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Dessa diplomarbetets objektiv var att ta reda på om man kan öka balpressens kapacitet. 
Dessa var gjord genom att ta reda på var är det mest kritiska stället i strukturen. När det 
kritiska stället hittades gjordes några förändringar för strukturen. Fyra olika belastningsfall 
analyserades som Auramo gav. Analysen gjordes med hjälp av FE-analys. 
 
Litteraturgranskningen fokuserades på att förklara metoderna och ekvationerna som 
användes i räkningarna. Största fokusen var i modelleringen och att få FE-analysen att funka 
rätt. Metoderna som användes var Hot Spot och några Eurocode 3 ekvationer. Statiska 
kapaciteten analyserade men den större risken var i utnötningen av strukturen. 
 
Resultaten visade att det kritiska stället var vid cylinder hållaren. Utnötningen skulle hända 
vid svets tån av cylinder hållaren. Förändringarna som gjordes för strukturen var att man 
lade till material vid cylinderhållarna och svetsa där ett styvnings plåt. Spänningarna vid 
cylinderhållarna orsakades mest av böjning. Med svetsningen av styvningsplåtarna 
förminskade spänningarna mycket och risken för utmatning blev mindre. 
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The objective of this master’s thesis was to find out if the capacity of a bale clamp can be 
increased. This was done by finding out the most critical point in the structure. When the 
critical points were found, some improvements were done for the structure. Four different 
loading cases were analyzed which were provided by Auramo. The analysis of the loading 
cases was done using FE-analysis. 
 
The literature review was focused on explaining the methods and equations used for the 
calculations. The biggest focus was on the modelling and getting the FE-model working 
properly. The used methods were Hot Spot-method and some Eurocode 3 equations for 
bolted connections. The static durability was investigated but the risk of failure through 
fatigue was bigger. 
 
The results showed that the critical point in the structure is the cylinder bracket. The fatigue 
failure would occur by the cylinder bracket weld toe. The improvements for the structure 
were adding material by the cylinder bracket and adding a stiffener plate to reduce the 
stresses by the bracket. The stresses by the bracket were mostly caused by bending. Adding 
the stiffener reduced the stresses a lot and made the structure more durable and the risk for 
fatigue failure smaller.  
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1 INTRODUCTION 

 

 

This master’s thesis was done for Auramo Oy which is located in Järvenpää, Finland. 

Auramo Oy is a part of the Bolzoni concern which makes Bolzoni Auramo and Meyer 

forklift attachments. They are one of the leading forklift fork and attachment manufacturers 

in the world. They also provide maintenance services. 

 

1.1 Background and motivation 

Auramo has a bale clamp which is used as an attachment in forklifts. Their model B-400 is 

used for lifting and handling pulp and wastepaper bales. The bales are clamped between the 

arms of the bale clamp. The force is conducted using hydraulic cylinders. The load is lifted 

using friction force.  The current maximum capacity of the B-400 model is 4000 kg. The B-

400 bale clamp model is presented in figure 1. 

 

 
Figure 1. B-400 bale clamp (Bolzoni Group 2020). 

 

The bale clamp consists of a frame plate made of steel where is welded two stiffeners, and 

then two aluminum profiles which are attached using hex bolts. The hydraulics are attached 

to the frame plate using cylinder brackets that are welded on the plate. The B-400 model 

without the arms and hydraulics are presented in figure 2. 
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Figure 2. B-400 without arms and hydraulics. 

 

The next model with a bigger capacity has steel profiles instead of aluminum. Auramo wants 

to see if the capacity can be increased using the aluminum profiles due them being cheaper 

to manufacture than the steel ones. The weight of the structure is also much lighter when 

using the aluminum profiles. 

 

1.2 Aims of the study 

The aims in this study are to find out if the capacity of the B-400 model can be increased 

with some adjustments when using the aluminum profiles.  The task to find a way to increase 

the capacity by possibly modifying the frame plate dimensions with the given limitations 

and finding the limiting factor of increasing the capacity. The bale clamp is analyzed using 

FEM (Finite Element Method) and using analytical equations. There will be some things that 

brings uncertainty in the results. There can be combinations of loadings during operation 

that cannot be analyzed. The loading is also dependent a lot of in what position the arms are.  

 

1.3 Research questions 

The main objective is to find out the possibility to increase the capacity using the steel frame 

and aluminum profile combination. The other objective is to find out what sets the limit for 

Aluminum 

profile 

M16 Hex bolt 

Frame plate 

Cylinder brackets 
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increasing the capacity. The objective is also to find out what is the critical component for 

the structure. Is it the bolt connections, aluminum profiles or the steel frame?  

The research questions are: 

• Can the capacity be increased? 

• What is the limiting factor in increasing the capacity? 

• How can the bale clamp be strengthened within the limitations? 

 

1.4 Limitations 

This study is limited to the study of the frame, the aluminum profiles, and the bolt 

connections. The arms are only included in applying the load, so they are not analyzed more 

specifically. The materials are also predefined. There are some limitations regarding the 

dimensions. The frame plate height can be changed but not the width. 
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2 PRELIMINARY ANALYSES 

 

 

The first step is to find out where is the critical point for the bale clamp. This is done using 

FE-analysis. Auramo provided some initial data which include four different loading cases. 

The initial data is presented in chapter 2.1. These four cases will be analyzed and from the 

results we can look where the critical point of the structure is. The analyses will be done 

using Solidworks FEA. The assembly is complex with many different parts so modelling it 

with e.g. FEMAP it would take too much time only to find the most critical loading case. 

This is the most effective way timewise. Solidworks is also widely used by companies that 

specialize 3D designs that also requires FE-analysis. The differences between Solidworks 

FEA and Femap is small, and the difference is not so big that it would make difference in 

the study of the bale clamp. There has been done a bachelors thesis where the differences 

between Solidworks FEA and Femap was studied. It should be taken to account that the 

mesh should be enough fine on the spots where the biggest stresses are at. (Matikainen, 2013, 

p. 39-40.) 

 

2.1 Initial data for analyses 

The preliminary analyses are done using preliminary loading cases that are provided by 

Auramo. There are four different loading cases where some parameters are changing. The 

loading cases are presented below in table 1. 

 

Table 1. Loading cases (Virtanen 2021). 

Loading case Pq [mm] Pf [mm] Ep [mm] Operation 

LC1 900 900 0 Clamping, lifting 

LC2 1200 1050 300 Clamping, lifting 

LC3 0 1440 1080 Clamping 

LC4 0 1620 1440 Clamping 
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In table 1 Q is the weight of the pallet, Pq center of gravity of the load, Ep is the distance of 

the pallet edge, Pf is the resultant force caused by the clamping and Fµ is the friction force 

between the aluminum profile and the T-profile of the arms the locations are presented later 

in the figures. The point from where the dimensions are measured for the values in table 1 

are presented below in figure 3.A dynamic factor of 1.3 will also be applied on the load. The 

used gravitational constant is g = 9.81 m/s2. The total force caused by the pallet weight with 

dynamic constant included can be calculated as follows. 

 

𝐹𝐹Q = 𝑄𝑄 × 1.3 × 𝑔𝑔                                                                (1) 

 

where FQ = total force caused by pallet weight 

 Q = pallet weight 

 g = acceleration caused by gravity 

 

 
Figure 3. Measuring point in the arm for the loading cases (red arrow). 

 

The material used in the bale clamp is S355 except the profiles are made from aluminum. 

The material properties used for the analyses are presented below in table 2. 
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Table 2. Material properties for FEA analysis. 

 S355 Aluminum 

E 210 GPa 70 GPa 

v 0.3 0.3 

ρ 7850 kg/m3 2700 kg/m3 

 

In table 2 E is modulus of elasticity, v is poisson’s ratio and ρ is material density. The range 

the arms can move sideways is K = 670…2640 mm. This is when not loaded and then when 

the arms are loaded the range is K = 670…2300 mm. The arm moving range is presented 

below in figure 4. 

 

 
Figure 4. Arm moving range. 

 

The used bolts in the assembly to fasten the aluminum profiles to the frame plate are M16 

strength class 12.9 hex bolts. There are 8 bolts on the upper profile and 11 on the lower one. 

The bolts minimum tensile strength Rm is 1220 MPa. (SFS EN ISO 898-1. 2013. p. 8) The 

bolts are fastened with a tightening torque of 175 Nm. 
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2.2 Solidworks model 

The 3D-models were provided by Auramo but they were in STEP-format and it was hard to 

make adjustments to them, so the frame plate was modelled using Solidworks from scratch. 

The main dimensions of the assembly are presented below in figure 5 and 6.  

 

 
Figure 5. Bale clamp main dimensions [mm]. 

 

 
Figure 6. Bale clamp main dimensions [mm]. 
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For the FE-analysis some split lines are needed for applying the constraints and loads. These 

are: 

• On the arms for the area that is clamping the pallet 

• Where the vertical load FQ of the pallet is applied 

• Back of the frame plate where the contact would be on the carriage 

Split lines and the dimensions are presented below in figure 7 and 8. 

 

 

 
Figure 7. Arm split lines for FE- analysis constraints. 

 

 
Figure 8. Frame plate split lines. 

Ep 
PQ 
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There would be in a real case hooks at the holes below the split lines, but they will not be 

included in the model because they are not loaded in normal use. Below in figure 9 is the 

full model of the bale clamp. 

 

 
Figure 9. Bale clamp. 

 

2.3 FE-model 

The FE-analysis is done using Solidworks own FEA. The solver used in these analyses is 

direct sparse. The FEA is integrated to Solidworks so no importing files anywhere is needed. 

The assembly is taken to FEA without the modelled M16 hex bolts. The bolts are defined in 

the FEA, so no solid models are needed for them. 

 

2.3.1 Loads 

There are four different kinds of loads used in the analyses depending on the loading case. 

The loads are friction force Fµ between the T-profiles and the aluminum profile, cylinder 

force Fc and the load caused by the pallet weight FQ. The loads used in the preliminary 

analyses are shown earlier in table 1. The places where the loads are applied is presented 

below in figure 10, 11 and 12. 
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Figure 10. Loads applied on the model. 

 

 
Figure 11. Loads applied on the model, back view. 

 

 
Figure 12. Load applied on the model, side view. 
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2.3.2 Constraints 

In Solidworks the constraints are applied on the geometry lines and therefore we previously 

added the split lines for the model. The frame plate is constrained 30 mm above and between 

the holes where the bottom hooks would be in a real case. The 30 mm above is the place 

where the frame plate would touch the carriage where the bale clamp is fastened. This will 

be a point constrain so that the frame plate can deform as realistically as possibly. If the 

constraint would be all the way through the width of the plate the results would not be liable. 

The frame plate at this location is constrained so that all translations along Z-axis are 

prevented. The constrain applied can be seen below in figure 13. 

 

 
Figure 13. Frame plate constraints (green arrows). 

 

The hooks that are used to fasten the frame to the carriage are constrained so that translations 

are prevented along the Y- and Z-axis. Also, the left hook is constrained from one corner to 

prevent translations along X-axis. The applied constraints are presented in figure 14. 
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Figure 14. Constraints on the hooks. 

 

All the parts of the assembly are put together using Solidworks assembly tools. And by 

default, Solidworks defines a bonded connection to parts that are in contact by the surface. 

Corresponding feature e.g. FEMAP is glued contact. Some more specific definitions are 

needed to make sure the analysis gives right results. There are two more different types of 

contact, and they are: 

• Contact 

• Allow penetration 

 

In these analyses the “allow penetration” is not used. The “contact” means that the two 

components are not bonded but they are not allowed to penetrate each other. The contact is 

used between the aluminum profiles and the frame plate. It is used also for the arms and the 

aluminum profiles. The pallet is simulated using virtual walls. The walls are set at the area 

where the pallet would touch the arms. This way the model works properly. The surfaces 

that are with no penetration, bonded and virtual wall are shown in figure 15. 
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Figure 15. Contact visualization plot from Solidworks. 

 

In figure 15 the purple visualizes contact, red bonded connection and yellow is a virtual wall 

where the pallet touches the arms. In this figure it is LC2 where EP is 300 mm. 

 

From the initial data provided by Auramo was given the distance of the bale edge from the 

arm backplate. The virtual wall differs from normal constraints that it does not constraint the 

nodes. Constraining the nodes would give false results from the analysis. With the walls the 

force transfers the right way to the profiles and from there to the frame. The walls work the 

same way as there would be a modelled bale between the arms. 

 

2.3.3 Bolted connection 

As mentioned earlier the aluminum profiles are fastened to the frame plate using M16 hex 

bolts. These bolts are defined using Solidworks bolted connection feature. The friction factor 

µ for the bolts is 0.2 (SFS-EN 1993-1-8. 2005. p. 33). The bolt data is presented in table 3. 

 

Table 3. Bolt data (mod. SFS EN ISO 898-1. 2013. p. 8-10.). 

M16 Hex bolt data  

Tensile stress area,  157 mm2 

Bolt strength, Rm 1220 MPa 

Ultimate tensile load, Fm 192 kN 
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From Solidworks we get the forces acting on the bolts, but we will calculate analytically 

what the bolt can withstand and make sure that the bolts will not break. The calculations are 

done according to SFS-EN 1993-1-8. The shear strength Fv,Rd of one bolt is calculated as 

shown below (SFS-EN 1993-1-8. 2005. p. 27).  

 

𝐹𝐹v,Rd =
𝛼𝛼𝑣𝑣 ∗ 𝑓𝑓ub ∗ 𝐴𝐴s

𝛾𝛾M2
                                                                (2) 

 

In equation 2 fub is the bolt ultimate strength, As is the tensile strength area of the bolt and 

γM2 is the partial safety factor for bolts.  

 

The design tension resistance per bolt Ft,Rd can be calculated as shown below (SFS-EN 1993-

1-8. 2005. p. 27). 

 

𝐹𝐹𝑡𝑡,𝑅𝑅𝑅𝑅 =
𝑘𝑘2 ∗ 𝑓𝑓ub ∗ 𝐴𝐴s

𝛾𝛾M2
                                                                 (3) 

 

The constant k2 in equation 3 is 0,9 and the constant αv in equation 2 is 0,5 (SFS-EN 1993-

1-8. 2005. p. 27). 

 

The utilization ratio will also be calculated to see how much of the bolt’s capacity is used. 

For the calculation is needed the shear and tension forces from the bolts. This is the linear 

combination of both. The utilization ratio can be calculated as shown below (SFS-EN 1993-

1-8. 2005. p. 27). 

 
𝐹𝐹v,Ed

𝐹𝐹v,Rd
+

𝐹𝐹t,Ed
1,4 ∗ 𝐹𝐹t,Rd

≤ 1                                                                 (4) 

 

In equation 4 Ft,Ed is the design tensile force per bolt for the ultimate limit state and Ft,Ed is 

the design shear force per bolt for the ultimate limit state. Ft,Ed and Ft,Ed will be got from the 

analyses. 
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2.3.4 Mesh 

The preliminary analyzes was done using a quite coarse mesh. The model was meshed using 

4 node tetrahedron volume elements. All the four different loading cases was analyzed using 

the same mesh size. This was done by just copying the study four times and just applying 

the constraints and loads on different spots depending on the loading case. Using the same 

mesh size helps to compare the preliminary analyzes to each other.  The mesh information 

is shown below in figure 16. 

 

 
Figure 16. Mesh information on preliminary analyses. 

 

The meshed model for the preliminary analyses is presented below in figure 17. 

 

 
Figure 17. Mesh for the preliminary analyses. 
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The mesh was created first globally using the global meshing tool. Then mesh control is 

added for places that need more dense mesh. These places were: 

• Bottom of the T-profile of the arms 

• Opposite surface of the aluminum profile 

• Frame plate 

• Stiffeners of the frame plate 

The reason why these places where chosen was due to the contact that need more dense mesh 

to work properly, and rest of the parts are probably the most critical for the structure’s 

durability. 

 

2.4 Results from the preliminary analyses 

In this chapter are presented the results of the preliminary analyzes. As said earlier all the 

analyzes were done using the same mesh size so that the results can be compared reliably to 

each other. 

Below in figure 18, 19, 20 and 21 are presented the VonMises stresses of LC1, 2, 3 and 4 in 

the scale of 0-355 MPa. 

 

 
Figure 18. LC1 VonMises stresses. 
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Figure 19. LC2 VonMises stresses. 

 

 
Figure 20. LC3 VonMises stresses. 

 

 
Figure 21. LC4 VonMises stresses. 
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The cylinder fastener bends the plate and then the arms cause also bending. The plate bends 

which is bad. The bending can be seen below in figure 22. 

 

 
Figure 22. Bending at the cylinder fastener, stress scale 0-355 MPa. 

 

There are some stress peaks in the bale clamp caused by the constraints, but they are 

singularities that can be ignored. The stresses measured from the same point are presented 

below in table 4 and the point measured from in figure 23. 

 
Table 4. Maximum stresses at the cylinder bracket. 

Loading case VonMises stress [MPa] 

LC 1 297 

LC 2 316 

LC 3 237 

LC 4 230 
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Figure 23. Point where the stresses are measured from. 

 

The stresses in the aluminum profiles are quite minimal and the stresses are at maximum 70 

MPa. Most of the stresses are caused by the bending that occurs from the clamping of the 

bale. 

 

Below in figure 24-31 are presented the displacements of all the loading cases. The 

displacements are scaled 20 times to see them clearly. 

 

 
Figure 24. LC1 displacements from front, scaled 20 times. 
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Figure 25. LC1 displacements from top, scaled 20 times. 

 

 
Figure 26. LC2 displacements from front, scaled 20 times. 
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Figure 27. LC2 displacements from top, scaled 20 times. 

 

 
Figure 28. LC3 displacements from front, scaled 20 times. 
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Figure 29. LC3 displacements from top, scaled 20 times. 

 

 
Figure 30. LC4 displacements from front, scaled 20 times. 
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Figure 31. LC4 displacements from top, scaled 20 times. 

 

The maximum displacements in each loading case are presented below in table 5. 

 

Table 5. Maximum displacements in each loading case. 

Loading case Maximum displacement [mm] Frame plate maximum 

displacement 

LC1 16,5 1,5 

LC2 22,5 2,4 

LC3 12 0,8 

LC4 15,4 0,7 

 

From the displacements we can see that the biggest one is in loading case 2 where EP = 300 

mm. As seen from the pictures the further the bale is from the arm back plates the less the 

frame plate bends. The further the bale is the more the arms can move inwards along the 

aluminum profiles. When the bale is closer to the plates it causes the plate to bend more and 

causing larger displacements and then also bigger stresses. 
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2.4.1 Bolt forces 

The bolted connection between the frame plate and aluminum profile results are presented 

in this chapter. From Solidworks are taken the bolt forces in each bolt. The bolt forces are 

listed in appendix I. The pretension force caused by the tightening torque in every bolt is 

45 573 N. This was calculated using the FE-model but without any clamping or other loads.  

There is not added friction between the aluminum profiles and the frame plate. From the 

results can be seen that the bolts are not the limiting factor in the bale clamp structure. The 

bolted connection and forces will be investigated more precisely in the final analyzes to 

confirm the results. The design shear and tension forces for each bolt are calculated below 

in table 6. 

 
Table 6. Design tension and shear forces per bolt. 

Type Force [N] 

Shear 

Fv,Rd 

76 616 

Axial 

Ft,Rd 

137 909 

 

The strength class of the bolts is 12.9 so the ultimate tensile strength Rm is 1220 MPa and 

not a single bolt is near those kinds of stresses. The axial and shear forces are listed in 

appendix I. The forces are the combination of the pretension force and the force caused by 

the loads. A bolt graph based on bolt number 14 is presented below in figure 32. 

 

 
Figure 32. Bolt graph of bolt number 14. 

Applied 

force to 

the joint 

Joint clamp 

force decrease 

Bolt force increase 

Extension [mm] Joint compression Bolt extension 
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In appendix I is also listed the utilization ratio and factor of safety. The factory of safety and 

the utilization ratio of each bolt is also listed. The utilization rate of every bolt was at 

minimum 24 % and at maximum 34 %. This gives that the factory of safety for static load is 

around 4 on every bolt. The bolts are numbered in appendix I that number one is the top left 

one and then the numbering goes from left to right at the top. Then the numbering starts from 

number nine at the bottom right and goes from right to left. The numbering is presented 

below in figure 33. 

 

 

 
Figure 33. Bolt numbering. 

 

The aluminum profile and the frame plate are allowed to slide on top of each other. The 

contact between the aluminum profile and the frame plate detaches from the corners. This is 

not critical if it doesn’t detach by the bolts because then the stress variation would be so big 

that the fatigue life for the bolts would be minimal. The part where the aluminum profile 

comes off the frame plate is presented below in figure 34. 

1 

19 

9 

8 
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Figure 34. Spot where the aluminum profile and frame plate contact detaches. 

 

The blue arrows shows where a contact pressure is remained. The loading case analyzed is 

LC2. The profile comes off from the same spot in every loading cases. 

 

Another part that is critical for the bolted connections durability is the aluminum profile the 

bolt goes through. The web is quite narrow in the aluminum profile but the stresses there are 

at maximum around 60 MPa so this is here not the limiting factor for increasing the capacity. 

The fatigue of the bolts will be investigated later. 
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3 IMPROVMENTS FOR THE STRUCTURE 

 

 

In this chapter is presented the proposed improvements for the structure. The improvements 

are based on the point where the highest stresses occurred and how they can be reduced. The 

most critical point is where the cylinder is attached. The bigger peaks are on the left side 

since the bale clamp is not totally symmetric. 

 

The structure must be stiffened from these points with plates. The plates will be welded to 

the cylinder bracket and the frame plate. This way the plate constrains the bending of the 

cylinder bracket so that it does not cause large forces and bending on the plate. The plates 

cannot be installed directly because there is no extra room between the bracket and the 

aluminum profile. This means the plate must be modified so that the stiffeners can be welded. 

The height of the plate must be changed so that material will be added between the brackets 

and the cut outs. The place where the material will be added is presented with red lines shown 

with arrows in figure 35. 

 

 
Figure 35. Modification of frame plate. 

 

The amount of material added is 25 mm per side so total added is 50 mm. The height changes 

then by 50 mm and the stiffeners fits this way. The Structure will be a little bit heavier 

because the cut outs stay the same size. The lighter the structure the better but this is the only 

way the stiffeners fit. When the frame plate is modified then the distance of the aluminum 

profiles changes also, and this means the arms need to be modified so that they fit to the new 
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plate. The stiffeners are made from S355 like the frame plate. The thickness is 18 mm. The 

dimensions of the plate are presented below in figure 36. 

 
Figure 36. Stiffener plate dimensions. 

 

The biggest need of the stiffening is by the cylinder bracket so the stiffener can be narrowed 

down when going further away from the bracket. This way there is no extra material, it also 

looks a lot better and takes as little space as possible. The new dimensions of the frame plate 

are presented below in figure 37. 

 

 
Figure 37. Modified frame plate dimensions [mm]. 
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All the holes remain the same, but they are just moved 25 mm up/down from the centerline. 

The cylinder bracket’s location remains the same (vertical distance between them). The 

stiffeners will be welded with a a5 fillet weld. It is not needed a bigger weld because the 

weld is influenced only by a shear force caused from the bending. The Stiffeners are also 

welded to the cylinder bracket to give even more stiffness. The cylinder brackets are welded 

with a a10 fillet weld to the frame plate and these welds are added to the model for the fatigue 

calculations. Also, for welding the bracket from the top to the stiffener some minimal 

adjustments for the bracket geometry are done. This way a bevel-groove weld can be done. 

The improved bale clamp model is presented below in figure 38. 

 

 
Figure 38. Improved bale clamp model. 
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4 FINAL ANALYSES 

 

 

In this chapter is presented the analyzes on the improved structure. The chosen loading cases 

are based on the preliminary analyzes and information provided by Auramo. The chosen 

loading cases are LC2 and 3. LC2 was chosen because it was the most critical loading case 

based on the stresses in the structure. LC3 was chosen because it is the loading case which 

is more critical of the cases where only clamping is done and no lifting. The changes made 

from the preliminary analyzes focus on making the mesh finer and adding the stiffeners. The 

a5 fillet weld is also modelled into the model to get more precise results from the analyzes. 

 

4.1 Mesh 

The mesh is needed to be denser in certain spots where the highest stresses occur and where 

there is contact between two components. The mesh is made more denser for these parts: 

• Frame plate 

• Stiffener plates 

• Weld at stiffeners 

• Surfaces at bottom of T-profile 

• Surfaces in aluminum profile where the T-profile touches 

• Welds 

The mesh size for each part with denser mesh is presented below in table 7. 

 

Table 7. Mesh sizes. 

Part Element size [mm] 

Frame plate 9 

T-profile 14 

Weld 2,5 

Stiffeners 7 

Aluminum profiles 20 

Cylinder bracket 5 

Welds 2.5 
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The mesh size was kept the same in both LC2 and 3 to keep the results easily comparable. 

The overall mesh data is presented below in figure 39. 

 

 
Figure 39. Mesh information for final analyzes. 

 

4.2 Constraints 

The constraints will be the same as in the preliminary analyzes for the specific loading cases. 

The only difference is in the component interactions. The stiffeners fill be with contact 

against the frame plate and will be bonded using the a5 fillet welds. This gives the most 

realistic results. The same case is with the cylinder brackets if they would be also bonded. If 

the stiffeners would be bonded from the whole bottom surface to the plate the results would 

overestimate the stiffness and strength. Because it would correspond flat-strength weld and 

that would be an unnecessary big weld. A friction coefficient of 0.1 was also added between 

the aluminum profile and the frame plate. The friction coefficient is bigger than 0.1 but this 

is on the safe side when looking at the bolted connections. The bigger the friction, the less 

there will be risk for the faces of the aluminum profile and the frame plate to slide.  This is 

because the friction has a big role in the bolted connection. The exact constant depends on 

the material surface quality.  The component interactions are presented below in figure 40. 

The virtual wall is for loading case 2 where EP = 300 mm. 
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Figure 40. Component interaction in modified structure. 

 

4.3 Fatigue life calculations 

For the final analyzes fatigue life estimations are calculated for the bolts and for the frame 

plate. The used loading case for fatigue calculations is LC2 obtains the largest stress ranges. 

The loading cycle consists of four phases: 

1. Clamping the bale 

2. Lifting the bale 

3. Lowering the bale 

4. Releasing the bale 

 

For the fatigue calculations one more analysis is needed. It is the same as LC2 regarding the 

FE-model, but the only difference is that the vertical load of the bale is not added. So only 

the clamping is analyzed. By adding this analysis, we get the stress range for the fatigue 

estimation calculations. The calculations for the bolts are done using the data from the 

analyzes. The fatigue analyzes for the frame plate are done using the Hot Spot method. The 

equations and methods are presented in this chapter 4.3.1 and 4.3.2. 

 

4.3.1 Hot Spot method 

The Hot Spot method suits in this case best for estimating the fatigue life for the frame plate. 

This is because the frame plates most critical spot is by the cylinder bracket and by the fillet 

welds which the bracket is fastened to the frame plate. 
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Hot Spot stress is a structural stress which occurs in plate structures. It consists of a 

membrane and bending stress. (Niemi, E. & Kemppi, J. 1993, s. 234.) The Hot Spot -method 

was born when round structural tube joints were investigated in offshore-structures. (Niemi, 

E. & Kemppi, J. 1993, s. 251.) The structural components in the notch stress are presented 

below in figure 41. 

 

 
 

Figure 41. Welded joints stress components. In the equation σm membrane stress, σb bending 

stress ja σnl notch stress nonlinear part. (Hobbacher 2014, p. 14.) 

 

The Hot Spot method fits better than the nominal stress method if the nominal stress is not 

acquired from the structure because of the complex geometry. If the joints misalignment is 

bigger than the allowed ones in the nominal stress method, then the Hot Spot method is also 

used. (Jonsson et al., 2016 s. 15) 

 

The structural stress can be acquired by calculating the stress components separately. This 

means that we define the membrane, bending stress and the nonlinear part and then 

calculating together the membrane and the bending stresses. The nonlinear part is not taken 

to account when calculating the structural stress. 

 

The stress distribution can be acquired using FE-analysis. Using the stress distribution, we 

can calculate the membrane stress σm as follows (Hobbacher 2014, p. 15.): 

 

𝜎𝜎m = 1
𝑡𝑡 ∫ 𝜎𝜎(𝑥𝑥) dx𝑥𝑥=𝑡𝑡

𝑥𝑥=0                                              (5) 
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In equation 5 σ(x) is the stress distribution through the plate thickness ja t is the thickness of 

the plate. The bending stress on top of the plate can be calculated as follows (Hobbacher 

2014, p. 15.): 

 

 

𝜎𝜎b = 6
𝑡𝑡2 ∫ (𝜎𝜎(𝑥𝑥) − 𝜎𝜎m) �𝑡𝑡

2
− 𝑥𝑥� 𝑑𝑑𝑑𝑑𝑥𝑥=𝑡𝑡

𝑥𝑥=0   (6) 

 

In equation 6 σm is membrane stress which is acquired from equation 5. When the stress 

components are calculated the structural stress can be calculated as follows (Ruukki 2010 p. 

429): 

 

 𝜎𝜎hs = 𝜎𝜎m + 𝜎𝜎b (7) 

 

The notch stress nonlinear part σnl can also be acquired as follows (Hobbacher 2014, p. 15.): 

 

𝜎𝜎nl(𝑥𝑥) = 𝜎𝜎(𝑥𝑥) − 𝜎𝜎m − �1 − 2𝑥𝑥
𝑡𝑡
� 𝜎𝜎b  (8) 

 

In equation 8 σm is the membrane stress which is acquired from equation 5 and σb is the 

bending stress which is acquired from equation. Even though the nonlinear part is not needed 

when the structural stress is calculated it is still good to recognize it. It illustrates the notch 

effect due to weld geometry, loading of the weld, and boundary conditions of the joint, 

locally. When calculating structural stresses normal stresses are used. 

 

The Hot Spot stress is calculated from two different spots, and they are: 

• Weld toe at the cylinder bracket 

• Weld toe at the frame plate 

The point from where the normal stresses are picked through the thickness of the plate is 

presented with a red cross below in figure 42. 
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Figure 42. Point from where the normal stresses are picked through the thickness of the 
plate, marked with red crosses. 

 

4.3.2 Calculating the fatigue life 

When the stress values are got from the FE-model, fatigue life can be estimated for the bolts 

and the frame plate. Fatigue life means how many load cycles the structure can sustain. It 

can be calculated as follows (Hobbacher 2014, p. 111.):  

 

 𝑁𝑁D = �𝐹𝐹𝐹𝐹𝐹𝐹
𝛥𝛥𝛥𝛥D

�
𝑚𝑚

· 2 · 106                                                               (9)    

 

In equation 9 ND is the calculated number of life cycles, FAT design value of fatigue 

resistance, ΔσD design value of equivalent stress range and m SN-curve slope. 

 

The slope m is according to IIW for low cycle fatigue 3,0 all the way to N = 107 and for high 

cycle fatigue 5,0 all the way to N = 108. So, for equation 9 a suitable m coefficient and FAT-

class for the situation and then we can calculate the estimated fatigue life. (Hobbacher 2014, 

p. 41.) The FAT-class is determined by the type of geometry the joint has that is analyzed 

when using the structural stress. In this case FAT = 80 MPa is used for the calculations. For 

the bolt FAT = 50 MPa is used (SFS-EN 1993-1-9. 2008. p. 20). 
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4.4 Results from final analyzes 

In this chapter the results are presented from the analyses made of the improved structure. 

The presented loading cases are 2 and 3. The results are presented of the static situations and 

the fatigue life calculations for LC2. 

 

 
Figure 43. LC2 VonMises stresses. 

 

 
Figure 44. LC2 VonMises stresses at cylinder bracket. 



45 

 

There is a reduction of the bending after adding the stiffeners by the cylinder brackets. This 

can be seen in figure 45. 

 

 
Figure 45. LC2 plate deformation from back, displacements scaled 11 times. 

 

The stresses in loading case 3 are minimal as seen below in figure 46 and 47. The biggest 

peaks are still at the bracket, but they are also at around maximum of 140 MPa. The stress 

on the weld is also minimal. 

 
Figure 46. LC3 VonMises stresses. 
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Figure 47. LC3 VonMises stresses at cylinder bracket. 

 

The displacements from loading cases 2 and 3 are presented below. 

 
Figure 48. LC2 displacements from top, scaled 20 times. 
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Figure 49. LC2 displacements from front, scaled 20 times. 

 

 

 
Figure 50. LC3 displacements from front, scaled 20 times. 
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Figure 51. LC3 displacements from top, scaled 20 times. 

 

The maximum displacements of both cases are presented below in table 8. 

 
Table 8. Maximum displacements in modified structure. 

Loading case Maximum displacement [mm] Frame plate maximum 

displacement 

LC 2 20,4 2,5 

LC 3 9,5 0,8 

 

4.4.1 Bolt forces 

The bolt initial data stayed the same from the preliminary analyzes. The number of bolts 

stayed also the same and the dimensions how they are placed. The only difference here is 

the fact that between the aluminum profiles and the frame plate was added a 0,1friction 

factor. The added friction factor doubled the analyzing time. All the bolt forces are listed in 

appendix II. The utilization ratio and factor of safety was also calculated here. The changes 

in the bolt forces were not significant. The shear force increased in some bolts but otherwise 
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the changes were minimal. This shows us again that the bolt is not the part that fails if the 

structure breaks in static loading. The range of the utilization ratio was between 24-31 %. 

This gives us again a factor of safety around four of the combined shear and tension forces.  

 

4.5 Fatigue life results 

In this chapter the fatigue analysis results are presented both the bolts and the frame plate. 

The calculations were done according to the methods presented earlier. The calculations are 

estimations for the fatigue life and not absolute results. 

 

4.5.1 Frame plate fatigue life results 

The fatigue life for the frame plate is presented in this chapter. The more critical point in the 

frame plate fatigue life is the cylinder bracket. More precisely the weld by the bracket. The 

Hot Spot stresses were calculated from two point as presented earlier. All in all, four Hot 

spot stresses were calculated because the clamping and the clamping and lifting was 

calculated separately. The calculations of the Hot Spot stresses are presented in appendix 

III-VI. The stress distributions (including all components) through the thickness of the plates 

are presented below in figure 52-55. x = 0 in the start of the graph. 

 

 
Figure 52. Stress through the thickness in cylinder bracket, only clamping. 
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Figure 53. Stress through the thickness in frame plate, only clamping. 

 

 
Figure 54. Stress through the thickness in cylinder bracket, clamping and lifting. 
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Figure 55. Stress through the thickness in frame plate, only clamping. 

 

The calculated Hot Spot stresses are presented below in table 9. 

 

Table 9. Hot Spot stress results. 

Loading type Membrane stress 

[MPa] 

Bending stress 

[MPa] 

Structural stress 

[MPa] 

Clamping, cylinder 

bracket 

1 -121 -119 

Clamping, frame plate 3 -19 -15 

Clamping and lifting, 

cylinder bracket 

-8 -87 -95 

Clamping and lifting, 

frame plate 

14 -42 -28 

 

The fatigue life was calculated using the calculated structural stresses that gave us the stress 

range. The calculated fatigue life is presented below in table 10. 
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Table 10. Fatigue life results for frame plate. 

 ND [cycles] 

Cylinder bracket 600 665 

Frame plate 44 515 500 

 

 

4.5.2 Bolt fatigue life results 

The fatigue life calculation excel sheets for the bolts are in appendix VII and VIII. The most 

critical bolts are presented here and the calculated estimate for the fatigue life. The same 

analyses to determine the stress range was used as for the frame plate and cylinder bracket 

calculations. The estimated fatigue life for the most critical bolts is presented below in table 

11.  

 
Table 11. Bolt fatigue life results for most critical bolts. 

Bolt number ND [cycles] 

3 1 786 513 

6 767 798 

14 1 037 740 
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5 DISCUSSION 

 

 

In this chapter the results will be discussed and about the process of the calculations. The 

preliminary analyzes took roughly 3 hours per analysis. The number of elements was not 

that much but the big contact areas with the virtual walls rose the calculation times a lot. The 

four different loading cases was provided by Auramo which were used to find the critical 

spot in the bale clamp and where the structure would fail. The critical spots in the structure 

were the cylinder bracket and the bolted connections between the aluminum profiles and the 

frame plate. From the results of the preliminary analyses some improvements to the structure 

were made and the two most critical loading cases were analyzed once again using more 

finer mesh on certain parts. Loading case two and three was chosen here. Loading case three 

was chosen also because it caused the biggest stress variations of the cases where only 

clamping was done. 

 

The bolts were analyzed using Solidworks FEA bolted connection tools. This made it 

possible to easily apply the given tightening torque and the bolt strength properties. A bolt 

force diagram was made from one bolt where the force and strains are shown. The static and 

fatigue life calculations were done using data got from the FE-analysis and equations from 

Eurocode 3. The results showed that the bolts are not close to failure caused by the static 

loading. The utilization ratio was in the bolts between 24-32 %. The big risk of failure comes 

from the loading that causes fatigue. The estimated fatigue life for each bolt was calculated 

for the improved structure. From the calculations the most critical bolts were found. Bolt 

number six was the most critical one where the estimated fatigue life was 767 798 cycles. 

This can be easily increased by adding the amount of tightening torque which lower the 

stress variation in the bolt. 

 

The other critical part in the structure was the area at the cylinder bracket. The force from 

the cylinder to the bracket in combination with the vertical force of the arms the plate was 

subjected to heavy bending. Loading case 2 caused the biggest stresses on the plate and this 

was chosen for the fatigue calculations. The addition of the stiffeners decreased the stresses 

a lot. The stiffeners reduced the amount of bending in the frame plate caused by the cylinder 

bracket. Welds were also added for calculating the fatigue life. The Hot Spot stress method 
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was used for the calculations. The Hot Spot stress was calculated by the weld toe of the 

cylinder bracket and the frame plate from which the toe at the bracket was more critical. The 

estimated fatigue life at the bracket was 600 665 cycles.  

 

The model being so complex with the big contact areas there is always some uncertainties. 

In this study only the case where the arms are centered was investigated. The arms can also 

be uncentered because they can move the bale when clamped sideways. There can also be 

some excessive forces that the bale clamp can be under. There can be some bumps that the 

forklift can drive into under operation (uneven drive platform) or the clamping is uneven 

and the forces go not the most efficient way through the structure.  

 

The research was done using analytical equations and FE-analysis. The results should be 

verified and checked using practical tests in a laboratory. But from the basis of these analyses 

the capacity could be increased. Some further improvements could be made on basis of the 

results when the critical spots are now known. 
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6 SUMMARY 

 

 

This master’s thesis objective was to find out if the capacity of a bale lamp could be increased 

with the given limitations. The thesis was done to Auramo which is one of the leading forklift 

fork and attachment manufacturers in the world. The focus was on the FE-modelling and to 

get liable results from it. Four loading cases were analyzed from which two was taken for 

more closer inspection. 

 

From the closer inspections an estimated fatigue life was gotten for the structure and the 

limiting factor for the capacity increase was found. The FE-model was complex due to the 

fact it has so moving parts and a complex geometry. The results are not absolute, and they 

should be verified using laboratory tests. Also, the objective was to find the critical 

spot/limiting factor for increasing the capacity and it was done successfully. 
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  Appendix I,1 

Original structure, bolt forces 

 

 
 

 

 

 

 

 

 

 

 

 



 

 

Appendix I, 2 

 
 

 

 

 

 

 

 

 

 

 

 



 

 

Appendix I, 3 

 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Appendix I, 4 

 
 

 

 

 

 

 

 

 

 

 



 

 

Appendix II, 1 

Modified structure, bolt forces 

 
 

 

 

 

 

 

 

 

 

 



 

 

Appendix II, 2 

 
 

 

 

 

 

 

 

 

 

 

 



 

 

Appendix III 

Mathcad base for Hot Spot, cylinder bracket, only clamping 

 

 
 

 

 



 

 

Appendix IV 

Mathcad base for Hot Spot, frame plate, only clamping 

 

 
 

 

 



 

 

Appendix V 

Mathcad base for Hot Spot, cylinder bracket, clamping and lifting 

 

 
 

 



 

 

Appendix VI 

Mathcad base for Hot Spot, frame plate, clamping and lifting 

 

 

 
 

 



 

 

Appendix VII,1 

Fatigue life calculations for bolts, LC2 
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