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Abstract 
This thesis has been conducted at Cargotec Sweden AB as a case study on the loader 
body of the HIAB XS 144 crane. The loader body is the innermost part in the cranes 
arm-system and its fatigue life is critical to the operational life of the whole crane. 
Welding is the main joining process in Cargotec’s cranes and are often a limiting factor 
when it comes to fatigue life. The weld joining the column to the loader body is 
carrying the whole crane moment. Previous testing has shown that this weld often 
limits the fatigue life of the loader body, it has thus been evaluated. 

Weld fatigue life is affected by a large amount of parameters. To pinpoint the 
parameters mainly affecting the weld fatigue life and to understand their influence, 
calculations have been organized using factorial design. The evaluation has been 
carried out using 3D finite element calculations utilizing sub-modelling to calculate 
local stresses in the weld notches. Different parameters have been evaluated based on 
their influence on the local notch stresses. To estimate stresses from the evaluated 
parameters, regression equations have been fitted. The effective notch method has 
been used to estimate weld fatigue life.  

The evaluation has shown that a butt-weld design with root-support, only being 
welded from the outside of the loader body, as used on some other crane models, 
could not provide a robust design for the XS 144 crane. The evaluation could also 
point out several critical parameters that need to be considered when using such 
design. Apart from the local weld geometry, plate thickness, plate angle, material 
offset and thickness in the casted column were mainly affecting the weld notch 
stresses. 
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1 INTRODUCTION 

1.1 Background 

Cargotec is a global producer of goods handling equipment. Under the brand name HIAB, Cargotec 
produces mainly on-road load handling equipment. Truck mounted cranes are one of the key 
products under the HIAB brand. 

 
Figure 1 – HIAB XS series crane in action. 

Weight reduction is one of the key values for all on-road load handling equipment. Achieving as low 
weight as possible requires taking as much advantage of the material strength as possible. This makes 
correctly designed joints crucial. For cranes, one of the main joining methods is welding. Since 
welding always introduce stress concentrations in structures and crack like defects in joints, they are 
often critical to the fatigue life. In order to control the fatigue life of a weld, many different 
parameters have to be considered. 

1.2 Problem description 

The innermost part of the cranes arm system is the loader body. The loader body is connected to the 
crane base with axial and radial bearings and transmits a rotating motion through a slewing 
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mechanism. Together with the hydraulic inner boom cylinder the loader body supports the total 
lifting moment of the crane.  

The loader body is designed out of shaped sheet metal plates and a casted column welded together. 
The weld connecting the U-plate with the column is critical to the fatigue life of the loader body. This 
weld is referred to as the column weld. In order to reduce production cost and lead time, the weld 
design currently preferred is adapted for welding from one side. Welding from one side also simplifies 
future adoption to robot welding.  

 
Figure 2 – Loader body CAD-model. 

This design has been proven to work on some cranes in HIAB’s product range, but for some cranes 
testing has resulted in insufficient fatigue life due to root failure. As a temporary solution, the joint is 
therefore TIG welded from the inside on some crane models. Since the design is not intended for 
such joint this is not an optimal design.   

1.3 Purpose 

The purpose of this project is to evaluate the different parameters affecting the welds fatigue strength 
and design an optimal weld on one of the cranes in HIAB’s product range. 

1.4 Methods 

Fatigue life evaluation has been made according to the effective notch method, with 3D finite element 
calculations as the mean for calculating notch stresses. As a mean for organizing calculations and 
evaluate parameters, design of experiments has been used as a complementary tool.    

U-plate 

Column 

Column 
weld 
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2 FRAME OF REFERENCE 

2.1 Fatigue life assessment methods 

There are several different calculation methods to assess weld fatigue life. The most common 
methods are: nominal stress, structural hot-spot, effective notch and fracture mechanics. These are 
covered by IIW recommendations [1].  

For these methods, fatigue actions (load history) and fatigue resistance (strength) are separated. The 
determination of fatigue actions depend on the assessment method. Nominal stress and structural 
hot-spot methods are considered global methods where the fatigue actions are represented by stresses 
in the vicinity of the weld.  The nominal and structural hot-spot stresses do not include the stress 
raising effects of the local weld profile. These methods offer acceptable accuracy for simple welded 
structures at a relatively low work effort. Strictly, the nominal stress and hot-spot methods are limited 
to assessment of the weld toe. With the effective notch method, the weld profile is modelled. Both 
the toe and root side of the weld is covered by the method. The fatigue action is represented by the 
notch stress in the modelled weld toe or root radii. The fatigue resistance for these three methods are 
given by Wöhler S-N curves. The S-N curves are on the form: 

𝑁 =
𝐶

∆𝜎𝑚
    𝑜𝑟   𝑁 =

𝐶
∆𝜏𝑚

 

Fatigue resistances are generally represented by a FAT-value, describing the S-N curves allowed stress 
range in MPa at 2 million load cycles and a slope angle, m.  

Fracture mechanics is used to calculate the crack growth from propagating crack like defects in 
welded joints. An initial crack is modelled and the stress intensity at the crack tip is calculated. Fatigue 
life is determined by integration of Paris power law. While fracture mechanics offers good accuracy 
and can be used to calculate crack growth in both toe and root simultaneously, it also requires a 
considerably larger work effort. 

Effective notch stress approach 
Weld toe and root notches give rise to local stress concentrations. The irregularity of real weld 
notches and the micro structural support effect is taken into account using fictitious notch radii. The 
micro structural support effect considers the inhomogeneous material structure under a stress 
gradient, affecting the fatigue behaviour. The method uses ideal-elastic material behaviour and the 
stress averaging approach to take the micro structural support effect into account [2].  

The stress averaging approach, proposed by Neuber and outlined in [2], suggests that the stress 
reduction in a notch due to averaging the stress over a depth can alternatively be achieved by 
increasing the notch radius. Neuber proposed the following formula for the fictitious radius ρf: 

𝜌𝑓 =  𝜌 + 𝑠 ∙ 𝜌∗, 

where 𝜌 = actual notch radius 

 𝑠 = factor for stress multi-axiality and strength criterion 

 𝜌∗ = substitute micro-structural length 

According to [2], Radaj proposed an approach for welded joints using a factor s of 2.5. For steel a 
substitute micro-structural length of 0.4 mm is used. These factors result in an increase by 1 mm of 
the actual radius. The approach is applied in a conservative way, assuming a real radius of 0 mm. This 
results in a fictitious radius of 1 mm which is to be applied at both the toe and the root. Figure 3b and 
c show two common ways of modelling weld root notches. The crack like shape of a real weld root is 
closer to the assumed real notch shape with 0 mm radius, than the shape of a real weld toe, which 
generally has a larger radius. This presumably makes the method less conservative for root stress 
evaluation. 
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Figure 3 – Weld root rounding of a non-penetrating fillet weld, b) keyhole notch and c) U-

shaped notch, figure from [2]. 

The effective notch stress can be determined using finite element analysis. Fatigue life estimation is 
done using a single Wöhler S-N curve. The method is not applicable for loading parallel to the weld. 
For uni-axial loading, fatigue life should be evaluated using the first principal stress, IIW recommends 
a fatigue resistance (FAT) of 225 MPa [1] for steel. The method is also restricted to plate thicknesses 
over 5 mm. 

Multi-axial stress 
In the case of multi-axial stress states, e.g. simultaneous normal and shear stress, there are different 
approaches. A distinction is made depending on if the loading produces constant principal stress 
directions (proportional loading) or if they change direction (non-proportional loading). If the stresses 
vary proportionally in phase, the stresses may be evaluated in a similar way to the case of uni-axial 
loading, but using the equivalent von Mises stress range with reduced S-N curve [2]. Alternatively, the 
Gough-Pollard interaction formula may be used to assess the effect of multi-axial loading [1], [2], [3].  

�
∆𝜎𝐿𝑜𝑎𝑑
∆𝜎𝑆𝑁

�
2

+ �
∆𝜏𝐿𝑜𝑎𝑑
∆𝜏𝑆𝑁

�
2

≤ 𝐶𝑉 

Where ∆𝜎𝐿𝑜𝑎𝑑 = normal stress range 

∆𝜏𝐿𝑜𝑎𝑑 = shear stress range 

∆𝜎𝑆𝑁 = endurable normal stress range 

∆𝜏𝑆𝑁 = endurable shear stress range 

CV is a comparison value, for proportional loading CV=1.0 and for non-proportional loading 
CV=0.5 for steel material. Endurable stress ranges are given by the number of cycles of interest and 
the appropriate S-N curve. The interaction formulae may be used for either the nominal, hot-spot or 
local stresses. 1st principal or equivalent stress may be used as normal stress. Recommended FAT-
values for steel with the effective notch stress method are presented in Table 1. The values are 
derived at a 95% probability of survival. 

Table 1 - FAT values according to the IIW-scheme derived from normal stress or shear stress 
for 1 mm reference radii and different strength hypothesis [3]. 

Loading Normal stress Torsion (shear stress) 
Hypothesis Principal stress von Mises Principal stress von Mises 

 Δσloc, PSH Δσloc, von Mises Δσloc, PSH=Δτloc Δσloc, von Mises 
Stresses in MPa 225 200 160 280 

 

[1], [3] and [4] recommend a slope angle m = 3.0 for normal stress and m = 5.0 for shear stress. In 
case of variable amplitude loading the endurable stress range may be derived using linear damage 
calculation, e.g. “Palmgren-Miner” rule. 



 

 

Dept. of Aeronautical & Vehicle Engineering, Div of Lightweight Structures 

KTH, Royal Institute of Technology, Stockholm, Sweden 

-5- 

 

2.1.1 Residual stresses 
Residual stress fields are developed due to rapid heating and cooling of the material in the weld 
process. During welding, the weld metal and nearby fused area is constrained by the surrounding 
colder base material, this causes plastic deformation of the soft heated metal. When the metal cools 
down the shrinkage of the weld material causes tensile residual stresses in the weld and compressive 
residual stresses in the surrounding base material. Micro structural phase transformations in metals 
due to temperature changes may also affect the build up of residual stresses [3], [5], [6].  

Since residual stresses are stresses remaining in the body without external loading, they do not affect 
the stress amplitude but will displace the range. This allows for the residual stresses to be estimated 
separately and added to the stress range from loading. Depending on if the residual stresses are tensile 
or compressive they can be either detrimental or beneficial. If the combined residual and load stresses 
exceed the yield strength of the material, plastic deformation will occur, quickly relaxing the residual 
stresses during the first load cycles [5].  

Fatigue resistances given by IIW recommendations include safety margins to accommodate high 
tensile residual stresses. However, accurate prediction of residual stresses requires complex and CPU 
time demanding process simulations including many different phenomena, e.g. non-linear 
temperature depending material models, the material and heat feed of the weld [3]. Residual stresses 
can also be investigated by testing. In [5] the residual stresses were measured on the surface and 
subsurface using X-ray diffraction technique.  

At Cargotec, the column weld has previously been tested using strain gauges to estimate residual 
stresses. The weld was fitted with strain gauges after welding prior to testing. After testing, the loader 
body were cut apart to relax the residual stresses. The test could not provide sufficiently accurate 
results but indicated the presence of compressive residual stresses in the base material at the corners 
of the U-plate and tensile residual stresses in the centre of the loader body, measured in the transverse 
direction of the weld both on the inside and outside of the plate [11]. 

2.2 Design of Experiments 

Weld fatigue life is affected by a large amount of parameters. To help organize simulations and 
evaluate results, design of experiments (DoE) has been used.  

2.2.1 Factorial design 
Factorial design allows for a simultaneous study of the effects that several parameters may have on a 
process. When performing an experiment, varying the levels of the parameters simultaneously rather 
than one at a time is efficient in terms of time and cost, and also allows for the study of interactions 
between the parameters. Interactions are the driving force in many processes. Without the use of 
factorial experiments, important interactions may remain undetected [7], [8]. 

Both discrete and continuous parameters can be evaluated in factorial experiments. For each 
parameter, different levels are chosen. The levels represent experimental conditions for the different 
parameters. For a discrete parameter, the levels can be e.g. different design concepts. Extrapolation of 
parameters outside their range is not allowed, thus using as wide parameter ranges as possible is 
recommended. Each parameter is tested at their chosen levels.  

When evaluating factorial designs, the effect of each parameter and parameter combination is 
compared. The effects of separate parameters are called main effects, and the effects of combinations 
of parameters are called interaction effects. The main effect of a parameter is the difference between 
the mean response when the parameter is at its high and low setting. The effects are thus relative to 
their range. Interaction effects are the effect of changing two or more parameters simultaneously 
contra changing them separately. 

Full factorial designs 
In a full factorial experiment, all combinations of parameter levels are tested. Each test is called a 
“run” at which one or more responses are measured. A design is a set of runs. For a two-level full 
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factorial design, where each parameter is tested at two levels, 2n runs are required, where n is the 
number of parameters. A general full factorial design can use different levels for each parameter. 

Factorial designs are often described in design tables. For a two-level factorial design, the levels of 
each parameter are denoted with + for high and – for low. Table 2 shows a design table with the 
three parameters A, B and C at two levels.  

Table 2 – Design table for a two-level full factorial design with parameters A, B and C. 

Run A B C Response 
1 - - - y1 
2 + - - y2 
3 - + - y3 
4 + + - y4 
5 - - + y5 
6 + - + y6 
7 - + + y7 
8 + + + y8 

 

Fractional factorial designs 
A process may be affected by many parameters and each run may be time consuming and associated 
with large costs, making the use of a full factorial design impossible. In a fractional factorial design, 
the number of runs is reduced by excluding some of the combinations of parameter levels. The kept 
combinations are chosen as fractions of a full factorial design. This causes the estimated effects to be 
undistinguishable. To evaluate the effects, main and lower order interaction effects are assumed to be 
larger than higher order interaction effects. Effects that are inseparable are called aliased or 
confounded. 

The resolution of a reduced design describes to what degree effects are confounded. In a design with 
resolution III, main effects are confounded with two-factor interaction effects. If the design has 
resolution IV, two-factor interaction effects are confounded with each other and main effects are 
confounded with three-factor interaction effects. 

Plackett-Burman designs 
Plackett-Burman designs are fractional factorial designs with a confounding relationship where main 
effects are confounded with two-factor interaction effects. For two-level Plackett-Burman designs the 
number of runs required is a multiple of 4, and the number of parameters has to be less than the 
number of runs [9]. The Placket-Burman designs are thus very effective screening designs for main 
effects. 

Screening designs 
If the number of input parameters is large, a screening design is used to identify parameters that do 
not affect responses in a significant way and isolating the key parameters in the process.  

In industry, two-level full and fractional factorial designs and Plackett-Burman designs are often used 
to "screen" for the really important parameters that influence process output measures or product 
quality [7]. 

Dummy variable 
A dummy variable is an artificial parameter, in an ideal experiment without any error and confounded 
effects the main effect of dummy variables would be zero. Dummy variable can thus be used as 
measures of the error. E.g. in a Plackett-Burman design, where parameters may be added without 
increasing the number of runs, dummy variables can be used as reference measures of the error due 
to aliasing and experimental procedure.  

Normal effects plots 
Normal effects plots are a common tool in factorial design to determine whether effects are active or 
not. Active effects are effects that are statistically significant. There is a distinction between statistical 
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and practical significance, e.g. statistically significant effects may not be practically significant if both 
the effect and the error is relatively small. 

Normal effects plots are used to test the assumption that most effects are inactive; if all effects are 
inactive their variation will be caused by random error making them normally distributed with a mean 
of zero and the standard deviation 𝜎 √𝑛⁄  if σ is the standard deviation of each observation and 𝑛 is 
the number of observations. Active effects can be distinguished by their deviation from this normal 
distribution. Normal effects plots are used to estimate the inactive effects standard deviation, 𝜎 √𝑛⁄ . 
The effects are plotted equidistant in a normal distribution making normal distributed inactive effects 
coincide in a straight line, divergent effects are active. Figure 4 shows an example of a normal effects 
plot. 

 
Figure 4 – Normal effects plot, at 5% α-level. 

Commonly, effects larger than two standard deviations are considered active. The risk of judging an 
effect as active when it is not is denominated α-level, two standard deviations corresponds to a α-level 
of 5%. Replicate runs can be used to give a better estimation of the normal distribution. Since most 
interaction effects normally are inactive, this approach is also useful for simulations where the error is 
small [8]. 

Factorial design for simulations 
Practical experiments typically require replicate runs in order to estimate the response variance. In a 
simulation environment, replicates under the same experimental conditions gives the same results, 
provided the simulation procedure is correct. Replicate runs are therefore redundant. 

Regression models 
Factorial designs may be used to fit regression equations. Regression equations may be used to 
estimate responses of parameters varied within their parameter range. The order of the main effect 
terms is one less than the level of the design. For a two-level factorial design, regression equations on 
the following form may be derived: 

𝑦� =  𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽12𝑥1𝑥2 + … 

A centre point, where all parameters are set to their mid-level, may be used to verify if a two-level 
design is adequate. If the centre point diverges from the linear model, additional axial points can be 
added to estimate higher order terms. 

Only active effects should be used when fitting a regression equation. If no replicate runs have been 
conducted, a model may be fitted to all calculated points using all effects, however, such model would 
include all errors. To verify the fitted model, the residual errors may be studied. Residual errors are 
the difference between the response and the estimated response from the model. The residual errors 
should be normal distributed, randomly scattered around zero and not affected by the run order (e.g. 
time) [7], [8]. 

The gradients of the regression equation may be used to evaluate the responses sensitivity to each 
parameter. 
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2.3 Component testing at Cargotec 

This chapter has been removed in this public report due to confidentiality. 
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2.4 Current design 

The XS 144 crane uses a butt weld design with root-support for the column weld. The weld is 
manually MAG-welded with solid wire and both the U-plate and column is chamfered at 30 deg to 
assure full weld penetration. 

 
Figure 5 – Section of loader body at joint location. 

The root-support allows the weld to be welded with full penetration from the outside only. This 
simplifies the production and would make a future transition to robot-welding easier. To make the 
weld less sensitive to root cracks, the column has been designed to direct the stress flow towards the 
weld toe, see Figure 6.  
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Figure 6 - Normal stress distribution in the plate direction. 

While this design has proven to be successful on several cranes in the XS range, it did not fulfil the 
requirements on the 144 crane when component tested. Only one test was conducted with this 
design, in which it failed after less than half the required fatigue life due to root crack. Figure 7 shows 
a polished cut of the failed weld. To achieve sufficient fatigue life, the root-support and U-plate are 
now being TIG welded together, an unwanted process step, difficult to automate. 

 
Figure 7 –Cut of the column weld with root crack.   

It should be noted that prior to this design, a different column with casted inner boom cylinder lugs 
were used. The old design used a butt weld, welded from both sides. The design allowed for a thinner 
U-plate thickness of 6 mm to be used, compared to the current 7 mm. By placing the lugs in the plate 
instead, the same column could be used in a wider range of cranes with different cylinder axle 
positions. 

Weld toes 
Weld root 
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3 WORK FLOW 

This section describes the different steps conducted in this thesis. 

3.1 Delimitations 

This study aimed to evaluate and improve fatigue life. Other result variables have not been estimated, 
e.g. production cost, weight, etc. 

The fatigue life of the column weld is affected by a large amount of parameters. The following 
categories of parameters were assumed to be affecting the weld fatigue life.  

• Local weld geometry 

• Loader body geometry 

• Global crane geometry and loading 

• Residual stresses 

• Material properties 

These categories are indirectly linked to the manufacturing processes but more directly to the design 
stage and calculation methods, e.g. different weld methods might be able to create the same weld 
geometry but may result in different residual stresses. The practical welding parameters required to 
manufacture the weld have thus not been investigated. 

This study has been conducted on the HIAB XS 144B crane. The global crane geometry (e.g. axle and 
bearing positions), loads and to some extent the loader body geometry have thus been given. Further 
on, only the current materials have been considered. The effective notch method has been used to 
estimate fatigue life. The method does not allow for studying changes in mechanical properties in the 
weld and in the heat affected zone due to the welding process.  

Determine residual stresses with reasonable accuracy were not deemed possible within this evaluation. 
Such evaluation would require the number of parameters to be reduced greatly. Residual stresses have 
therefore not been included in this analysis. 

3.1.1 Choice of design and parameter mapping 
There were two main weld geometries of interest for this weld, butt weld with or without root-
support. To avoid welding from both sides a design similar to the current, with root-support, would 
be preferable, see section 2.4.  

These two designs would result in stress concentrations in different types of weld notches, see Figure 
8. According to the effective notch method, the notch stress in both weld toes and roots could be 
evaluated with the same fatigue resistance. Failure from the weld toe is usually preferred since it is 
easier to detect and possibly repair, the joint should thus be designed for lower stresses in the weld 
root than toe.  
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Figure 8 – Weld notches in but welds with (left) and without (right) root-support. 

Here the root crack is parallel to the stress direction. This gives different results depending on the 
root modelling technique used, see Figure 3. A U-shaped notch can give non-conservative results, 
while a keyhole shape would reduce the load-bearing area of the weld. In [13] and [14] a keyhole 
shape has been used, the results suggest that the notch stress in the toe and root is not directly 
comparable and needs to be evaluated against different fatigue resistances. Due to this uncertainty, 
notch stresses on the inside of the weld could not be directly compared between the two designs. 
Also, for a weld with root-support, the toe and root stress could not be directly compared either. In 
order to determine the difference in fatigue resistance between a toe and a root notch in this 
particular weld, more calculations and test data would be required. Therefore, the two welds could not 
be evaluated with the same result variables. The two welds could not be described with the same 
geometrical parameters either, and could therefore not be evaluated with the same experimental 
design. Due to these incompatibilities and the production benefits of a weld design with root-support 
were the evaluation delimited to only include a design with root-support. 

For this design 23 different geometrical parameters of interest were identified. The parameters are 
listed below. 

1. Plate thickness 
2. Plate angle 
3. Upper toe angle 
4. Lower toe angle 
5. Continuous undercut, upper toe 
6. Continuous undercut, lower toe 
7. Upper toe radius 
8. Lower toe radius 
9. Root radius 
10. Weld penetration 
11. Root-support thickness 
12. Root-support height 

13. Column protrusion 
14. Column cut-out depth 
15. Weld height 
16. Lower weld thickness 
17. Column cut-out width 
18. Column cut-out position from the weld 
19. Upper column cut-out slope angle 
20. Lower column cut-out slope angle 
21. Upper radius of the column cut-out 
22. Lower radius of the column cut-out 
23. Column bevel angle

 

 

 

Root notch Toe notch 
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3.2 Screening 

To find the vital few geometrical parameters mainly affecting the notch stress a screening was 
conducted. 

3.2.1 Qualitative assessment 
Simulating all the identified parameters, even with a highly reduced factorial design, would require a 
large number of simulations and/or result in very low accuracy. However, most of the individual 
parameters effect on the local stress field can be efficiently predicted qualitatively. To structure the 
assessment, a simplified form of quality function deployment, QFD, was used.  

Initially, key result variables were identified. Some parameters are more likely to affect specific parts 
of the weld, therefore were notch stresses at different locations used as key result variables. The 
parameters direct influence on total fatigue life was also used as a key result variable. Each key result 
variable was valued from 1 to 10. 

Parameters were valued based on their influence on each result variable from 1 to 10. The valuation 
was done together with senior engineers at Cargotec. The sum of result values times parameter values 
were used to rank the parameters. The lowest ranked parameters were deemed dispensable. The 
qualitative assessment matrix is presented in section 5.1. 

3.2.2 Plackett & Burman design 
A more careful screening of the remaining parameters was done using FE simulations, calculating the 
notch stresses. The notch stresses were analysed at two positions along the weld at the three notches. 
Both the first principal stress and von Mises stress were calculated, resulting in 12 response variables. 
The simulation method is further described in sections 4.1 to 4.4. 

A screening design of Plackett-Burman model was used to plan the simulations. The design required 
21 simulations including one centre point. Two additional dummy variables were also added to the 
parameters. Included parameters are described in Table 3, Figure 9 and Figure 10. The experimental 
levels and design table are presented in APPENDIX A. 

Table 3 – Parameters included in the P&B-design, see also Figure 9 and Figure 10. 

Nr. Name Par. 
1 Plate thickness t1 
2 Plate angle α1 
3 Column protrusion l1 
4 Root-support thickness t2 
5 Weld penetration l2 
6 Upper column cut-out slope angle α2 
7 Column bevel angle α3 
8 Column cut-out depth l3 
9 Column cut-out width l4 

10 Upper toe radius r1 
11 Lower toe radius r2 
12 Root radius r3 
13 Continuous undercut, upper radius l5 
14 Upper weld toe angle α4 
15 Lower weld toe angle α5 
16 Lower weld thickness l6 
17 Weld height l7 
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Figure 9 – Section in the middle of the loader body including column, U-plate and weld. 

Parameters varied in the P&B-design. 

The lower weld thickness, l6, is varied only along the back of the loader body since the column does 
not have a protruding shape along the sides. The columns shape along the sides (without the weld) 
can be seen on the sections in Figure 10. 
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Figure 10 – Column cut-out, the width parameter l4 is defined relative to the maximum width 

(max with is displayed in the figure). Parameter varied in the P&B-design. 

The weld penetration l2 were varied together with the root-support height. The root-support is not 
load carrying so its height should not affect the model significantly, but to be able to increase the 
penetration it had to be raised. Varying the weld penetration together with the root-support height 
thus allowed a larger interval. 

The design was used to find parameters not (or least) affecting the notch stresses in the weld. The 
results are presented in section 5.2. 

3.3 Detailed parameter evaluation 

Fractional factorial design was used to evaluate the parameters. The same simulation method as in the 
Plackett-Burman design was used, but with an asymmetric model including slewing. In addition to the 
1st principal and von Mises stress were also the shear stresses in the weld notches calculated. The sub-
modelling technique was also modified, see section 4.4. Only the stresses in the upper weld toe and 
weld root were evaluated. Some parameters were also redefined with different dimensions and the 
ranges of most parameters were edited, Table 4 and Figure 11 show the included parameters. 

Table 4 - Parameters included in the detailed parameter evaluation, see also Figure 11. 

Name Par. 
Plate thickness t1 
Column protrusion l1 
Column cut-out depth l2 
Continuous undercut, upper radius l3 
Lower weld thickness l4 
Upper toe radius r1 
Root radius r2 
Plate angle α1 
Upper weld toe angle α2 
 

K – 2·l4 

Column cut-out 
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Figure 11 - Section in the middle of the loader body including column, U-plate and weld. 

Parameters studied in the detailed parameter evaluation. 

Initially, a single design plan was used to evaluate both toe and root stresses. Evaluation of a first 
fraction of the design, combined with the screening results, showed that some parameters mainly 
affect the stress in the upper weld toe and some in the weld root. By using two designs and evaluate 
the notches separately, less simulations or better resolution could be achieved. The results from this 
initial design can be seen in APPENDIX B. The parameters were thus separated and evaluated with 
two different factorial designs.  

Two fractional factorial designs (26-1) with resolution V were used to evaluate the parameters. Each 
effect is confounded with one other effect. Three-factor interaction effects are confounded with each 
other. Two-factor interactions and main effects are confounded with four and five-factor interactions, 
respectively. A centre point was used in each design. Experimental levels and experimental conditions 
are presented in APPENDIX C. 

To evaluate the calculation results, active effects were determined and regression models were fitted 
to the responses. The following tools were used to evaluate the results: 

• Normal effects plot 
• P-values 
• Analysing residual errors 

Normal effects plots are described in section 2.2. 

P-values are calculated by Minitab when a regression model is fitted. Minitab conducts a null 
hypothesis test to calculate the probability that effects are inactive, p-value. Effects are considered 
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inactive if the p-value is larger than the α-level, 0.05 were used. The probability is determined using a 
t-test [7]. This is done internally in Minitab and is not accounted for in detail in this thesis. However, 
because the t-distribution depends on the number of degrees of freedom in the model, the model has 
to be refitted successively as inactive effects are excluded. 

The residual errors of the fitted models were analysed using normal and scatter plots and plotting the 
residual errors against the run order. 

3.4 Fatigue life assessment and comparison with component testing 

Fatigue life was estimated using the effective notch method with fatigue resistances according to IIW 
recommendations [1]. The method is outlined in section 4.5. Estimations were compared with the 
previously tested loader body, described in section 4.6. Fatigue resistances based on the tested loader 
body were also estimated and used together with the calculated regression equations to evaluate the 
design. 
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4 METHODS 

4.1 Load calculations 

Component testing is used as the primary method for testing the column weld. The component test is 
intended to be the most conservative test of the column weld. Loading according to the component 
test has therefore been used to evaluate the column weld.  

The loader body is mounted in the test rig and loads are applied at the two axles connecting the 
loader body to the inner boom cylinder (axle 3) and the inner boom (axle 1), respectively. The axle 
forces were calculated using the Cargotec internal crane calculation program X-Jumbo version 5.2-2. 

The loader body geometry from crane XS 144B and the test rig geometry was used. Hydraulic 
pressure, inner boom cylinder diameter, cylinder head position and slewing moment from previous 
component testing [11] were used as input, see APPENDIX D. 

The resulting axle forces are shown in Table 5, for unloading X bar test pressure is used and no 
slewing moment is applied. 

Table 5 – Calculated axle forces. 

Loadcase Axle Fx [kN] Fy [kN] Fz [kN] Mx [kNm] My [kNm] 
Lifting & slewing Axle 1 XXX XXX XXX XXX XXX 

 Axle 3 XXX XXX XXX XXX XXX 
Unloading Axle 1 XXX XXX XXX XXX XXX 

 Axle 3 XXX XXX XXX XXX XXX 
 

The axle forces at unloading are considered negligible and the load ratio R is considered as 0, which is 
conservative. 

4.2 Geometry 

The loader body geometry for crane XS 144B was obtained from Cargotec as Pro/E files. The 
assembly is shown in Figure 12. All modelling has been done using Pro/E.  
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Figure 12 – Loader body assembly. 

4.2.1 Geometry simplifications 
To keep the models at a feasible size, a number of simplifications of the geometry had to be done. 
The components marked in Figure 12, bushings (1), cable guard (2) and parking support plate (3), 
were excluded in the model. The slewing gear in the column and some holes in the plate and column 
were removed. The simplified geometry can be seen in Figure 13, note that in the weld geometry is 
modelled in figure.  

 
Figure 13 – Loader body simplified for FEA. 

3 

2 

1 

3 



 

 

Dept. of Aeronautical & Vehicle Engineering, Div of Lightweight Structures 

KTH, Royal Institute of Technology, Stockholm, Sweden 

-20- 

 

4.2.2 Coordinate system 
A Cartesian coordinate system is used, the directions are: 

• X is directed forward in the crane direction. 

• Y is directed upwards, along the columns centre line. 

• Z is directed to the right of the crane, parallel with the inner boom cylinder axle. 

4.2.3 Weld geometry 
The column weld and a part of the U-plate were modelled as features onto the column. The main 
reason for doing so instead of modelling the weld as a separate part was to avoid contacts close to the 
weld notches in the FE-model. Figure 14 shows the column with the weld and plate section. 

 
Figure 14 – Column with weld and plate section. 

4.3 Materials 

The column is made from hardened and tempered cast steel SS-EN 10 083-1 – 25CrMo4 (EN 
1.7218-25CrMo4, SS-22 25-24). The plate parts are made from either Domex 650 MC or Domex 700 
MC, depending of material availability.  

Table 6 – Material properties. 

 
Young’s 
modulus 

[GPa] 

Poisson’s 
ratio 

Yield Strength 
[MPa] 

Tensile 
Strength, Rm 

[MPa] 

Elongation, 
A5 [% min] 

EN 10 083-1 190-210 0.3 750 (ReL) 900-1100 10 
Domex 650 MC 190-210 0.3 650 (ReH) 700-880 14 
Domex 700 MC 190-210 0.3 700 (ReH) 750-950 12 
 
 

Weld 

Part of U-plate 
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4.4 FE modelling 

Finite element analysis was used to calculate the notch stresses in the weld. To keep the models at 
feasible sizes, sub-modelling technique was used. The parameter evaluation was made in different 
steps, and somewhat different models were used. In the screening, slewing forces were excluded to 
allow a symmetric model being used. Somewhat different sub-modelling technique were also used, see 
section 4.4.4. 

All FEA was made using ANSYS Workbench 12.1. 

 
Figure 15 – Symmetric model used when screening parameters. 

4.4.1 Boundary conditions  
The loader body is mounted in the test rig with one axial and two radial bushings, the contact surfaces 
are marked as E, F and G in Figure 16. Crane rotation is locked by the slewing gear, marked as D in 
Figure 16. 
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Figure 16 – Boundary conditions on the loader body. 

During testing, the axial bushing does not have full contact with the columns contact surface. When a 
lifting load is applied, the back of the column is lifted, leaving only a small contact surface at the front 
of the column. This could be noted upon inspection of the test rig. 

To evaluate this, a “compression only” boundary condition was used on the axial bushing. 
Compression only was also used for the two radial bushing contact surfaces. The slewing gear 
“surface” was locked in its tangential direction with a cylindrical support. Figure 17 shows the normal 
stress on the axial bushing surface. 
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Figure 17 – Normal stress on the axial bushing contact surface. 

These non linear boundary conditions require iterative solving resulting in very long calculation times. 
To reduce calculation times, the axial bushing contact was simplified with a fix support. To verify the 
model, stresses along the boundaries of a large sub-model covering most of the weld were compared 
for different supports. The comparison showed that using a fix support, with a small support surface, 
resulted in stresses similar to using non linear boundary conditions, see Figure 18. 

 
Figure 18 – Simplified boundary conditions. 

The compression only supports used for the radial bushing contacts was also replaced with cylindrical 
supports in the radial direction. 

Several different boundary conditions and contact surface sizes were simulated and the stresses 
around the currently used sub-model were simulated. The boundary conditions were verified against 
the non-linear model.  
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4.4.2 Material model 
Isotropic linear elastic material behaviour was used according to the effective notch method [1]. A 
Young’s modulus of 205 GPa and a Poisson’s ratio of 0.3 was used for all parts.  

4.4.3 Loads 
Axle loads were calculated according to section 4.1. The axle loads were applied as remote forces and 
moment, see Figure 19 and Figure 20.  

 
Figure 19 – Axle force and moment on axle 1. Figure 20 – Axle force, axle 3. 

During the screening when a symmetric model was used and the slewing was not included, the 
moment and z-component of the force seen in Figure 19 were excluded.  

4.4.4 Sub-models 
Simulation was carried out in steps to allow finer elements being used in the weld notches. This was 
done by modelling parts of the weld as sub-models. The global model is used to calculate the 
displacements around the sub-models. Calculated nodal displacements at the boundaries of the sub-
model were then transferred to a separate simulation in which the stresses in the sub-model were 
calculated.  

During the screening, the sub-modelling was done by cutting out pieces of the column/weld part and 
inserting sub-model parts in the global model. The sub-models were thus used as parts in the global 
model. Two sub-models were used in the screening, one in the centre and one in the corner of the 
weld. Figure 21 shows the sub-models in the global model. 

 
Figure 21 – Sub-models used for the P&B-design. 
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In some simulations, the connections around the sub-models resulted in problems, presumably when 
the nodal deformation from the global model were transferred to the boundaries of the sub-models. 
This occasionally resulted in fictitious stress concentrations in single nodes. The stress concentrations 
did not affect the notch stresses in a significant way, but complicated reading of the results. 

To avoid these complications in later simulations the column/weld was modelled as a single solid part 
and the sub-models were not included in the global model. The sub-models were inserted in the 
assembly but suppressed in the global model. The weld was also modelled using three different sub-
models: 

• Weld centre: Stresses in both the upper weld toe and root were calculated in the central sub-
model. The root notch has a local maximum in the central sub-model. The weld toe stresses 
were highest in either the centre of the loader body or towards the corner. 

• Weld corner: Weld toe stresses were calculated in the corner sub-model. 
• Weld side: A local maximum in the weld root were located in the side sub-model. 

The sub-models are shown in Figure 22. 

 
Figure 22 – Sub-models used in the detailed parameter evaluation. 

4.4.5 Connections 
The not studied welds in the loader body were not modelled and replaced with bonded connections 
of multi point constraint type on the welded surfaces. The same type of connections was also used 
between the column and plate and in the screening to connect the sub-models. 

4.4.6 Mesh 
All models are made of solid quadratic elements, both in global and sub-models. Mainly tetrahedral 
elements were used, but also hexahedral elements were used on some parts. Figure 23 and Figure 24 
show the global model used in the screening. In the asymmetric model, the sub-models were not 
included in the global model, see Figure 25 and Figure 26. 

Weld corner 
sub-model 

Weld side 
sub-model Weld centre 

sub-model 
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Figure 23 – Global FE model used in the screening. 

 
Figure 24 – Sub-models used in the screening. 
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Figure 25 – Asymmetric global model. 

 
Figure 26 – Global model, the mesh is locally refined around location for the sub-models with 

an element size of 3 mm. 

The notch stress analysis requires a very fine mesh around the weld notches to attain sufficient 
accuracy. According to IIW recommendations a relative maximum element length of r/4 is required, 
where r is the notch radius, when using quadratic elements [1]. For a weld with a 45 deg toe radius 
more than 3 quadratic elements in the radius is recommended.  

In this study, toe and root radius, toe angle and an undercut were varied. Therefore the refinements at 
the notches were also varied. In all cases a minimum of 3 elements along the toe radius were used.  
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In the screening, the notch stresses in both toes and the root were predicted in the centre and corner 
sub-models, see Figure 27 and Figure 28. 

 
Figure 27 – Centre sub-model used in the B&P-design. 
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Figure 28 – Corner sub-model used in the B&P-design. 

Figure 29, Figure 30 and Figure 31 show the sub-models used in the detailed parameter evaluation.  

 
Figure 29 – Weld centre sub-model, the figure shown is meshed for evaluation of the weld toe. 
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Figure 30 – Weld corner sub-model for the upper weld toe. 

 
Figure 31 – Weld side sub-model for the root. 

Hexahedral elements were mainly used, but in some cases tetrahedral had to be used in the side and 
corner sub-models due to difference in weld thickness along the back and side of the column. 
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4.5 Fatigue life assessment 

Fatigue assessment were carried out using stress values derived with the toe radius r = 1mm. 

As described in 2.3, the load cycle is: 

Removed due to confidentiality 

The full load cycle is defined as 2 test cycles at Cargotec. 

The slewing results in a moment and lateral force acting on the inner boom axle (axle 1). The slewing 
causes pulsating shear stress with alternating direction in all weld notches. 

Evaluation in the centre of the U-plate and at the corners is presented below, respectively. 

4.5.1 Centre of the weld 
The normal stress is not affected significantly by slewing in the centre of the weld. The loading is 
therefore considered as constant amplitude with the following load cycle: 

Removed due to confidentiality 

This makes the loading non-proportional with the load ratio R=0 for the normal stress and R=-1 for 
the shear stress. In the conducted simulations, the shear stress range in the weld toe is in average 21% 
of the 1st principal stress range in the centre of the weld (and at least 15%). Each load cycle consists 
of two normal stress cycles and one shear stress cycle. Fatigue life is thus assessed by Gough-Pollard’s 
interaction formulae: 

�∆𝜎𝑙𝑜𝑐,𝑣𝑜𝑛 𝑀𝑖𝑠𝑒𝑠
∆𝜎𝑆𝑁

�
2

+ �∆𝜏𝑙𝑜𝑐
∆𝜏𝑆𝑁
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2
≤ 𝐶𝑉, 
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𝑁 ∙ ∆𝜎𝑆𝑁𝑚 = 2 ∙ 106 ∙ 𝐹𝐴𝑇𝜎𝑚 

0.5𝑁 ∙ ∆𝜏𝑆𝑁𝑚 = 2 ∙ 106 ∙ 𝐹𝐴𝑇𝜏𝑚 

Giving the following criteria: 
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0.5𝑁 �

1/5
∙ 160⎠

⎞

2

≤ 0.5 

4.5.2 Corner of the weld 
As in the centre of the weld, the slewing causes pulsating shear stress in the corners of the U-plate as 
well, but the lifting also causes shear stresses at the corners of the U-plate. This gives the shear stress 
variable amplitude for slewing in different directions.  

The lateral force component caused by slewing does not significantly affect the normal stress. The 
interaction formulae use the 1st principal or equivalent stress which does have different amplitudes 
due to the varying shear stress, see Figure 32. Because this fluctuation is relatively small and mainly 
caused by shear stress, it is not considered as variable and the equivalent stress calculated with 
combined slewing left and lifting is used in the interaction formulae. 

The normal stress is thus calculated in the same way as at the centre of the weld. Each normal stress 
cycle corresponds to one shear stress cycle but with variable amplitude. The shear stress ∆𝜏𝑙𝑜𝑐  is 
replaced by an effective shear stress calculated using the Palmgren-Miner rule covered in [1].  
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Figure 32 – Normalized stresses in the upper weld toe at the corner of the U-plate. 

The equivalent shear stress is calculated as following: 

∆𝜏𝑒𝑞,𝑙𝑜𝑐 = �1
𝐷
∙
∑�𝑛𝑖∙∆𝜏𝑖,𝑙𝑜𝑐

𝑚1 �+∆𝜏𝐿
(𝑚1−𝑚2)∙∑�𝑛𝑗∙∆𝜏𝑗,𝑙𝑜𝑐

𝑚2 �

∑𝑛𝑖+∑𝑛𝑗

𝑚1
 , 

where 𝐷 = Palmgren-Miner sum 

 𝑚1 = slope above the knee point of the S-N curve 

 𝑚2 = slope below the knee point of the S-N curve 

 ∆𝜏𝐿 = endurable stress range at the knee point of the S-N curve 

 𝑛𝑖 = number of cycles at applied stress range ∆𝜏𝑖  

 𝑛𝑗 = number of cycles at applied stress range ∆𝜏𝑗  

The knee point of the shear stress range occurs at 108 cycles [1]. The FAT = 160 MPa and slope angle 
m1 = 5 gives an endurable shear stress range at the knee point ∆𝜏𝐿= 73.2 MPa. 

A Palmgren-Miner sum of D=0.5 is recommended according to [1]. 

Figure removed due to confidentiality 
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4.6 Comparison with component testing 

The current design, see section 2.4, has only been tested once without TIG-welded root-support. The 
weld failed due to root crack propagating from about half way between the centre and corner of the 
weld, see Figure 33. 

 
Figure 33 – Tested column weld at failure. 

All evaluated parameters are not defined on drawing, but the defined nominal dimensions combined 
with measurements from the CAD-model were translated into parameter values. The weld on the 
tested specimen has been cut out of the loader body. This cut-out were manually measured and the 
parameters that could be observed were compared. Figure 34 shows the cut out piece of the weld. 

 
Figure 34 – Cut out piece of tested column weld. 
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Apart from the evaluated parameters, the weld was higher and the root-support was thicker and 
higher than previously modelled. The root-support was also not parallel to the U-plate.  

Three models were simulated and compared. The model geometries were defined by: 

1. nominal dimensions 
2. parameters set as measured 
3. all observed divergences set as measured 

The notch stresses of the first two models were also estimated using the regression equations. 

The drawing prescribes a concave single-bevel butt weld, which would translate to a weld toe angle of 
ca 0°. In practice the weld is generally convex. Evaluating the models with the effective notch method 
would not be viable with 0° toe angle since this would eliminate the toe radius. The measured value 
was thus used in all models. The measured weld thickness was also used in all models since it is not 
defined on drawing. Nominal values were used for all other parameters that could not be measured.  
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5 RESULTS AND DISCUSSIONS 

5.1 Results – Qualitative assessment 

The qualitative assessment resulted in the parameters being ranked as seen in Table 7. 

Table 7 – Qualitative assessment matrix. 

  Result variable rating 7 6 7 7 6 7 10   
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  Input parameter Total 

1 Plate thickness 8 8 8 8 8 8 8 400 
2 Plate angle 6 6 6 6 6 6 6 300 
3 Continuous undercut, upper toe 9 1 4 9 1 4 9 284 
4 Upper toe angle 7 4 3 7 4 3 7 258 
5 Upper toe radius 10 1 1 10 1 1 9 256 
6 Root-crack depth 5 3 6 5 3 6 6 250 
7 Root radius 1 1 10 1 1 10 8 246 
8 Lower toe radius 1 10 1 1 10 1 9 238 
9 Column cut-out depth 4 5 5 4 5 5 5 236 

10 Lower weld thickness 2 8 2 2 8 2 8 232 
11 Lower weld toe angle 3 7 2 3 7 2 7 224 
12 Root-support thickness 3 5 5 3 5 5 5 222 
13 Column protrusion 4 5 4 4 5 4 5 222 
14 Weld height 5 2 5 5 2 5 5 214 
15 Column cut-out width 2 2 2 6 6 5 6 213 
16 Column bevel angle 2 7 2 2 7 2 7 210 
17 Upper column cut-out slope angle 4 4 4 4 4 4 4 200 
18 Continuous undercut, lower-toe 1 7 1 1 7 1 7 182 
19 Upper column cut-out pos. 3 3 3 3 3 3 3 150 
20 Upper radius cut-out 2 2 2 2 2 2 2 100 
21 Lower radius cut-out 2 2 2 2 2 2 2 100 
22 Lower column cut-out slope angle 1 2 2 1 2 2 2 86 
23 Root-support height 1 1 1 1 1 1 1 50 

Total 602 576 567 630 600 588 1310   
The 6 lowest ranked parameters were deemed dispensable and excluded in the following analysis. 
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5.2 Results – Plackett & Burman design 

Evaluation of the 1st principal stress in the Plackett and Burman design resulted in the main effects in 
MPa shown in Table 8, the design table is shown in APPENDIX A. The values in the table are thus 
the average change in the 1st principal stress when changing each parameter from low to high level. 
Marked effects are deemed active at a 5% α-level. The resulting equivalent von Mises stress showed 
similar results, se APPENDIX A. 

Table 8 – Resulting main effects for the 1st principal stress from the P&B-design. Marked 
effects are statistically significant.  
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Nr. Name Par. Weld centre Weld corner 
1 Plate thickness t1 -34.7 282.2 -174.6 -231.1 61.3 -44.4 
2 Plate angle α1 70.1 -41.4 -103.6 93.5 116.1 44.0 
3 Column protrusion l1 -61.1 -15.4 126.8 12.3 92.3 2.4 
4 Root-support thickness t2 -27.5 -25.4 -8.0 -58.5 -55.1 -17.0 
5 Weld penetration l2 -10.5 49.2 -23.6 -58.3 -42.3 49.2 
6 Upper column cut-out slope angle α2 61.3 -16.4 -43.6 20.5 -54.5 4.2 
7 Column bevel angle α3 33.5 112.6 -45.0 -25.3 43.9 37.8 
8 Column cut-out depth l3 56.5 52.0 -168.4 21.5 99.3 28.0 
9 Column cut-out width l4 -12.9 -31.0 -52.4 -65.9 -130.1 -18.0 

10 Upper toe radius r1 -181.3 11.8 -5.0 -238.9 61.3 1.2 
11 Lower toe radius r2 15.3 -184.8 -6.0 -22.1 -256.1 -2.6 
12 Root radius r3 -8.9 -70.8 -147.8 4.1 3.9 -161.2 
13 Continuous undercut, upper radius l5 155.1 0.4 31.4 119.9 43.5 7.8 
14 Upper weld toe angle α4 91.5 -43.6 44.8 52.9 -9.5 -19.0 
15 Lower weld toe angle α5 45.1 177.0 19.4 35.5 182.7 -6.4 
16 Lower weld thickness l6 93.7 -439.0 92.0 140.7 -401.7 -55.2 
17 Weld height l7 -23.5 73.0 52.4 -37.9 15.3 -14.2 

5.3 Discussion – Screening 

The root-support thickness, upper column cut-out slope angle, column cut-out width and weld height 
were thus not deemed statistically significant in any notch. However, the effect of the column cut-out 
width is rather large on the upper weld toe at the corner. Varying the weld penetration (parallel to the 
U-plate) only had minor effects on the weld root in the corner of the weld.  

The stress in the upper weld toe was in average higher than the stress in the lower weld toe, both in 
the centre and corner. However, this was slightly askew due to the lower limit of the lower weld 
thickness giving the weld a somewhat unnatural shape resulting in very high stresses. Also, the 
continuous undercut was only applied at the upper weld toe, further complicating the evaluation. 
Previous testing of similar loader bodies shows that failure generally occur from the upper weld toe or 
the root. Only parameters mainly affecting the upper weld toe and root notches were therefore 
further evaluated. The parameters were as follows: 

Upper toe radius, root radius, plate thickness, plate angle, lower weld thickness, continuous undercut, 
upper weld toe angle, column protrusion and column cut-out depth. 
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5.4 Results – Parameter evaluation, upper weld toe 

Table 9 shows main and interaction effects for max 1st principal, max equivalent and shear stress at 
the weld toe. The maximum shear stress is located in the corner of the U-plate. In the centre of the 
weld where the shear stress does not have a maximum it is measured at the location of the maximum 
1st principal stress. Shear stress refers to the axial tangential component in a local cylindrical 
coordinate systems located at the notch radius. Calculated stresses and corresponding experimental 
conditions are presented in APPENDIX C.  

Table 9 – Main and interaction effects for the upper weld toe. Marked effects are statistically 
significant. 

 
Weld toe Weld centre Weld corner 

Parameter Term 
1st p. 
stress 
[MPa] 

Eq. 
Stress 
(von 

Mises) 
[MPa] 

Shear 
stress 
[MPa] 

1st p. 
stress 
[MPa] 

Eq. 
Stress 
(von 

Mises) 
[MPa] 

Shear 
stress 
[MPa] 

A = BCDEF Plate thickness -99,50 -103,31 17,50 -238,10 -231,10 57,60 
B = ACDEF Continuous undercut 161,37 141,06 -5,25 161,70 142,70 -17,60 
C = ABDEF Column protrusion -62,12 -53,06 4,00 -8,70 -11,40 7,10 
D = ABCEF Column cut-out depth 102,12 88,81 -5,12 146,30 137,00 -20,20 
E = ABCDF Toe radius -93,50 -80,56 5,37 -103,80 -90,70 16,80 
F = ABCDE Toe angle 96,38 84,94 -7,50 155,70 145,50 -49,60 
AB = CDEF Plate thickness · Continuous undercut -27,38 -22,81 0,50 -34,90 -30,60 2,30 
AC = BDEF Plate thickness · Column protrusion -2,13 -1,69 -0,75 -12,10 -6,30 -2,10 
AD = BCEF Plate thickness · Column cut-out depth 25,13 20,19 -0,38 -15,80 -22,40 1,70 
AE = BCDF Plate thickness · Toe radius 7,25 6,31 -0,88 15,30 13,10 -1,60 
AF = BCDE Plate thickness · Toe angle 12,88 10,81 0,25 -22,70 -19,90 5,10 
BC = ADEF Continuous undercut · Column protrusion -6,25 -6,06 0,00 -3,30 -2,40 1,10 
BD = ACEF Continuous undercut · Column cut-out depth 6,25 6,31 -0,12 17,70 16,30 -0,40 
BE = ACDF Continuous undercut · Toe radius -29,37 -25,81 0,87 -28,40 -24,50 3,60 
BF = ACDE Continuous undercut · Toe angle -12,75 -9,56 1,00 -19,20 -18,00 3,20 
CD = ABEF Column protrusion · Column cut-out depth -36,50 -30,31 1,12 -17,90 -17,40 5,20 
CE = ABDF Column protrusion · Toe radius 4,38 4,06 -0,13 2,20 2,90 0,40 
CF = ABDE Column protrusion · Toe angle -4,50 -4,19 0,00 5,70 6,60 0,80 
DE = ABCF Column cut-out depth · Toe radius -8,87 -7,81 0,25 -11,60 -9,70 -0,30 
DF = ABCE Column cut-out depth · Toe angle 8,00 7,69 -0,38 17,20 16,50 -7,70 
EF = ABCD Toe radius · Toe angle -30,13 -25,94 1,88 -39,20 -34,00 7,80 
ABC = DEF Plate thickness · Continuous undercut · Column protrusion -4,00 -3,44 0,25 -8,20 -8,20 -0,30 

ABD = CEF Plate thickness · Continuous undercut · Column cut-out 
depth 5,00 4,44 0,12 -7,40 -7,10 0,70 

ABE = CDF Plate thickness · Continuous undercut · Toe radius -1,87 -2,19 0,12 2,20 3,90 0,40 
ABF = CDE Plate thickness · Continuous undercut · Toe angle 4,00 3,56 -0,25 5,40 6,10 -0,40 
ACD = BEF Plate thickness · Column protrusion · Column cut-out depth 0,00 -0,44 -0,63 -1,30 2,30 -1,20 
ACE = BDF Plate thickness · Column protrusion · Toe radius -1,87 -1,56 0,12 -2,90 -3,70 -0,70 
ACF = BDE Plate thickness · Column protrusion · Toe angle -3,50 -2,81 0,25 0,10 3,20 -0,30 
ADE = BCF Plate thickness · Column cut-out depth · Toe radius -0,62 -0,44 0,00 0,10 -1,40 0,60 
ADF = BCE Plate thickness · Column cut-out depth · Toe angle 6,00 5,56 -0,13 -0,20 2,10 0,70 
AEF = BCD Plate thickness · Toe radius · Toe angle -1,88 -1,56 -0,88 3,20 1,90 -0,60 
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The main effects plot in Figure 35 shows the average max 1st principal stress for each experimental 
condition at high and low level. The centre points show that the stresses can be estimated inside the 
parameter ranges with linear models. 

 
Figure 35 – Main effects plot, for 1st principal stress at weld toe in the centre of the weld. 

All main effects for the weld toe appeared linear, including the shear stress. Main effects plots for the 
equivalent stress and shear stress and in the weld corner is included in APPENDIX C. 

5.4.1 Regression models 
The 1st principal stress in the weld toe, weld centre is described by: 

𝑦� = 𝑦� +
𝛽𝐴
2
𝑥′𝐴 +
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2
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2
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2
𝑥′𝐵𝑥′𝐸 +
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2
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2
𝑥′𝐶𝑥′𝐷 +

𝛽𝐸𝐹
2
𝑥′𝐸𝑥′𝐹 

𝑦� = 620.15 +
−99.50

2
𝑥′𝐴 +

161.37
2

𝑥′𝐵 +
−62.12

2
𝑥′𝐶 +
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2
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Where 𝑥′𝑖  is the normalized parameter as: 

𝑥′𝑖 = 𝑥𝑖−(𝑥𝑖𝑚𝑎𝑥+𝑥𝑖𝑚𝑖𝑛) 2⁄
(𝑥𝑖𝑚𝑎𝑥−𝑥𝑖𝑚𝑖𝑛) 2⁄

, −1 ≤ 𝑥′𝑖 ≤ 1  

and 𝑦� = average response 

 𝛽𝑖 = calculated effect 

All parameters are described in the same way. 

The equivalent stress in the weld toe, weld centre is described by: 
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𝑦� = 583.03 +
−103.31

2
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The shear stress in the weld toe, weld centre is described by: 
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2
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+
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The 1st principal stress in the weld toe, weld corner is described by: 

𝑦� = 722.1 +
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2
𝑥′𝐴 +

161.7
2

𝑥′𝐵 +
−8.7

2
𝑥′𝐶 +

146.3
2

𝑥′𝐷 +
−103.8

2
𝑥′𝐸 +

155.7
2

𝑥′𝐹

+
−34.9

2
𝑥′𝐴𝑥′𝐵 +

−12.1
2

𝑥′𝐴𝑥′𝐶 +
−15.8

2
𝑥′𝐴𝑥′𝐷 +

15.3
2

𝑥′𝐴𝑥′𝐸

+
−22.7

2
𝑥′𝐴𝑥′𝐹 +

17.7
2

𝑥′𝐵𝑥′𝐷 +
−28.4

2
𝑥′𝐵𝑥′𝐸 +

−19.2
2

𝑥′𝐵𝑥′𝐹

+
−17.9

2
𝑥′𝐶𝑥′𝐷 +

−11.6
2

𝑥′𝐷𝑥′𝐸 +
17.2

2
𝑥′𝐷𝑥′𝐹 +

−39.2
2

𝑥′𝐸𝑥′𝐹

+
−8.2

2
𝑥′𝐴𝑥′𝐵𝑥′𝐶 +

−7.4
2

𝑥′𝐴𝑥′𝐵𝑥′𝐷 

The two included three-factor effects here cannot be separated without additional runs. However, 
they are also the smallest of the included effects and only affect the estimation marginally. 

The equivalent stress in the weld toe, weld corner is described by: 

𝑦� = 675.0 +
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2
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The three-factor interaction effects used to estimate the 1st principal stress are not active here. 

The shear stress in the weld toe, weld corner is described by: 
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5.5 Results – Parameter evaluation, weld root 

The calculated effects at the weld root is reported in Table 10, statistically significant effects are 
marked. Calculated stresses and experimental conditions are presented in APPENDIX C. It should be 
noted that the 1st principal stress in the weld centre sub model were in the majority of the calculations 
directed perpendicular to the weld, in the normal direction. However the experimental conditions in 
run 28 and 29 resulted in compressive stresses in the root notch. To model the stress in 
(approximately) the same direction were the 2nd principal stress used in those runs. 

The 1st principal and equivalent stress had two maximums along the weld, one located in the centre of 
the weld and one in the corner. The maximum located in the corner is positioned towards the side of 
the loader body, covered in the weld side sub-model, see Figure 31. 

Table 10 – Main and interaction effects for the weld root. Marked effects are statistically 
significant. 

 Weld root Weld centre Weld side 

Parameter Term 
1st p. 
stress 
[MPa] 

Eq. 
Stress 
(von 

Mises) 
[MPa] 

Shear 
stress 
[MPa] 

1st p. 
stress 
[MPa] 

Eq. 
Stress 
(von 

Mises) 
[MPa] 

Shear 
stress 
[MPa] 

A = BCDEF Plate thickness -126,40 -129,80 -18,63 -159,38 -147,31 -66,13 
B = ACDEF Plate angle -42,20 -29,00 -5,88 86,62 70,31 15,25 
C = ABDEF Column protrusion 33,40 20,90 -3,00 -7,25 -5,56 3,25 
D = ABCEF Column cut-out depth -314,70 -231,00 -3,13 47,75 21,56 -27,62 
E = ABCDF Root radius -157,00 -125,90 -12,00 -184,00 -166,81 -37,75 
F = ABCDE Lower weld thickness 48,70 41,20 -3,13 -36,75 -34,81 -12,00 
AB = CDEF Plate thickness · Plate angle -70,60 -45,60 -5,38 -15,37 -14,56 -7,87 
AC = BDEF Plate thickness · Column protrusion 51,70 31,00 2,00 9,75 8,06 3,13 
AD = BCEF Plate thickness · Column cut-out depth 52,90 39,60 2,88 -10,75 -7,06 -1,00 
AE = BCDF Plate thickness · Root radius 34,90 27,70 -0,25 26,00 24,31 9,62 
AF = BCDE Plate thickness · Lower weld thickness -3,10 -8,40 2,38 7,75 7,31 2,87 
BC = ADEF Plate angle · Column protrusion 74,60 47,00 6,25 1,75 2,69 4,50 
BD = ACEF Plate angle · Column cut-out depth 51,50 45,10 5,63 7,75 9,06 2,63 
BE = ACDF Plate angle · Root radius 13,70 12,00 4,00 -10,75 -8,56 2,75 
BF = ACDE Plate angle · Lower weld thickness 0,20 -5,60 -2,88 -0,50 0,19 3,00 
CD = ABEF Column protrusion · Column cut-out depth 6,40 0,70 -2,50 -8,37 -6,56 0,63 
CE = ABDF Column protrusion · Root radius -10,90 -8,60 3,38 -2,37 -2,94 -4,75 
CF = ABDE Column protrusion · Lower weld thickness 1,40 7,00 -2,75 -4,12 -4,19 -4,00 
DE = ABCF Column cut-out depth · Root radius 47,50 49,70 3,25 -13,87 -12,06 0,37 
DF = ABCE Column cut-out depth · Lower weld thickness 9,30 8,10 -0,63 -8,62 -8,06 -4,37 
EF = ABCD Root radius · Lower weld thickness -78,70 -60,20 -5,50 3,12 1,81 -2,50 
ABC = DEF Plate thickness · Plate angle · Column protrusion -58,80 -42,90 -6,00 -2,25 -2,69 -3,63 
ABD = CEF Plate thickness · Plate angle · Column cut-out depth -58,10 -35,70 -5,13 -4,75 -4,56 -3,75 
ABE = CDF Plate thickness · Plate angle · Root radius 4,40 9,60 -2,50 -2,75 -3,44 -3,37 
ABF = CDE Plate thickness · Plate angle · Lower weld thickness -5,40 -3,80 2,88 -3,00 -3,69 -4,63 
ACD = BEF Plate thickness · Column protrusion · Column cut-out depth 53,50 32,60 1,25 8,62 7,81 4,25 
ACE = BDF Plate thickness · Column protrusion · Root radius -3,50 -8,30 -3,13 2,13 2,69 3,63 
ACF = BDE Plate thickness · Column protrusion · Lower weld thickness -4,50 -5,40 2,00 2,38 2,94 3,88 
ADE = BCF Plate thickness · Column cut-out depth · Root radius -2,90 -4,90 -3,25 5,63 5,81 4,00 

ADF = BCE Plate thickness · Column cut-out depth · Lower weld 
thickness 

-5,90 -10,70 1,63 4,88 5,31 3,75 

AEF = BCD Plate thickness · Root radius · Lower weld thickness 63,40 37,90 6,00 2,12 2,44 3,87 
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5.5.1 Regression models 
The 1st principal stress in the weld root, weld centre is described by: 

𝑦� = 370.0 +
−126.4

2
𝑥′𝐴 +

−42.2
2

𝑥′𝐵 +
33.4

2
𝑥′𝐶 +

−314.7
2

𝑥′𝐷 +
−157.0

2
𝑥′𝐸 +

48.7
2

𝑥′𝐹

+
−70.6

2
𝑥′𝐴𝑥′𝐵 +

51.7
2

𝑥′𝐴𝑥′𝐶 +
52.9

2
𝑥′𝐴𝑥′𝐷 +

34.9
2

𝑥′𝐴𝑥′𝐸 +
74.6

2
𝑥′𝐵𝑥′𝐶

+
51.5

2
𝑥′𝐵𝑥′𝐷 +

47.5
2

𝑥′𝐷𝑥′𝐸 +
−78.7

2
𝑥′𝐸𝑥′𝐹 +

−58.8
2

𝑥′𝐷𝑥′𝐸𝑥′𝐹

+
−58.1

2
𝑥′𝐴𝑥′𝐵𝑥′𝐷 +

53.5
2

𝑥′𝐴𝑥′𝐶𝑥′𝐷 +
63.4

2
𝑥′𝐵𝑥′𝐶𝑥′𝐷 

The equivalent stress in the weld root, weld centre is described by: 

𝑦� = 394.5 +
−129.8

2
𝑥′𝐴 +

−29.0
2

𝑥′𝐵 +
20.9

2
𝑥′𝐶 +

−231.0
2

𝑥′𝐷 +
−125.9

2
𝑥′𝐸 +

41.2
2

𝑥′𝐹

+
−45.6

2
𝑥′𝐴𝑥′𝐵 +

31.0
2

𝑥′𝐴𝑥′𝐶 +
39.6

2
𝑥′𝐴𝑥′𝐷 +

27.7
2

𝑥′𝐴𝑥′𝐸 +
47.0

2
𝑥′𝐵𝑥′𝐶

+
45.1

2
𝑥′𝐵𝑥′𝐷 +

49.7
2

𝑥′𝐷𝑥′𝐸 +
−60.2

2
𝑥′𝐸𝑥′𝐹 +

−42.9
2

𝑥′𝐷𝑥′𝐸𝑥′𝐹

+
−35.7

2
𝑥′𝐴𝑥′𝐵𝑥′𝐷 +

32.6
2

𝑥′𝐴𝑥′𝐶𝑥′𝐷 +
37.9

2
𝑥′𝐴𝑥′𝐸𝑥′𝐹 

The shear stress in the weld root was calculated at the point where the max 1st principal stress 
occurred while the maximum shear stress was generally located closer to the corner. The evaluation 
showed that only the plate thickness and root radius were active and the centre point showed that a 
higher order model would be needed to describe the model well. However, the shear stress has a 
much smaller variation than the 1st principal and equivalent stress making the estimation practically 
sufficient. The shear stress is described by: 

𝑦� = 50.9 +
−9.3

2
𝑥′𝐴 +

−6.0
2

𝑥′𝐸 

Comparing the average response at high and low levels with the centre point showed that the stresses 
in the root at the corner of the weld could not be accurately estimated with a linear model. Figure 36 
shows the main effects plot for the 1st principal stress in the corner. Additional axial points are 
required to better describe the curvature of the response. 

 
Figure 36 – Main effects plot for 1st principal stress in weld root at the weld corner. 
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The calculated responses were used to fit first order regression equations shown below, but these 
have to be used with consideration. 

The 1st principal stress in the weld root, weld corner is described by: 

𝑦� = 531.73 +
−159.38

2
𝑥′𝐴 +

86.62
2

𝑥′𝐵 +
47.75

2
𝑥′𝐷 +

−184.00
2

𝑥′𝐸 +
−36.75

2
𝑥′𝐹

+
−15.38

2
𝑥′𝐴𝑥′𝐵 +

26.00
2

𝑥′𝐴𝑥′𝐸 

 

The equivalent stress in the weld root, weld corner is described by: 

𝑦� = 481.76 +
−147.31

2
𝑥′𝐴 +

70.31
2

𝑥′𝐵 +
21.56

2
𝑥′𝐷 +

−166.81
2

𝑥′𝐸 +
−34.81

2
𝑥′𝐹

+
−14.56

2
𝑥′𝐴𝑥′𝐵 +

24.31
2

𝑥′𝐴𝑥′𝐸 

 

The shear stress in the weld root, weld corner is described by: 

𝑦� = 153.52 +
−33.06

2
𝑥′𝐴 +

7.62
2

𝑥′𝐵 +
−13.81

2
𝑥′𝐷 +

−18.88
2

𝑥′𝐸 +
−6.00

2
𝑥′𝐹 +

−3.94
2

𝑥′𝐴𝑥′𝐵

+
9.63

2
𝑥′𝐴𝑥′𝐸 

5.6 Discussion – Parameter evaluation 

The effects for the shear stress in the upper weld toe show that active effects may be statistically 
significant while being too small to be practically significant, especially in the middle of the weld.  

Since a fractional factorial design is used, the effects are confounded and it is not possible to know 
which of the confounded effects that is active. The main and two-factor interaction effects are much 
more likely to be active than their respective four- and five-factor interaction effects. The interaction 
effects containing the largest main and two-factor interaction effects have been estimated to be active. 
For instance, the three-factor interaction effects ACD and AEF are used in the regression equation 
estimating the 1st principal stress in the weld toe, weld corner. Due to the confounding pattern these 
might be caused by BEF and BCD. But, since the plate thickness A is the dominating main effect, it is 
more likely that the interactions ACD and AEF are active. 

The parameter evaluation resulted in several active interaction effects, especially at the weld root in 
the middle of the weld. For instance, the main effects of the plate angle and column protrusion 
parameters were smaller than the combined interaction effect. This makes it possible to get the same 
effect by changing both parameters slightly, as by changing one a lot. 
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5.7 Results – comparison with component testing 

The measured parameters that could be observed are compared with the nominal dimensions in Table 
11. 

Table 11 – Comparison between nominal and measured parameter values of tested specimen. 

Name Par. Nominal 
value 

Measured 
value Unit 

Plate thickness t1 7 7 mm 
Plate angle α1 0 - deg 
Column protrusion l1 18.46 20 mm 
Column cut-out depth l2 4 2 mm 
Continuous undercut, upper radius l3 0 0 mm 
Upper toe radius r1 - - mm 
Upper weld toe angle α2 - 16 deg 
Root radius r2 - - mm 
Lower weld thickness l4 - 3 mm 

 

The measurement showed that the column material thickness was larger than with nominal parameter 
values. The plate angle could not be measured on the cut out piece of the weld, thus were 0° used for 
all models. Toe radius was not measured and a 1 mm radius was used for both the toe and root notch. 
The measured toe angle and lower weld thickness was used in all models. 

Additional non-parametric differences from the nominal geometry were: 

• 10 mm higher root-support 
• 1 to 2 mm thicker root support, not parallel to the U-plate 
• 1,5 mm higher weld 

The resulting 1st principal stresses when comparing the measured and nominal model are shown in 
Figure 37. 
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Figure 37 – 1st principal stress with measured and nominal dimensions. 

With the used parameters, the regression equations provides good estimations of the 1st principal 
stresses in the toe and in the root at the centre of the weld. The stress in the root at the side of the 
weld is overestimated by the regression equation as expected due to the positioning of the centre 
point, see Figure 36. The main difference between the nominal and measured model is the column 
cut-out depth which mainly affects the weld root in the centre of the weld. 

Failure occurred from the weld root about half way between the centre and corner of the weld. At 
this point are the 1st principal and equivalent stresses lower than at the centre of the weld, but the 
shear stress is higher, when using the interaction formulae presented in section 4.5.1 the effects cancel 
each other out resulting in the same predicted fatigue life at both positions. Figure 38 shows the 
calculated shear and equivalent stresses in the root at the centre of the weld during the load cycle. 
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Figure 38 – Equivalent (von Mises) and shear stress in the root at the centre of the weld. The 

stresses are calculated using FEA. 

5.7.1 Fatigue life prediction 
Table 12 shows predicted fatigue life for the FE-model with parameters as measured using the 
method outlined in section 4.5. Predicted fatigue life with 50% probability of survival is calculated by 
raising the S-N curve two standard deviations. A standard deviation of 0.178 is used according to [1]. 

Table 12 – Predicted fatigue life from FE-modelled stresses. 

 

  

Equivalent 
stress range 

[MPa] 

Shear 
stress 
range 
[MPa] 

Equivalent 
shear 
stress 
range 
[MPa] 

Predicted 
fatigue 
life at 
95% 

[cycles] 

Predicted 
fatigue 

life at 50% 
[cycles] 

 Notch Pos. Δσloc, von Mises Δτloc Δτeq, loc N95% N50% 

Parameters 
as 

measured 

Weld 
root 

Weld centre 396 94 - XXX XXX 
Crack initiation 344 120 - XXX XXX 

Weld corner 390 - 163 XXX XXX 

Weld 
toe 

Weld centre 479 109 - XXX XXX 
Weld corner 529 - 189 XXX XXX 

Nominal 
parameters 

Weld 
root Weld centre 335 92 - XXX XXX 

 

The predicted fatigue life in the centre of the weld is X% lower with parameters as measured than 
with nominal parameters.  

The tested specimen failed after X cycles. Assuming the same relation between the FAT-values for 
equivalent and shear stress as in Table 1 and using the calculated stress levels in the centre of the weld 
with parameters as measured, the fatigue resistances shown in Table 13 could be derived. 

Figure removed due to confidentiality 
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Table 13 – Derived fatigue resistances in the weld root in the centre of the weld. 

 FATvon Mises, 50% FATvon Mises, 95% FATshear, 50% FATshear, 95% 
Weld centre 172 131 137 105 

 

The approval requirement for the component testing procedure is X cycles for the XS 144 crane. 
Using the derived fatigue resistances and the regression model, parameters achieving this can be 
calculated. The parameter levels shown in Table 14 are calculated using the derived fatigue resistances 
at a 95% probability of surviving the approval requirement. 

Table 14 – Estimated parameters required to achieve approval requirements. 

Name Par. Level Unit 
𝜕𝛥𝜎𝑙𝑜𝑐,𝑣𝑜𝑛 𝑀𝑖𝑠𝑒𝑠

𝜕𝑥
 Unit 

Plate thickness t1 8 mm -55.6 MPa/mm 
Plate angle α1 1.5 deg. -21.1 MPa/deg. 
Column protrusion l1 13.5 mm 8.6 MPa/mm 
Column cut-out depth l2 6 mm -31.6 MPa/mm 
Root radius r2 1 mm -70.6 MPa/mm 
Lower weld thickness l4 3 mm 20.6 MPa/mm 

 

The derivatives shown in Table 14 should be considered relative to the effect the equivalent stress has 
on the fatigue life, at the calculated point around X cycles each MPa corresponds to about X cycles. 

5.8 Discussion – comparison with component testing 

Due to lack of test data, this comparison is very speculative. The reason for failure occurring in the 
weld root instead of the weld toe where the predicted fatigue life were lower may be explained by the 
notch rounding approach being conservative in the weld toe but not the weld root. The weld root is 
also modelled with a U-shaped root crack instead of a keyhole shape, which reduces the stress 
concentration further. Why the weld failed from the root in the centre of the weld and not from the 
corner cannot be explained, there may be several reasons, e.g. residual stresses or non-visible defects. 
Additionally, the effective notch stress approach assumes ideal-elastic material behaviour and does 
not consider the plasticity effect on fatigue [2]. At the relatively short fatigue life of the test specimen, 
this may have further reduced the accuracy of the prediction. 

The calculated fatigue resistances in Table 13 were derived using stresses in the centre of the weld in 
order to get comparable results with the calculated regression models. The parameters estimated in 
Table 14 may provide sufficient fatigue life in the weld root, but would further increase the equivalent 
stress in the weld toe at both calculated positions. The equivalent stress in the weld root at the corner 
of the U-plate would be approximately the same as with the measured parameters. Using the 
calculated gradients of the regression equation, it can be seen that the root stress and in turn the 
fatigue life is very sensitive to deviations from the estimated parameters. A 2 mm decrease in column 
cut-out depth (as measured on the tested specimen) gives an estimated decrease in fatigue life from X 
to X cycles (at 95% probability of survival), for the parameters shown in Table 14. 

Apart from the large sensitivity, the calculated parameter levels would also have major disadvantages 
to the current design; a 1 mm thicker plate thickness, 1.5° tilted U-plate and very thin column 
material. The stress in the weld toe in the centre of the weld would also be problematic with these 
parameters. Comparing the equivalent stress directly with the recommended FAT-value of 200 MPa 
for equivalent stress without the interaction formulae would still not provide sufficient estimated 
fatigue life (at 95% probability of survival, using 10° toe angle and no continuous undercut) without 
increasing the toe radius. An adequate weld toe might be possible to achieve using after-treatment 
methods, e.g. bur grinding, TIG-dressing, etc. Such methods have not been investigated since the 
weld design does not provide a viable option for the XS 144 loader body.  
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6 CONCLUSIONS 

• A weld design with root-support but without the currently used TIG-welding from 
the inside, may fulfil approval requirements for the XS 144 crane, but will not 
provide a robust design within the evaluated parameter ranges. 

• When evaluating weld fatigue life manufacturing and assembling tolerances should 
not be overlooked, e.g. tolerances of the casted column in this case. 

• Weld toe and root notches may not always be evaluated against the same fatigue 
resistances using the effective notch method. 

• When using factorial design with simpler FE-simulations (low process time), much 
time is generally spent modelling. It is thus extra beneficial to reduce the number of 
geometrical parameters since the model can be easily duplicated. A good qualitative 
assessment is therefore recommended. 

• When utilizing sub-models, it is not recommended to include the sub-models as 
structural parts in the global model. 

• Very low element grow rate around weld notches is recommended when using FE-
modelling to calculate notch stresses. 
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7 FUTURE WORK AND RECOMMENDATIONS 

A natural step would be to evaluate a butt-weld design without root-support. This study may provide 
a good base for a qualitative assessment in such evaluation. If required, process simulations could be 
used to estimate residual stresses. 

This study has shown that a weld design only welded from one side would be problematic for the XS 
144 crane. However, a similar weld design is used, and has been proven to work, on other crane 
models. It is thus recommended to perform notch stress analysis, with slewing included, on those 
crane models to compare the levels of shear and normal stresses. Previous effective notch analysis has 
not included the shear stresses, doing so may provide better understanding to why the design only 
works for some models. 

In the centre of the weld, fatigue life could be estimated using the Gough-Pollard interaction 
formulae, without performing additional simulations. At the corner of the weld, where the shear stress 
has variable amplitude, it becomes more difficult. There, at least three simulations were required to 
determine the ranges of the shear stress. To evaluate whether this method is a better way of 
estimating fatigue life on loader bodies, it needs to be used on more tested specimens. Since many 
tested loader bodies fail from the centre of the weld, this would not require much additional work. 

Many crane parts are semi-modular with only loading and few dimensions differing between crane 
models. In such cases factorial design with FE-simulations would be very suitable, allowing parts for 
several crane models to be evaluated in the same factorial design.  

In this evaluation, the notch radii were varied as parameters. This was done to be able to find the 
parameter settings where radii least affected the notch stresses.  In this case, the evaluated geometry 
and parameter ranges did not provide sufficient space for such optimization to be done.  

By varying the toe radius, tolerances for the radius may also be determined. However, this is not 
completely straightforward since different radii require different fatigue resistance, for the effective 
notch method.  Further on, different welding and after-treatment methods may be used to produce 
different toe radii, but the variation is very large. Measuring the toe radius in practice is also very 
difficult. For other weld defects (e.g. continuous undercut, weld penetration…), it may be more 
straightforward to determine tolerances.  

The evaluation could have been simplified by not including these “defects” in the factorial design, 
tolerances could then have been assessed on an optimized design only.  This would reduce the 
number of required calculations, but at the cost of missing the interaction effects. 
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APPENDIX A – Plackett & Burman design and results 
Table 15 – Screened parameters and experimental levels. 

Nr. Parameter Name Par. Low Centre High Unit 
1 A Plate thickness t1 6 7 8 mm 
2 B Plate angle α1 -0,5 1 2,5 deg 
3 C Column protrusion l1 15,5 18,5 21,5 mm 
4 D Root-support thickness t2 3 4,5 6 mm 
5 E Weld penetration l2 1 3 5 mm 
6 F Upper column cut-out slope angle α2 20 30 40 deg 
7 G Column bevel angle α3 20 30 40 deg 
8 H Column cut-out depth l3 0 3 6 mm 
9 J Column cut-out width l4 0 20 40 mm 

10 K Upper toe radius r1 0,5 1 1,5 mm 
11 L Lower toe radius r2 0,5 1 1,5 mm 
12 M Root radius r3 0,5 1 1,5 mm 
13 N Continuous undercut, upper radius l5 0 0,15 0,3 mm 
14 O Upper weld toe angle α4 15 30 45 deg 
15 P Lower weld toe angle α5 45 60 75 deg 
16 Q Lower weld thickness l6 8 10 12 mm 
17 R Weld height l7 5 7,5 10 mm 
18 S Dummy d1 - - - - 
19 T Dummy d2 - - - - 
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Table 16 – P&B design table used for screening with main effects for the 1st principal stress 
and equivalent stress. 

 
 

Table 17 – Calculated responses in the P&B-design, 1st principal and equivalent stresses. 

 
 

Factor t1 a1 l1 t2 l2 a2 a3 l3 l4 r1 r2 r3 l5 a4 a5 l6 l7 d1 d2
Run A B C D E F G H J K L M N O P Q R S T

1 + - + + - - - - + - + - + + + + - - +
2 + + - + + - - - - + - + - + + + + - -
3 - + + - + + - - - - + - + - + + + + -
4 - - + + - + + - - - - + - + - + + + +
5 + - - + + - + + - - - - + - + - + + +
6 + + - - + + - + + - - - - + - + - + +
7 + + + - - + + - + + - - - - + - + - +
8 + + + + - - + + - + + - - - - + - + -
9 - + + + + - - + + - + + - - - - + - +

10 + - + + + + - - + + - + + - - - - + -
11 - + - + + + + - - + + - + + - - - - +
12 + - + - + + + + - - + + - + + - - - -
13 - + - + - + + + + - - + + - + + - - -
14 - - + - + - + + + + - - + + - + + - -
15 - - - + - + - + + + + - - + + - + + -
16 - - - - + - + - + + + + - - + + - + +
17 + - - - - + - + - + + + + - - + + - +
18 + + - - - - + - + - + + + + - - + + -
19 - + + - - - - + - + - + + + + - - + +
20 - - - - - - - - - - - - - - - - - - -
21 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

MPS 1 -34,7 70,1 -61,1 -27,5 -10,5 61,3 33,5 56,5 -12,9 -181,3 15,3 -8,9 155,1 91,5 45,1 93,7 -23,5 30,5 8,5
MPS 2 282,2 -41,4 -15,4 -25,4 49,2 -16,4 112,6 52,0 -31,0 11,8 -184,8 -70,8 0,4 -43,6 177,0 -439,0 73,0 19,4 37,6
MPS 3 -174,6 -103,6 126,8 -8,0 -23,6 -43,6 -45,0 -168,4 -52,4 -5,0 -6,0 -147,8 31,4 44,8 19,4 92,0 52,4 -47,2 -40,4
MPS 4 -231,1 93,5 12,3 -58,5 -58,3 20,5 -25,3 21,5 -65,9 -238,9 -22,1 4,1 119,9 52,9 35,5 140,7 -37,9 34,9 -1,7
MPS 5 61,3 116,1 92,3 -55,1 -42,3 -54,5 43,9 99,3 -130,1 61,3 -256,1 3,9 43,5 -9,5 182,7 -401,7 15,3 46,7 76,7
MPS 6 -44,4 44,0 2,4 -17,0 49,2 4,2 37,8 28,0 -18,0 1,2 -2,6 -161,2 7,8 -19,0 -6,4 -55,2 -14,2 3,8 10,4
EQS 1 -37,1 60,9 -51,5 -27,1 -9,9 52,1 28,7 46,3 -14,1 -157,9 14,9 -6,7 136,3 79,5 39,7 82,9 -23,3 26,9 7,5
EQS 2 216,4 -27,6 -18,2 -11,4 28,6 6,2 113,2 57,6 -20,4 -8,8 -171,0 -44,8 13,4 -53,0 166,0 -356,2 60,8 8,0 23,4
EQS 3 -158,2 -77,6 100,2 -9,0 -24,4 -33,6 -37,2 -129,0 -35,6 -8,8 -6,4 -125,6 29,6 42,8 17,4 81,6 42,8 -37,6 -38,4
EQS 4 -205,5 92,5 10,7 -48,7 -54,1 23,1 -22,5 26,9 -49,7 -202,1 -19,7 1,9 108,1 58,9 33,3 129,1 -34,3 35,3 -2,5
EQS 5 34,7 130,9 70,9 -47,1 -47,5 -43,5 32,5 106,9 -122,7 57,1 -233,1 8,7 50,7 -16,7 161,1 -334,5 9,3 42,7 69,7
EQS 6 -42,6 36,6 0,0 -11,2 45,8 -2,0 33,4 10,4 -6,4 4,4 -5,4 -142,6 12,6 -21,8 -10,2 -49,6 -10,8 3,0 13,6

Run MPS 1 EQS 1 MPS 2 EQS 2 MPS 3 EQS 3 MPS 4 EQS 4 MPS 5 EQS 5 MPS 6 EQS 6
1 794 725 219 231 635 592 843 769 344 334 412 374
2 535 495 434 412 348 349 563 526 672 657 331 293
3 897 823 83 152 700 660 1200 1079 482 508 587 515
4 719 663 93 170 586 554 1003 906 498 493 346 307
5 754 682 1239 1118 198 224 660 591 1212 1114 609 539
6 875 789 330 325 85 158 868 809 502 521 557 482
7 426 399 1051 953 336 339 422 398 1205 1101 571 511
8 516 481 233 244 263 286 588 551 548 562 552 474
9 527 491 304 319 231 265 748 678 660 647 475 425
10 431 405 665 611 258 265 400 374 767 705 382 356
11 737 679 361 355 403 405 743 688 664 654 670 601
12 709 650 803 743 184 214 671 608 861 775 442 360
13 987 893 179 338 176 249 1147 1049 588 644 418 366
14 662 611 231 259 655 630 782 726 512 507 574 513
15 576 531 493 476 388 411 603 578 640 615 514 445
16 534 506 143 180 346 353 664 604 325 335 413 381
17 663 609 207 239 192 222 636 580 389 427 328 283
18 837 760 577 537 154 205 784 720 675 638 388 351
19 727 675 588 558 312 341 995 918 1453 1383 465 401
20 521 494 461 442 602 568 861 755 740 701 554 495
21 672 618 377 368 346 354 695 643 642 631 435 382

Mean 671 618 432 430 352 364 756 693 685 664 477 422

Center Corner
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MPS = maximum principal stress in MPa and EQS = equivalent stress (von Mises) in MPa, the 
numbering is as follows: 

1 = upper weld toe, weld centre 

2 = lower weld toe, weld centre 

3 = weld root, weld centre 

4 = upper weld toe, weld corner 

5 = lower weld toe, weld corner 

6 = weld root, weld corner 

The values shown in Table 16 are the main effects in MPa, i.e. the average change in stress when 
changing respective parameter from its low to high level. Table 17 shows the calculated responses for 
each run. 
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APPENDIX B – Fractional factorial design plan with 9 
parameters 
The parameters were initially evaluated using a highly reduced fractional factorial design plan, 29-5, 
with resolution III. The resulting effects are thus heavily confounded. 

Table 18 – Parameters and parameter levels. 

Nr. Parameter Name Par. Low Centre High Unit 
1 A Plate thickness t1 5 6,5 8 mm 
2 B Plate angle α1 -0.5 1 2.5 deg 
3 C Column protrusion l1 13.5 18.5 23.5 mm 
4 D Column cut-out depth l2 -1 2.5 6 mm 
5 E Upper toe radius r1 1 1.5 2 mm 
6 F Root radius r2 0.5 1 1.5 mm 
7 G Continuous undercut upper radius l3 0 0.15 0.3 mm 
8 H Upper weld toe angle α2 10 25 40 deg 
9 J Lower weld thickness l4 1 2 3 mm 

 

Table 19 – Design table and calculated main effects. 

  
Run t1 a1 l1 l2 r1 r2 l3 a2 l4 

  
1 - - - - - - - - + 

  
2 + - - - + - + + - 

  
3 - + - - + + - + - 

  
4 + + - - - + + - + 

  
5 - - + - + + + - - 

  
6 + - + - - + - + + 

  
7 - + + - - - + + + 

  
8 + + + - + - - - - 

  
9 - - - + - + + + - 

  
10 + - - + + + - - + 

  
11 - + - + + - + - + 

  
12 + + - + - - - + - 

  
13 - - + + + - - + + 

  
14 + - + + - - + - - 

  
15 - + + + - + - - - 

  
16 + + + + + + + + + 

Main effects 17 0 0 0 0 0 0 0 0 0 

1st p. 
stress 

Weld 
centre 

Toe -91.9 44.6 -62.9 100.9 -100.4 1.9 153.4 100.4 -0.1 
Root -133.1 -79.6 77.1 -303.6 -40.4 -104.4 -27.4 62.4 101.4 

Weld 
corner 

Toe -232.2 89.8 -4.8 126.0 -95.8 -27.0 163.0 167.0 58.3 
Root -185.9 68.4 -12.9 64.4 9.4 -200.9 4.4 -30.9 -5.4 

Eq. 
stress 

Weld 
centre 

Toe -95.4 38.9 -52.9 87.6 -85.1 1.9 134.1 86.9 0.4 
Root -136.1 -54.6 51.1 -217.9 -26.4 -100.6 -28.1 58.6 81.6 

Weld 
corner 

Toe -220.1 82.6 -8.6 118.1 -78.9 -22.6 147.6 153.9 53.9 
Root -170.0 53.3 -12.8 50.3 9.5 -200.3 7.5 -33.5 -2.5 
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APPENDIX C – Detailed parameter evaluation 
Table 20 – Parameters and experimental levels used to study notch stresses in the upper toe.  

Nr. Parameter Name Par. Low Centre High Unit 
1 A Plate thickness t1 5 6.5 8 mm 
2 B Continuous undercut, upper radius l3 0 0.15 0,3 mm 
3 C Column protrusion l1 13.5 18.5 23.5 mm 
4 D Column cut-out depth l2 -1 2.5 6 mm 
5 E Upper toe radius r1 1 1.5 2 mm 
6 F Upper weld toe angle α2 10 25 40 deg 

Table 21 – Parameters with experimental levels used to study notch stresses in the root. 

Nr. Parameter Name Par. Low Centre High Unit 
1 A Plate thickness t1 5 6,5 8 mm 
2 B Plate angle α1 -0.5 1 2.5 deg 
3 C Column protrusion l1 13.5 18.5 23.5 mm 
4 D Column cut-out depth l2 -1 2.5 6 mm 
5 E Root radius r2 0.5 1 1.5 mm 
6 F Lower weld thickness l4 1 2 3 mm 

 

The lower weld thickness is defined relative to the plate, unlike in the P&B design. Most of the 
parameter intervals are also adjusted. 
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Table 22 – Experimental conditions and calculated responses at the upper weld toe. 

 Parameter Weld centre U-plate corner 

Run 
Pl

at
e 

th
ic

kn
es

s 

Co
nt

in
uo

us
 

un
de

rc
ut

 

Co
lu

m
n 

pr
ot

ru
sio

n 

Co
lu

m
n 

cu
t-

ou
t d

ep
th

 

To
e 

ra
di

us
 

To
e 

an
gl

e 1st 
principal 

stress 
[MPa] 

Eq. 
stress 
(von 

Mises) 
[MPa] 

Shear 
stress 
[MPa] 

1st 
principal 

stress 
[MPa] 

Eq. 
stress 
(von 

Mises) 
[MPa] 

Shear 
stress 
[MPa] 

1 5 0 13.5 -1 1 10 520 504 -65 597 565 -176 
2 8 0 13.5 -1 1 40 550 512 -56 580 540 -173 
3 5 0.3 13.5 -1 1 40 848 790 -81 992 921 -255 
4 8 0.3 13.5 -1 1 10 579 540 -54 588 545 -148 
5 5 0 23.5 -1 1 40 619 589 -73 835 778 -234 
6 8 0 23.5 -1 1 10 394 379 -45 425 398 -125 
7 5 0.3 23.5 -1 1 10 723 677 -69 833 772 -201 
8 8 0.3 23.5 -1 1 40 657 608 -58 714 660 -188 
9 5 0 13.5 6 1 40 770 721 -83 1002 951 -270 

10 8 0 13.5 6 1 10 554 513 -53 554 512 -141 
11 5 0.3 13.5 6 1 10 875 811 -79 1017 958 -223 
12 8 0.3 13.5 6 1 40 904 823 -68 909 831 -220 
13 5 0 23.5 6 1 10 539 523 -64 716 674 -182 
14 8 0 23.5 6 1 40 625 577 -59 726 679 -194 
15 5 0.3 23.5 6 1 40 867 809 -82 1217 1124 -275 
16 8 0.3 23.5 6 1 10 644 595 -56 686 624 -154 
17 5 0 13.5 -1 2 40 548 529 -68 695 663 -212 
18 8 0 13.5 -1 2 10 390 376 -45 406 386 -121 
19 5 0.3 13.5 -1 2 10 656 621 -68 718 667 -190 
20 8 0.3 13.5 -1 2 40 563 527 -55 582 544 -164 
21 5 0 23.5 -1 2 10 463 455 -59 572 539 -168 
22 8 0 23.5 -1 2 40 447 425 -49 509 480 -154 
23 5 0.3 23.5 -1 2 40 673 637 -69 842 785 -219 
24 8 0.3 23.5 -1 2 10 473 447 -47 502 467 -135 
25 5 0 13.5 6 2 10 579 554 -68 682 660 -189 
26 8 0 13.5 6 2 40 627 578 -58 639 591 -184 
27 5 0.3 13.5 6 2 40 802 752 -78 1016 963 -264 
28 8 0.3 13.5 6 2 10 652 600 -55 653 600 -151 
29 5 0 23.5 6 2 40 565 546 -68 847 804 -232 
30 8 0 23.5 6 2 10 439 417 -47 482 444 -129 
31 5 0.3 23.5 6 2 10 669 635 -68 884 831 -195 
32 8 0.3 23.5 6 2 40 626 583 -57 701 656 -183 
33 6.5 0.15 18.5 2.5 1.5 25 625 587 -62 709 663 -191 

   Average response  620.2 583.0 -62.6 722.1 675.0 -189.1 

   Standard deviation 135.6 121.2 10.9 190.9 178.5 41.9 
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Table 23 – Experimental conditions and calculated responses at the weld root. 

 Parameter Weld centre U-plate corner 

Run 
Pl

at
e 

th
ic

kn
es

s 

Pl
at

e 
an

gl
e 

Co
lu

m
n 

pr
ot

ru
sio

n 

Co
lu

m
n 

cu
t-

ou
t d

ep
th

 

Ro
ot

 ra
di

us
 

Lo
w

er
 w

el
d 

th
ic

kn
es

s 1st 
principal 

stress 
[MPa] 

Eq. 
stress 
(von 

Mises) 
[MPa] 

Shear 
stress 
[MPa] 

1st 
principal 

stress 
[MPa] 

Eq. 
stress 
(von 

Mises) 
[MPa] 

Shear 
stress 
[MPa] 

1 5 -0.5 13.5 -1 0.5 1 748 707 82 644 603 215 
2 8 -0.5 13.5 -1 0.5 3 604 567 54 455 426 142 
3 5 2.5 13.5 -1 0.5 3 697 667 65 712 653 225 
4 8 2.5 13.5 -1 0.5 1 403 401 42 566 517 160 
5 5 -0.5 23.5 -1 0.5 3 824 770 76 610 572 211 
6 8 -0.5 23.5 -1 0.5 1 565 531 56 485 453 152 
7 5 2.5 23.5 -1 0.5 1 682 652 67 750 689 238 
8 8 2.5 23.5 -1 0.5 3 511 489 40 534 486 152 
9 5 -0.5 13.5 6 0.5 3 450 470 79 685 612 181 

10 8 -0.5 13.5 6 0.5 1 175 225 55 526 468 114 
11 5 2.5 13.5 6 0.5 1 242 321 62 856 758 205 
12 8 2.5 13.5 6 0.5 3 89 185 43 578 507 109 
13 5 -0.5 23.5 6 0.5 1 55 170 42 713 643 202 
14 8 -0.5 23.5 6 0.5 3 388 385 52 495 441 116 
15 5 2.5 23.5 6 0.5 3 532 534 57 774 690 209 
16 8 2.5 23.5 6 0.5 1 205 248 41 622 549 135 
17 5 -0.5 13.5 -1 1.5 3 529 517 58 439 415 167 
18 8 -0.5 13.5 -1 1.5 1 383 376 41 339 322 118 
19 5 2.5 13.5 -1 1.5 1 435 445 51 540 498 187 
20 8 2.5 13.5 -1 1.5 3 309 321 30 376 342 118 
21 5 -0.5 23.5 -1 1.5 1 528 514 60 463 438 175 
22 8 -0.5 23.5 -1 1.5 3 410 396 40 325 306 112 
23 5 2.5 23.5 -1 1.5 3 490 487 48 512 473 185 
24 8 2.5 23.5 -1 1.5 1 314 323 32 401 367 128 
25 5 -0.5 13.5 6 1.5 1 251 311 58 522 466 155 
26 8 -0.5 13.5 6 1.5 3 151 205 42 346 306 84 
27 5 2.5 13.5 6 1.5 3 184 279 48 574 505 161 
28 8 2.5 13.5 6 1.5 1 -3 151 31 433 379 97 
29 5 -0.5 23.5 6 1.5 3 -36 151 30 420 367 98 
30 8 -0.5 23.5 6 1.5 1 227 252 39 373 332 100 
31 5 2.5 23.5 6 1.5 1 314 358 83 594 529 179 
32 8 2.5 23.5 6 1.5 3 172 222 30 404 353 98 
33 6.5 1 18.5 2.5 1 2 381 390 45 481 433 138 

   
 

Average response 370.0 394.6 50.9 531.7 481.8 153.5 

   
Standard deviation 216.6 166.7 15.1 134.8 120.5 43.1 
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Figure 39 – Main effects plot for the 1st principal stress at the upper weld toe, weld centre. 

 

 
Figure 40 – Main effects plot for the equivalent stress at the upper weld toe, weld centre. 
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Figure 41 – Main effects plot for the shear stress at the upper weld toe, weld centre. 

 

 
Figure 42 – Main effects plot for the 1st principal stress at the upper weld toe, weld corner. 
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Figure 43 – Main effects plot for the equivalent stress at the upper weld toe, weld corner. 

 

 
Figure 44 – Main effects plot for the shear stress at the upper weld toe, weld corner. 
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Figure 45 – Main effects plot for the 1st principal stress in the weld root, weld centre. 

 

 

 
Figure 46 – Main effects plot for the equivalent stress in the weld root, weld centre. 

 



 

 

Dept. of Aeronautical & Vehicle Engineering, Div of Lightweight Structures 

KTH, Royal Institute of Technology, Stockholm, Sweden 

-61- 

 

 
Figure 47 – Main effects plot for the shear stress in the weld root, weld centre. 

 

 
Figure 48 – Main effects plot for the 1st principal stress in the weld root, weld corner. 
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Figure 49 – Main effects plot for the equivalent stress in the weld root, weld corner. 

 

 
Figure 50 – Main effects plot for the shear stress in the weld root, weld corner. 
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APPENDIX D – Input data for load calculations 
 
This part has been removed due to confidentiality. 
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