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Abstract 

This thesis work is carried out in Cargotec Sweden AB, Bromma Conquip to study the behavior 

of load carrying welded joints in different weld metal strength mismatch conditions and various 

penetration ratios.  

Static and fatigue strength calculations have been made using FEA and experimentation. 

The joint in the Telescopic beam of the spreader STS45 has been analyzed. Telescopic beam is 

one of the critical and main parts in the spreader, which is directly subjected to the load of 

containers at various ports. Previous studies show that this joint limits the strength of the 

spreader, it has thus been analyzed. 

To check the effect of different strength mismatch conditions in the weld metal, static strength 

calculations have been carried out. The effect of different penetration ratios on static and fatigue 

strength has also been studied. A cruciform test specimen is designed according to the joint 

configuration and the capacity of testing machine. Criteria for the selection of consumables has 

also been developed and following standards: Eurocode 3, AWS D1.1 and BSK07, have been 

compared for static joint design. Sub modelling, effective notch stress and beam theory 

techniques have been used to study the effect of weld metal penetration and size of weld throat on 

the fatigue strength of the welded joint in the Telescopic beam. 

The study show that matching or slight under matching in the filler material along with full 

penetration increases the ultimate strength capacity as well as the ductility in the joint. Results of 

Eurocode 3, AWS D1.1 and BSK 07 are close to each other. Apart from strength mismatch and 

penetration ratios, it is observed that the weld geometry and joint preparation has also effect on 

the strength of the joint. Fatigue analysis of the weld in the Telescopic beam using 3D Finite 

element analysis show that effective notch concept is not applicable to this part of the spreader.  

 

Keywords 

Strength mismatch, penetration ratio, full penetration, partial penetration, Eurocode 3, AWS 

D1.1, BSK 07, HAZ, ultimate strength capacity, FE analysis, effective notch concept, beam 

theory analysis, sub modelling.  
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1 INTRODUCTION 
This section contains introduction to the thesis work. First of all the background of the project is 

given. Then the problem is described, followed by goals of the project and finally the section 

ends with methodology used to achieve the corresponding goals. 

1.1 Background 

Cargotec is the world's leading provider of cargo handling solutions. Bromma Conquip, a part of 

Cargotec is the world's most experienced spreader manufacturer. Bromma's spreaders STS45 are 

used worldwide in various ports, lifting the containers. High strength steels have been used in the 

spreaders to make them light weight and strong. In the project Grand Canyon carried out in 

Bromma, cracks were observed in the longitudinal welds of the Telescopic beams in the 

spreaders. Welding is an important area which needs to be improved while joining different high 

strength steels. To ensure better static and fatigue strengths, parameters like weld metal 

penetration ratio and strength matching conditions have to be considered. 

 

Figure 1: Spreader 

      

1.2 Problem Description 

Telescopic beam is one of the important parts in the spreader. It is a box shaped beam with four 

welds joining the two webs and two flanges of different grades of high strength steels. From 

experience the longitudinal welds were found to have lack of penetration and lack of sufficient 

strength matching in the weld metal. 
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1.3  Goals 

The goals of the thesis work are to compare Eurocode 3, BSK 07 and American Welding Society 

Code AWS D1.1 for static joint design. Designing a static joint, study the effects of different 

penetration ratios and strength matching conditions. Evaluate the effect of different defects like 

lack of penetration and different throat sizes on the fatigue strength of the joint.  

1.4 Methods 

Various standards have been reviewed and a criteria for the selection of consumables and a static 

joint have been designed. Effective notch concept has been used to avoid singularities at sharp 

corners in static and fatigue analysis. 2D nonlinear FE analysis is done for ultimate strength 

calculations, which is verified with experimentations. Fatigue life evaluations have been made 

using 3D FE analysis using global model analysis, sub modelling and by the application of beam 

theory. 
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2 FRAME OF REFERENCE 
In this section literature review relevant to the thesis work is summarized. First of all a short 

description about various standards is summarized and then information about experiments is 

discussed. Various fatigue assessment methods are shortly described and lastly an overview of  

the previous work carried out in the area is summarized. 

2.1 Standards-Eurocodes 

In Eurocodes, EN 1993-1-8 and EN 1993-1-12 are used in designing joints in high strength steels. 

Eurocode 3 part 1-12 extends the use of Eurocode 3 part1-8 in designing of joints for steel grades 

higher than S460 upto S700. It also allows the use of undermatched consumables and make the 

selection of filler materials against the strength of lower grade base material in the joint. 

Calculation of the design resistance of every component in a welded joint is recommended [1]. 

There are two methods to calculate the strength of fillet welded connections: the directional 

method and the simplified method [1]. In the directional method the carried forces are divided by 

the throat area and split into stress components parallel and transverse to the longitudinal axis of 

the weld and normal and transverse to the plane of its throat. The design resistance is calculated 

according to two conditions below; 
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where  

fu   - is the nominal ultimate tensile strength of the weaker part joined 

βw   - is the appropriate correlation factor taken from Table 4.1 EN 1993 -1-8 

σ┴    - is the normal stress perpendicular to the throat 

σ‖      - is the normal stress parallel to the axis of the weld 

τ┴     - is the shear stress (in the plane of the throat) perpendicular to the axis of the weld 

τ ‖     - is the shear stress (in the plane of the throat) parallel to the axis of the weld. 

2.2 Standards-BSK 07 

According to BSK 07 the sections for analysis in fillet welds are through the throat thickness of 

the weld and through the section adjacent to the weld. The acceptable stresses for the strength of 

welded joints according to BSK07 are as follow  
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and  

 euk
wd uk euk

n

υf
f if f f

1.2γ
   (2.4) 

       

where φ is a reduction factor and depends on the welding class 

φ = 1.0 for welding class B 

φ = 0.9 for welding class C 

γ
n

= safety factor which depends on the potential cosequences 

fuk = ultimate tensile strength of the base material 

feu k = ultimate tensile strength of the filler material  

fwd = allowable weld strength  

where we can see that equation (2.3) will give more conservative result because of the term 

 fuk feuk  . This makes equation (2.3) more safe to use.  

2.3  Standards-AWS 

American Welding Society Code AWS D1.1 structural welding code-steel is used for designing 

connections in steel. The code has been divided into eight sections which cover various areas 

related to welding. Both tubular and non tubular connections subjected to static and dynamic 

loading have been covered. An outline of these sections is as follow; 

 

1. General requirements  

2. Design of welded connections  

3. Pre qualification  

4. Qualification  

5. Fabrication  

6. Inspection  

7. Stud welding  

8. Strengthening and repair of existing structures  

 

Apart from these sections various annexes and commentaries have detailed explanation of the 

relevant sections. It is recommended for fillet welds to calculate the load carrying capacity on 

each plane of stress transfer in a welded joint. The load carrying capacity is then determined by 

the load carrying capacity of the weaker part [3]. Various planes for fillet welded connection are 

shown in the figure below; 
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Figure 2: Stress planes for fillet welded connection 'figure taken from AWS D1.1[3]' 

The safety factor varies from 2.2 for shear forces parallel to the longitudinal axis of the weld to 

4.6 for forces normal to the axis.  

2.4 Hardness testing 

Hardness is the resistance of a material to permanent  indentation. It is not a material property but 

an empirical test. Vickers hardness test was developed in 1924 by Smith and Sandland at Vickers 

Ltd to measure hardness of the materials. A pyramid shaped indenter is used to make the 

indentation by applying a test force F and then hardness of the material is measured by measuring 

the length of the diagonal of the indentation made on the material surface [6]. This is shown in 

figure 3 below; 

 
Figure 3: Diamond shaped indenter 'figure taken from [6]' 

 

Vickers hardness is given by the following expression 

 

Vickers Hardness = Constant x 
Test  Force

Surface  area  of  the  indentatio n
. 

 

Vickers test is applicable for all metals and has a wide range among the hardness tests. The unit 

of hardness given by the test is known as Vickers Pyramid Number (HV). Other mechanical 

properties are usually computed using hardness number and change in the properties due to heat 

treatment or welding. 

http://en.wikipedia.org/wiki/Vickers_Ltd
http://en.wikipedia.org/wiki/Vickers_Ltd
http://en.wikipedia.org/wiki/Vickers_Ltd
http://en.wikipedia.org/wiki/Hardness
http://en.wikipedia.org/wiki/Metal
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2.5 Tensile testing 

Tensile test is the most fundamental type of  mechanical test. It can be either force controlled or 

displacement controlled experiments. In force controlled experiments, a material is being pulled 

and its behavior to react to the forces applied in tension is determined, while in displacement 

controlled experiments a constant increasing displacement is applied as a load. The stress and 

strains are determined from the cross sectional area and length.  After performing tensile test a 

curve is obtained which tells about the behavior of the material. Properties of the material like 

elongation, ultimate tensile strength and ductility are computed. The relation between stress and 

strain is observed to be linear for small strains while for large strains it is no longer linear. For 

metallic materials a distinct stress that defines the transfer of linear and non linear behavior 

cannot be defined therefore, a stress that correspond to 0.2% plastic deformation is registered 

[14]. A typical stress-strain curve based on the data obtained from SSAB for Domex 600 MCD is 

shown in figure 4 below;    

 

Figure 4: Typical stress strain curve 

Elongation in the specimen can be expressed as a relative measurement called 'strain'. Strain can 

be expressed as 'engineering strain' or 'true strain'. Engineering strain is the ratio of change in 

length to the original length while true strain is based on the instantaneous length of the 

specimen. The true stress strain curve is only useful until the tensile load where necking is 

initiated while after this point all changes are local to the necking region [15]. Tensile tests are 

used to determine the behavior of welded joints with transversely stressed fillet welds. An 

increasing tensile load is applied continuously until fracture occurs in the joint. All details for 

carrying out tensile tests on welded joints is explained in [4],[7] and [8]. 

2.6 Fatigue strength assessment methods 

Nominal stress, hotspot stress, effective notch stress, linear elastic fracture mechanics and 

component testing are methods for fatigue assessment of welded joints. Assessment method is 

selected according to the information available about the welded joint [13]. Nominal stress and 

hotspot stress methods are global methods and applicable to the weld toe. Both methods do not 

take into account the stress raising effects near the weld. 
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2.6.1 Structural hotspot stress 

The stress at the hotspot takes into account the effect of geometry of the structure while the 

effects of stresses local to the weld are not considered. It is usually determined by extrapolating 

the stresses at the reference point to the hot spot in consideration. A typical distribution of the 

stress is shown in figure 5 below taken from [13]. 

 

Figure 5: Structural hotspot stress 'figure taken from IIW fatigue recommendations [13] ' 

The amount of strains at the hotspot are measured by placing strain gauges at the reference points 

and extrapolating. Depending on the plate thickness and joint strain gauges can be placed at 

different places as shown in figure 6 below [13]. In our case strain gauges were placed on the 

plate with thickness 8 mm.  

 

Figure 6: Strain gauge placement locations 'figure taken from IIW fatigue recommendations [13]' 

For type 'a' hotspot (structural hotspot stress is transverse to the weld toe on the plate surface) and 

two strain gauges at the reference points the following formula is proposed for extrapolation in 

IIW fatigue recommendations [13]. 
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 0.4 1.01.67. 0.67.hs t t     (2.5) 

2.6.2 Effective notch stress method 

The stress obtained at the root of the notch assuming linear elastic material behavior is effective 

notch stress. According to Hobacher in [13] the method has been verified for steel and aluminum 

structures by creating an effective notch of 1 mm radius. A minimum element size of 1/6 of the 

radius is recommended by IIW along the fictitious notch. It is applicable to plates with thickness 

t>5 mm and FAT value of 225 MPa is recommended to be used for steel in fatigue calculations. 

FAT 220 MPa is used in cases where there is a contribution from shear stresses. For the 

determination of effective notch stress using finite element analysis the notch can be modeled in 

two ways keyhole shaped and U shaped notch. It has been concluded by [11] and [16] that the 

type of notch has a small effect on the value of stress. These type of notches are shown in figure 7 

below taken from Wolfgang Fricke [16]. 

 

Figure 7: Different types of notches 'figure taken from Wolfgang Fricke [16] ' 

2.7 Bromma's Design 

Telescopic beam is one of the main parts in the spreader. In the spreader STS45 welding is used 

for joining webs and flanges in the Telescopic beams. The joint is prepared by making a bevel of 

45
o
 in the 8 mm thick plate. This ensures a penetration of 75% of the weld metal. Detailed 

drawing of the Telescopic beam is given in appendix A. 

2.8 Previous study 

Strength of fillet welds has been investigated in various studies before. In these investigations a 

simple fillet weld is considered while no study has been done on fillet welds with joint 

preparation. The study of the capacity of fillet welded joints made of ultra high strength steel 

show that the load carrying capacities calculated with current design rules and experiments 

matches with each other [7]. It is also found that the use of undermatched consumable improves 

ductility in the joint [7]. The study of fillet welds in [9] ends up with a proposal that the design 

strength of the weld material in Eurocodes should be taken as an average of the strength of the 

base material and the electrode material. This will make the codes more conservative and safe to 

use, covering various strength mismatch conditions. In [8] the strength and ductility of fillet 

welded connections of high strength steel S460 and S690 has been analyzed in order to optimize 
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the actual normative rules. The influence of the strength of filler materials on the behavior of  

welded joint is also studied and it is concluded that an increase in the strength of filler material 

increases the strength of the joint. A good correlation between the strength of the joint due to 

failure in the weld and the ultimate strength of the filler material is observed. In [10] the effects 

of different weld geometries on the mechanical properties of the undermatched welds in high 

strength steel have been studied. It is concluded that it is possible for an undermatched test 

specimen to achieve the base plate strength and failure can occur in the base plate. For grades like 

Weldox 1100 in [10] the failure occurred in the soft zone of the HAZ.  
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3 STATIC JOINT DESIGN 
In this section designing of static joint has been discussed. In the first part, limitations and 

designing of cruciform test specimen has been described. A short description of different joint 

geometries has been given in the next part and finally the section ends with details about  

selecting consumables, when there are two different grades of high strength steels in the joint to 

be welded.  

3.1 Cruciform test specimen design 

A cruciform test specimen is designed according to the joint in the Telescopic beam of the  

spreader STS45 which resembles case 415 of IIW Fatigue Recommendations [13]. The method 

described in SS-EN 9018 [4] is followed for designing the cruciform joint. The maximum 

capacity [250 kN] of the testing machine is also considered while designing the specimens. Plates 

of length 500 mm are welded together and then cut into pieces of 30 mm as designed. The end 

pieces are discarded so as to avoid specimens with weld start/stop. The cross section of the 

Telescopic beam is given in figure 8 below, while the front and side views of the designed test 

specimen are shown in figure 9.       

 

 

Figure 8: Cross section Telescopic beam STS45, dimensions are in mm 
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Figure 9: Front and side views cruciform test specimen, dimensions are in mm 

 

3.2 Joint geometries different penetration ratios 

The affect of different penetration levels of the weld metal had to be studied, so the geometry of 

the joint has been designed for full (100%) and partial penetration (50% and 75%) cases. Two 

cases 75% and 50% are considered in the partial penetration case. The lower weld of the 

cruciform joint is always fully penetrated while the upper weld has different penetration levels as 

shown in figure 9 above. In this way the behavior of a single weld is analyzed. Geometries for 

75% and full penetration levels are shown in figure 10 below where a gap of 3 mm is given 

between the web plate and the flange to achieve full penetration. The nominal throat of the weld 

in different cases with respect to weld metal penetration has been kept constant. The bevel angle 

in the joint preparation has been changed, in order to achieve the required penetration level. The 

present joint in the Telescopic beam is designed to achieve 75% penetration so this case is kept as 

a reference in calculations. Appendix A has the detailed geometry of the Telescopic beam and the 

joint to be analyzed. 
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Figure 10: Geometries designed for  full and partial penetration   

   

3.3 Consumables selection criteria 

The criteria for the selection of consumables is based on the recommendation of the standards 

and the manufacturer of the corresponding high strength steel for their product. Web plates in the 

Telescopic beam are made of Domex 600 MCD and the flanges are made of Weldox 700E. When 

two different grades of high strength steels are to be joined, Eurocode 3 and AWS D1.1 

recommends the selection of consumables relative to the strength of the lowest grade base 

material  [1] and [2]. As these two steels are products of SSAB, their recommendation is also 

considered in the choice of different consumables. Based on this criteria three different 

consumables from ESAB with different strength mismatch ratio have been chosen. Consumables 

chosen and the mechanical properties of the base material and different consumables is given in 

appendix B. 

3.4 Different cases 

Based on the difference in the strength of filler material and penetration of the weld metal, we 

have nine different cases to be studied. These cases are tabulated below; 

Table 1: Nine different cases to be studied  

 Undermatching filler material (20%)  

Case no 1 2 3 

Penetration 

[%]  
50 75 100 

Matching filler material (0%) 

Case no 4 5 6 

Penetration 

[%]  
50 75 100 

Overmatching filler material (26%) 

Case no 7 8 9 

Penetration 

[%]  
50 75 100 
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4 STANDARDS COMPARISON FOR STATIC JOINT 

DESIGN 
In this section different standards have been compared for static joint design. Eurocode 3, AWS 

D1.1 and BSK 07 are the relevant parts of the corresponding standards for the design of static 

joint. A brief review of the application of these parts to our designed joint is described in this 

section.  

4.1 Eurocode 3  

Eurocode 3-Design of steel structures has a wide scope due to a lot of steel structures. It covers 

areas like fatigue of steel structures, design of joints and crane supporting structures etc. The 

distribution of Eurocode 3 is shown in figure 11 below; 

 

 

Figure 11: Distribution of Eurocode 3 

  

In figure 11 the parts represented in green part 1.8, part 1.12, part 1.9 and part 6 are used in 

designing welded joints in high strength steels. For the determination of the design resistance of 

fillet welds two methods, the directional method and the simplified method have been given in 

Eurocode 3 part 1.8 [1]. The application of these methods is extended with the addition of few 

rules to other types of welds as well. Effective throat of a weld is defined as the minimum 

distance from the joint root to the weld face and the minimum size for effective throat is 3 mm. In 
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our designed joint and experimental  conditions, we have force perpendicular to the direction of 

the axis of the weld. This is illustrated in the figure 12 below;   

 

 

 

Figure 12: Boundary conditions for cruciform test specimen 

 

The directional method in [1] has been used to calculate the design resistance of the reinforced 

fillet weld and then the ultimate strength capacity of the joint is calculated. So in our case, 

according to equation (2.1) the ultimate strength capacity of the fillet weld  becomes 
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where 

α  -is the angle of the effective throat plane, depends on the penetration level (45
o
 for 75% 

penetration, 60
o
 for 50% penetration and 30

o
 for 100% penetration) 

aeff  -is effective throat  
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L  -is the effective weld length  

γM2 - safety factor which is 1.25 

F -Ultimate load capacity  

while rest of the parameters  are defined in section 2.1 

For a load carrying welded joint the design resistance for every component in the joint has to be 

calculated.  

4.2 BSK 07 

According to BSK 07 the sections for the analysis of fillet welds are through the throat thickness 

of the weld and through the section adjacent to the weld. Following figure 13 depicts these 

sections in our joint. 

 

Figure 13: Section for analysis in partial penetration designed cruciform joint, dimensions in mm 

For the calculation of ultimate strength of the fillet weld with different strength mismatch 

conditions according to BSK 07 the following values can be used. 

Table 2: Design resistance for different strength mismatch conditions 

 

where explanation  for various terms in the table is given in section 2.2 above. 

 
Undermatching filler 

material 

Matching filler 

material 

Overmatching filler 

material 

Section through the 

weld, Section II 
feuk  feuk   𝑓𝑢𝑘𝑓𝑒𝑢𝑘  

Section adjacent to the 

weld, Section I 
feuk  feuk  fuk  
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Fillet welded joints  are designed to resist shear force parallel to the weld and normal force at an 

angle to the section of analysis. The distribution of these forces along the weld throat plane is 

shown in figure 14 below;  

FII = Shear force parallel to the weld 

  

Fα = Normal force at an angle α to the section of analysis(0o < 𝛼 < 90o ) 

 

Figure 14: Fillet weld distribution of forces along the weld throat plane 'figure taken from BSK 07' 

The capacity of the welded joint in various sections of the joint shown in figure 13 can be 

determined using the following two equations; 

 RII wdF 0.6.d.l.f  (4.5) 

 wd
Rα

d.l.f
F

2 cos 2α



 (4.6) 

where 

d = leg length or effective throat 

l = effective weld length 

fwd = Weld metal strength defined in table 2 above for different cases 

FRII = Ultimate load capacity for longitudinally loaded fillet welds 

FRα = Ultimate load capacity for transversely loaded fillet welds 
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4.3 AWS D1.1 

American Welding Society Code AWS D1.1, Part2 deals with welded connections. Both tubular 

and non tubular connections subjected to static and dynamic loading are discussed. Rules and 

limitations for different joints have been defined. The design of fillet welds has also been 

addressed. Allowable stresses for designing fillet welds have been given in different tables in the 

standard. These limits for allowable stresses in designing a particular weld has experimentally 

been verified. For fillet welds with adequate throat area to transfer the load, the use of 

undermatched filler material has been recommended [3].  The code has the following formula for 

allowable weld stress     

 1.50.30 1.0 0.50sinv EXXF F    (4.7) 

where  

𝐹𝑣 = 𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 𝑢𝑛𝑖𝑡 𝑠𝑡𝑟𝑒𝑠𝑠 

𝐹𝐸𝑋𝑋 = 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 𝑖. 𝑒. , 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 

𝜃 = 𝑎𝑛𝑔𝑙𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡𝑒 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑓𝑜𝑟𝑐𝑒 𝑎𝑛𝑑 𝑡𝑒 𝑎𝑥𝑖𝑠 𝑜𝑓 𝑡𝑒 𝑤𝑒𝑙𝑑 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 

 

 

4.4 Comparison of results  

In full penetration joint the ultimate strength of two welds represent the strength of the cruciform 

joint, while in partial penetration cases i.e. 50% and 75% penetration welds, only the weaker 

weld represents strength of the joint. According to Eurocode 3, BSK 07 and AWS D1.1 load 

carrying capacities have been calculated on two sections of the weld represented in figure 12 

above, as section I and section II. The load carrying capacity of the base plate has also been 

calculated. According to calculations section II is the critical section in all designed joints. The 

load carrying capacity of section II and base plate are then compared and the load carrying 

capacity is chosen according to the weaker component in the joint.  

In figure 15 and 16 we see that the ultimate strength capacities predicted by various standards are 

very close to each other for different cases with respect to the filler material strength and weld 

metal penetration ratio. According to standards the ultimate strength capacities of  fillet weld in a 

fully penetrated joint is more than the base plate. This can be seen in figure 15. So in full 

penetration cases base plate is the weaker part in the joint and the capacity of the  joint is 

dependent on the capacity of the base plate, irrespective of the filler material strength. We can 

also see that the ultimate strength capacities predicted by standards in partial penetration cases 

are very close to each other.  

 



 

 

25 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

50

100

150

200

100% Penetration 75% Penetration 50% Penetration

Eurocode3

AWS D1.1

BSK 07

Figure 15: Fully penetrated joint ultimate strength capacity base plate and the fillet weld 

according to different standards 

Figure 16: Ultimate strength capacity of the fillet weld for  different penetration ratios 

predicted by the standards for an undermatched filler material 
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5 TESTING 
This section contains  information about different experiments performed. It starts with etching 

done on the welded specimens. Then we have details about hardness tests, followed by 

microscopy and eventually the section ends with a portion of static testing. These tests were 

performed for different cases in section 3.4. Preliminary steps of the testing included learning 

operating the machines, cutting, grinding and polishing.  

  

5.1 Etching 

10% concentrated Nital solution is used to etch the surfaces. Etching is done to find the 

penetration of the weld metal and the HAZ. The surface had to be polished before etching 

otherwise the tests were ineffective. 

 

Figure 17: Etched surface, HAZ and indentation directions for hardness tests 

 

5.2 Hardness testing  

Vickers hardness testing has been done using Wölpert testing machine at the Department of solid 

mechanics, KTH. 100 lb force is used and testing is done according to [5] and [6]. Specimens 

manufactured with different consumables and various penetration ratios have been tested. The 

surface of the specimen to be tested had to be polished to read the indentation marks easily. 

Results from hardness testing for average behavior of three specimens for each case is shown in 

figure 18 below  
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Figure 18: Hardness number vs distance of weld and parent metal [mm] 

 

Figure 19: Wölpert hardness tester  

5.3 Microscopy 

To quantify incomplete penetration ratio and know about the geometry at the lack of penetration, 

the joint was viewed under the microscope. In figure 20 below, we can see how the lack of 

penetration looks like in the test specimens. 

B 

A 
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Figure 20: Microscopic view 75% penetration 

 

5.4 Tensile testing 

Tensile testing has been performed on 34 specimens to study the behavior of joints with different 

filler materials and penetration ratios according to [4]. A constant displacement of feed rate 2 

mm/minute was applied to pull the specimens. Strain gauges of gauge length 1 mm were placed 

at reference points for hotspot of the specimens according to IIW recommendations [13]. The 

strain gauges were connected to half bridge circuit for taking measurements. In partially 

penetrated specimens, two strain gauges at the reference points were placed on both sides of the 

upper web and bending in the specimens was compensated. In full penetration specimens only 

two strain gauges were placed on one side of the upper web. Strain gauges (Type: N11-FA-2-

350-11) have been mounted following the guide lines by their manufacturer. Ultimate strength 

capacity and displacement graphs obtained, based on the average behavior of 4 specimens in each 

case is shown in figures 21 and 22 below; 
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Figure 21: Ultimate strength capacity vs displacement full penetration joint with different consumables 

     

 

Figure 22: Effect of penetration ratio on the ultimate strength capacity vs displacement curve for 

overmatched consumable  

The incomplete penetration ratio for most of the partial penetration joints was  almost the same. 

The UT and root face measured after testing is tabulated in appendix D. The failures for full 

penetration cases occurred in the base plate Domex 600 MCD while in  partial penetration cases 

all failures occurred in the weld. This is shown in figures 23 and 24 below; 
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Figure 23: Failure locations fully penetrated joints with different consumables 

   

 

 

Figure 24: Failure location partially penetrated joints 
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6 Finite Element Analysis 
This section contains information about Finite element analysis carried out for static joint design. 

Material model used in the analysis is explained first, followed by the geometries modelled, 

meshing and results. 2D nonlinear finite element analysis has been done using geometric and 

material non linearities. Generalized plane strain condition has been assumed and Ansys Classic 

environment has been used. 

6.1 Material model 

True stress strain curve data extracted from the data provided by SSAB for parent materials and 

ESAB for the electrodes has been used. The data input into Finite element model is shown in 

figure 25 below; 

 

 

Figure 25: True stress-strain curve data for base material and different consumables used in FE analysis  

6.2 Different geometries with HAZ 

Different geometries for fully and partially penetrated joints have been modelled according to the 

manufactured test specimens. Stress singularities at sharp edges have been removed using 

effective notch concept. Different material properties have been assigned to base plates, welds 

and the heat affected zones. HAZ has been modelled according to etching and properties were 

assigned based on hardness testing.  Hardening parameters of the corresponding parent materials 

have been used for defining material properties of the HAZs in different cases. The modelled 

geometries are shown in figure 26 below; 
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Figure 26: Modelled geometries base material, weld metal and HAZ for fully penetrated joint 

 

6.3 Meshing 

In full and partial penetration cases mapped meshing has been done following IIW 

recommendations. Meshing for different cases is shown in figure 27 below; 

 

Figure 27: Meshing fully and partially penetrated joints 

6.4 Solution 

Static non linear solution has been carried out with geometric and material non linearities turned 

on. 
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6.5 Results 

 

In FE analysis the ultimate load capacity of the joint is assumed to be reached when the true 

stress strain curve governs the base plate in case of full penetration and the weld plane in case of 

partial penetration joints. This can be seen in the plastic strain plots for fully and partially 

penetrated joints in figures 28 and 29 below. Here in the plots the maximum limit of the strains is 

set at 0.2% of plastic strains. 

 

 

Figure 28: Plastic strain plots full penetration joints with different consumables 

 

 

Figure 29: Plastic strain plots partial penetration joints with different consumables 

We can see in the plots that for full penetration cases plasticity gradually travels into the base 

plate. In partial penetration joints, we can see that plasticity starts in the weld root and then 

gradually spreads through the critical plane of  the weld for joints with undermatching and 

matching filler materials. For joint with an overmatching filler material, we can see that plastic 

strains are initiated in the weld root and then goes into the base plate. Whenever we have this 

point reached the ultimate strength capacity of the joint is marked in Finite element analysis. 
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Ultimate load capacity and displacement graphs for fully and partially penetrated joints are 

shown in figure 30 and 31 below; 

 

Figure 30: Ultimate load capacity and displacement curve full penetration joint FE analysis 

 

Figure 31: Ultimate load capacity and displacement curve, effect of penetration ratio for undermatched 

filler material FE analysis 

Here in figure 31 we can see that the ultimate strength capacity of the joints with full penetration 

from finite element calculations is almost the same. We can also see the effect of filler material 

strength on this joint. The behavior of the joint with an undermatching filler material is seen to be 

more ductile in comparison with the behavior of joints with matching and overmatching filler 
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materials. Figure 31 shows how different penetration levels have an effect on the ultimate 

strength capacity of the cruciform joint with undermatching filler material. Decrease in the 

penetration ratio decreases the ultimate strength capacity of the joint. 
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7 Fatigue 
In this section a brief review of the effect of weld metal penetration and the effect of weld throat 

size on the fatigue strength of the Telescopic beam is given. Three different techniques have been 

used to carry out 3D finite element analysis. Finite element modelling is done in Ansys 

Workbench. Calculations have been done based on the equivalent load, the spreader is subjected 

for two million cycles and the maximum load the spreader is exposed to. All the plots in this 

section are for maximum load. In the last part of this section a comparison of the calculations 

based on the equivalent load and maximum load is given.      

7.1 Equivalent load  

Equivalent load for the structure has been calculated using the load spectrum provided by 

Bromma. Since the spreader is exposed to dynamic loading, their effect is compensated by using  

dynamic factors according to EN 13001 [17] for hoisting class H2. Then the load is calculated 

using the method recommended by Hobacher in IIW fatigue recommendation [13]. Detailed 

calculations for the equivalent load is included in appendix C.   

  

7.2 Geometry Modification and boundary conditions 

The global geometry provided by Bromma has been simplified by removing less important areas. 

Modification is done so as to make it easy for meshing and reduce the size of the problem. The 

global model provided by Bromma and the modified model are shown in figure 32 below; 

 

Figure 32: Bromma's design and simplified geometry 
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7.3 Sub modelling 

 

In order to reduce the computation time and achieve accurate results sub modelling has been used 

to analyze the Telescopic beam. Global model is analyzed with a coarse mesh and critical areas, 

where we have  stress concentration have been identified. Below is the figure for coarse mesh of 

the global model and stress distribution plots along the Telescopic beam; 

 

Figure 33: Coarse mesh global model 

  

 

Figure 34: von Mises stress distribution along the Telescopic beam through a path in longitudinal and 

transverse directions 

submodel A 

Bottom 

Bottom 

Top 

Top 
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The critical area was identified from the above graphs in figure 34 of the stress distribution along 

the Telescopic beam and cut boundaries were identified for modelling the sub models. Three 

different sub models for full and partial penetration were analyzed. Effective notch concept was 

used and meshing was done according to IIW fatigue recommendations. Mesh around the notches 

for different sub models is shown in figure 35 below; 

 

Figure 35: Sub model meshing and meshing of joint with different weld metal penetration ratio 

 

von Mises stress distribution for the sub model is shown in figure 36 below; 

 

Figure 36: von Mises stress distribution sub model A in figure 34 
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Here in figure 36 we can see that stress at the root and toe for different penetration cases is the 

same. Fictitious stresses are observed at the cut boundaries in the sub model, if the sub model is 

made part of the global model and connections are made while meshing, however that can be 

avoided by modelling the sub models as separate models. These fictitious stresses do not have 

any effect on the results, they are just singularities at the cut boundaries at a very small portion. 

The reason for these stresses can be the contacts at these regions in the global model.    

7.4 Global analysis 

As we do not have notch effect in the analysis using sub modelling technique. Global models for 

different penetrations have been analyzed by introducing notch in the critical beam identified in 

figure 34 above. The weld portion of the beam is modelled as a separate part and has been 

meshed with a refined mesh while coarse mesh is used in the rest of the model. Meshing has been 

done according to IIW fatigue recommendations. Following figures 37 and 38 show the meshing 

and geometries with different penetration ratios. 

 

Figure 37: Mesh global model-weld part meshed with a refined mesh  
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Figure 38: Joint with 100% and 50% penetration, weld modelled as a separate part and meshed with 

refined mesh 

 

Linear elastic analysis is carried out using Young's modulus of 211 MPa and a Poisson ratio of 

0.3. Both 1st Principle stress and von Mises stress are studied for the structure and no significant 

difference is observed. As we will have shear, bending and compressive stresses in the structure it 

is better to make calculations on the basis of von Mises stress. von Mises stress plot is shown in 

figure 39 below; 

 

 

Figure 39: von Mises stress plot global model analysis 
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7.5 Beam Theory 

The Telescopic beam is further analyzed using beam theory. Moment diagram for the Telescopic 

beam is plotted in figure 40 below; 

 

Figure 40: Moment across the Telescopic beam and cut model with boundary conditions   

In the above figure 40 a cut was made in the Telescopic beam away from the boundary conditions 

and bending moment according to the position from the graph in  figure 40 was applied. Only the 

weld region is meshed with a refined mesh, so as to minimize the computation time for the 

analysis. Meshed model and plot for displacement is shown in the figure below; 

 

Figure 41: Meshed model and displacement plot beam theory analysis 

von Mises stress distribution is shown in figure 42 below; 
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Figure 42: von Mises stress distribution 

  

7.6 Fatigue life calculations 

Fatigue resistance data is based on the number of cycles (N) to failure, this data is represented in 

SN-curve. 

𝑁 =
𝐶

∆𝜎𝑚
 

where  

𝐶 = 𝐿𝑜𝑎𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑣𝑎𝑙𝑢𝑒 =  𝐹𝐴𝑇 𝑚𝑥 2𝑥106   𝑀𝑃𝑎  

𝛥𝜎 = 𝑆𝑡𝑟𝑒𝑠𝑠 𝑟𝑎𝑛𝑔𝑒 [𝑀𝑃𝑎] 

𝑚 = 𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑆𝑁 − 𝑐𝑢𝑟𝑣𝑒 

 

According to IIW fatigue recommendations FAT value for effect notch method for steel is 220 

MPa if we have contribution from shear stresses as well. The life for various penetration ratios 

obtained with the above three techniques is tabulated below; 
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Table 3: Fatigue life calculations 

Penetration 

Throat 

thickness 

[mm] 

von Mises 

stress at toe 

[MPa] 

von Mises 

stress at root 

[MPa] 

Fatigue Life (N)                                                                                                                  

[cycles] 

 Equivalent load 

calculations  [138 kN] 
Weld 

toe 
Weld Root 

100 % 4 142.83 -------- 7818400  

75 % 4 142.84 141.24 7816800 8085500 

50 % 4 142.79 142 7825000 7956300 

Maximum load calculations [212 kN]   

100 % 4 219.95 ---------- 2140900  

75 % 4 219.98 219 2140100 2168900 

50 % 4 219.87 224 2143300 2026900 

 

According to the results above it can be seen that the penetration ratio and the throat thickness do 

not have any significant effect on the fatigue strength of the Telescopic beam with the current 

boundary conditions. In the current model we have stresses parallel to the axis of the weld which 

is a limitation of effective notch stress method.  

7.7 Verification of the results   

The above stress values at the critical location have been verified against the theoretical 

calculations by Bromma [18]. This shows the correct simulation of the boundary conditions. 

Notch effect can be noticed if we have a change in boundary conditions. 
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8 Results, discussion and conclusions 
In this section the results from static and fatigue analysis are discussed. In the last part of this 

section conclusions from both analysis are given.  

8.1 Static analysis discussion 

In figure 15 comparison of ultimate strength capacity calculated for joint with full penetration 

shows that the weld strength at section II in figure 13 is more than the ultimate strength capacity 

of the base plate Domex 600 MCD. So base plate is the weaker component in the joint and failure 

can be expected at the base plate in joints with full penetration. Figure 43 below shows 

comparison of ultimate strength capacities predicted by FE analysis, static testing  and the base 

plate capacity. It is observed that the ultimate strength capacities for FE analysis, testing and 

standards are close to each other for fully penetrated joints with different filler metals. In figure 

23 failure location for the experimental test results can be seen, which verifies the failure location 

predicted by various standards. Figure 28 shows that the failure locations predicted by FE 

analysis, for joints with matched and overmatched filler materials, matches with the test results 

but the failure location predicted for joint with undermatched filler material does not match. This 

is because FE analysis follow the true stress strain curve in figure 25, so yielding mostly occurs 

in the weld. In figure 30 we can see the effect of weld metal strength on the ductility of the joint. 

The joint with undermatched filler material is more ductile in comparison to joints with 

overmatched and matched filler materials.  

 

Figure 43: Comparison ultimate strength capacity FE analysis, testing and base plate Domex 600 MCD 

Figure 44 shows the effect of weld metal penetration ratio on the ultimate strength capacity of 

joints with different consumables. As 75%  penetration is the present case in Bromma's design, it 

is thus kept as a reference. For a joint with an undermatched filler material it can be seen that 

with full penetration the ultimate strength capacity of the joint increases by 63% while a decrease 

in weld metal penetration ratio to 50% decreases the ultimate strength capacity by 28%. The joint 

with an overmatched filler material shows that with an increase of weld metal penetration ratio to 

100%, the ultimate strength capacity is increased by 16% while a decrease in weld metal 



 

 

45 

 

penetration ratio decreases the ultimate strength capacity by 20%. It can be concluded from 

these results that a joint with an undermatched filler material is more sensitive to weld 

metal penetration ratio. The weld metal penetration ratio has more influence on the ultimate 

strength capacity of the joint with undermatched filler material.   

 

Figure 44: Effect of penetration ratio (a) joints with undermatched consumable (b) joints with 

overmatched consumable 

8.2 Fatigue analysis discussion 

From the analysis in section 7 it can be seen that, the three different calculation techniques 

applied to the Telescopic beam of the spreader STS45 gave same results. No notch effect can be 

seen in the weld at the critical section identified in figure 34 above. In the Telescopic beam there 

are stresses due to bending and shear stresses in the weld and these stresses are parallel to the axis 

of the weld. Effective notch concept has not been verified for cases where stresses are parallel to 

the weld axis. This is the reason why notch effect cannot be captured in the weld in the 

Telescopic beam. In table 3 it can be seen that the fatigue life at the weld root and weld toe 

calculated for different cases for equivalent and maximum load shows that they are the same. 

These results need to be verified by fatigue testing and effective notch is not applicable to the 

weld in the Telescopic beam of the spreader.  

8.3 Conclusions       

 The verified finite element model for static analysis can be used for simulating different 

load cases 

 Ultimate tensile and deformation capacities of the joint increases with the increase in 

penetration ratio 

 The use of undermatched filler material increases ductility in the joint 

 Increase in ultimate strength capacity is observed for the joints with extra penetration in 

the weld metal 

 Ultimate strength capacities evaluated with Eurocode 3, AWS D1.1 and BSK 07 are close 

to each other. 

 Penetration ratio has a significant effect on the ultimate strength capacity of the joint with 

undermatched filler material  

 
FEA  
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 According to sources like [20] the maximum tolerable undermatch level is 10-15%. Under 

this level, strength and ductility is reduced because plastic flow is induced in the weak 

zone.  

 The magnitude of shear stresses in the joints for different cases is about 75% of the 

ultimate tensile strength.  

 Effective notch concept does not work for calculating fatigue life of the joint in the 

Telescopic beam of the spreader STS45 

 3D finite element analysis of the Telescopic beam shows that penetration has no effect on 

the fatigue life at the weld root 

 Longitudinal weld in the Telescopic beam is not a fatigue critical part in the spreader 

 In sub modelling, sub model has to be modelled as a separate part to avoid fictitious 

stresses at the  cut boundaries     

 Fatigue testing should be performed to verify finite element calculations  
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9 Future work 
Fatigue analysis of the joint between the end beam and the Telescopic beam can be a good 

comparison for static analysis done. 

As a fully penetrated joint has more strength, parametric  analysis can be done on the geometry of 

the weld.  

As a verification of fatigue analysis three point bend test on small scale can be done for the weld 

in the Telescopic beam. 

In the new designed Telescopic beam the effect of residual stresses on fatigue strength can be 

carried out. This can be done using FE calculations and experimentally using X-ray diffraction. 

The estimated time for each item is about 15-20 weeks.  
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Appendix A-Bromma's design Telescopic beam STS45 
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Appendix B-Selected consumables 

 
Table 4: Chosen electrodes, supplier ESAB 

* FM is filler material and BM is base material 

 

 
Table 5: Base materials and filler materials 

Material Yield 

strength 

R0.2 

 [MPa] 

Ultimate tensile 

strength Rm  

[MPa] 

Standard Mismatch 

Domex 

600MCD 

600 650-820 EN-10149-2   S600MC Base material 

Weldox 700E 700 770-940 EN 10025 S690QL Base material 

OK 14.01 470 550 SS-EN_ISO_17632_2008_en Undermatching 

OK 14.02 580 650 SS-EN_ISO_17632_2008_en Matching 

OK 14.03 757 842 SS-EN_ISO_18276_2006 Overmatching 

 

 

 

Consumable  Type  Yield 

Strength 

[MPa]  

Tensile 

Strength 

[MPa]  

Elongation 

[%]  

Base 

Material 

Yield 

Strength  

[MPa]  

Matching 

Ratio 

*[FM/BM]  

Matching 

Level  

Matching 

percentage  

OK Tubrod 

14.01  

Metal 

Cored  470  550  28  600  0.8  Undermatching  20%  

OK Tubrod 

14.02  

Metal 

Cored  580  650  26  600  1.0  Matching  0%  

OK Tubrod 

14.03  

Metal 

Cored  757  842  23  600  1.26  Overmatching  26%  
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Appendix C-Equivalent load calculations 

 
The equivalent load is computed using the spectrum data provided by Bromma. The contribution 

from regular loads has also been included in the calculation using SS-EN 13001-2:2011. The 

spectrum data used is tabulated as follow; 

 
Table 6: Load spectrum spreader STS45 

Number of cycles [N] Container weight [tonne] 

400000 15 

850000 25 

440000 35 

240000 45 

70000 51 

 

 The contribution from dynamic factors Φ1(dynamic factor for hoisting and gravity effects acting 

on the mass of the crane)  and Φ2(dynamic factor for inertial and gravity effects by hoisting an 

unrestrained grounded load) is included in calculations. From Bromma's calculation  

 

𝐹 = 𝑚𝐻𝑔 =  𝑚𝑐 +
𝑚𝑆

3
 𝑔 

after the dynamic  compensation  

𝐹 = ∅2𝑚𝑐𝑔 + ∅1

𝑚𝑠

3
𝑔           (𝐴) 

where                                                                ∅2 = ∅2min +𝛽2𝑣  

𝑣 = 𝑜𝑖𝑠𝑡𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑 = 1.5 𝑚
𝑠   

𝑚𝑠 = 𝑠𝑝𝑟𝑒𝑎𝑑𝑒𝑟 𝑚𝑎𝑠𝑠 = 9500 𝑘𝑔, 𝑚𝑐 = 𝑐𝑜𝑛𝑎𝑡𝑖𝑛𝑒𝑟 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑘𝑔, 𝑔 = 9.81  𝑚
𝑠2  

 

and for hoisting class HC2 from EN 13001-2:2011  𝛽2 = 0.34, ∅2min = 1.10 𝑎𝑛𝑑 ∅1 = 1.1 

Simplifying the formula given in IIW fatigue recommendations  XIII-2151-07 / XV-1254-07 

page 110 for equivalent, we get for our case  

∆𝐹𝑒𝑞 =  
 𝑛𝑖 ∆𝐹𝑖 

𝑚𝑛
𝑖=1

𝑁𝑓
 

1
𝑚

          (𝐵) 

Using the information above and equation (A) in equation (B), we get  

 

∆𝐹𝑒𝑞 = 138 𝑘𝑁 
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Appendix D-UT table fracture location 

 
Table 7: UT, fracture location  and root face measurement after fracture 

Test Specimens Group 

Bending with 
reference to lower 

web plate Crack location UT 
Root 

Face/Nose 

100 % penetration  
OK 14.01 1 Nil Fracture in base plate 8 mm Nil 

100 % Penetration  
OK 14.02 1 Nil 

Crack in weld metal and 
fractured in base plate 8 mm Nil 

100 % Penetration  
OK 14.03 1 Nil Fracture in base plate 8 mm Nil 

75 % Penetration 
OK 14.01 1 4-5 mm  Crack start from weld root  

Not Available on 
Spec. 5.23 mm 

75 % Penetration 
OK 14.02 1 3-4 mm Crack start from weld root  5.5 mm 4.44 mm 

75 % Penetration 
OK 14.03 1 1-2 mm Crack start from weld root  4-8-5 mm 3.07 mm 

50 % Penetration 
OK 14.01 1 Nil Crack start from weld root  

Not Available on 
Spec. 4-5 mm 

50 % Penetration 
OK 14.02 1 Misalignment Crack start from weld root  4 mm 4-5 mm 

50 % Penetration 
OK 14.03 1 3-4 mm  Crack start from weld root  4- 4.3 mm 4-5 mm 

100 % penetration  
OK 14.01 2 Nil Fracture in base plate 8 mm Nil 

100 % Penetration  
OK 14.02 2 Nil 

 Crack in weld metal and 
fractured in base plate 8 mm Nil 

100 % Penetration  
OK 14.03 2 Nil Fracture in base plate 8 mm Nil 

75 % Penetration 
OK 14.01 2 3-4 mm  Crack start from weld root  

Not Available on 
Spec. 5.3 mm 

75 % Penetration 
OK 14.02 2 2-3 mm  Crack start from weld root  5.5 mm 4.16 mm 

75 % Penetration 
OK 14.03 2 0.5-1 mm  Crack start from weld root  4.8- 5 mm 3 mm 

50 % Penetration 
OK 14.01 2 1-2 mm  Crack start from weld root  

Not Available on 
Spec. 4.52 mm 

50 % Penetration 
OK 14.02 2 Misalignment Crack start from weld root  

Not Available on 
Spec. 4.28 mm 

50 % Penetration 
OK 14.03 2 2-3 mm  Crack start from weld root  

Not Available on 
Spec. 3.63 mm 

100 % penetration  
OK 14.01 3 Nil  Fracture in base plate 8 mm Nil 

100 % Penetration  
OK 14.02 3 Nil 

Crack in weld metal and 
fractured in base plate 8 mm Nil 

100 % Penetration  
OK 14.03 3 0.5-1 mm  Fracture in base plate 8 mm Nil 

75 % Penetration 
OK 14.01 3 3-4 mm  Crack start from weld root  4.0-4.5 mm 4.1 mm 

75 % Penetration 
OK 14.02 3 2-3 mm  Crack start from weld root  5 mm 4 mm 

75 % Penetration 
OK 14.03 3 0.5-1 mm  Crack start from weld root  4.6 mm 4 mm 

50 % Penetration 
OK 14.01 3 Nil Crack start from weld root  3.5 mm 5 mm 
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50 % Penetration 
OK 14.02 3 Misalignment Crack start from weld root  4.4 mm 4 mm 

50 % Penetration 
OK 14.03 3 3-4 mm  Crack start from weld root  4.5 mm 4 mm 

 
* practical measurements of root face may contain errors 
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