved 
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state.  The measurement positions 1, 2, 4 and 5 are on the weld toes of either side of the 
circumferential weld.  The measurement positions 3 and 6 are on the parent material of the 
shell to determine the residual stress due to the roll bending of the plate. 

The split shell samples were manufactured according to the recommended procedure for T-
Bottom type pulleys. 

4.5  Results of the Residual Stress Measurement 

Uniform and non-uniform residual stress calculations were performed as per ASTM E837-08 
[11] of the relevant measurement positions.  Both calculations were conducted in order to 
ascertain whether the stress distribution through the hole depth at the weld toes were uniform 
or not.  Previous studies have shown that residual stresses as produced by welding are 
typically non-uniform with respect to depth [13].  Hence the non-uniform stress method [11] is 
most appropriate for this application and was used in this study. 

The non-uniform stress calculations for the as-welded and stress relieved condition of the butt 
welds revealed the following results:  

 

As-welded Stress-relieved 

Weld 
Pos. 

Stress-XX 
(MPa) 

Stress-YY 
(MPa) 

Weld 
Pos. 

Stress-XX 
(MPa) 

Stress-YY 
(MPa) 

Description Roll-Bent Plate 

Inner Dia. NSR3 142.7 75.0 SR3 50.3 37.6 

Outer Dia. NSR6 -175.8 -117.8 SR6 11.1 7.4 

 Weld Toe 

Inner Dia. NSR1 330.2 166.6 SR1 62.5 61.4 

Inner Dia. NSR2 361.0 332.5 SR2 47.1 45.8 

Outer Dia. NSR4 174.9 73.5 SR4 -49.8 -6.7 

Outer Dia. NSR5 244.2 -35.2 SR5 61.2 40.2 

 
Table 3.  ASTM E837-08 Non-uniform stress results for the as-welded and stress relieved 
conditions 

The maximum residual stress for the as-welded condition was 361 MPa based on the non-
uniform stress method, for the NSR2 measurement position.  This was for the residual stress 
parallel to the weld.  The maximum residual stress for the stress relieved condition was 62.5 
MPa based on the non-uniform stress method, for the SR1 measurement position.  The 
results indicate a large reduction in residual stress after stress relieving, however the residual 
stresses are still tensile in areas and hence could have a negative impact from a fatigue point 
of view. 

It must be noted that the residual stress measurements for the fatigue assessment are 
assumed to be the same around the circumference of the joints both in the hoop and axial 
directions for this study. 

5.  NUMERICAL WORK 

A numerical program was set up for the Finite Element Analysis of a preselected T-Bottom 
type pulley to determine the steady-state static stresses under the operational and assembly 
loads induced.  The pulley was selected based on the following assumptions and conditions. 

 A pulley/shell with an outside diameter of 500 mm and 16 mm thick was selected to 
facilitate lower transportation costs.  In addition, the smaller size allowed for easy of 
movement within the laboratory. 

 A belt speed of 2.5 m/s was used in the determination of the number of rotation cycles for 
the fatigue assessment. 

 A belt tension of 130 kN and an angle of wrap of 15 degrees was selected in order to 
induce local deflections and stresses in the shell of the pulley. 
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 The pulley is assumed to behave as if placed in the snub position and hence is a non-drive 
pulley.  Therefore, self-weight, resultant tension and the induced pressure of the locking 
elements are the only load cases. 

 The tensioning up of the locking elements is not considered directly in the analyses.  The 
induced pressure for the shaft and the end disk is selected from the catalogue [14] and 
applied and run as a separate analysis. 

 A complete integral analysis of the pulley is conducted with the pulley shell, locking 
element and shaft being modelled.  The locking elements and shaft are modelled in order 
to contribute correctly to the stiffness of the structure as well as the accurate determination 
of the bending moments for the end disks and shell of the pulley. 

 Operational loads are considered in the analyses and start-up conditions are not 
considered due to the low number of start-ups experienced during the pulley’s life [15]. 
The von Mises stress should not exceed the yield strength of the material with a suitable 
factor of safety under start-up conditions. 

5.1  Methods Used for the Stress Analysis of a Pulley 

Currently pulleys are designed with the methods determined by Lange [2], Schmoltzi [3] and 
King [4] by the manufacturers.  Finite element analysis of the pulleys is often only performed 
when T-Bottom type pulleys are used due to the complex shape of the end disk or if the 
project house/mine has requested a study.  The modified matrix method developed by Qui et 
al. [5] and compared with FEA are techniques that correctly deal with the relative stiffness’s at 
the end disk-to-shell interface thus determining the stress ranges in this critical area, which is 
often welded and thus a site of potential fatigue crack initiation.  The former methods consider 
the pulley and shaft separately.  This can result in conservative determinations of shaft 
diameters and shell thicknesses. 

Early finite element analysis work of Sethi et al. [6] and other workers focused on the Fourier 
analysis of pulleys as a full 3D analysis of a pulley was not possible due to computational 
limitations.  The Fourier analysis uses a meshed 2D axisymmetric structure and allows non-
axisymmetric loading such as belt pressure due to belt tension of a pulley to be analysed. 

Both 3D and Fourier analyses of the pulley were conducted and compared in this study. 

5.2 The Finite Element Analysis System 

The LUSAS
@

 Finite Element Analysis system was used for the 3D and Fourier analyses of 
this preselected pulley [16].  

The 3D analysis of the pulley was conducted with the use of hexahedral brick elements with 
linear element interpolation.  Due to computer limitations, elements with quadratic element 
interpolation were not run.  The result of the 3D analysis was used as the benchmark for the 
assessment of the accuracy of the Fourier analysis conducted. 

As stated above, the Fourier analysis is used to represent an axisymmetric structure 
subjected to non-axisymmetric loading.  The method is semi-analytical.  The loading is 
defined circumferentially with a Fourier series.  The displacements defining the circumferential 
behaviour are in turn defined with a Fourier series.  The axisymmetric in-plane deformations 
are defined by the finite element formulation [17]. 

The circumferential variations of the loads and structural displacements are defined as the 
sum of the harmonics of a Fourier series.  The number of harmonic components determines 
the number of times the analysis is run.  The solutions are then combined based on the 
principle of superposition for the overall solution.  The results can then be plotted for each 
circumferential position of the user’s choice. 

The use of this semi-analytical approach allows the three dimensional analysis to be reduced 
to a series of two dimensional analyses, with the saving in solving effort being dependent 
upon the number of harmonics required to accurately reproduce the structural response of the 
3D structure. 
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Mesh sensitivity analyses should always be conducted to determine the size of the elements 
required to achieve convergence of the solution. This was conducted for the 3D, axisymmetric 
and Fourier analyses. 

5.3  Number of Fourier Harmonic Components to Consider 

An investigation into the number of Fourier harmonic components required for the accurate 
analysis of the pulley was conducted.  This was required as an increased number of Fourier 
harmonic components would lead to a better representation of the loading of the structure but 
with increased computational cost.  The computational cost is directly proportional to the 
number of Fourier harmonic components considered. 

Sethi et al. [6] found that for an angle of wrap close to 180 degrees, the increase in accuracy 
of going from 15 to 35 harmonic components was marginal, typically less than 1%.  However, 
they found that when the angle of wrap was less than 20 degrees, more than 35 harmonic 
components were required to sustain the same level of accuracy. 

The results of the analyses to determine the appropriate number of harmonic components is 
as follows: 

The percentage difference was determined to ascertain the level of convergence.  The target 
value is the maximum vertical displacement of 0.17487 mm as determined from the 3D 
analysis of the pulley. 

   
      

  
 

  
 

Number of 
the 

Harmonics 

Mesh Size 
(mm) 

Element 
Interpolation 

Maximum Radial 
Displacement 

(mm) 

Percentage 
Difference 

Time 
(min) 

18 4 Quadratic -0.174767 -0.059% 0.967 

36 4 Quadratic -0.174779 -0.052% 2.083 

54 4 Quadratic -0.174776 -0.054% 2.950 

72 4 Quadratic -0.174777 -0.053% 3.950 

Table 4.  The results of the harmonic component assessment 

The assessment revealed small changes between the results as the number of harmonics 
were increased for the chosen mesh size of 4 mm with quadratic interpolation.  The results 
indicate a total of 54 harmonic components should be selected based on accuracy and run 
time. 

5.4  Geometry of the Pulley 

The geometry of the preselected pulley was defined based on the assumptions and 
conditions previously stated.  The following components were modelled: 

 The pulley shell consisting of the shell, end disks and double butt welds as an integral unit. 

 The shaft was modelled in order to accurately model the stiffness’s of the pulley but was 
not considered in the fatigue assessment of the pulley. 

 The locking elements were considered as a solid connection between the shaft and end 
disk. 
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Figure 8.  Overall geometry of pulley 

Diameter of the Pulley 500 mm
1
 

Pulley Face Width 1 200 mm 

Bearing Centre Distance 1 700 mm 

Length of Shaft 1 826 mm 

Table 5.  Overall dimensions of the pulley 
Note 1:  The overall diameter excludes the additional thickness due to the lagging.  The lagging is not 
included in the analysis. 
 
The overall dimension of the simplified geometry of the pulley used for the analyses is 
indicated in Figure.  A quarter of the model is used to indicate the dimensions more clearly: 

 

Figure 9.  Simplified geometry of the pulley used for the analyses 

5.5  Loading and Boundary Conditions of the Pulley 

The loading of the pulley model consists of self-weight, belt pressure and locking element 
interface pressure.  Built-in and simply supported conditions were used for the models 
assessed. 
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The belt pressure is determined from the belt tension and dimensions of the pulley.  King [4] 
proposed the following equation for the determination of belt pressure suitable for a non-drive 
pulley . It is as follows: 

    
  

  
 

 
The belt pressure is therefore 0.495 MPa. 
The belt pressure is applied as a step function over the circumference of the pulley for the 

specified belt width which is shown in Figure 10: 

 

Figure 110.  Belt pressure distribution over the circumference of a driven pulley [18] 

The circumferential belt pressure distribution used for the mesh sensitivity analysis is shown 
as follows: 

Circumferential Position (Degrees) Radial Pressure (MPa) 

0 0.495 

15 0.495 

15.001 0.000 

360 0.000 

Table 6.  Circumferential belt pressure for the mesh sensitivity analysis 
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Figure 11.  Graph of the belt pressure vs circumferential position for the mesh sensitivity 
analysis 

The circumferential belt pressure distribution used for the final Fourier analysis is shown as 
follows: 

Circumferential 
Position (Degrees) 

Radial 
Pressure (MPa) 

0 0.000 

172.499 0.000 

172.499 0.495 

187.5 0.495 

187.501 0.000 

360 0.000 

Table 7.  Circumferential belt pressure for the final Fourier analysis 

 

 
Figure 12.  Graph of the belt pressure vs circumferential position for the final Fourier analysis 

The belt tension across the width may be applied as linear distribution or as a sinusoidal 
function as proposed by Lange [2].  The various functions of the belt tensions applied over the 
width are shown in Figure 14: 
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Figure 13.  Various functions used to apply the belt pressure over the belt width [18] 

The linear uniform belt pressure was assumed over the belt width for the 3D and Fourier 
analyses. 

The belt pressure was applied to the model as shown in Figure 14: 
 

 

Figure 14.  Belt pressure applied to the model 

The locking element pressure interface pressure for the end disk of 122 MPa and 188 MPa 

for the shaft was applied as shown in Figure 15. 

 
Figure 15.  Locking element interface pressure applied to the model for the end disk and shaft 

This load case was run as an axisymmetric analysis.  These results were then added by 
superposition to the Fourier analysis that was conducted.  The axisymmetric analysis 
determined the mean stress in the pulley due to the assembly load case. 

The built-in boundary condition of the pulley was used for the mesh sensitivity and harmonic 
component assessment as shown in  Figure 16: 
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Figure 16.  Built-in boundary conditions for the mesh sensitivity and harmonic component 
assessment 

The simply supported boundary condition was used for the final analysis of the pulley once 

the mesh sensitivity and harmonic component assessment had been completed as shown in  

Figure 17: 

 
Figure 17.  Simply supported boundary condition of the final analysis of the pulley 

5.6  3D Analysis of the Pulley 

The 3D analysis of the pulley involved a mesh sensitivity assessment to determine the 
appropriate element size required to achieve convergence.  The maximum vertical 
displacement was reported from the solution.  A quarter of the model was run with self-weight 
and belt pressure being considered in the analysis.  The assembly load due to the locking 
element pressure load case was not considered for this analysis. 

The geometry, boundary and loading conditions of the 3D quarter model are shown in Figure 
18:  

Figure 18.  Quarter model for the 3D analysis 
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The result of the mesh sensitivity analysis is shown in Table 8: 

Mesh Size (mm) 
Element 

Interpolation 
Maximum Radial Displacement 

(mm) 
Time 
(min) 

16 Linear -0.17264 0.383 

8 Linear -0.17503 15.250 

8 Linear -0.17487 41.200 

 
Table 8.  3D mesh sensitivity results 

The 3D model was run with a sub-divided mesh with an element size of 8 mm.  Linear 
element interpolation was used.  This solution revealed a maximum vertical displacement of 
0.17487 mm in a run time of 41.2 minutes.  Reduced mesh sizes for linear and quadratic 
element interpolations of the hexahedral mesh were not possible due to computer hardware 
limitations.  The final result obtained is adequate for the study performed. 

 

 

Figure 19.  Contour plot of the maximum vertical displacement for the 3D analysis 

5.7  Axisymmetric Analysis of the Pulley 

The axisymmetric analysis of the pulley was conducted in order to ascertain the effect of the 
assembly stresses due to the interface pressure of the locking elements.  These results would 
then be used with the operational and residual stress results to determine the influence on the 
fatigue performance of the pulley. 
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A mesh sensitivity assessment was conducted in order to determine the appropriate mesh 
size and element interpolation to be used to achieve convergence.  The level of convergence 
was determined based on the percentage difference with the target value being the interface 
hub pressure of 122 MPa for the locking element. 

   
      

  
 

 

Mesh Size 

(mm) 

Element 

Interpolation 

Radial Stress 

(MPa) 

Percentage 

Difference 

Time 

(min) 

16 Linear 74.6 -38.84% 0.0167 

8 Linear 94.9 -22.24% 0.0167 

4 Linear 107.5 -11.90% 0.0333 

2 Linear 114.5 -6.13% 0.300 

16 Quadratic 119.1 -2.34% 0.0167 

8 Quadratic 121.2 -0.66% 0.0167 

4 Quadratic 121.8 -0.18% 0.0667 

2 Quadratic 121.9 -0.05% 0.850 

Table  9.  Mesh sensitivity results for the axisymmetric analysis 

The mesh sensitivity study revealed that the analyses with quadratic element interpolations 
yielded the most accurate results.  A mesh size of 4 mm with quadratic element interpolation 
was used for the final analysis due to the optimal balance of accuracy with run time. 

5.8  Fourier Analysis of the Pulley 

The Fourier analysis of the pulley was conducted in order to ascertain the effect of the self-
weight and the belt pressure on the pulley.  These results would then be used with the 
assembly and residual stress results to determine the influence on the fatigue performance of 
the pulley. 

A mesh sensitivity assessment was conducted in order to determine the appropriate mesh 
size and element interpolation to be used to achieve convergence.  The level of convergence 
was determined based on the percentage difference with the target value being the maximum 
radial displacement of the pulley. 

   
      

  
 

*The target value is the maximum vertical displacement of 0.17487 mm from the converged 
3D analysis of the pulley. 

Mesh Size 
(mm) 

Element 
Interpolation 

Number of 
Harmonics 

Maximum Radial 
Displacement 

(mm) 

Percentage 
Difference 

Time 
(min) 

16 Linear 54 -0.15278 -12.63% 0.050 

8 Linear 54 -0.16802 -3.92% 0.133 

4 Linear 54 -0.17281 -1.18% 0.883 

2 Linear 54 -0.17433 -0.31% 5.217 

16 Quadratic 54 -0.17333 -0.88% 0.083 

8 Quadratic 54 -0.17452 -0.20% 0.417 

4 Quadratic 54 -0.17473 -0.05% 1.917 

2 Quadratic 54 -0.17490 0.02% 16.967 

 
Table 10.  Results of the mesh sensitivity assessment of the Fourier analysis 
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The mesh sensitivity study revealed that the analyses with quadratic element interpolations 
yielded the most accurate results.  A mesh size of 4 mm with quadratic element interpolation 
was used for the final analysis due to the optimal balance of accuracy with run time. 

5.9  Final Fourier Analysis of the Pulley 

The final Fourier analysis was run with the simply supported boundary conditions with the 
self-weight and belt pressure load cases.  The mesh size, element interpolation and number 
of harmonic components as previously determined were used in this analysis. 

The results of this final analysis for the pulley shell for the circumferential position of 180 
degrees is shown in Table 11: 

Result Quantity Value of the Result 

Maximum Radial Displacement (mm) -0.351 

von Mises Stress (MPa) 35.5 

Stress-XX (MPa) 21.0 

 
Table 11.  Results of the final analysis 

The contour plot of the maximum radial displacement of the pulley shell is shown in Figure 20:  

 

 

Figure  20.  Contour plot of the maximum radial displacement of the pulley shell 
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The contour plot of the von Mises stress in the pulley shell is shown in  Figure 21: 

 
Figure 21.  Contour plot of the von Mises stress in the pulley shell 

6.  COMPARISON OF A CURRENT DESIGN METHOD TO THE NUMERICAL STUDY 

The current design techniques assess the components of the pulley separately and not as a 
homogenous structure.  The comparison of the current design techniques and FEA conducted 
in the study is compared and conclusions drawn. 

The current design technique by King [4] revealed the following results for the pre-selected 
pulley versus the Finite Element Analysis study conducted. 

The static stress results are as follows: 

Type of Stress Current Design Method FEA 

Hoop stress in the shell 
due to the locking element 

32.4 MPa 33.4 MPa 

 
The fatigue results are as follows: 

Position of Stress Range Current Design Method FEA 

Shell Longitudinal Seam 
Weld 

13.2 MPa 34.82 MPa 

Shell to End Disk 
Circumferential Weld 

23.9 MPa 38.50 MPa 

 

The static results for the comparison indicate excellent correlation between the current design 
criteria and the numerical work conducted for the shell.  The fatigue assessment however, 
revealed a large difference in the results with the current design criteria being less 
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conservative than the numerical work, most likely due to the small angle of wrap used in the 
study as well as the distribution of the stress and stiffness of the T-Bottom type end disk.  

The difference in the stress ranges determined is due to the inability of the theory 
implemented in the design criteria to accurately calculate the stresses in the shell-to-end disk 
interface [ [6] due to the separate assessment of the components in the design criteria as 
compared to the FEA. 

7.  FATIGUE PERFORMANCE OF THE PULLEY 

The fatigue performance of the pulley is assessed upon completion of a steady-state static 
analysis of the conveyor pulley assembly.  A pulley typically rotates 35 million times per year 
[19]. The selected pulley in this study would need to sustain over 50 million cycles per year for 
24 hours per day and 365 days of operation and hence the components should be designed 
for infinite fatigue life. 

This study was conducted to investigate the influence of the operational loads, assembly 
loads and the residual stresses due to the manufacturing process on the fatigue performance 
of the pulley.  This required the following steps: 

 Determination of the stress ranges at the measurement positions and machined positions 
for the operational load case.  The assembly and manufacturing load cases contributed to 
the mean stress effect for the fatigue assessment 

 Determination of the endurance limits of the welds according to the international fatigue 
weld standards currently used in industry.  The fatigue resistance curves were based on 
the types used by Lill [15].  The equivalent fatigue resistance curves were then chosen 
from the other fatigue codes 

 Determination of the modified endurance limits of the machined areas according to 
fundamental fatigue theory 

 Check for the possibility of residual stress relaxation upon fatigue loading. 

This example of the bending stress range in the shell indicates a cycle with constant 
amplitude as shown in Figure 22: 

Figure 22.  Constant amplitude bending stress range 

The stress range is then determined from the difference of the maximum and minimum 
stresses as follows: 
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Weld measurement positions for the as-welded condition of the pulley are shown in Figure 23: 

 
Figure 23.  Weld measurement position of the pulley 

Weld measurement positions for the stress relieved condition of the pulley as shown in Figure 
24: 

 

Figure 24.  Weld measurement position of the pulley 

Machined measurement positions for the stress relieved condition of the pulley are shown in 
Figure 25: 

 

Figure 25.  Machined measurement position of the pulley 

The surface finishes of the components for the pulley assembly are shown in Table 12: 

Component ISO Designation Surface Roughness (μm) 

Locking Element N7 1.6 

End Disk N8 3.2 

Shaft N8 3.2 

Shell N10 12.5 

 
Table 12. Surface finishes of the components for the pulley assembly [24] 
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7.1  Residual Stress in Welds 

Residual stresses introduced due to welding can be close to the yield strength of the material 
and as such can be detrimental to the fatigue resistance of a joint [9].  Tensile residual 
stresses thus induced will cause an effective tensile mean stress and hence decrease the 
fatigue life at the joint at the weld toe of interest.  Therefore the fatigue life of as-welded joints 
has limited sensitivity to the applied mean stress caused by the operational loading due to the 
fact that when these stresses are added to the residual stresses, the maximum stress will 
have a value close to the yield strength of the material regardless of the mean stress level 
associated with the applied loads [9]. 

The effect of residual stress on the stress cycle of an as-welded joint is shown in Figure 26: 

 
Figure 26.  Influence of the residual stress on a stress cycle of an as-welded joint [9] 

Dependency on the applied mean stress due to the operational load has been found for 
stress relieved joints as is shown in Figure 27: 
 
 

 

Figure 27.  Tensile mean stress due to the loading as in a stress relieved joint [9] 

Stress relieved joints are less vulnerable if the stress cycle due to the applied loading is partly 
compressive [9].  The next section will show the allowance of this benefit in the fatigue 
standards considered. 

7.2  Fatigue Assessment According to Standards 

The international weld fatigue standards currently used by industry were considered for the 
assessment of the fatigue resistance of the joints of interest. 

The classifications of the circumferential and longitudinal seam weld were taken from BS 
7608 [21] as suggested by Lill [15]. 
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Figure 28.  Perpendicular stress measured at the weld toe of the butt weld [15] 

The classification of the butt weld details with stress range extracted perpendicular to the 
weld toe for T-Bottom type pulley according to BS 7608 as indicated in Table 13: 

Weld Location Weld Class Type Number Endurance Limit (MPa) 

Longitudinal butt weld D 6.2 53 

Circumferential weld D 6.2 53 

 
Table 13.  Weld classification according to BS 7608 [21] 

Note 2:  Class D applicable if both sides of the butt weld are machined or ground flush 

The main criteria being that the stress cycle at the weld toe should be below the constant 
amplitude endurance limit (stress range) of the joint under consideration.  This would then 
comply with the condition that the joint theoretically could sustain an infinite number of cycles 
and hence fatigue need not be considered. 

A stress cycle below the constant amplitude endurance limit of a joint is shown in Figure 29: 

 

 

Figure 29.  Stress cycle below the endurance limit of a joint [20] 

The codes consider the mean stress effect of stress relieved joints in a similar manner which 
are shown as follows: 

BS 7608 [21] and BS EN1993-1-9 [22] indicate the reduction of the compressive portion of the 
stress range for a stress relieved joint as shown in Figure 30: 
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Figure 30.  Reduction of the stress range due to stress relieving [22] 

DNV-RP-C203 [20] allows a reduction factor for the compressive portion of the stress cycle 
for a stress relieved joint as shown in Figure 31: 

 

Figure 31.  Reduction factor of the stress cycle for stress relieving [20] 

    
             
          

 

IIW-1823-07 [23] states that for stress ratios less than 0.5, a fatigue enhancement factor may 
be multiplied with the fatigue resistance curve of interest.  The fatigue enhancement factor 
depends on the level and direction of the residual stress in the joint. 
 
For stress relieved joints with residual stress lower than 20% of the yield strength of the 
material, the following fatigue enhancement factors may be used based on the stress ratios 
under consideration: 

   
    
    

 

 ( )               

 ( )                          
 ( )              

7.3  Results of the Fatigue Assessment 

The result of the fatigue assessment according to the standards is as follows. The set of 
results revealing the greatest fatigue ratio were herein reported: 

    
   
   

 

The fatigue ratio in the hoop direction for the as-welded condition for BS EN1993-1-9 is 
shown in Table 14: 
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Position NSR6 NSR3 NSR6 NSR3 

Stress Range (MPa) 30.340 30.610 34.820 35.600 

Endurance Limit (71) (MPa) 52.327 52.327 52.327 52.327 

Fatigue Ratio 58% 59% 67% 68% 

 
Table 14. Fatigue ratio in the hoop direction for the as-welded condition 

Position NSR4 NSR5 NSR1 NSR2 

Stress Range (MPa) 30.100 7.320 38.500 14.700 

Endurance Limit (71) (MPa) 52.327 52.327 52.327 52.327 

Fatigue Ratio 58% 14% 74% 28% 

 
Table 15.  Fatigue ratio for BS EN1993-1-9 in the axial direction for the as-welded condition 

Position SR6 SR3 SR6 SR3 

Stress Range (MPa) 21.140 26.966 24.500 31.240 

Endurance Limit (71) (MPa) 52.327 52.327 52.327 52.327 

Fatigue Ratio 40% 52% 47% 60% 

 
Table 16.  Fatigue ratio for BS EN1993-1-9 in the hoop direction for the stress relieved 
condition 

Position SR4 SR5 SR1 SR2 

Stress Range (MPa) 25.300 5.644 29.180 11.484 

Endurance Limit (71) (MPa) 52.327 52.327 52.327 52.327 

Fatigue Ratio 48% 11% 56% 22% 
 

Table 17.  Fatigue ratio for BS EN1993-1-9 in the axial direction for the stress relieved 
condition 
 
The fatigue assessment according to BS EN 1993-1-9 revealed the most conservative results 
based on the lower endurance limit for the fatigue resistance detail considered.  The greatest 
fatigue ratio was 74% for the as-welded joint NSR1 in the axial direction. 

The corrected endurance limit for the machined areas of concern is as follows: 
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Position MS1 MS2 MS3 MS4 

Stress amplitude (MPa) 19.300 26.300 39.600 35.000 

Endurance limit under zero mean stress 
(MPa) 

110.782 110.782 110.782 110.782 

Mean Stress (MPa) 9.576 -50.183 -86.927 -72.012 

Ultimate Tensile Strength (MPa) 479.530 479.530 479.530 479.530 

Endurance limit under mean stress (MPa) 108.569 110.782 110.782 110.782 

Fatigue Ratio 18% 24% 36% 32% 

Table 18.  Fatigue ratio in the radial direction 

Position MS1 MS2 MS3 MS4 

Stress amplitude (MPa) 5.545 4.495 13.750 15.700 

Endurance limit under zero mean stress 
(MPa) 

110.782 110.782 110.782 110.782 

Mean Stress (MPa) 57.836 33.390 108.478 129.487 

Ultimate Tensile Strength (MPa) 479.530 479.530 479.530 479.530 

Endurance limit under mean stress (MPa) 97.420 103.068 85.721 80.867 

Fatigue Ratio 6% 4% 16% 19% 

Table 19.  Fatigue ratio in the hoop direction 

7.4  Residual Stress Relaxation Due to Fatigue 

The presence of plastic deformation of the weld toe during fatigue cycling is thought to cause 
the relaxation behaviour of residual stress [25]. 

Mochizuki et al. [25] found that for a high stress range the magnitude of the residual stresses 
was relaxed during the initial fatigue cycles.  For the low stress ranges, fatigue strength 
depends on the initial residual stress because the residual stress changes only slightly due to 
the fatigue loading. 

Based on these findings, consideration of residual stress relaxation can be made if the 
following condition is met (ignoring strain hardening): 

                
 

The initial measured residual stresses for this study were found not to undergo relaxation as 
the sum of the initial residual stress and maximum stress was below the yield strength of the 
material. 

8.  CONCLUSION 

The residual stress measurements conducted indicated a large reduction of residual stress 
levels due to the stress relieving.  The non-uniform stress method according to ASTM E837-
08 was found to be the most accurate for the stress distribution vs. depth considered.  Fourier 
analysis of the pulley was shown to be an accurate means of determining the displacements 
and stresses in the structure.  The comparison of the FEA of the selected pulley with King’s 
design criteria indicates good correlation in the static results.  The fatigue results indicate 
discrepancies compared to the numerical work.  The fatigue assessment was considered 
based on international standards used by industry.  All of the details considered were found to 
have stress ranges below their respective endurance limits and hence infinite fatigue life is 
expected.  BS EN 1993-1-9 was found to be the most conservative for the study.  The IIW-
1823-07 is however, the more thorough and up-to-date of the fatigue standards used in the 
investigation.  Residual stress relaxation was found to not have occurred due to the fact that 
the sum of the initial residual stress and the maximum stress was below the yield strength of 
the material for the details and specification of pulleys considered. 
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9.  RECOMMENDATIONS 

An experimental and numerical program should be set up to determine where the maximum 
residual stress is placed around the circumference of the pulley.  An evaluation of the residual 
stress state due to machining in the areas of concern should be conducted.  The ease of 
model construction and run time indicated that Fourier analysis of this type of structure is 
suitable for implementation in the design procedure of pulleys.  It is therefore recommended 
that FE systems be used during the design and selection of pulleys due to their affordability 
as compared to 20 years ago. 

The comparison of the numerical results with King's model reveals discrepancies with regards 
to the stress components determined for the fatigue assessment.  It must however, be 
remembered that the model was developed for pulley checks at design office level and hence 
was not meant as a detailed design tool.  The modern IIW-1823-07 permits the factoring of 
the fatigue resistance curve based on the residual stress state in the weld detail of concern.  
Based on these recently implemented findings in this standard, it would be possible to take 
advantage of the effect of the reduction in residual stress levels due to stress relieving and 
hence allow thinner shell thicknesses as well as further optimised end disks to be 
implemented in the design of pulleys.  This could result in lighter and more affordable pulleys 
being made available to the end user.  A test program should be conducted to investigate 
experimentally and numerically the possible design gains in this regard.  The evaluation of 
residual stress relaxation should be included in the pulley design criteria.  This study should 
be extended to investigate the residual stress levels and fatigue in the turbine-type pulley 
configuration. 
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NOMENCLATURE 

MRD Maximum radial displacement (mm) 
TV Target value (mm) 
PD Percentage difference (%) 
T T1 T2 Belt tension (kN) 
D  Outer diameter of the pulley (mm) 
W Belt width (mm) 
IHP Interface hub (end disk) pressure (MPa) 
TV Target value (MPa) 
∆σA Stress amplitude (MPa) 
∆σR  Stress range (MPa) 
σMAX  Maximum stress (MPa) 
σMIN  Maximum stress (MPa) 
fm Mean stress reduction factor 
f(R) Fatigue enhancement factor 
FR Fatigue ratio 
σEL Endurance limit for constant amplitude stress range and stress amplitude (MPa) 
σRES Initial residual stress (MPa) 
σY  Yield strength (MPa) 
R Stress ratio 
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