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kritiska stillet hittades gjordes nagra forandringar for strukturen. Fyra olika belastningstall
analyserades som Auramo gav. Analysen gjordes med hjélp av FE-analys.
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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 Jarvenpéd, 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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Aluminum

profile

Frame plate

M16 Hex bolt

Cylinder brackets

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
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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:

e Can the capacity be increased?

e What is the limiting factor in increasing the capacity?

e 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.



12

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 Py [mm)] Ps[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, Py center of gravity of the load, E;, is the distance of
the pallet edge, Pr is the resultant force caused by the clamping and F 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/s?. The total force caused by the pallet weight with

dynamic constant included can be calculated as follows.
Fo=0X%x13xg (D)
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.



14

Table 2. Material properties for FEA analysis.

S355 Aluminum
E 210 GPa 70 GPa
v 0.3 0.3
p 7850 kg/m? 2700 kg/m?

In table 2 £ is modulus of elasticity, v is poisson’s ratio and p 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.

1 ] ! !
i TTIT 1T i | i 1
 —  E—

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 Ry, 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

2300,00 .
ol © u
............ \
|
=] w ) I*) ] [
8 1 T
O' =
o]
@
A J i
j
© (e] o @ == @ o @ & o
© 9] ElE
14600,00

Figure 5. Bale clamp main dimensions [mm].

<

G

500,00

2095,00

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:

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

e  Where the vertical load Fq of the pallet is applied

e 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.

Ep
Pq
D e
9
Figure 7. Arm split lines for FE- analysis constraints.
OLT 1_10

[ 1]
[T ]

I OC_DOA ° °
8 N
S /g% | DETAILA
400,00 \ / SCALE1:2

Figure 8. Frame plate split lines.
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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 M 16 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 F, between the T-profiles and the aluminum profile, cylinder
force F. and the load caused by the pallet weight Fo. 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 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:

e Contact

e 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.



21

_— e \Ig%i%eﬁd interaction
- — Wall
]

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 1s 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

u 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.).

Tensile stress area, 157 mm?
Bolt strength, R 1220 MPa
Ultimate tensile load, F, | 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 Fyrq of one bolt is calculated as
shown below (SFS-EN 1993-1-8. 2005. p. 27).

a, * * A
Fyra = @ * fub * As )
VM2

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

ym2 1s the partial safety factor for bolts.

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

1-8. 2005. p. 27).

ky * fup * A
Fipa = ——— (3)
YMm2

The constant k> in equation 3 is 0,9 and the constant ay 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).

Fy Ed Figd <1 @
Fyra 1,4 Fipq

In equation 4 Fikq is the design tensile force per bolt for the ultimate limit state and Figq is
the design shear force per bolt for the ultimate limit state. Fi g4 and Figq 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.

Study name LCEZP (-Default)
Mesh tvpe Salid Mesh
Mesher Used Curvature-hased mesh
Jacobian points for High quality mesh 16 points

kesh Control Defined

Max Element Size 113,159 mm
Min Element Size 22,6318 mm
Mesh quality High

Total nodes 276513

Total elements 157176
Maximurm Aspect Ratio 310.88

Fercentage of elements

with Aspart Ratio < 3 e
Pgrcentage of e_Iements q.77
with Aspect Ratio > 10 :
Fercentage of distorted elements 1]
MNumber of distorted elements 0

Femesh failed parts independenthy  Off
Time to complete mesh(hh:mm:ss) no:00:11
Computer name HEFE?

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:

e Bottom of the T-profile of the arms

e Opposite surface of the aluminum profile

e Frame plate

o 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.

von Mises (N/mm~2 (MPa))
I 355,000
319,500
L 284,000
_ 248,500
_ 213,000
L 177500
L 142,000
106,500

71,000

35,500

0,000

Figure 18. LC1 VonMises stresses.



wan Mises (N/mm#2 (MPa))
I 355,000
319,500
L 284,000
_ 248500
_ 213,000
L 177,500
_ 142,000
106,500

71,000

35,500

0,000

Figure 19. LC2 VonMises stresses.

von Mises (N/mm»2 (MPa))
I 355,000
319,500

L 284,000

- 248,500

_ 213,000

L 177,500

. 142,000

106,500

71,000

35,500

0,000

Figure 20. LC3 VonMises stresses.

won Mises (N/mm*2 (MPa))
I 355,000
319,500
L 284,000
_ 248500
_ 213000
. 177.500
L 142,000
106,500

71,000

25,500

0,000

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.

won Mises (N/mm~»2 {(MPaj)
I 355,000
319,500
L 284,000
_ 248,500
213,000

. 177,500

. 142,000

106,500

71,000

35,500

0,000

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]

LC1 297
LC2 316
LC3 237
LC4 230




27

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.
URES {mm}

16,544
14,890
L 13237
_ 11,583
_ 9830
. 8278
. 6,523

4,968

3316
1,663

0,009
Figure 24. LC1 displacements from front, scaled 20 times.
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URES {mm)

16,54

14,89

. 1323

_ 11,58

9,930
. 8276
. B,623
4,969
33158
1,603

0,009

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

4

0

7

3

LURES {mmj)

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

22,53

20,28

18,03

15,77

13,52

_ 11,27

9,02
8,77

4,51
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URES {mm)
22,53
20,28
18,03
_ 1577

13,52

. 11,27

8,77
4,51
2,26

0,01

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

URES (mim)

11,708
10,537
9,366
_ 8,195
7,025
5,854
4,683
3512
2,342

1,171

0,000

Figure 28. LC3 displacements from front, scaled 20 times.
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URES {(mm;

11,708

10,537

9,366

_ 8,195
7.025
. 5,854
_ 4,683
3,512

2,342

1,171

0,000

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

URES {(mm)
16,118
I 14,506
12,895
_ 11,284
9,672
. 8,061
6,449
4,838

3226

1815

0,003

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



URES {mm}

16,118

14,506

12,895

11,284

9,672

8,061
6,449
4,838
3226
1815
0,003

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.

LC1 16,5 L,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 1. 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 76 616
Fyrd

Axial 137 909
Fira

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 L. 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.

Bolt graph based on
Bolt number 14

Bolt force increase

Applied
50000
force to
. 40000 o
= the joint
g 30000
2
20000 Joint  clamp
10000 force decrease
0 &< > >
0 / 0,05 0,1 0,15 0,2
Bolt extension Extension [mm] Joint compression

Figure 32. Bolt graph of bolt number 14.
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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.

1
8
S s e
/(((""’/(((/
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9

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.
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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.
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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.
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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 al0 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
1s 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:

e Frame plate

e Stiffener plates

e Weld at stiffeners

e Surfaces at bottom of T-profile

e Surfaces in aluminum profile where the T-profile touches

e 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.

Study name Static 4 from [LC2F] (-Default)
hesh type Solid Mesh
Mesher Used Standard mesh
Autamatic Transition Oiff

Include Mesh Auto Loops Ot
Jacobian points for High quality mesh 16 points
hesh Control Defined
Element size B2.2256 mm
Tolerance 015 mm
hesh quality High

Tatal nodes 749393
Total elements 472565
haximum Aspect Ratio hh.853
Percentage of elements 93

with Aspect Ratio < 3

FPercentage of elements 0.945

with Aspect Ratio » 10 ’
Percentage of distorted elements 0
MNumber of distonted elerments 0

Remesh failed parts independently  Off

Time to complete meshihh:mm:ss) 00:00:46
Computer name HEFEZ

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 £p= 300 mm.
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Bonded interaction
Contact

Wirtual Wall

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.

Notch stress = Cp +0, +0,

= agi=N

1

S
-
L]

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

stress ja on 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 om as follows (Hobbacher 2014, p. 15.):

1 px=t
tJx=0

o(x) dx (5)

Om =
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In equation 5 a(x) is the stress distribution through the plate thickness ja ¢ is the thickness of
the plate. The bending stress on top of the plate can be calculated as follows (Hobbacher
2014, p. 15.):

oy =5 12y (0(x) = o) (5 - x) dx (©6)

In equation 6 om 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):
Ohs = Om + 0p (7)

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

() = 0(x) = o — (1= =) 3 (8)

In equation 8 on is the membrane stress which is acquired from equation 5 and o, 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:
e Weld toe at the cylinder bracket
e 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.):

Np = (20)" 2 100 )

Aop

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

resistance, Aop 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 = 10%. 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 F'AT = 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.

won Mises (N/mm
355,00
319,50
284,00

_ 24850
213,00

. 177,50
_ 142,00
108,50
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0,00

Figure 43. LC2 VonMises stresses.

Figure 44. LC2 VonMises stresses at cylinder bracket.
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There is a reduction of the bending after adding the stiffeners by the cylinder brackets. This

can be seen in figure 45.

woin Biges [N mim

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

LC2 20,4 2,5
LC3 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
ITI-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.
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Figure 52. Stress through the thickness in cylinder bracket, only clamping.



50

Stress [MPa]

Plate thickness [mm]

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

Clamping, cylinder | 1 -121 -119
bracket

Clamping, frame plate | 3 -19 -15
Clamping and lifting, | -8 -87 -95
cylinder bracket

Clamping and lifting, | 14 -42 -28
frame plate

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.

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.

3 1786 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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Original structure, bolt forces

Appendix L1

Loading case 1

Type X-Component |Y-Component|Z-Component|Resultant |Connector UR Factor of safety
Shear Force (N) 2,0657 322,26 0 322,27|Counterbore Screw-1 0,25 4,06
Axial Force (N) 0 0 46792 46792|Counterbore Screw-1

Shear Force (N) 96,771 413,8 0 424,97|Counterbore Screw-2 0,24 4,22
Axial Force (N) 0 0 44692 44692 |Counterbore Screw-2

Shear Force (N) 283,25 577,55 0 643,27|Counterbore Screw-3 0,26 3,90
Axial Force (N) 0 0 47851 47851|Counterbore Screw-3

Shear Force (N) -33,259 978,46 0 979,03|Counterbore Screw-4 0,25 3,95
Axial Force (N) 0 0 46469 46469|Counterbore Screw-4

Shear Force (N) -112,95 164,57 0 199,6|Counterbore Screw-5 0,25 4,01
Axial Force (N) 0 0 47648 47648|Counterbore Screw-5

Shear Force (N) -154,51 -139,57 0 208,22|Counterbore Screw-6 0,24 4,23
Axial Force (N) 0 0 45157 45157|Counterbore Screw-6

Shear Force (N) -287,82 -395,43 0 489,08|Counterbore Screw-7 0,24 4,09
Axial Force (N) 0 0 45928 45928|Counterbore Screw-7

Shear Force (N) -233,91 -711,65 0 749,11|Counterbore Screw-8 0,25 4,08
Axial Force (N) 0 0 45446 45446|Counterbore Screw-8

Shear Force (N) -692,3 -1246,4 0 1425,8|Counterbore Screw-9 0,26 3,86
Axial Force (N) 0 0 46423 46423 |Counterbore Screw-9

Shear Force (N) -1000,9 -660,81 0 1199,3|Counterbore Screw-10 0,27 3,74
Axial Force (N) 0 0 48560 48560|Counterbore Screw-10

Shear Force (N) -940,72 -250,2 0 973,43|Counterbore Screw-11 0,25 4,01
Axial Force (N) 0 0 45749 45749|Counterbore Screw-11

Shear Force (N) -764,53 122,82 0 774,34|Counterbore Screw-12 0,25 4,08
Axial Force (N) 0 0 45404 45404 |Counterbore Screw-12

Shear Force (N) -640,45 202,47 0 671,7|Counterbore Screw-13 0,24 4,09
Axial Force (N) 0 0 45554 45554 |Counterbore Screw-13

Shear Force (N) -84,825 119,13 -7,28E-12 146,25|Counterbore Screw-14 0,26 3,88
Axial Force (N) -6,04E-09 0 49416 49416|Counterbore Screw-14

Shear Force (N) 400,36 -11,314 0 400,52|Counterbore Screw-15 0,24 4,14
Axial Force (N) 0 0 45654 45654 |Counterbore Screw-15

Shear Force (N) 496,19 -9,5073 0 496,28|Counterbore Screw-16 0,24 4,10
Axial Force (N) 0 0 45811 45811|Counterbore Screw-16

Shear Force (N) 647,56 28,468 0 648,18|Counterbore Screw-17 0,25 4,08
Axial Force (N) 0 0 45717 45717|Counterbore Screw-17

Shear Force (N) 754,1 149,67 0 768,81|Counterbore Screw-18 0,25 4,04
Axial Force (N) 0 0 45828 45828|Counterbore Screw-18

Shear Force (N) 714,21 345,66 0 793,46|Counterbore Screw-19 0,25 4,06
Axial Force (N) 0 0 45512 45512 |Counterbore Screw-19
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Loading case 2

Type X-Component |Y-Component |Z-Component |Resultant |Connector UR Factor of safety
Shear Force (N) -296,93 203,53 0 359,99|Counterbore Screw-1 0,26 3,89
Axial Force (N) 0 0 48745 48745|Counterbore Screw-1

Shear Force (N) -889,7 1153,5 0 1456,8|Counterbore Screw-2 0,32 3,17
Axial Force (N) 0 0 57331 57331|Counterbore Screw-2

Shear Force (N) -1213,5 1251,4 0 1743,1|Counterbore Screw-3 0,29 3,46
Axial Force (N) 0 0 51340 51340|Counterbore Screw-3

Shear Force (N) -1291,3 1628,1 0 2078|Counterbore Screw-4 0,28 3,54
Axial Force (N) 0 0 49320 49320|Counterbore Screw-4

Shear Force (N) 78,804 -481,22 0 487,63 |Counterbore Screw-5 0,26 3,80
Axial Force (N) 0 0 49531 49531 |Counterbore Screw-5

Shear Force (N) 569,37 -263,56 0 627,41|Counterbore Screw-6 0,32 3,13
Axial Force (N) 0 0 60080 60080|Counterbore Screw-6

Shear Force (N) 785,02 -162,4 0 801,65|Counterbore Screw-7 0,27 3,65
Axial Force (N) 0 0 50913 50913|Counterbore Screw-7

Shear Force (N) 525,81 106,8 0 536,54 |Counterbore Screw-8 0,26 3,92
Axial Force (N) 0 0 47902 47902 |Counterbore Screw-8

Shear Force (N) -2131,3 2102,8 0 2994|Counterbore Screw-9 0,28 3,57
Axial Force (N) 0 0 46610 46610|Counterbore Screw-9

Shear Force (N) -2718,5 1751 0 3233,6|Counterbore Screw-10 0,32 3,17
Axial Force (N) 0 0 52797 52797|Counterbore Screw-10

Shear Force (N) -2661,1 1526,1 0 3067,7|Counterbore Screw-11 0,28 3,57
Axial Force (N) 0 0 46369 46369|Counterbore Screw-11

Shear Force (N) -1768 1172,4 0 2121,3|Counterbore Screw-12 0,26 3,82
Axial Force (N) 0 0 45231 45231|Counterbore Screw-12

Shear Force (N) -1720,2 -162,63 0 1727,9|Counterbore Screw-13 0,26 3,78
Axial Force (N) 0 0 46670 46670|Counterbore Screw-13

Shear Force (N) -475,63 -808,97 -5,82E-11 938,43 |Counterbore Screw-14 0,32 3,17
Axial Force (N) -7,16E-09 0 58581 58581 |Counterbore Screw-14

Shear Force (N) 730,45 -307,17 0 792,4|Counterbore Screw-15 0,26 3,77
Axial Force (N) 0 0 49154 49154 |Counterbore Screw-15

Shear Force (N) 755,45 244,92 0 794,16|Counterbore Screw-16 0,25 3,96
Axial Force (N) 0 0 46773 46773|Counterbore Screw-16

Shear Force (N) 1108,9 173,1 0 1122,3|Counterbore Screw-17 0,26 3,90
Axial Force (N) 0 0 46702 46702|Counterbore Screw-17

Shear Force (N) 1281,6 330,51 0 1323,6/Counterbore Screw-18 0,26 3,79
Axial Force (N) 0 0 47637 47637|Counterbore Screw-18

Shear Force (N) 1049,6 596,68 0 1207,4|Counterbore Screw-19 0,26 3,89
Axial Force (N) 0 0 46624 46624|Counterbore Screw-19




Appendix [, 3

Loading case 3

Type X-Component |Y-Component Z-Component Resultant |Connector UR Factor of safety
Shear Force (N) 6,2412 291,3 0 291,37|Counterbore Screw-1 0,25 4,01
Axial Force (N) 0 0 47469 47469|Counterbore Screw-1

Shear Force (N) 66,966 124,15 0 141,06|Counterbore Screw-2 0,23 4,28
Axial Force (N) 0 0 44753 44753|Counterbore Screw-2

Shear Force (N) 287,02 64,129 0 294,1|Counterbore Screw-3 0,25 3,96
Axial Force (N) 0 0 48071 48071|Counterbore Screw-3

Shear Force (N) -16,822 180,59 0 181,37|Counterbore Screw-4 0,24 4,08
Axial Force (N) 0 0 46817 46817|Counterbore Screw-4

Shear Force (N) -17,572 -52,619 0 55,475|Counterbore Screw-5 0,25 3,98
Axial Force (N) 0 0 48340 48340|Counterbore Screw-5

Shear Force (N) 2,1039 -203,95 0 203,96|Counterbore Screw-6 0,24 4,21
Axial Force (N) 0 0 45324 45324|Counterbore Screw-6

Shear Force (N) -117,68 -194,26 0 227,13|Counterbore Screw-7 0,24 4,13
Axial Force (N) 0 0 46174 46174|Counterbore Screw-7

Shear Force (N) -83,581 -210,02 0 226,04|Counterbore Screw-8 0,24 4,18
Axial Force (N) 0 0 45631 45631|Counterbore Screw-8

Shear Force (N) -636,69 -399,27 0 751,53|Counterbore Screw-9 0,25 3,97
Axial Force (N) 0 0 46742 46742|Counterbore Screw-9

Shear Force (N) -963,23 -145,78 0 974,2|Counterbore Screw-10 0,27 3,77
Axial Force (N) 0 0 48731 48731|Counterbore Screw-10

Shear Force (N) -897,31 -22,089 0 897,59|Counterbore Screw-11 0,25 4,01
Axial Force (N) 0 0 45864 45864|Counterbore Screw-11

Shear Force (N) -758,96 109,23 0 766,78|Counterbore Screw-12 0,25 4,07
Axial Force (N) 0 0 45503 45503|Counterbore Screw-12

Shear Force (N) -707,18 52,563 0 709,13|Counterbore Screw-13 0,24 4,09
Axial Force (N) 0 0 45464 45464|Counterbore Screw-13

Shear Force (N) -118,87 44,512 -1,46E-11 126,93 |Counterbore Screw-14 0,25 3,92
Axial Force (N) -5,97E-09 0 48877 48877|Counterbore Screw-14

Shear Force (N) 245,92 97,487 0 264,54|Counterbore Screw-15 0,24 4,17
Axial Force (N) 0 0 45684 45684|Counterbore Screw-15

Shear Force (N) 259,94 127,72 0 289,62 |Counterbore Screw-16 0,24 4,14
Axial Force (N) 0 0 45935 45935|Counterbore Screw-16

Shear Force (N) 390,79 101,5 0 403,76|Counterbore Screw-17 0,24 4,12
Axial Force (N) 0 0 45819 45819|Counterbore Screw-17

Shear Force (N) 519,25 115,86 0 532,02|Counterbore Screw-18 0,25 4,07
Axial Force (N) 0 0 46056 46056|Counterbore Screw-18

Shear Force (N) 467,18 141,68 0 488,19|Counterbore Screw-19 0,24 4,10
Axial Force (N) 0 0 45874 45874|Counterbore Screw-19




Appendix [, 4

Loading case 4

Type X-Component|Y-Component|Z-Component|Resultant |Connector UR Factor of safety
Shear Force (N) 2,0657 322,26 0 322,27|Counterbore Screw-1 0,25 4,06
Axial Force (N) 0 0 46792 46792|Counterbore Screw-1

Shear Force (N) 96,771 413,8 0 424,97\ Counterbore Screw-2 0,24 4,22
Axial Force (N) 0 0 44692 44692|Counterbore Screw-2

Shear Force (N) 283,25 577,55 0 643,27|Counterbore Screw-3 0,26 3,90
Axial Force (N) 0 0 47851 47851|Counterbore Screw-3

Shear Force (N) -33,259 978,46 0 979,03|Counterbore Screw-4 0,25 3,95
Axial Force (N) 0 0 46469 46469|Counterbore Screw-4

Shear Force (N) -112,95 164,57 0 199,6 Counterbore Screw-5 0,25 4,01
Axial Force (N) 0 0 47648 47648|Counterbore Screw-5

Shear Force (N) -154,51 -139,57 0 208,22 |Counterbore Screw-6 0,24 4,23
Axial Force (N) 0 0 45157 45157|Counterbore Screw-6

Shear Force (N) -287,82 -395,43 0 489,08|Counterbore Screw-7 0,24 4,09
Axial Force (N) 0 0 45928 45928|Counterbore Screw-7

Shear Force (N) -233,91 -711,65 0 749,11|Counterbore Screw-8 0,25 4,08
Axial Force (N) 0 0 45446 45446|Counterbore Screw-8

Shear Force (N) -692,3 -1246,4 0 1425,8|Counterbore Screw-9 0,26 3,86
Axial Force (N) 0 0 46423 46423|Counterbore Screw-9

Shear Force (N) -1000,9 -660,81 0 1199,3|Counterbore Screw-10 0,27 3,74
Axial Force (N) 0 0 48560 48560|Counterbore Screw-10

Shear Force (N) -940,72 -250,2 0 973,43|Counterbore Screw-11 0,25 4,01
Axial Force (N) 0 0 45749 45749|Counterbore Screw-11

Shear Force (N) -764,53 122,82 0 774,34|Counterbore Screw-12 0,25 4,08
Axial Force (N) 0 0 45404 45404|Counterbore Screw-12

Shear Force (N) -640,45 202,47 0 671,7|Counterbore Screw-13 0,24 4,09
Axial Force (N) 0 0 45554 45554|Counterbore Screw-13

Shear Force (N) -84,825 119,13 -7,28E-12 146,25|Counterbore Screw-14 0,26 3,88
Axial Force (N) -6,04E-09 0 49416 49416|Counterbore Screw-14

Shear Force (N) 400,36 -11,314 0 400,52|Counterbore Screw-15 0,24 4,14
Axial Force (N) 0 0 45654 45654|Counterbore Screw-15

Shear Force (N) 496,19 -9,5073 0 496,28|Counterbore Screw-16 0,24 4,10
Axial Force (N) 0 0 45811 45811|Counterbore Screw-16

Shear Force (N) 647,56 28,468 0 648,18|Counterbore Screw-17 0,25 4,08
Axial Force (N) 0 0 45717 45717|Counterbore Screw-17

Shear Force (N) 754,1 149,67 0 768,81|Counterbore Screw-18 0,25 4,04
Axial Force (N) 0 0 45828 45828|Counterbore Screw-18

Shear Force (N) 714,21 345,66 0 793,46|Counterbore Screw-19 0,25 4,06
Axial Force (N) 0 0 45512 45512|Counterbore Screw-19




Modified structure, bolt forces

Appendix 11, 1

Loading case 2

Type X-Component |Y-Component |Z-Component |Resultant |Connector UR Factor of safety
Shear Force (N) 590,29 -196,93 0 622,27|Counterbore Screw-1 0,24 4,09
Axial Force (N) 0 0 -45641 45641 |Counterbore Screw-1

Shear Force (N) 925,58 179,13 0 942,76|Counterbore Screw-2 0,25 3,94
Axial Force (N) 0 0 -46596 46596|Counterbore Screw-2

Shear Force (N) 792,3 450,75 0 911,55|Counterbore Screw-3 0,29 3,45
Axial Force (N) 0 0 -53724 53724|Counterbore Screw-3

Shear Force (N) 246,39 761,4 0 800,27|Counterbore Screw-4 0,24 4,11
Axial Force (N) 0 0 -44980 44980|Counterbore Screw-4

Shear Force (N) -454,82 -256,06 0 521,95|Counterbore Screw-5 0,24 4,11
Axial Force (N) 0 0 -45614 45614|Counterbore Screw-5

Shear Force (N) -1065,3 -1021,1 0 1475,6|Counterbore Screw-6 0,31 3,21
Axial Force (N) 0 0 56374 56374|Counterbore Screw-6

Shear Force (N) -1456,7 -1473,3 0 2071,8|Counterbore Screw-7 0,28 3,52
Axial Force (N) 0 0 -49561 49561 |Counterbore Screw-7

Shear Force (N) -1374,6 -2220,1 0 2611,2|Counterbore Screw-8 0,27 3,71
Axial Force (N) 0 0 -45392 45392 |Counterbore Screw-8

Shear Force (N) 1778 -1523,9 0 2341,8|Counterbore Screw-9 0,26 3,82
Axial Force (N) 0 0 -44586 44586|Counterbore Screw-9

Shear Force (N) 1837,5 -1024 0 2103,6|Counterbore Screw-10 0,26 3,82
Axial Force (N) 0 0 -45303 45303|Counterbore Screw-10

Shear Force (N) 1624,7 -609,83 0 1735,4|Counterbore Screw-11 0,25 3,94
Axial Force (N) 0 0 -44617 44617|Counterbore Screw-11

Shear Force (N) 995,54 -299,32 0 1039,6|Counterbore Screw-12 0,24 4,13
Axial Force (N) 0 0 -44128 44128|Counterbore Screw-12

Shear Force (N) 690,32 388,11 0 791,94|Counterbore Screw-13 0,26 3,80
Axial Force (N) 0 0 -48775 48775|Counterbore Screw-13

Shear Force (N) -533,11 638,17 0 831,54|Counterbore Screw-14 0,30 3,36
Axial Force (N) 0 0 -55342 55342|Counterbore Screw-14

Shear Force (N) -1760,1 -419,57 0 1809,4|Counterbore Screw-15 0,26 3,92
Axial Force (N) 0 0 -44700 44700|Counterbore Screw-15

Shear Force (N) -2082,9 -2032,9 0 2910,6|(Counterbore Screw-16 0,26 3,84
Axial Force (N) 0 0 -42956 42956|Counterbore Screw-16

Shear Force (N) -3092,9 -3001,4 0 4309,8|Counterbore Screw-17 0,29 3,45
Axial Force (N) 0 0 -45125 45125|Counterbore Screw-17

Shear Force (N) -3094,8 -3566,4 0 4722|Counterbore Screw-18 0,31 3,20
Axial Force (N) 0 0 -48351 48351|Counterbore Screw-18

Shear Force (N) -2814,2 -4089,3 0 4964,1|Counterbore Screw-19 0,29 3,47
Axial Force (N) 0 0 -43179 43179|Counterbore Screw-19




Appendix II, 2

Loading case 3

Type X-Component |Y-Component [Z-Component|Resultant [Connector UR Factor of safety
Shear Force (N) -279,95 319,07 0 424,48|Counterbore Screw-1 0,24 4,12
Axial Force (N) 0 0 -45825 45825|Counterbore Screw-1

Shear Force (N) 761,37 -323,28 0 827,15|Counterbore Screw-2 0,28 3,57
Axial Force (N) 0 0 -52034 52034|Counterbore Screw-2

Shear Force (N) 34,583 269,73 0 271,94|Counterbore Screw-3 0,24 4,25
Axial Force (N) 0 0 -44697 44697|Counterbore Screw-3

Shear Force (N) 14,677 230,83 0 231,29|Counterbore Screw-4 0,25 3,97
Axial Force (N) 0 0 -48071 48071|Counterbore Screw-4

Shear Force (N) -17,227 -260,59 0 261,15|Counterbore Screw-5 0,25 4,02
Axial Force (N) 0 0 -47382 47382|Counterbore Screw-5

Shear Force (N) 53,071 -81,763 0 97,477|Counterbore Screw-6 0,23 4,34
Axial Force (N) 0 0 -44225 44225|Counterbore Screw-6

Shear Force (N) 179,82 -60,152 0 189,61|Counterbore Screw-7 0,25 4,07
Axial Force (N) 0 0 -46929 46929|Counterbore Screw-7

Shear Force (N) 226,87 -191,94 0 297,17|Counterbore Screw-8 0,24 4,16
Axial Force (N) 0 0 -45681 45681|Counterbore Screw-8

Shear Force (N) 957,94 -13,111 0 958,03|Counterbore Screw-9 0,25 4,02
Axial Force (N) 0 0 -45601 45601|Counterbore Screw-9

Shear Force (N) 789,83 -70,965 0 793,01|Counterbore Screw-10 0,25 4,04
Axial Force (N) 0 0 -45739 45739|Counterbore Screw-10

Shear Force (N) 616,55 -116,5 0 627,46|Counterbore Screw-11 0,24 4,08
Axial Force (N) 0 0 -45710 45710|Counterbore Screw-11

Shear Force (N) 425,79 -121,06 0 442 ,67|Counterbore Screw-12 0,24 4,13
Axial Force (N) 0 0 -45597 45597|Counterbore Screw-12

Shear Force (N) 319,5 -12,843 0 319,76|Counterbore Screw-13 0,24 4,14
Axial Force (N) 0 0 -45806 45806|Counterbore Screw-13

Shear Force (N) -127,11 120,39 0 175,07|Counterbore Screw-14 0,25 4,02
Axial Force (N) 0 0 -47640 47640|Counterbore Screw-14

Shear Force (N) -596,46 91,276 0 603,41|Counterbore Screw-15 0,24 4,11
Axial Force (N) 0 0 -45480 45480|Counterbore Screw-15

Shear Force (N) -643,54 -38,662 0 644,71|Counterbore Screw-16 0,24 4,12
Axial Force (N) 0 0 -45185 45185|Counterbore Screw-16

Shear Force (N) -821,98 46,62 0 823,3|Counterbore Screw-17 0,25 4,02
Axial Force (N) 0 0 -45918 45918|Counterbore Screw-17

Shear Force (N) -874,18 325,45 0 932,8|Counterbore Screw-18 0,26 3,86
Axial Force (N) 0 0 -47606 47606|Counterbore Screw-18

Shear Force (N) -953,67 805,81 0 1248,5|Counterbore Screw-19 0,25 3,96
Axial Force (N) 0 0 -45625 45625|Counterbore Screw-19




Appendix 111

Mathcad base for Hot Spot, cylinder bracket, only clamping

data = READPEMN{"Punstuskorva.tat”™ )
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Appendix IV
Mathcad base for Hot Spot, frame plate, only clamping

data = READPEM{"Puistuslevytxt” )
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Mathcad base for Hot Spot, cylinder bracket, clamping and lifting

data == READPEN("Mostekorva.txt")
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Appendix VI

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

data = READPEN{"Nostolevy.td™ }
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Appendix VII,1
Fatigue life calculations for bolts, LC2

Only clamping

Type »-Componen|Y-Componen|Z-Companen|Resultan{lonnector gD ] Fatigue life

Shear Farce [N) -100,18 133,85 0 167,19 |Counterbore Screw-1

Axial Force [N) 0 0 -45761 45761 |Counterbore Screw-1 -1,1974522 291,4713376 -1,45601E+11
Shear Force (N) -9,118 154,23 0 154 5|Counterbore Screw-2 0,984076433

Axial Force [N) ] 0 -45683 45693 |Counterbore Screw-2 -0,7643312 291,0382166 -5,59B8E+11
Shear Force [N) 114,19 176,62 o 210,32 |Counterbore Screw-3 1,339617834

Axial Force (N) 0 0 -45077 45077 |Counterbare Screw-3 3,15923567 287,1146457 7928553050
Shear Farce [N) 11403 210,89 0 238 74| Counterbore Screw-4 1,527006369

Axial Farce [N) 0 0 -46905 46505 |Counterbare Screw-4 -8,4840764 298,7579618 -4{13379688,7
Shear Farce [N) -30,059 -35,168 0 46,264 |Counterbore Screw-5 0,294675159

Axial Force [N) 0 0 -46708 46708 |Counterbore Screw-5 -7,2292994 297,5031847 -661685139 8
Shear Force (N) 1,9181 -51,792 0 51,828 |Counterbore Screw-6 0,33011465

Axial Force [N) ] 0 -45756 45756|Counterbore Screw-6 -1,1656051 291,4394504 -1,578B65E+11
Shear Force [N) -48,197 74,335 o 28,593 |Counterbore Screw-7 0564286624

Axial Force [(N) 0 0 -47726 47726|Counterbare Screw-7 -13,713376 303,9872611 -96940861 84
Shear Farce [N) 7.7383 -73,697 0 74,103 | Counterbore Screw-8 0471993631

Axial Force (N) 0 0 -456000 46000 |Counterbore Screw-8 -2,7197452 292,9936306 -12426686463
Shear Force (N) 285,46 -25,205 0 286,57 |Counterbore Screw-9 1,8252B6624

Axial Force [N) 0 0 -45941 45841|Counterbore Screw-9 -2,343949 292,6178344 -19413127634
Shear Force [N) 240,65 -85,286 0 255,31 |Counterbore Screw-10 1,626178344

Axial Force [(N) 0 0 -45836 45836 |Counterbore Screw-10 -1,6751592 291,9490446 -53182863903
Shear Force [N) 163,69 -127,34 o 207,39 |Counterbore Screw-11 1,320855414

Axial Force [(N) 0 0 -46205 46205|Counterbore Screw-11 -4,0254777 294,2893631 -3832545132
Shear Farce [N) 134,35 -84 166 0 158,54 |Counterbore Screw-12 1,009808917

Axial Force (N) 0 0 -45192 45192 |Counterbore Screw-12 -3,9426752 294, 2165605 -4079125046
Shear Force (N) 163,68 17 656 0 164,63 |Counterbore Screw-13 1,048598726

Axial Force [N) 0 0 -45670 45670 |Counterbore Screw-13 -0,6178344 290,8917197 -1,06004E+12
Shear Force [N) 15,677 101,78 0 102,98 | Counterbore Screw-14 0,655923567

Axial Force (N) 0 0 -46184 45184 |Counterbore Screw-14 -3,8917197 294,1656051 -4241458605
Shear Farce [N) -150,35 133,13 0 232,29|Counterbore Screw-15 147955414

Axial Farce [N) 0 0 -45610 45610|Counterbore Screw-15 -0,2356688 290,5095541 -1,51E+13
Shear Farce [N) -138,58 89,972 0 165,22 |Counterbore Screw-16 1,052356688

Axial Force [N) 0 0 -45560 45560 |Counterbore Screw-16 | 0,08280255 290,1910828 4 40361F+14
Shear Force (N) -196,17 90,422 0 216,01 |Counterbore Screw-17 1,375859873

Axial Force [N) ] 0 -461B8 45188 |Counterbore Screw-17 -3,9171975 204,1910828 -4159256528
Shear Force [N) -130,2 122,53 o 178,79 | Counterbore Screw-18 1,138789809

Axial Force (N) 0 0 -47328 47328 |Counterbore Screw-18 -11,178344 301,4522293 -178981277,5
Shear Farce [N) -140,83 134,42 0 184 68| Counterbore Screw-19 1,24

Axial Force [N) 0 0 -45784 45784 |Counterbore Screw-19 -1,34354%5 2916178344 -1,02989E+11




Clamping and lifting

Appendix VII,2

Type ¥-Componen|Y-Componen|Z-Componen|Resultan]Connector UR oD o Fatigue life
Shear Force (N) 590,29 -196,93 0 622,27 [Counterbore Screw-1 0,24

Axial Force [N) 0 0 -45641 45641 |Counterbore Screw-1 -0,433121019 290,7070064) -3,0769E+12
Shear Force (N) 925,58 179,13 0 942 76|Counterbore Screw-2 0,25 6, 004840764

Axial Force (N) 0 0 -46596 46596 |Counterbore Screw-2 -6,515923567 296,7898089| -003674578
Shear Force (N) 792,35 450,75 0 911 55(Counterbore Screw-3 0,29 5,806050955

Axial Force [N) 0 0 -53724 53724 |Counterbore Screw-3 -51,91715745 342 1910828 -17BR513 43
Shear Force (N) 246,39 7614 ] B00,27|Counterbore Screw-4 0,24 5087261146

Axial Force [N) 0 0 -44580 44980|Counterbore Screw-4 3, 777070064 2B6,4968153) 4635539599
Shear Force (N) -454 B2 -256,06 ] 521,95(Counterbore Screw-5 0,24 3,524522253

Axial Force [N) 0 0 -45614 45614 |Counterbore Screw-5 -0,261146497 290,5350318| -1,4037E+13
Shear Force (N) -1065,3 -1021,1 ] 1475,6|Counterbore Screw-6 0,51 §9,598726115

Axial Force [N) 0 0 -56374 56374|Counterbore Screw-6 -68,79617834 3590700637 -767798,161
Shear Force [N) -1456,7 -1473 3 0 2071,8[Counterbore Screw-7 0,28 13,19617834

Axial Force [N) 0 0 -49561 49561|Counterbore Screw-7 -25,40127389 315,6751592| -15253640,9
Shear Force [N) -1374,6 -2220,1 0 2611,2[Counterbore Screw-8 0,27 16,63184713

Axial Force [N) 0 0 -45392 45392 |Counterbore Screw-8 1,152866242 289,1210191| 1,63156E+11
Shear Force (N) 1778 -1523,9 0 2341,8|Counterbare Screw-9 0,26 1491592357

Axial Force [N) 0 0 -44586 44586|Counterbore Screw-3 b,286024204 283,9872611) 1006207402
Shear Force (N) 18375 -1024 0 2103,6(Counterbore Screw-10 0,26 13,39872611

Axial Force (N) 0 0 -45303 45303 |Counterbore Screw-10 1,718745223 28B,5541401) 48152733323
Shear Force (N) 16247 -609,83 0 1735,4|Counterbore Screw-11 0,25 11,05350318

Axial Force [N) 0 0 -44617 44617 |Counterbore Screw-11 6,089171975 284 1847134 1107259572
Shear Force (N} 095,54 -299,32 0 1038,6(Counterbore Screw-12 0,24 6,621656051

Axial Force [N) 0 0 -44128 44128 |Counterbore Screw-12 9,203821656 281 0700637 3206530865
Shear Force (N) 690,32 388,11 ] 791,84 |Counterbore Screw-13 0,26 5044203822

Axial Force [N) 0 0 -48775 48775|Counterbore Screw-13 -20,35450446 310,6687898| -29468650,4
Shear Force (N) -533,11 638,17 ] B31,54|Counterbore Screw-14 0,30 5296433121

Axial Force [N) 0 0 -55342 55342|Counterbore Screw-14 -62,22292994 352,4968153| -1037740,19
Shear Force [N) -1760,1 -419 57 0 1809,4|Counterbore Screw-15 0,26 11,52484076

Axial Force [N) 0 0 -44700 44700|Counterbore Screw-15 5,560509554 284 7133758| 1454106564
Shear Force [N) -2082,9 -2032.9 0 2910,6|Counterbore Screw-16 0,26 18,538B535

Axial Force [N) 0 0 -42856 42856|Counterbore Screw-16 16,66878981 273,6050955) 5397936831
Shear Force [N) -3092,9 -3001,4 0 4308,8|Counterbore Screw-17 0,29 27,450085541

Axial Force [N) 0 0 -45125 45125 |Counterbore Screw-17 2,853503185 287,42053822| 10759817963
Shear Force (N) -3094,8 -3566,4 0 4722|Counterbore Screw-18 0,31 30,07643312

Axial Force [N) 0 0 -48351 48351 |Counterbore Screw-18 -17,68426752 3079681529 -45127600,5
Shear Force (N) -28142 -4089,3 0 4564, 1| Counterbore Screw-19 0,29 31,61847134

Axial Force [N) 0 0 -43179 43178 |Counterbore Screw-1% 15,24840764 275,0254777| 7051256737
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