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Abstract 
 
This thesis focuses on the structural behavior of a washer machine cylinder. The 
cylinder is the component in the washing machine that rotates and keeps the laundry 
in place. The aim of this thesis is to determine the maximum load applied to the 
cylinder at which crack propagation occurs. Three experiments are performed to 
determine the structural behavior of the cylinder. Two experiments are performed to 
estimate mechanical properties i.e. stress-strain relation and critical fracture energy of 
the stainless steel sheet in use today. This is to derive a good estimation of the 
maximum load the cylinder can endure. The third type of experiment is performed to 
determine the strains on the outer surface of the cylinder when an evenly distributed 
load, 11 kg, and 2200 revolution per minute are applied on the inner surface of the 
cylinder. Three numerical models are performed from these three types of 
experiments which gives an estimation of the work to be done to propagate the crack 
at 15 kg and 2400 rpm. The question is if this load is overestimated to start crack 
propagation? This load is considerably higher than the washer machines operating 
speed. 
 

Sammanfattning 
 
Denna uppsats fokuserar på en strukturanalys av en tvättmaskincylinder. Cylindern är 
den komponent i tvättmaskinen som roterar och håller tvätten på plats. Syftet med 
uppsatsen är att bestämma den maximala kraften som verkar på cylindern vid start av 
sprickpropagering. Tre experiment genomförs för att bestämma strukturbeteendet av 
cylindern. Två experiment genomförs för att uppskatta de mekaniska egenskaper bl.a. 
spänning-töjningrelationen och kritisk brottenergi för det rostfria stål som används 
idag. Dessa två experiment utförs för att erhålla en bra uppskattning av den maximala 
last som kan appliceras på cylindern. Det tredje experimentet genomförs för att 
bestämma töjningarna på utsidan av cylindern då en jämnt fördelad last, 11 kg och 
2200 varv per minut är applicerad på innersidan av cylindern. Tre numeriska modeller 
är genomförda utifrån dessa tre experiment vilket ger möjligheten att uppskatta det 
arbete som krävs för att starta sprickpropagering vid 15 kg och 2400 rpm. Frågan är 
om denna last är större än vad som krävs för att starta sprickpropagering. Denna last 
är mycket större än tvättmaskinens dagliga användning.   
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1 Introduction 
Asko Appliance [1] uses a component in their washing machine called the cylinder 
shown in Fig. 1 (a). The cylinder is made of a 0.6 mm thick cold rolled stainless steel 
sheet and is assembled by three parts by folding its edges together. It is also punched 
and bent to create the perforated surface of the cylinder shown in Fig. 1 (b). The 
normal operation speed is up to 2000 rpm and the maximum operating weight is 11 kg 
of laundry including water. 
 

 
Fig. 1. The assembly components inside the washer machine (a). (b) shows the cylinder. 

1.1 Background 
Asko Appliance has performed a series of test to estimate the maximum load at which 
the cylinder fails. From these experiments it’s known that the cylinder fails due to 
crack propagation at 15 kg and 2400 revolution per minute (rpm). This load is 1.6 
times higher than during operation where the maximum load is 11 kg of laundry 
including water rotating at 2200 rpm. The question is if 15 kg and 2400 rpm is an 
overestimated load to start crack propagation? This thesis will determine if the 
maximum load is overestimated when crack propagation occurs through a numerical 
model in Abaqus 6.8-4. To evaluate the load required to start crack propagation the 
mechanical properties of the stainless steel is needed to be determined through a series 
of experiments. 

1.2 Aim 
The maximum load at which the cylinder starts to crack is determined through a 
numerical model. The region where the crack propagation occurs on the cylinder is 
the region below the ruler shown in Fig. 2, compare with Fig. 1. 

 
Fig. 2. Dashed line shows crack propagation path. 
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The crack will start to propagate when the critical fracture energy, cJ is reached. The 
crack will start somewhere around the dashed line shown in Fig. 2. This is also the 
region where the fracture energy cJ will be determined. However cJ is not determined 
in the numerical model of the cylinder. Instead cJ is determined through a numerical 
model, single edge notch specimen, fitted to a fracture energy test experiment 
performed in a tensile test machine. The fracture energy, cJ , is determined by using 
the J-integral module in Abaqus 6.8-4 on a numerical representation of the cylinder. 
When J from the J-integral is equal to cJ the required load is reached to start crack 
propagation. To receive a good estimation of J from the numerical representation of 
the cylinder and the numerical model of the fracture test experiment the stress-strain 
relation is implemented in the numerical model. The stress-strain relation is 
determined through a tensile test experiment performed in a tensile test machine. A 
total of three experiments are performed in following order to be able to determine the 
maximum load to start crack propagation. 

1. A tensile test experiment in order to determine the stress-strain relation. 
2. A fracture energy test experiment to determine the critical fracture energy to 

start crack propagation. 
3. A strain test experiment of the cylinder to determine the strains and stresses on 

the outer surface of the cylinder during normal operation. 
It can be noted that there is no unique way to evaluate the structural behavior of the 
cylinder. 

2 Implementation of the experiments 
The first experiment denoted tensile test experiment shown in Fig. 3 is used to 
evaluate the stress-strain relation. 
 

                    
Fig. 3. Picture of the tensile test experiment. 
 
A force-displacement relation is obtained from a tensile test machine that measure 
force during a controlled displacement shown in Fig. 3. To determine the stress-strain 
relation of the stainless steel sheet a numerical model in Abaqus 6.8-4 is fitted to the 
force-displacement relation received from the tensile test experiment. The input into 
the numerical model is the estimated stress-strain relation and is assumed to be correct 
if the force-displacement relation is fitted well to the tensile test experiment. The 
stress-strain relation of the stainless steel sheet is not only needed to estimate cJ in the 
fracture energy experiment. It also defines the dimensions of the specimen used in the 
fracture energy test experiment. A numerical model of the fracture energy test 
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experiment is created to estimate the maximum load (< 10 kN) to start crack 
propagation due to the limitation of the tensile test machine.  
The critical fracture energy, cJ is evaluated from a single edge notch test experiment 
shown in Fig. 4. 
 

 
Fig. 4. Picture of the single edge notch specimen to determine cJ . 

 
The result from the fracture energy test experiment is a force-displacement relation. A 
numerical model is fitted to determine the same force-displacement relation from the 
fracture energy test experiment. The fracture energy is then determined from the 
numerical model.   
 
The third type of experiment, denoted strain test experiment, is to evaluate the strains 
and stresses in 4 regions acting on the outer surface of the cylinder during high rpm. 
The tensile test experiment should give a good estimation of what the structural 
behaviour will be during normal operation. From the strain test experiment a load can 
be estimated and applied on the inner surface of the cylinder in the numerical model 
simulating stresses and strains during normal operation. The strain test experiments 
are fitted to the numerical model using only a small part of the cylinder to determine 
the strains and stresses on the outer surface for this simplification. The reason is to 
keep the simulation time to a minimum. From the numerical model the maximum load 
to reach cJ is determined. 

2.1 Tensile test experiment 
A tensile test experiment makes it possible to determine the yield and fracture strength 
and also to evaluate if the material is brittle or tough. The tensile test experiment is 
needed to determine the dimensions of the single edge notch specimen to be able to 
determine cJ . The results from this experiment will show Young’s modulus, yielding 
and fracture strength in a stress-strain relation. The mechanical properties are 
measured from a simple specimen see Fig. 5 

 
Fig. 5. Specimen for tensile test experiment. 
 
where L is 160 mm, B is 12.5 mm and the out of plane thickness is 0.6 mm. The 
specimens are subjected to a controlled displacement see Fig. 6.  
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Fig. 6. Direction of controlled displacement. 
 
Five specimens are cut with a plate scissor table to the dimensions shown in Fig. 5. 
The experiments are performed using a tensile test machine that has a maximum 
loading capacity of 10 kN. This maximum force limits the specimen dimensions. In 
the following experiments the load is applied using a controlled displacement see Fig. 
7. 
 

 
Fig. 7. Schematic of the tensile test machine. 

2.1.1 Results from tensile test experiment 
Five experiments are subjected to axial loading and Fig. 8 shows the mean value of 
the force-displacement relation. The five experiments force-displacement relations are 
captured with good correspondence. 
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Fig. 8. Tensile experiment at 0.1 mm/min. 
 
The maximum load is 3.7 kN and the displacement at fracture is 44 mm. The 
experiments show that the material is tough from its low stiffness during its large 
displacement. From Fig. 8 the stress-strain relation is determined. The calculation of 
the true strain is determined using 

Y 
X 
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where tε is the true strain, 0L is original length and L is ∆+0L . The true stress is 
calculated from 

)1( eet εσσ +=     (2) 
where eσ is the engineering stress, tσ is the true stress and eε is the engineering strain. 
The true stress-strain relation is shown in Fig. 9. The equations to estimate 

tσ and tε exhibits a stronger material than expected in comparison with the tensile test 
experiment and the force-displacement relation from the numerical model. The reason 
why the true stress-strain equation is overestimated is unknown. This numerical error 
is corrected by reducing the stress by 2 % and a good correspondence of the 
mechanical properties is achieved. 
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Fig. 9. Numerical stress-strain relation. 
 
The Young’s modulus is found to be 30 GPa, the yield strength is 320 MPa and the 
fracture strength is 600 MPa at 0.22 strain. The Young’s modulus from the 
experiment is clearly too low since stainless steel should be close to 200 GPa. One 
reason is that the grips slowly loses its grips to the specimen and therefore gives a 
slightly larger displacement than expected. The force-displacement relation is not 
accurate due to the slippage on the surface of the tensile test specimen shown in Fig. 
10. 
 

 
Fig. 10. Picture shows that slippage has occurred on the steel surface.  
 

Grip 

Slip 
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The grip cannot apply an evenly distributed constraint on the specimen surface. The 
tensile test specimen slips in the grips when the controlled displacement is applied. 
The force-displacement relation in Fig. 9 is therefore not reliable. This strain relation 
is only used as an estimation when calculating the fracture energy in experiment two.  
 
A numerical model is used to evaluate the force-displacement relation as in Fig. 8. 
The analysis runs in static mode with 340 quadratic 3D four node shell elements se 
Fig. 11. The reason to use shells is that the numerical model of the cylinder is based 
on a shell model. The numerical model could as well be modelled with 2D elements. 

 
Fig. 11. Numerical model tensile test using 340 3D four node shell elements. 
 
The material law for the shell elements is the stress-strain relation shown in Fig. 9. A 
controlled displacement is applied to the numerical model shown in Fig. 6. The force-
displacement relation from the experiment and the numerical model are shown in Fig. 
12. 
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Fig. 12. Force-displacement relation from the experiment and from the numerical model. 
 
Fig.12 shows that the numerical model corresponds well with the force-displacement 
relation from the tensile test experiment. The dimensions of the fracture energy test 
experiment can now be determined.   
 

2.2 Single edge notch test experiment 
The single edge notch test experiment is performed to determine the fracture energy, 

cJ , to start crack propagation.  
  
A tensile test machine is used to measure the force-displacement relation of the single 
edge notch test experiment. The dimensions of the specimen are determined with a 
numerical model with the stress-strain relation shown in Fig. 9. The maximum load 
should be less than 10 kN. The specimen has the shape of a single edge notch tension 
specimen see Fig. 13.  
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Fig. 13. Single edge notch tension specimen. 
 
where L is 200 mm, W is 40 mm, a is 0.3W mm and the out of plane thickness is 0.6 
mm. Five specimens are cut with a plate scissor table. The load is applied as a 
controlled displacement shown in Fig. 14.  

 
Fig. 14. Direction of controlled displacement. 

2.2.1 Results from single edge notch test experiment 
Five experiments are subjected to axial loading and Fig. 15 shows the mean value of 
the force-displacement relations. The five experiments force-displacement relations 
are captured with good correspondence. 
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Fig. 15. Force-displacement relation of the single edge notch test experiment. 
 
The maximum force is 6.1 kN and the displacement at fracture is 8.3 mm. The 
specimen from the single edge notch test experiment has once again slipped in its 
grips, see Fig. 16, as with the tensile test experiment. The force-displacement relation 
in Fig. 15 is therefore not reliable. 
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Fig. 16. Magnified image of the single edge notch specimen. The magnified area is shown in the sketch 
which illustrates the slippage in the experiment. 
 
The slip is shown in the picture in Fig 16.  The slip appears to increases as Y increases 
from zero to W. The force-displacement relation shown in Fig. 15 is not reliable. 
 
The force-displacement relation from Fig. 15 is fitted to a numerical model in Abaqus 
6.8-4. The numerical model is modelled using 2D plain stress continuum and cohesive 
elements. In this thesis cJ is determined with cohesive element from the numerical 
model representing the single edge notch test experiment. A sketch representing one  
2D 4 node cohesive element is shown in Fig. 17. 
 

 
Fig. 17. Sketch of a cohesive element with node numbering 1-4. 
 
The 2D cohesive element has tensile stiffness in y-direction and zero tensile stiffness 
in x-direction. The cohesive element has shear stiffness in the plane with y-direction 
as normal. From the integral of the cohesive elements normal stress-displacement 
relation cJ is determined. An arbitrary normal stress-displacement relation is shown in 
Fig. 18. The area underneath the curve is equal to cJ . The normal is in the same 
direction as the controlled displacement shown in Fig. 14. 
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The cohesive elements are implemented into the numerical model prescribing the 
crack path to model crack propagation. The numerical model is simplified to a 2D 
problem. The model has the same dimensions as the specimen in the fracture energy 
test experiment shown in Fig. 13 and is modelled with 3000 2D continuum elements 
and 64 2D four node cohesive elements see Fig. 19.  

 
Fig. 19. Fracture energy test specimen modelled with 3 000 three node continuum elements, 40 four 
node continuum elements and 64 2D four node cohesive elements. h for the cohesivs are equal to zero.  
 
Boundary conditions are shown in Fig. 14. The numerical model is not modelled with 
symmetry due to the problem with the cohesive elements. The problem is that the 
cohesive elements cannot share nodes only between cohesive elements as in a 
symmetric model. The cohesive elements are shown in Fig. 19 with the width h. In the 
numerical model the width h set to zero. Fig. 20 shows an enlargement of the mesh in 
Fig 19 when h is set to zero.  
 

 
Fig. 20. Enlargement of the mesh around the crack tip with h equal to zero. 
  
The dot marks the crack tip and around the crack tip are the regions of the collapsed 
nodes. The first and second element region is modelled with 20 2D four node 
continuum element each. The first element region has 20 nodes at crack tip and 20 
nodes connected to element region 2. The numerical model is an interaction between 
two mechanical properties of continuum and cohesive elements. 
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Fig. 21. Material law steel of a 2D 4 node continuum element. 
 
The material law shown in Fig. 9 is fitted poorly to the force-displacement relation 
shown in Fig. 15. Fig. 21 shows a different stress-strain relation that is used as the 
material law for the continuum elements. To create the curvature in Fig. 15 the steel 
has to yield at 150 MPa with Young’s modulus at 200 GPa. The maximum stress is 
reached at 380 MPa at 2 % strain. This stress-strain relation shows that the controlled 
displacement from the single edge notch test experiment and the numerical model 
does not match due to the slippage in the grips. The specimen from the fracture 
energy test experiment propagates too soon in comparison to a single edge notch test 
experiment where the specimen not slips in the grips. The maximum force from the 
single edge notch test experiment is therefore low due to the early propagation of the 
crack. Fig. 22 shows the material law of the cohesive elements. 
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Fig. 22. Material law of a 2D 4 node cohesive element. 
 
The stiffness is 6.9 TN/m³ (Young´s modulus is equal to 800 GPa) for the cohesive 
elements. The yield strength is 370 MPa and the displacement at fracture is 5.6 mm 
for one cohesive element. The reason for the large displacement may be that the 
continuum elements do not reach the amount of plasticity needed to create such 
amount of permanent deformation. The cohesive elements reach the highest stress at 
370 MPa where the stiffness is less than zero. The continuum elements reach the zero 
stiffness at 380 MPa. To obtain more permanent deformation the maximum stress for 
the cohesive elements needs to be equal to the maximum stress for the continuum 
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elements. However, the numerical model cannot be run with cohesive and continuum 
elements with equal stress at stiffness equal to zero. Numerical errors arise or no 
solution is given.  The reason may be lack of knowledge in modelling in Abaqus 6.8-
4. The calculated integral i.e. cJ of the cohesive element in Fig. 22 is 2 MJ/m². The 
reason for the very large cJ value is the large length of the normal displacement at 
fracture shown in Fig. 22. The numerical model is supposed to give a large cJ because 
of the slippage in the grips from the single edge notch test experiment. Two material 
laws combined in the specimen results in a curve that is near the result from the 
experiment, see Fig. 23. 

0 2 4 6 80

2

4

6

Displacement [mm]

Fo
rc

e 
[k

N
]

 

 
Single edge notch test experiment
Numerical model

crack initiate

 
Fig. 23. Force-displacement relation from single edge notch test experiment and the numerical model 
from Abaqus. 
 
The marks in Fig. 23 show the numerical model and the lines show the single edge 
notch test experiment. The numerical model should give a smaller cJ than the single 
edge notch test experiment. The reason is to be certain that cJ is not overestimated. 
From Fig. 23 the crack begins to grow at 5.6 mm displacement. The maximum 
applied force is 6.1 kN. Fig. 24 shows the von Mises stresses at maximum force at 3 
mm displacement. Large areas of the specimen have reached the maximum stress 
around 380 MPa. 

 
Fig. 24. Stress image of single edge notch numerical model at maximum force. 
 
A more visual result is shown in Fig. 25 
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Fig. 25. The permanent deformation from numerical model, (a), and from single edge notch 
experiment, (b). 
 
The picture shown in Fig. 25 (a) shows the permanent deformation from the 
numerical model in Abaqus, the dashed line shows the original shape of the single 
edge notch specimen. The picture shown in Fig. 25 (b) shows the permanent 
deformation from the single edge notch test experiment. Fig. 25 (b) shows that the 
deformation is more extensive than the numerical model shown in Fig. 25 (a).  
The numerical model fitted to the single edge notch test experiment provides no 
unique way in representing the force-displacement relation shown in Fig. 23. The 
stress-strain relation can be changed for the continuum and cohesive element and still 
a good correspondence is achieved between the experiment and the numerical model. 
The accurate stress-strain relation of the continuum and cohesive elements are 
determined in the resulting permanent deformation between the numerical model and 
the fracture energy test experiment. A method to determine the permanent 
deformation must be included when fitting the force-displacement relation. The 
permanent deformation from the experiment is unknown so the force-displacement 
relation form the numerical model is roughly estimated in Fig. 23. The cJ value 
determined in the fracture energy test experiment determines the maximum load the 
cylinder can endure before the cylinder fails due to crack propagation. The strain test 
experiment will give a numerical model that is a good representation of the cylinder. 
The numerical model will be used to determine the magnitude of the load when cJ is 
reached.  

2.3 Strain test experiment 
Boundary conditions and loads are essential to evaluate the correct stresses in the 
cylinder. The stresses are essential to determine the fracture energy during different 
loads and rotation speeds. When the correct boundary conditions and loads are applied 
the use of cJ determines at which magnitude of load (kg) and rpm the cylinder will 
break. The fracture energy cJ is calculated with the J-integral option in Abaqus. 
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The strain experiment of the cylinder is conducted at Asko. The cylinder is 
disassembled from the washer machine from Fig. 1 (a) and four strain gauges are 
glued on the outer surface of the cylinder. The positioning of the strain gauges are 
shown in Fig. 26. The strain gauges measure the strains in direction of the rotation.  
 

 
Fig. 26. Outer surface of the cylinder and four strain gauges measuring the strain in direction of 
rotation. The arrows points out strain gauges 1-4. 
 
On the inner surface of the cylinder one thin plastic sheet and four bitumen rugs are 
glued on, see Fig. 27. This represents the cylinder full with cloths and water, 11 kg 
evenly spread on the inner surface. The thin sheet prevents the rug to penetrate the 
perforation on the cylinder surface. The glue keeps the load in place so that the 
experiments can be repeated. Otherwise the load will move around before the speed of 
the rotation keeps the rugs in place. One bitumen rug is 4 mm thick which gives four 
layers 16 mm thick layer of bitumen.  
 

 
Fig. 27. Four bitumen rug glued on the inner surface of the cylinder. 
 
The cylinder is assembled back into the washer machine. The cylinder has three ribs 
see Fig. 28. These are assembled on the inner surface of the cylinder. The ribs prevent 
the clothing from penetrating the holes in the area around the ruler shown in Fig. 26 
around the area below the ruler. The ribs also help the laundry to follow the rotation 
of the cylinder. The rib is made of a plastic material.  
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heels

 
Fig. 28. The rib from above (a) and under (b) with 6 heels. 
 
One rib covers 3 % of the area of the inner surface of the cylinder. 3 % bitumen 
weighs 0.33 kg which is glued on top of the rib. Fig. 29 (a) shows the assembly with 
the bitumen rug and Fig. 29 (b) shows the assembly without the bitumen rug. Next to 
the rib shown in Fig. 29 (a) in white is the transmitter that is connected to the strain 
gauges on the outer surface of the cylinder.    
 

   
Fig. 29. Picture of bitumen rug glued on the inner surface of the cylinder (a) and without the bitumen 
rug (b). 
 
Two experiments are performed, one experiment without the rib and one experiment 
with the rib. The reason is to use different scenarios to evaluate what boundary 
conditions and loads which needs to be set. The strains are measured at 2100-2200 
rpm at measuring points 1-4 without the rib see Fig. 26. The same speed is used to 
determine the strains with the rib and the result from the strain experiments are shown 
in Table. 1. 
 
Strain gauges Strain without the rib [µ] Strain with the rib [µ] 

1 -550 900 
2 -470 950 
3 -570 850 
4 -770 850 

Table. 1. Summary of the strain test experiments. 
 
Without the rib the four strain gauges give compressive strain when the cylinder 
rotates at 2200 rpm. The strain gauge reaches the highest strain near the rear end 
(strain gauge 4) of the cylinder. The minimum strain is given on the middle strain 
gauge near the front end (strain gauge 2) of the cylinder.  
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With the rib the four strain gauges give tensile strain at 2200 rpm. The maximum 
strain is at the middle strain gauge near the front end (strain gauge 2) of the cylinder. 
The minimum strain is at the rear (strain gauge 4) of the cylinder. 
These strains give an understanding of the deformation of the cylinder during the high 
rotation speeds. Apparently, the rib influences the strains of the cylinder due to the 
change from compressive to tensile strain.  
The numerical model of the strain test experiment is fitted to the result shown in 
Table. 1. Boundary conditions and type of distributed loads are determined using trial 
and error. Estimations are done to determine how large the loads can be from the two 
strain test experiment given in Table. 1. When the strains are overestimated in the 
numerical model fitted to the strain test experiment the applied load is lowered with 
50 %. If the strain is underestimated the load is chosen to be between the high and low 
strain. This approach is found to be effective to reach a good estimation of the load’s 
magnitude. A similar approach is performed to determine the boundary conditions. To 
simulate the strain test experiment with high efficiency a small part of the cylinder 
and the rib are modeled to reduce the time of the simulations, see Fig. 30 and 31.  
 

 
 
Fig. 30. Numerical model of the cylinder. 
 
The geometry of the rib is also simplified to reduce the time to simulate the model. 
The rib shown in Fig. 31 only contains the geometry that is in contact with the inners 
surface of the cylinder.  
 

 
Fig. 31. Numerical model of the rib. 
The rib is modelled by shell elements and its stiffness is determined by its shell 
thickness and Young’s modulus. The mechanical properties are 200=E GPa and the 
thickness is 1.8 mm to represent the stiffness of the rib made in a plastic material. 
These parameters are determined during the fitting of the numerical model to the 
strain test experiment. The rib stiffens the cylinder when assembled. The black 
surface shown in Fig. 32 represents the contact zone between the rib and the cylinder.   
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Fig. 32. The position of the rib surface in contact with the cylinder surface. 
 
The contact is on the inner surface of the cylinder. The friction between the rib 
(plastic) and cylinder (stainless steel) is assumed to be low so the friction is set to 
zero. The rib also imposes constraints at the outer surface of the cylinder. The rib has 
6 heels that keep the rib in place when assembled. These heels are shown in white in 
Fig 33. The white regions show where the rib is clamped on to the outer surface of the 
cylinder.  
 

 
Fig. 33. Position of Ties from the “heels” from the rib. 
 
The strains from the numerical model are calculated with different sets of boundary 
conditions to compare the resulting strains from the strain test experiments. At first 
the rib is suppressed in the analysis. The first analysis is performed with the following 
sets of boundary conditions. The numerical model representing the strain test 
experiment uses a cylindrical coordinate system see Fig 34. The boundary conditions 
are shown in Table. 2.  
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Fig. 34. The numerical model in Abaqus. 
 
Degree of freedom  Edge 1 Edge 2 Edge 3 Edge 4 
R translation clamped - clamped - 
θ  translation clamped clamped clamped clamped 
Z translation - - clamped - 

Rα rotation clamped clamped clamped clamped 
θα  rotation - clamped clamped clamped 
Zα  rotation clamped clamped clamped clamped 

Table. 2. Degree of freedom at edge 1-4 on the cylinder shown in Fig. 31. 
 
From Fig. 34, edge 1 represents the front part and edge 3 the rear part of the washer 
machine. The boundary conditions at edge 2 and 4 are based on symmetry. 
 
The bitumen rug is determined to act as a pressure on the inner surface of the cylinder 
when the cylinder rotates. The rug stiffens the cylinder in tension and bending when it 
is glued on the inner surface of the cylinder. This reduces the pressure applied on the 
cylinder. If the bitumen rug is replaced with another type of material that does not 
stiffen the cylinder it will break with less weight than with the rug. The increased 
stiffness is not included in the numerical model but the reduced pressure is. The load 
is applied as a positive pressure in R-direction on three sets of surfaces see Fig. 35 (a-
c). Figure  35 (a) shows the bitumen rug and the self weight of the cylinder as a 
positive pressure in R-direction at 110 kPa and. Figure 35 (b) shows the middle part 
of the cylinder with its self weight as a positive pressure in R-direction at 50 kPa. 
Figure 35 (c) shows the rib with its weight and rug as a positive pressure in R-
direction at 1.2 MPa.   

     
 
 
Fig. 35. Three sets of loads (a), (b) and (c). 
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During the analysis of the numerical model the stress-strain relation shown in Fig. 9 is 
changed. The stress-strain relation used in the numerical model representing the strain 
test experiment is shown in Fig. 36. 
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Fig. 36. Material law of shell element. 
 
The Young’s modulus is equal to 200 GPa which makes the material more stiff and 
yields and fracture earlier than the stress-strain relation from the tensile test 
experiment shown in Fig. 9. The change in Young’s modulus is determined during 
trial and error in conjunction with estimating boundary conditions and loads. 

2.3.1 Results of the strain test experiment 
The aim with the first numerical model is to re-create the results from strain test 
experiment without the rib i.e. the rib and its load are suppressed. The loads applied 
on the cylinder are the two surfaces with 110 kPa shown in Fig. 35 (a) and 50 kPa 
shown in Fig. 35 (b). The results are shown in Fig. 37. 
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Fig. 37. Strains without the rib at gauge number 1-4 shown in Fig. 26. 
 
The numerical model shows less strain at gauge 1 and 4 represented in Fig. 26 near 
the boundary edges 1 and 3 shown in Fig. 34 with boundary conditions shown in 
Table. 2. The boundary conditions set on edge 1 and 3 shown in Fig. 34 which 
represents the suppressed geometry from Fig. 1 are only estimations. The reason for 
the large offset of strain at gauge 4 shown in Fig. 37 may be the poorly estimation of 
boundary conditions. It could also be that the increased stiffness from the bitumen rug 
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is not applied on the inner surface of the cylinder. The reason not to include the 
increased stiffness is due to many variables. The second numerical model is to 
evaluate the results from the strain test experiment with the rib. The loads acting on 
the cylinder are applied on the three surfaces with 110 kPa on surface shown in Fig 35 
(a), 50 kPa on surface shown in Fig 35 (b) and 1.2 MPa on surface shown in Fig 35 
(c). These results are shown in Fig. 38.  
 

1 2 3 40

200

400

600

800

1000

1200

Strain gauge number

S
tra

in
 [1

e-
6]

Strains with the rib

 

 

Strain test experiment 
Numerical model

 
Fig. 38. Strains with the rib at gauge number 1-4 shown in Fig. 23. 
 
The strains from the numerical model at strain gauge 3 and 4 are similar to the strain 
test experiment see Fig. 38. At strain gauge 1 and 2 the strains are within 
approximately 10 % error.  
Other types of boundary conditions could not improve the result nor could the loads 
do so. The measuring points 1 and 4 are close to the constraints and therefore 
sensitive to the sets of boundary conditions. If a similar numerical model is used the 
parts at edge 1 and 3 shown in Fig. 34 from the assembly should be included in the 
model, see Fig. 1 (a). The mechanical properties of the stainless steel are only 
estimations and are not accurate. The strains gauges 1-4 shown in Fig. 26 may give 
compatible results with the numerical model when more accurate mechanical 
properties are used. When the rug is glued on the inner surface of the cylinder the test 
is easy to control during the experiment. The mechanical property of the bitumen rug 
is unknown. A different type of load could give better understanding of how to create 
a compatible numerical model with the strain experiment.              

3 Estimation of crack propagation 
To determine crack propagation by LEFM-theory the material should be brittle and in 
the elastic region when performing fatigue calculations. The cylinder is tough and in 
the plastic region as the machine operates today so LEFM-theory does not apply. To 
calculate crack propagation for the cylinder a series of experiments need to be 
performed. These experiments will be future work to determine the fatigue properties. 
One scenario presented in [2] where the cylinder fails on the first run due to crack 
propagation is analyzed using Abaqus. This scenario is performed by the same 
numerical model represented by the strain test experiment. By use of Abaqus J-
integral, the additional work to start crack propagation is determined and compared to 
the cJ value from the single edge notch experiment. Two points J1 and J2 are selected 
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in the numerical model to determine J from scenario [2] where crack propagation is 
expected. These two points are shown in Fig. 39. The goal is to create the scenario in 
[2] that causes the cylinder to fail with 15 kg evenly distributed at 2400 rpm. This 
should be seen as a worst case scenario. 
 

 
Fig. 39. The region of two points calculated with the J-integral. 

3.1.1 Results 
The J-integral at point J1 and J2 are determined by three element contours, the three 
closest element regions to the possible crack tip. The loads applied on the surface is 
176 kPa shown in Fig. 35 (a), 80 kPa shown in Fig. 35 (b) and 1.9 MPa shown in Fig. 
35 (c). The boundary conditions are from experiment three. The calculated J-integral 
J1 and J2 shown in Fig. 39 for the analysis are calculated to be 1 kJ/m² and 35 kJ/m² 
respectively. The results from the simulation show a possible direction of the crack 
propagation. The crack begins from J2 and propagate toward J1. The cJ to start crack 
propagation from the single edge notch test experiment is overestimated.   

4 Conclusions 
• The structural behaviour of the cylinder is only roughly estimated in this 

thesis. How far the structural behaviour is from the truth is unknown. The 
reader should know that the result in this thesis is not accurate. The estimation 
of cJ from the fracture test experiment is not accurate enough to estimate the 
load required to start crack propagation. A method to keep the amount of 
slippage to a minimum in the fracture energy and tensile test experiment are 
needed to assure correct loading condition. 

• The numerical model to determine the fracture energy is not effective enough 
to determine cJ . Other methods need to be used to predict the direction of 
crack propagation of the stainless steel sheet used in this thesis. Processing a 
explicit analysis is one way but also look at other cohesive laws.  

• From the strain test experiment performed at Asko Appliance the strain gauges 
glued on the outer surface of the cylinder is a good way to predict the strains 
during normal operations. However the bitumen rug does not have the 
mechanical properties in comparison to laundry and water. It would be of great 
interests to use a load similar to the laundry’s mechanical properties that also 
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gives the ability to recreate similar results each time the experiment is 
conducted.    
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