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Abstract 
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existing test rig is modified. The strains over the beam are measured through strain gauges 
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fatigue life is evaluated with different fatigue assessment methods. Finally, the outcomes of all 

the methods for fatigue investigation of the beam are compared and verified.     
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NOMENCLATURE 

Here are the Notations and Abbreviations that are used in this Master thesis. 

 

 

Notations 

Latin symbol        Description 

A              Cross section area (    )     

a               Weld throat thickness (mm) 

C                          Load capacity (   )  

D                          Duty value ( 
  

 
) 

d            Cumulative damage (-) 

F             Load (N) 

                             Equivalent load (N) 

I            Second moment of area (   ) 

L            Fatigue life (h) 

M            Bending moment (N.m) 

m            Slope of the S-N curve (-) 

                Number of cycles at a specific stress range (cycle) 

                Specific number of cycles with stress range of     (cycle) 

n            Number of standard deviations (-) 

                Specific number of stress ranges (cycle/h) 

R            Stress ratio (-) 

                        Effective radius (mm) 

stdv             Standard deviation 

T             Plate thickness (mm) 

t             Time (h) 

z                           Distance from neutral axis (mm) 

 

Greek symbols       Description 

 

    Failure probability (-) 

                Hot spot stress (Pa) 
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       Mean stress (Pa)          

                 Maximum stress (Pa) 

                 Minimum stress (Pa) 

                 Nominal stress (Pa) 

                 Nominal stress at the root of the weld (Pa) 

                 Residual stress (Pa) 

   ,                   Stress range (Pa) 

                         Stresses at the reference points (Pa) 

                 Equivalent stress range (Pa) 

 

Abbreviations 

 

BB                                        Bogie Beam 

D                                          Duty 

FE                                        Finite Element 

FEM                                     Finite Element Method 

HSS                                      High Strength Steel 

HFMI                                   High Frequency Mechanical Impact 

LEFM                                  Linear Elastic Fracture Mechanics 

LOST                                   Light weight optimized welded Structures 

S-E                                       Somat-Ease 

SS                                         Structural Steel 

VCE                                     Volvo Construction Equipment 
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1 INTRODUCTION 

In this chapter the background, problem, purpose and the delimitations of the project are 

described briefly to demonstrate a view of the work. 

 

 

1.1 Background 

An articulated hauler is a type of construction machinery which is used to transport material 

over an off road terrain, Figure 1. It is made in different size variations by Volvo Construction 

Equipment (VCE) from A25 to A40. Among all, the A40 is the biggest, which has a very high 

payload capacity and powerful engine. The Bogie Beam (BB) functions as a suspension system 

on the rear axles of the hauler. It enables the vehicle to pass over large bumps and ruts. Hence, 

over the operation time it is exposed to oscillating loads which may result to fatigue fracture on 

the BB.  

Nowadays, companies are competing to make machines with more value added functions, 

minimal production cost and in an eco-friendly way. VCE is one of these companies which is 

investigating on making lighter machineries in order to use less material and decrease the fuel 

consumption as well as the production cost. 

In 2009 the research project LOST (Light weight Optimized welded STructures) was started by 

the VCE in Braås. This project is focused on the weight optimization along with the production 

cost decrease of welded BB of the AH. The BB of an A40 is designed, analyzed, produced and 

fatigue tested. The results of this project are presented in [1]. As a completion of this project, 

the BB of the A30 is designed and optimized. The optimized design is 24% lighter compared to 

the existing model, Figure 2. 

 

Figure 1. Articulated hauler 
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1.2 Problem description 

1.2.1 Critical welds 

In order to reduce the weight of the BB structure, thinner plates should be used in design and 

manufacturing. To maintain the same payload carrying capability, a material with higher 

strength should be used. The current BB in the hauler is made of structural steel (SS), Figure 2 

a). To make this specimen lighter, it has been decided to use high strength steel (HSS) that has 

higher yield strength compared to the SS, Figure 2 b).  

In welded structures under oscillating loads such as the BB, the welds are the points with high 

probability for fatigue fracture. By making the plates from higher strength material, the strength 

of the parent material would be increased but the welds would become even more crucial, see 

3.4. Therefore, after the structural optimization, to reach a reasonable life, the welds need to be 

investigated. 

 

  

Figure 2. Bogie beam of articulated hauler, a) current design, b) optimized design 

1.2.2 Test rig 

The rig used in this test is the same as the one used in the fatigue test of A40 BB with some 

modifications, Figure 3 b). In the rig used in the test of A40 BB, the load is applied through a 

hydraulic cylinder at one end of the beam and the other end is fixed in all directions, Figure3 a). 

The actuator mainly moves in vertical direction but, it also oscillates in horizontal plane which 

causes some undesired reaction forces at the other end of the beam. To avoid the mentioned 

reaction forces and having more similar conditions to the boundary conditions of the beam 

mounted on the hauler this part of the rig is to be redesigned.  
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Figure 3. Test rig design, a) previous rig, [1], b) new rig. 

1.3 Purpose 

The overall aim of the project is assessing the fatigue behavior of the BB of A30 and 

confirming the simulation results for the BB of the A30 by fatigue testing of it. Additionally, 

the FEM model shall be verified with the test rig. 

1.4 Delimitations 

The delimitations of the project are listed as follows: 

 Three specimens will be fatigue tested to verify the expected life calculated through FEM 

analysis. 

 The first specimen will be the current model used in the articulated hauler which will be 

tested as a reference. The other two specimens will be the optimized versions of the BB 

which are the same in the structure, the weld types and the process of manufacturing. 

 An existing test rig from a previous test will be used but, it will be modified for the 

current tests to have a better match with the real model.  

 Strain gages will be placed on the hot spots on the test specimen and be used for 

verification of the test.  

 In case of unexpected results from test rig, the specimen will be sliced and the pictures 

from microscope will be studied to detect the reason for failure.  

 Unexpected results might lead to extra tests. Depending on the microscope detections, 

time and budget limit it will be discussed later in the project. 

 The test rig condition, the real model and the simulation boundary conditions will be 

studied, compared and verified.  

 Existing fatigue analysis and calculated life will be fully trusted and used.  

 

a) b) 
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2 METHOD 

This chapter describes the method used in the execution of the project. 

 

 

2.1 Methodology 

The beginning of the thesis work involved a literature study about the evaluation methods of 

welds using FEM modeling and the previous projects done with the BB from designing an 

optimized beam to analysis, evaluation and testing. The earliest step of the project after the 

literature study involved modification of an existing test rig design according to the 

requirements of the test.  

The FE model of the beam analyzed in ANSYS Workbench is used in the project. The stresses 

in the welds are evaluated using notch method and sub-modeling technique. 

In the test rig, after assembling the specimen on the rig strain gauges are placed on the hot spots 

and some other points of interest of the specimen. The hot spots are defined by the highest 

nominal stress regions. To measure the strains by strain gauges some static forces are applied to 

the beam. The results are recorded by a computer and are checked in Somat-Ease program.  

The acquired data from the gauges are used for verification of the FEM model with the test rig 

results, evaluation of the life length of the beam and comparison with the FE analysis. 

The test will be performed by applying a spectrum load to the beam. It will be checked for 

detecting the cracks by eye detection while it is running or after stopping it. If no crack is 

detected then the rig will be started to continue running. But if a crack seems to have 

propagated, it will be checked with magnetic detection to make sure that it is crack propagation 

not an eye detection mistake. Using Range Pair Analysis the life of the part will be calculated at 

the end of the test.  

At the end of the test the life gotten from the test will be compared with the one calculated in 

simulation. Additionally the crack propagation region will be compared with the expected one 

from analysis. If there is any high variation in the result, then the reason will be further 

investigated by cutting the specimen where the crack is appeared. Further inspection will be 

performed with pictures made using microscope.  

On the other hand, the FEM analysis will be compared with the test rig to verify the matching 

of the boundary conditions between them.  
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3 FRAME OF REFERENCE 

This chapter describes the available resources used for information gathering and background 

study.  

 

 

Previously, the BB of the A40 has been modified for cost and weight optimization in VCE, 

Braås, and fatigue tested in VCE, Eskilstuna. The written paper from the test results [1], and the 

existing documents in VCE, Eskilstuna, are investigated. Additionally, a master thesis about 

fatigue assessment of the bogie beam [5] is studied. The optimized bogie beam model is 

basically the one developed in this thesis project but with modifications in some parts. For 

information gathering about fatigue of the welds and the related subjects some papers and a 

book [3] are studied.  

3.1 Fatigue 

Fatigue is a proceeding failure which appears in structural components subjected to fluctuating 

loads. It shows up in stresses quite below the ultimate strength and even below the yield 

strength of the material. It happens in the component where there is a stress concentration due 

to sudden changes of geometry, notches or holes. There are some other factors such as type of 

loading, temperature, material and residual stresses due to welding. It shows up abruptly and 

without any warning, thereafter in case it is not detected it will come into a catastrophic 

phenomenon [2],[3],[4].  

However, fatigue is a progressive phenomenon the fatigue life of a structure is divided into 

three stages which includes crack initiation, propagation and rupture, Figure 6, [5]. 

Stage I includes initiation of micro cracks, Figure 4, which its initiation mechanism varies with 

material and stress levels. Cracks in this level are not detectable with naked eye [2], [3], [6]. 

 

Figure 4. Initiation of micro cracks, stage I [7]. 

In stage II, Figure 5, stress concentration and local plasticizing due to existence of the crack 

leads to the crack propagation. By increasing the number of load cycles and opening and 

closure of the cracks, micro cracks grow into macro cracks in a stable manner. In the current 

stage the growth of the crack propagation rate is exponential, Figure 7, [2], [3], [6]. 
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Figure 5. Crack propagation, Stage II  [7]. 

Finally in stage III which is the rupture phase, the crack propagates up to a critical size. 

Because of the increased size of the crack the material is not able to support the load, 

consequently an abrupt fracture happens, Figure 7 [2], [3], [6]. 

 

Figure 6. Different phases of fatigue life [5]. 

 

Figure 7. Stages of crack propagation and fatigue life [6]. 

 

In welded structures stage I is assumed to be completed already. Because welded structures are 

heat affected and heat affected zones always contain cracks or crack like slag inclusions. They 

also have crack like defects such as cold laps or lack of fusion. All these defects affect the 

fatigue strength of the welded joint. So, for welded joints the only related stages are 

propagation and fracture [2], [5]. The fatigue strength of welded joints is affected with the 

geometry of the weld and the defects [9]. 
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3.2 S-N curve 

The S-N curve, also known as Wöhler curve, is an illustration of the fatigue strength of a 

component against the number of load cycles to failure. To define the fatigue strength of a 

component a number of fatigue tests are required. The tests are done on the samples under 

constant amplitude loading and usually by applying completely reversed stress cycles. The 

process of the tests are applying a stress somewhat below the ultimate strength of the material 

in the first test, decreasing the applied stress in the first test a little and performing the second 

test. Continuing this process for a number of specimens and recording the results as an S-N 

curve [2]. 

The Wöhler curve is plotted in a log-log diagram for a special failure probability such as 50%, 

Figure 8 a). The Y-axis indicates the applied stress ranges and the X-axis is an illustration of 

the complete load cycles to which it corresponds to. The S-N curve has a knee point. The stress 

corresponding to this point is called fatigue or endurance limit. According to the S-N curve, 

failure will not occur for the applied stress ranges below the fatigue limit and the specimen can 

keep an infinite number of load cycles without failure [2], [9]. 

In case of having a spectrum load, if the maximum stress range is higher than the endurance 

limit, so the applied stress ranges below the fatigue limit will also be important in the fatigue 

life of the structure. As a result the S-N curve should be modified in a way that it is not 

horizontal after the knee point anymore. It has a slighter slope after this point, Figure 8 b) [3], 

[9]. 

 

Figure 8. S-N curve for a).constant amplitude loading, b)variable amplitude loading. 

3.3 Life cycle classifications 

According to the stress range and the number of load cycles a specimen is capable to cope, the 

fatigue life is classified into three different categories.  These categories are presented in Figure 

9 and are explained below [5]. 

 Low-cycle fatigue 

The tests with a number of load cycles up to approximately       which include high stress 

levels are considered as low cycle fatigue [5]. 

 High cycle fatigue 

This form includes approximate cycle numbers from        to         while the stress 

amplitude is higher than the fatigue limit [5]. 

 Giga cycle fatigue 
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Giga cycle fatigue is related to the horizontal part of the Wöhler curve, see 3.2. The Wöhler 

curve indicates stress amplitudes lower than the fatigue limit lead to infinite life of the 

component. While, the experiments have proved that this result is not valid for spectrum loads 

and it is just valid for constant amplitude loading. In case of variable amplitude loading the 

fatigue life would be decreased by having stress amplitudes lower than the fatigue limit [5]. 

 

Figure 9. Life cycle classifications [5]. 

3.4 Fatigue resistance 

As mentioned in 3.1, the initiation of the crack is highly dependent on the mechanical 

properties of the material. In steels the fatigue life in stage I (crack initiation) has a direct 

relation to the tensile strength. High strength steel has a higher crack initiation fatigue life 

compared to a lower grade steel. The presence of defects or imperfections might even reduce or 

suppress the first stage, like the welds situation [6]. On the other hand, the fatigue life in crack 

propagation phase is independent of material properties [6]. 

In the total fatigue life of a structure the crack initiation phase has the largest part. So, the 

presence of flaws in the material plays an important role in the fatigue strength of the structure.  

In machined steel parts the fatigue strength is directly affected by the steel grade, see Figure 10. 

In welded parts there are already defects and notches leading to decrease of the crack initiation 

period. So, the largest part of its life is related to phase II (propagation) which is not affected by 

the material mechanical properties [6],[3]. 

 

Figure 10.  Fatigue strength affected by Steel strength [6]. 
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Consequently, as illustrated in Figure 10, steels with higher grades compared to the lower ones, 

considering having the same defects (same weld penetration and geometry and the same 

loading), do not have longer fatigue life. Some studies even show lower fatigue strength for 

high strength steel in high cycle fatigue regions [6]. 

But the problem can be solved by improving the weld quality, geometry and as a result getting 

less imperfections and longer life. To improve the fatigue strength the critical welds must be 

placed in less stressed areas and post weld treatment must be applied to some critical welds 

[6][3].  

3.5 Residual stress 

Residual stresses are induced in the structure mostly during manufacturing processes such as 

welding, machining, forming, etc. because of local plastic deformations. During the welding 

process the heat affected zone will be fused and expanded while the surrounding is a cold area 

without any expansion, causing elastic thermal stresses. 

Residual stresses will be superimposed to the applied stresses on the structure, consequently 

depending on its sign it can have detrimental or beneficial effect. Tensile residual stresses tend 

to open any crack or imperfection in the weld, thus increasing the crack propagation rate and 

decreasing the fatigue life. While, compressive residual stresses tend to close the crack and 

having a positive effect on the weld fatigue life [6],[8]. 

Figure 11 is an illustration of welding residual stresses at the weld toe of various welded parts 

from the surface to the thickness of T. According to this graph the residual stresses at the 

surface of the weld, at the vicinity of the weld toe are tensile (positive) stresses and close to the 

yield strength of the material while it changes to compressive (negative) and again to tensile 

stress by going further down to the thickness [6],[3]. 

 

Figure 11. Welding residual stresses present at the weld toe, from the surface down to through the thickness T [6]. 

Figure 12 a) shows tensile and Figure 12 b) compressive stresses applied to a welded 

component. While a high value of tensile residual stress is present in the weld it is guessed that 

both tensile and compressive stresses, having the same range, have the same impact on the 

fatigue life. If it is assumed to be correct then the mean stress (     ) and consequently 

minimum (    ), maximum (    ) and ratio (R) of the applied stress do not affect the fatigue 

behavior. It is the range (  ) of the applied stress which fatigue specifications depends on. It is 

approved in an experiment and the results are shown in Figure 12, [6]. 
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 (1) 

   
    

    
 (2) 

              
(3) 

 

Figure 12. Residual stresses applied to a component with a) tensile and b) compressive stresses [6]. 

A steel component having fillet welded joint, containing high tensile residual stresses is tested 

under different stress ratios (R) and the results are plotted in an S-N curve, Figure 13. The 

results illustrate the same scatter for all the ranges. As a consequence, our assumption is right 

and the fatigue strength depends on the stress range, whether it is compressive or tensile stress, 

[6].  

 

Figure 13. Fatigue test results with different stress ratios, for steel fillet welded joints containing high tensile 

residual stresses [6]. 

3.6 Failure probability 

Along with the S-N curve a scatter always comes. Knowing the scatter, calculations done with 

a specific failure probability can be recalculated with another probability. Imagine the test 

results are illustrated with 50% failure probability while the S-N curve is plotted with 95% 

survival probability. To be able to compare the calculation results done through an S-N curve 

with the test results, they should have the same failure probability. So, a failure probability 

factor (  ) is calculated by knowing the standard deviation (stdv), slope of the S-N curve (m) 

and how much the curve needs to be shifted (n).Failure probability factor is calculated through 

the Eq.4 [3]. 

 

     
      

  
(4) 

a) 
b) 
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To convert the characteristic fatigue strength (     ) to mean fatigue strength (   

   ), the S-N curve needs to be shifted two standard deviations (n=2).One standard deviation 

to      is 0.2 referring to IIW. The slope of the S-N curve for welded joints for all the fatigue 

classes is defined as m=3 [10],[3]. So, the failure probability factor would be: 

 

     
     

       (5) 

3.7 Fatigue classes 

The results of fatigue tests of a number of various types of welded joints have been recorded as 

fatigue classes. Fatigue classes are shown with FAT which represents the fatigue strength of a 

welded joint under constant amplitude loading at       load cycles. Stress raising effects due 

to structural changes, miner misalignment, defects and residual stresses are considered in 

fatigue classes, while macro geometric effects are not. Thus, macro geometric effects should be 

taken into account by nominal stresses, [3]. 

3.8 Multi axial stress state 

Real structures are usually exposed to multi-axial stresses which are a combination of normal 

and shear stresses. In this case the differentiation between the proportional and non-

proportional loading is important, [14]. 

Proportional loading has constant principal stress orientations during the whole loading cycle. 

We can consider a varying magnitude point load with constant position and direction as an 

example. In this example the stress components will change in phase. So, the principal stress 

direction will be the same throughout the loading, [3]. 

In non-proportional loading the direction of the principal stresses is varying, like a bridge with 

moving cars as loads over it. In this bridge stress components orientations vary out of phase 

and independently, [3].  

In the case of proportional loading, if one of the principal stresses is in tension and the other 

one in compression then, the equivalent von misses stress would be higher than any of the 

principal stresses. So, von-misses would be the fatigue parameter. But, if principal stresses 

have the same sign, the maximum principal stress would be used, [14].  

If the loading is non-proportional it is recommended to use the interaction formula, [14]. The 

stress types to be used in case of multi-axiality are summarized in Table 1. 

Table 1. Stress types to be used in case of multi-axiality, [14]. 

Loading type 

First (max.) 

principal stress 

range 

Equivalent von-

Misses stress using 

ranges of stress 

components 

Interaction formula 

with normal and 

shear stress ranges 

Proportional 

loading 

Yes, if second 

principal stress has 

same sign 

Yes (with reduced 

S_N curve) 

Yes ( see [10] & 

[17]) 

Non-proportional 

loading with 

changing principal 

directions 

No No 
Yes ( see [10] & 

[17]) 
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3.9 Palmgren- Miner 

Palmgren-Miner summation is a method for calculation of cumulative damage of the structures 

subjected to spectrum loading. According to this rule, damage of each individual stress range 

cycle is independent of the other stress cycles applied to the specimen. The sequence of loading 

does not matter in this rule. If   cycles with the stress range of   , where its life is    , are 

applied, the damage (d) would be evaluated through Eq. 6, [3]. This method is presented in 

Figure 14 schematically. 

 

  ∑
  

  
 (6) 

 

Figure 14. Schematic representation of the Palmgren-Miner method [11]. 

3.10 Fatigue equivalent load 

A structure in its actual function is under variable amplitude loading, while the fatigue design is 

established on constant amplitude loading. So, the design load should be an equivalent load to 

the variable amplitude loading under study. It should have the same fatigue damage at the same 

number of cycles, [16]. 

To evaluate the loads on the beam in actual conditions, VCE uses a test track with real life 

working conditions. This track represents the daily life of the hauler at its extremes. To get the 

load time history on the beam, strain gauges are mounted on the hauler at the points of interest 

and the hauler is driven one hour in the test track. Afterwards, the force is evaluated through 

the gauges recorded results and scaled to 1000 hours. 

The equivalent load (   ) can be evaluated by using cumulative damage summation rule of 

Palmgren-Miner according to Eq. 7, [16]. 

 

     ∑
     

 

   
 
 

  
(7) 

Since VCE uses 1000 cycle/hour for the fatigue design, the equivalent load is calculated 

for           
     

 
 , see Eq.8. 

 

     ∑
     

 

    
 
 

  
(8) 
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3.11 Sub modeling technique 

To get reasonable results by notch stress method, the mesh should be fine enough in vicinity of 

the radius, see 3.12.3. In case of having a big and complex structure, small elements result in a 

huge model. Therefore, sub modelling technique can be used to solve the problem. In this 

method the global model has a coarse mesh while the sub model has a quite fine mesh in the 

notch, see Figure 15. By transferring the global model results in form of displacement to the 

sub model it will be analyzed [8]. 

 

Figure 15. Sub modelling technique, a) global model, b) stresses on the global model, c) sub-model, d) stresses on 

the sub-model [13]. 

3.12 Fatigue life assessment methods 

Fatigue life of the welded joints can be assessed by the methods recommended by IIW. The 

mentioned methods are nominal stress, structural hot spot, effective notch stress and linear 

elastic fracture mechanics (LEFM). In this project, the first three methods are presented and the 

fatigue life is assessed with these methods. 

3.12.1 Nominal stress method 

The traditional method of evaluation of welded joints is the nominal stress method. In this 

method the fatigue life is assessed by calculation of nominal stress and choosing the 

corresponding FAT value from fatigue strength tables, [10], [3]. 

The nominal stress (    ) is based on the stresses on the cross sectional area under study. It 

considers stress concentration effects caused by macro geometric discontinuities, Figure 

16Error! Reference source not found., but not the stress raising effects resulting from welded 

joints. In simple structural components it can be calculated through beam theory method with 

Eq. 9, see Figure 17. But, in case of having a more complicated structure, nominal stresses 

(    ) can be evaluated by FEA, [10], [3]. This method relies on the fact that when the stress 

becomes linear, its geometric effect has reached zero, thus only nominal stress is left, [3], [8]. 

 

     
 

 
 

   

 
 (9) 
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Figure 16. Examples of macro geometric effects [10]. 

 

Figure 17. Nominal stress in a beam-like component with welded attachment [10]. 

To get the nominal stress, stresses are plotted along a path approaching the weld. The path 

should be long enough to show the changes of the stress obviously. The stress will have a 

gradient near the weld joint due to its geometric effect. To get the nominal stress, the obtained 

stress along the path should be extrapolated inwards, see Figure 18, [3], [8]. 

 

Figure 18. Extrapolated nominal stress in welded joint [8]. 

The Wöhler curves illustrate the nominal stress in which stress raising effects of welded joints 

are excluded. Thus, in order to measure the nominal stress on the specimen, strain gauges 

should be mounted on the structure out of the stress concentration area of the welded joint, 

[10]. 

The nominal stress method calculates the life mostly at the weld toe and just in few cases at the 

weld root. In fatigue assessment on the root side, the analysis is based on the stresses at the 

weld throat which for cruciform and T-joints is evaluated with Eq. 10 [18]. 

 

     
      

  
 

(10) 
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3.12.2 Hot spot stress method 

A hot spot is a crucial point from which a crack is expected to propagate. Hot spot or 

geometrical stress includes all the geometrical stress concentration effects but the stresses 

caused by the weld itself. In the vicinity of the weld, due to the stress concentration of the weld 

profile, stress has a nonlinear distribution. To evaluate the hot spot stress, the nonlinear 

distribution of the stress should be excluded from the total stress. Extrapolation of the stress at 

the reference points can help this exclusion. According to IIW the reference points are 0.4T and 

1.0T from the weld toe, where T is the thickness of the plate, check Figure 19. The mentioned 

method is suitable for studying the crack propagation at the weld toe not the weld root, [8], 

[10], [3]. 

Having the stresses at the measuring points (      and      ), hot spot stress (   ) is calculated 

by Eq.11. Stresses at the measuring points can be evaluated by FEM or by the strains measured 

by strain gauges at these points.  

 
                        (11) 

 

Figure 19. Definition of structural hot spot stress and extrapolation points [8]. 

IIW recommends using the first principal stress which is parallel with the perpendicular to the 

weld toe, with a deviation of    
 
 , see Figure 20, [10]. 

 

 

Figure 20. Hot spot stress in case of having biaxial stress state at the weld toe, [10]. 
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3.12.3 Effective notch stress method  

The effective notch stress method is a local method and is based on the assumption of linear 

elastic behavior material. But, the nonlinear behavior of the material, the statistical nature and 

scatter of the weld shape need to be taken into consideration. Thus, a fictitious notch root radius 

replaces the real weld profile. IIW recommends using effective radius of                for 

plate thicknesses above 5mm, Figure 21, and                   for thicknesses less than 

5mm. Using FEM for evaluation of the notch stress, the elements sizes ought to be less than   ⁄  

of the radius in case of having linear elements and   ⁄  of the radius in case of having higher 

order elements. So, for the plates thicker than 5mm,                and for higher order 

elements, the element size would be 0.25mm. This method is only applicable to the stresses 

mainly perpendicular to the weld length, [10],[8]. 

Using characteristic fatigue strength (95% survival probability)             at 2 million 

cycles for effective radius of 1 mm is also recommended by IIW, [8]. 

 

Figure 21. Fictitious notch root radius of the weld toes and roots, [8]. 

The effective notch method has some advantages over the other ones. First, it determines the 

stresses at the root of the welds beside the toe stresses. Secondly, it uses one common S-N 

curve for fatigue evaluation, [10],[8]. 

3.13 Fatigue life assessment 

VCE has developed a method to assess the fatigue life of a structural element subjected to 

variable loading by using the Palmgren-Miner cumulative damage rule, Eq. 12. To get the life 

calculated, first load capacity (C) should be defined according to S-N curve, see Eq.13.Then, 

duty (D) should be evaluated through the range pair of the load spectrum, check Eq.14.  

Duty value (D) also known as load time history value, defines the toughness and intensity of a 

load spectrum. It is assessed through the range pair spectra by having the slope of the S-N 

curve (m), Eq. 13 and usually is expressed per time unit.   

The only connection between capacity and duty is the slope of the S-N curve (m). They ought 

to be computed with the same slope which is m=3 in our computations [12]. 

 

  ∑
  

  
 (12) 

 
        

(13) 

 

   ∑      
  

(14) 
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Solving Eq. 13 and Eq.14 respectively for    and   , then replacing the results into Eq. 12, 

gives Eq.15. 

 

  
 

 
 (15) 

Substituting Eq.15 into Eq.16 which is the formula for fatigue life calculation gives Eq.17.  

 
  

 

 
 

(16) 

 
  

   

 
 

(17) 

By having duty, equivalent stress (    ) can be determined for a specific number of cycles 

(   ) by Eq. 18. 

 
      

 

   
 

 

  (18) 

Computing the load capacity for the characteristic fatigue strength (FAT), which corresponds to 

     number of load cycles according to IIW, and normalizing duty to time, gives an 

alternative equation for fatigue life in hours ( ), Eq. 19. 

 
   

   

    
   

     

   
 

(19) 

FAT value and     in Eq. 19 should have the same failure probabilities, see 3.6, [12]. 
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4 IMPLEMENTATION 

In this chapter the working process is described. The BB on the hauler, the FE model and the 

test rig are studied and compared. The strains in the simulation and on the BB are also 

evaluated and compared. Finally, the fatigue life is assessed with different life assessment 

methods. 

 

 

4.1 BB on the hauler 

Bogie beam of the articulated hauler distributes the weight on the rear axles. Moreover, it helps 

its mobility in rough terrains and in vertical direction. It is mounted on rubber bearings known 

as elephant feet and bolted to the rear axles. It rotates around the rubber and metal bearing 

installed in the centre of the beam, see Figure 22. 

 

Figure 22. BB on the hauler. 

Beside the vertical forces acting on the beam it is also exposed to torsional loads. But, this 

project considers only vertical loads. The load applied in the test rig is the scaled version of the 

load time history assessed from the driving on the test track, and the load used in the analysis is 

the equivalent force, see 3.10.  

4.2 FEM 

The BB is simulated and analysed in ANSYS Workbench 14.0 under the equivalent force 

applied to one end of the beam. A square and a circular plate attached to the beam, simulate the 

elephant foot. When the force is applied to the circular plate, Figure 23 a), the life at the 

adjacent weld W2 appears to be longer than when it is applied to the beam directly, Figure 23 

b), and it is more similar to the actual boundary conditions of the beam on the hauler. 

Therefore, the one with the simulated elephant foot is used in the calculations, Figure 23 a).  

 

Figure 23. Simulation of the elephant foot. 

a) b) 
W2 
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The current design and new design of bogie beam are both analysed under the same loading 

and boundary conditions. The Boundary conditions of the beam are shown in Figure 24. The 

beam is free to move in Y-direction while, it is fixed in X and Z directions, see Figure 24. 

Rubber and metal elements are applied in simulation of the bearing mounted on the BB. 

To decrease the calculation time, symmetry boundaries is applied to the beam. The only 

difference between the analyses of the two designs is that in the new design half of the beam is 

analysed while in the current design a quarter of the model is analysed due to symmetry in two 

directions, compare Figure 24 and Figure 25.  

  

Figure 24. Symmetry on the HSS bogie beam. 

 

Figure 25. Symmetry on the current design bogie beam. 

To decrease the cost and time of simulation and analysis while increasing the accuracy of the 

results, sub- modelling technique is used in both of reference and HSS BBs. The global model 

is meshed with a coarse mesh, while the sub-models have a very smooth mesh. The element 

sizes at the welds roots in the sub-model are 0.25mm, check 3.12.3, which lead to a high 

accuracy in the results.  

4.2.1 Current Design BB 

The stresses on the global model of the reference beam are shown in Figure 26 a). As the figure 

shows, the critical welds are the weld around the sleeve and the one at the transitional radius. 

Thus, the sub-models at these regions are made and studied. Figure 26 b) indicates the sub-

models over the global model.  

 

Figure 26. a)Hot spots of the current design bogie beam, b) sub-models at the critical welds. 
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4.2.2 New Design BB 

The stresses and hot spots over the HSS beam are shown in Figure 27. The sub-models are 

made at the high stress regions as shown in Figure 28.  

 

Figure 27.Hot spots over the HSS beam. 

 

Figure 28. The welds intended for sub modelling. 

4.3 Test rig 

To evaluate the fatigue life of the beam in reality, the specimens are fatigue tested, all in the 

same test rig. On the hauler, the load time history is measured in the middle of the beam. Since, 

performing a test by applying smaller forces is easier and cheaper, instead of having the load in 

the middle of the beam, half of this load is applied to one end of the beam in the test rig, 

compare Figure 29 a) and Figure 29 b). The load is applied by using a hydraulic cylinder in 

vertical position.  

  

Figure 29. Load time history application point in a) hauler, b) rig test. 

The applied load to the beam is a spectrum, time domain load which is a scaled version of the 

load gotten from the driving in the field. It consists of high value compressive loads, Figure 29 

a). By having the load at one end of the beam, the compressive load changes to a smaller tensile 

load, see Figure 29 b). This tensile load still consists of high values of forces. Clamping the 

beam upside down in the rig converts the tensile forces to compressive ones, so the test would 

be performed with higher safety values. Figure 30 a) indicates how the beam is mounted on the 

hauler and Figure 30 b) shows how it is mounted upside down on the test rig.  
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Figure 30. a) BB on the hauler, b) BB mounted in the test rig. 

As Figure 30 shows, a hydraulic cylinder is used in the vertical position for actuation of the 

beam. The same rubber-metal bearing as the one in the hauler is placed in the sleeve, in the 

centre of the beam, and fixed with bearing fixtures. The beam can rotate around the rod passing 

the sleeve while its movement is eliminated in axial direction (Y-direction). Thus, it has the 

same boundary conditions, around the sleeve, as the beam in the hauler. 

To enable the relative angular movement between the actuator and the beam a plain spherical 

bearing is used in the attachment between them. The bearing also contributes to the rotational 

movement between the actuator and the attachment. As a result, the actuation load will be 

distributed over the applied area. 

A circular plate between the beam and the actuator resembles the elephant foot, see Figure 31. 

Since the test is accelerated, the rubber bearing at the hauler does not keep the load and will be 

deformed quickly. Thus, it is not applied in the test rig. 

 

Figure 31. Circular plate resembling elephant foot. 

The other end of the beam is supported in the vertical direction and a circular plate, the same as 

the first end of the beam, simulates the elephant foot. Spherical bearings and some flexible 

joints enable the movement in horizontal plane (X and Y- directions), Figure 32. 

 

Figure 32. Boundary conditions at one end of the test rig. 

X 

Y 

Z 
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4.4 Strain gauges, Current design BB 

As Figure 33 indicates, high nominal stress welds of the reference model are around the sleeve 

and the transitional radius on the web and also flange of the beam. To evaluate the stresses, 

strain gauges are mounted on the beam at the high nominal stress areas and some other points 

which are interesting in the stress assessment. 

 

Figure 33. Hot spots over the current beam. 

Figure 34 and Figure 35 show the position and direction of the gauges placed on the beam. 

Since the most critical stresses in fatigue of the welds are the perpendicular stresses to the 

welds, the gauges are mounted perpendicular to the weld. Gauges parallel to the weld direction 

are also used for further evaluation. 

 

Figure 34. Position of the strain gauges over the web of the bogie beam. 

 

Figure 35. Position of the strain gauges over the flange of the bogie beam. 

A static step load from zero to the maximum magnitude of the load with steps of 50KN is 

applied to the beam. The same load is applied in the simulation and the results are compared.  
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Figure 36 and Figure 37 show the vector principal stresses on the beam. The colorful squares 

show parts of the beam where the gauges are mounted. According to these figures the stresses 

are multi-axial and in most of them the direction of the principal stresses differs from the 

gauges direction. Thus, there will be a difference in the measured strain with the gauges and the 

strains from simulation. This difference originates also from the variation of the positioning of 

the gauges between the simulated model and the testing model. The close up view of the 

colorful squares in Figure 36 and Figure 37 are shown in the following figures. 

 

Figure 36. Where the vector principal stresses are further investigated on the web plate of the beam. 

 

Figure 37. Where the vector principal stresses are further investigated on the flange of the beam. 

Figure 38 indicates the multi axiality of the stresses on the beam where the gauge G1 is placed. 

As it is clear in this figure the gauges do not have the same direction as the principal stresses. 

According to the plots gotten from Soamt-Ease (S-E) program in Figure 39, gage G1-X 

indicates some nonlinearity in the strains, while the strains measured with G1-Y, which is 

perpendicular to the weld line, are completely linear.  

 

Figure 38. Vector principal stresses at the transitional radius on the web plate, where the gage G1 is glued. 

 

Figure 39. Strain plots at the transitional radius on the web plate from S-E, a) G1-X, b) G1-Y. 

a) b) 
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Gauge G2 is placed at one side of the sleeve, see Figure 34. G2-Y is mounted perpendicular 

and G2-X parallel to the fillet weld around the sleeve. As it is clear in Figure 40, multi-axial 

stresses exist at this region of the beam. The strain plots from S-E, Figure 41, show a little 

nonlinearity in strains measured with both of the gages but it is negligible.  

 

Figure 40. Vector principal stresses around the sleeve of the beam, where the gage G2 is glued. 

 

Figure 41. Strain plots at the position of gauge G2 from S-E, a) G2-X, b) G2-Y. 

Vector principal stresses and how the gauge G3 is mounted on the beam is shown in Figure 42. 

As it is visible in this figure, the principal stresses have the same direction as the gauges G3-X 

and G3-Y. The plots from S-E show linear strains at this part of the beam in both of the gauges 

in X and Y directions. 

 

Figure 42. Vector principal stresses around the sleeve of the beam, where the gage G3 is glued. 

The gauge G4 is mounted over the flange in the transitional radius of the beam. The vector 

principal stresses on the flange where the gauge G4 is glued are presented in Figure 43. Figure 

44 indicates the strains at this point of the BB in S-E. As it is obvious in Figure 44 there are 

some nonlinearity in the strains but it is not noticeable. 

a) b) 



 

45 

 

 

Figure 43. Vector principal stresses on the flange of the beam, where the gage G4 is glued. 

  

Figure 44. Strain plots at the position of gauge G4 from S-E, a) G4-X, b) G4-Y. 

As Figure 45 indicates, stresses on the BB at the position of the gauge G5 are multi-axial and 

the S-E program shows linearity in the strains at this position of the BB. 

 

Figure 45. Vector principal stresses on the flange of the beam, where the gage G5 is glued. 

Gauge G6 is mounted over the sleeve and the vector principal stresses are presented in Figure 

46. As can be seen in Figure 47 there is so much noise in the strains measured at this point 

specially in the ones measured with the G6-Y. The G6 is placed so close to the weld, Figure 48, 

so the noise can be due to the welded joint geometry effects 

 

Figure 46. Vector principal stresses on the sleeve of the beam, where gage G6 is glued. 
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Figure 47. Strain plots at the position of gauge G6 from S-E, a) G6-X, b) G6-Y. 

 

 

Figure 48. Position of the strain gauges over the current design bogie beam. 

The main principal strains measured with the strain gauges are plotted all together in Figure 49.  

The main principal strains from simulation, measured at the points where gauges are mounted, 

are plotted at Figure 50. According to the strains from the test rig, the highest strains belongs to 

G4 first and then G2 and G3, while it is a little different in the simulation. In the simulation the 

highest strain is at G2 first and then G3, check Table 2. So, the test predicts the fracture 

happens at the weld in the transitional radius first and then at weld around the sleeve, while the 

simulation predicts the crack propagation at the weld around the sleeve.  

The difference between the strain results from test rig and simulation could be due to the 

diversity between the measuring points.  It can be also caused by the difference between the 

applied loads. There is a slight variation between the commanded load and the applied load to 

the beam, see the level crossing plots in APPENDIX D: LEVEL CROSSING DIAGRAMS. 

 

Figure 49. Main principal stresses gotten from strain gauges on the current design beam. 
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Figure 50. Main principal stresses gotten from simulation on the current design BB. 

Table 2. Comparison of the fracture critical points of the beam, evaluated by test and simulation where gauges are 

placed. 

Strain Test Simulation 

Maximum 

 

 

 

 

Minimum 

G4 G2 

G2 G3 

G3 G1 

G6 G4 

G1 G6 

G5 G5 

4.5 Strain gauges, New design BB 

High nominal stress areas of the HSS BB, under the equivalent force, are shown in Figure 51, 

Figure 52 and Figure 53 in red squares. The highest stresses seem to be around the transitional 

radius of the beam.  

  

Figure 51. Hot spots over the HSS beam, side A. 
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Figure 52. Hot spots over the HSS beam, side B. 

 

Figure 53 Hot spots over the HSS beam, over the flange. 

Two specimens of HSS bogie beam are fatigue tested but, strains are measured on just one of 

them and the results are applied to both of the specimens. Figure 54, Figure 55 and Figure 56 

indicate how the gauges are mounted on the HSS beam. Strain gauges are mounted at six points 

all over the beam. They are all mounted in quarter bridge circuits except the gauge G2 which is 

a half bridge circuit. 

To get the strains of the strain gauges, the load is applied to the beam statically from zero to the 

maximum load and from the maximum load to zero by steps of 50KN.  The same step load is 

applied to the simulated model and the results are compared with the test rig results.  

 

Figure 54. Strain gauges position over the HSS beam at the side B of the beam. 

 

Figure 55. Strain gauges position over the HSS beam at the side A of the beam. 
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Figure 56. Strain gauges position over the HSS beam over the flange of the beam, a half bridge circuit gauge. 

Figure 57, Figure 58 and Figure 59 show the vector principal stresses all over the beam. Close 

up figures of the colourful squares in these figures are shown in the following figures.  

According to the Figure 60 the stresses at the transient radius are multi-axial. To assess the 

strains at this area a rectangular rosette gage is used for a higher accuracy. So, by having the 

three measured strains by the rosette gauge the principal strains are calculated.   

 

Figure 57. Vector principal stresses over the HSS beam and where these stresses are evaluated further, side B of 

the beam. 

  

Figure 58. Vector principal stresses over the HSS beam and where these stresses are evaluated further, flange of 

the beam 

  

Figure 59. Vector principal stresses over the HSS beam and where these stresses are evaluated further, side A of 

the beam. 
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Figure 60. Vector principal stresses where G1 is mounted. 

To measure the strains due to bending of the flange, two strain gauges are mounted on the beam 

in a half bridge circuit. One of them is placed on the upper flange and the other one on the 

lower flange as shown in Figure 56. So, one of them is in tension while the other one is in 

compression, see Figure 61.  

 

Figure 61.using two gauges in a half bridge circuit to measure the bending strains. 

The train gauges G2 are set in the middle of the flange where the stresses are uni-axial, Figure 

62. So, one strain gauge in the same direction as the first principal stress is sufficient.  

 

Figure 62.Vector principal stresses where G2 is mounted. 

Strain gauge G3 is almost in the same position as G1 but on the other side of the beam, Figure 

57. As it is clear in Figure 63,  stresses are multi-axial  thus,  two gauges, which make G3, in 

the same direction as the main principal stresses are used to measure the strains at this point.   
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Figure 63. Vector principal stresses where G3 is mounted. 

Gauge G4 measures the strains on the welded joint between the lower flange and the web. As 

Figure 64 shows, the dominant stress in this region is minimum principal stress in the same 

direction as G4-X. There are also first principal stresses which are assessed by G4-Y and 

compared to the ones at the same position in the simulation.  

 

Figure 64.Vector principal stresses where G4 is mounted. 

To have a better source of comparison, two gauges are mounted on a part of the beam with low 

stresses, where the stresses do not change much, check Figure 65. The strain plots from the 

simulation and strain gauges at this point agree well together. But, S-E plots show some noises 

at this point. The strains do not change completely linearly in X and Y-directions, Figure 66.  

 

Figure 65.Vector principal stresses where G5 is mounted. 
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Figure 66.Strains over the beam where G5 is placed, evaluated by S-E, a) G5-X, b) G5-Y. 

As it is clear in Figure 67 stresses around the sleeve are multiaxial, so to be able to evaluate the 

stresses with ahigher accuracy, rectangular rosset gauges are applied.  

 

Figure 67.Vector principal stresses where G6 is mounted. 

The measured strains at the different points of the beam by gauges, plotted against the applied 

load, are shown in Figure 68 and the ones measured in the simulation are presented in Figure 

69. According to the gauges results the highest strains occur first in G2 and then in G3, while in 

the simulation G2 and G3 have almost the highest and equal strains and G1 has the next highest 

strain, check table3. Thus, among the points their strains are measured, the test rig predicts the 

fracture happens first in the transitional radius on the flange (G2) and then in transitional radius 

on the web at weld W1 (G3). The simulation predicts the crack propagation first at the 

transitional radius on the flange (G2) and on the web (G3) and then at the transitional radius of 

the web on the other side of the beam.  

 

Figure 68.Main principal strains evaluated by strain gauges on the HSS beam. 
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Figure 69.Main principal strains evaluated by simulation on the HSS beam. 

Table 3. Comparison of the fracture critical points of the beam, evaluated by test and simulation where gauges are 

placed. 

Strain Test rig Simulation 

Maximum 

 

 

 

Minimum 

G2 G3=G2 

G3 G1 

G6=G1 G6 

G4 G4 

G5 G5 

 

The strains gotten from strain gauges plotted against the strains from simulation show a very 

good agreement between the results, see appendix B. There is a very slight difference which 

can be due to the difference between the desired applied load and the real applied load, or the 

difference between the location of the gauge on the beam in the test rig and in the simulation.  

4.6 Backing bar sub-model 

To increase the stability of the welds at the transitional radius of the beam, a backing bar is 

used.   Figure 70 shows a hot spot at the root of the welded joint. A close up view of this hot 

spot is also shown in Figure 72.  The part shown in the red circle in Figure 71 has the least 

strength compared to the other parts of the backing bar because it happens to be between the 

two roots of the welded joints. There is also a sharp edge where the roots end. Thus, the hot 

spot region shows up where the weakest part comes along with the sharp edge.  

 

Figure 70. Backing bar sub model. 
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Figure 71.Backing bar close up view. 

 

Figure 72. Maximum stresses at the backing bar. 

4.7 Fatigue life assessment, nominal stress method 

The fatigue life is assessed through nominal stress method for either of the current design or the 

new design of the bogie beam. To evaluate the life through Nominal stress method, in the 

simulation, the stresses along a path perpendicular to the weld are measured and extrapolated to 

get the nominal stress. The path is made around where the gauges are glued to the beam. For 

evaluation of the weld toe, the FAT value is chosen from the IIW fatigue resistance value 

tables, Table 4, and finally, the life is calculated. 

Table 4. IIW fatigue resistance value. 

 

The fatigue assessment at the root of the welds is done by using Eq.10 and the FAT value of 

36MPa according to table5. Either of the fatigue assessments at the root or toe is done for 50% 

failure probability. 

Table 5. IIW fatigue resistance value. 
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4.7.1 Current design BB 

For the current design, the fatigue life through nominal stress method is evaluated for the weld 

W1 and W6 at gages G1, G2 and G3, and the results are presented at Table6. The nominal 

stress method evaluates the crack to be appeared at the root of the W6 and originated from 

where G3 is placed. However, this method predicts a very short life at the root of the weld W6 

and underestimates the life.  

Table 6. Fatigue life assessed with nominal stress method at current design beam. 

Fatigue life (h) –Nominal stress method 

Weld (gauge) Toe Root 

W1(G1) 1662 217 

W6(G2) 443 58 

W6(G3) 247 32 

4.7.2 New design BB 

The welded joints W1, W2 and W6 of the HSS beam respectively at gages G3, G1 and G6 are 

evaluated for the fatigue life through nominal stress method at the weld toe and root. The weld 

W1 is post treated, so the fatigue life at the toe will be increased. The correction factor of the 

FAT value for nominal stress according to IIW recommendations is chosen 1.6 from Table7. 

So, the life at W1 will be 3981h. 

Calculations of the fatigue life by Nominal stress method in the HSS beam reveals that the 

crucial area to the fatigue crack is the root of the weld W2.   

Table 7. IIW FAT classes for use with nominal stress at improved joints. 

 

 

Table 8. Fatigue life assessed with nominal stress method at HSS beam. 

Fatigue life (h)- Nominal stress method 

Weld (gauge) Toe (Hour) Toe(after post 

treatment) 

Root 

W1(G3) 972 3981 373 

W2 (G1) 1875  304 

W6(G6) 1329  802 

4.8 Fatigue life assessment, hot spot stress method 

Fatigue life is also studied through structural stress method for both, the current and new 

design. Assessment of the fatigue life by Hot spot stress method at the weld toe is done in the 
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simulated model by calculating the stress at 0.4t and 1.0t from the weld toe root and evaluating 

the hot spot stress by using Eq.11. Since the welds are load carrying the FAT value is 

FAT=90Mpa. The life by Hot spot stress method is also verified for 50% survival probability.  

4.8.1 Current design BB 

The fatigue life of the current design beam is calculated at the same welds and gauges as the 

nominal stress method. The results are shown in Table8.  So, hot spot stress method predicts 

the crack to be propagated at the toe of weld W6 after 535h and start from where the gauge G3 

is mounted.  

Table 9. Fatigue life assessed with hot spot stress method at current design beam. 

Fatigue life (h)- Hot spot method 

Weld (gauge) Toe 

W1(G1) 860 

W6(G2) 835 

W6(G3) 535 

4.8.2 New design BB 

The assessed fatigue life of the HSS beam by hot spot stress method is presented in Table9. It is 

evaluated at the same position as the nominal stress method. Since W1 is post treated the FAT 

value need to be corrected for the toe of the welded joint. The corrected value is chosen from 

IIW, check Table10. The new Fat value according to IIW tables would be125MPa and the life 

after post treatment would be 2242h. The hot spot method concludes the fracture in the HSS 

beam occurs at the toe of the weld W2 after 1829h. 

Table 10. IIW FAT classes for use with hot spot method at improved joints. 

 

Table 11. Fatigue life assessed with hot spot method at HSS beam. 

Fatigue life (h)- Hot spot method 

Weld (gauge) Toe Toe( after post treatment) 

W1(G3) 837 2242 

W2 (G1) 1829  

W6(G6) 2475  

4.9 Fatigue life assessment, Notch stress method 

The fatigue life is also investigated by the notch stress method. This method evaluates the 

fatigue life at the toe and the root. So, the notch stresses are taken from the root of the welds in 

the sub-models and the fatigue life is calculated by Eq.19.  
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4.9.1 Current design BB 

The welded joints W1 and W6 in the current design beam are the critical welds and the sub-

models are made for these two joints. So, the fatigue life is assessed at welds W1 and W6 and 

is shown in Table 12.  According to Table 12, the root of the weld W6 has the lowest fatigue 

life and the crack is expected to be propagated at this area.  

Table 12. Fatigue life assessed with notch method at current design beam. 

 Weld Fatigue life (h)-Notch method 

W1 
Toe 1183 

Root 691 

W6 
Toe 757 

Root 269 

4.9.2 New design BB 

There are six sub-models in the HSS beam made at the welded joints with highest stresses. The 

investigated fatigue life by notch method in the HSS bogie beam is done in the welded joints 

with sub-model at the root and at the toe and the result is presented in Table 13. 

The expected life according to Volvo CE is 1000h for the beam. So, the joints with the assessed 

life less than 1000h need to be improved by post treatment techniques. As Table 13 shows the 

life of the welds W1 and W4 at the toe (orange colour) and W2 and W4 at the root (blue 

colour) is less than the expected 1000h life. The toe of the welds can be improved by post 

treatment but there is no improvement technique for the root. Thus, W1 and W4 are post treated 

at the toe with HFMI technique. As a result, the gotten life is over 1000h and satisfies the 

expectations.  

According to Table 13, crack is expected to be propagated at the root of the weld W4 at 700h.  

Table 13. Fatigue life assessed with notch method at HSS beam. 

Notch method 

Weld  Life (h) Life after PIT (h) 

W1 
Toe 855 11000 

Root 1303  

W2 
Toe 2060  

Root 944  

W3 
Toe 4250  

Root 1325  

W4 
Toe  947  13000 

Root 700  

W5 
Toe 1765  

Root   

W6 
Toe 1090  

Root 1476  
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5 RESULTS 

 

 

5.1 Current design BB 

The results achieved by the different life assessment methods are presented in Error! 

Reference source not found.. The predicted life at the toe of the welds with all the three 

methods is more than the life gotten with the test, except the life at W6 (G3) gotten with 

nominal method which is a little lower than the real life from the test. Comparing the life at the 

root of the welded joints reveals that the nominal method underestimates the life while notch 

method seems to have a good estimation.   

Table 14. . Evaluated life by different methods in current design beam. 

 Toe Root Root 

 Nominal Structural Notch Nominal Notch Test 

W1(G1) 1662 860 1183 217 691  

W6(G2) 443 835 
757 

58 
269 332 

W6(G3) 247 535 32 

Coming to the test rig results shows that, after 137 rig hour and 332 field hours running the test 

on the current design of the beam, a crack appears at the toe of the weld W6 which is the 

connecting joint between the sleeve and the web. It initiates at point1and ends at point2, see 

Figure 73. So, the beam is sliced around the weld and three samples at three positions of the cut 

part are chosen for further investigation, check Figure 74.  

 

Figure 73.Crack propagated at the fillet weld around the sleeve of current design beam. 

Figure 75 indicates the samples and the cross section of the weld between the sleeve and the 

web at three different points. As it is clear in sample 1and 2, Figure 75 a) and Figure 75 b), 

there is a broad gap between the sleeve and the plate while there is no gap in sample3. Having a 

gap leads to insufficient weld and as a result low strength. So the crack initiates at the gap 

which also has a sharp edge due to welding. The crack then grows in the HAZ area and finally 

appears at the weld toe on the plate side. The toe between the weld and the plate has a much 

less transition radius and so higher stress concentration compared to the toe between the weld 

and the sleeve.  
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Figure 74.Crack propagated part. 

 

Figure 75.  Samples from the crack propagated part, a) sample 1, b) sample2, c) sample3. 

5.2 New design BB 

The overall comparison of the assessed fatigue life of the welded joints in the HSS beam 

demonstrates that nominal method underestimates the life at the root of the welds. But, notch 

method sounds to have a good estimation of life, see Table 15.  

Table 15. Evaluated life by different methods in HSS beam. 

 Toe Root   

 Nominal 

method 

Structural 

method 

Notch 

method 

Nominal 

method 

Notch 

method 

Test 

(HSS1) 

Test 

(HSS2) 

W1(G3) 3981 2242 11000 373 1303 

845 1160 

W2 (G1) 1875 1829 2060 304 944 

W6(G6) 1329 2475 1090 802 1476 

W3   4250  1325 

W4   13000  700 

W5   1765   

The second tested structure is the first HSS beam. The cracks propagate in this beam after 190 

rig hour and 845 field hours. Check Figure 76, there are four cracks grown at the red square 

regions at both sides of the beam symmetrically. A part of the beam where it is fractured is cut 

and studied. Figure 77 shows the inner side of the cut part. The crack is originated where the 

backing bar is attached to the web plate with tack welds. The red arrows in this figure point to 

the crack propagation path. The main reason of the fracture in this beam is the geometrical 

effect of the tack weld. Tack weld is applied for the initial attachment between the main plate 

and the backing plate. After the main weld is done, the tack weld should be removed to skip its 

stress concentration effects. 
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Figure 76. Where the first specimen of HSS beam is fractured. 

 

Figure 77. Fracture at the tack weld connecting the backing bar to the web. 

In the third tested specimen or the second HSS beam fracture happens after 435 simulated rig 

hour and 1160 field hour. The cracks are observed in the same positions as the first HSS beam. 

But, in the second HSS beam there are just two cracks and each of them has appeared on one 

side of the beam.  
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6 CONCLUSIONS 

 

 

 The fatigue life evaluation in the current design beam has the most accurate results with 

the notch method. 

 In the new design beam the notch method results are close to the test rig results. Since, 

the fatigue fracture does not occur in any of the main welds of the beam but in the tack 

welds, it cannot be concluded which of the methods is the most accurate method for 

fatigue investigation. 

 The target life for the HSS beam is 1000 filed hour. The tested specimens give an average 

mean life of 1000h. Even though the crack did not propagate at the expected welds, it still 

fulfilled the fatigue expected lifelong. 

 The new design of the beam with HSS has a good design, the welds are chosen and post 

treated properly.  
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7 RECOMMENDATIONS AND FUTURE WORK 

 

 

 The present thesis work is a preliminary work on the durability testing of welded 

structures and is based on the known methods for fatigue assessment of the welds. 

Further evaluation can be done using some other methods which use the strains measured 

at the strain gauges for fatigue assessment.  

 Position of the strain gauges should be chosen more wisely. 

 Ultrasonic should be used for investigation of the cracks. There could be some cracks on 

the beam which are not visible. The beam is not cut off at all the welds for checking the 

fracture at the root of the welds. So, ultrasonic can help us in investigation of all the 

welds.  

 The tack welds are the main reasons of the fracture in the HSS beam, it is working as a 

notch on the beam. Therefore it should be studied and improved.  

 The effect of the other loads on the beam in the hauler like the torsional load should be 

studied as well.  
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APPENDIX A: STRAINS FROM STRAIN GAUGES AGAINST 
STRAINS FROM FE-MODEL (CURRENT DESIGN) 
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APPENDIX B: STRAINS FROM STRAIN GAUGES AGAINST 
STRAINS FROM FE-MODEL (NEW DESIGN)  
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APPENDIX C: RANGE PAIR DIAGRAMS 
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APPENDIX D: LEVEL CROSSING DIAGRAMS 

 

 

 

 

 

 

-350

-300

-250

-200

-150

-100

-50

0

50

100

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05

L
o

a
d

 (
K

N
) 

 

Number of cycles 

Level crossing- Current design 

Command

Load

-400

-350

-300

-250

-200

-150

-100

-50

0

50

100

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

L
o

a
d

 (
K

N
) 

Total cycles/hour 

Level Crossing-HSS1 

Command

Load

-350

-300

-250

-200

-150

-100

-50

0

50

100

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

L
o

a
d

 

Total cycles/hour 

Level crossing-HSS2 

Command

Load


