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1 Introduction 

In Deliverable 1.5, the correlation between geometric shape, material properties and fatigue 
resistance of cold-formed sheets, which are often used in high-bay warehouse construction, were 
fundamentally investigated. For this purpose, small-scale specimens with different geometries and 
made of different materials were provided and tested. 

The samples supplied were subjected to cyclically oscillating loads in order to determine the failure-
relevant number of load cycles. The relationship between the amplitude of the applied forces and load 
cycles should have been determined for each profile type. The SN-lines created in this way, are used 
to determine the influence of geometric and material parameters on fatigue resistance. 

With regard to geometric properties, the first task was to investigate the influence of the curvature in 
the bent areas of the profiles. Furthermore, the profile thickness in combination with the radius of 
curvature was of interest. The ratio of inner radius to profile thickness R/t was supposed and confirmed 
to have a relevant influence on the fatigue strength of the profiles. The smaller this value, the greater 
the amplification of stress in the bent areas of the small part tests. 

The fatigue strength of steel is initially generally nearly independent on the steel grade. However, the 
small-scale specimens provided were manufactured of different material grades. Thus, possible 
differences in the results can provide information about material influences on the fatigue behaviour. 
This aspect was also investigated in work package 1.5. 

In order to verify the previously mentioned aspects, it was first necessary to examine the parameters 
mentioned by the manufacturers with regard to geometric and material properties. In particular, the 
mentioned inner radius of the curved areas deviated strongly from the nominal manufacturer 
specifications. This has a strong influence on the mentioned R/t ratio and consequently on the fatigue 
resistance of the test specimens. 

In the following, all evaluated test results for the supplied samples are listed and presented as SN-lines 
differentiated by profile type. The influence of the R/t ratio was clearly confirmed by the test results. 
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2 Specimens provided by industrial partners 

A large number of specimens with different thicknesses and geometries were supplied for the research 
project. A distinction is made between a total of four different suppliers and manufacturers. These 
have processed different materials with varying methods of production. The following list provides an 
overview of the test specimens supplied: 

Table 2.1: Received small-scale specimens 

Manufacturer: Definition: Internal Def.: Quantity: Feature 

A S3-1.5-1-50-M3 A01 20  
A S3-2-1-50-M3 A02 20  
A S3-2-1.25-50-M3 A03 20  
A S3-2.5-1.6-50-M3 A04 20  
A S3-3-0.83-50-M3 A05 20  
A S3-3-1-50-M3 A06 20  
A S3-3-1.33-50-M3 A07 20  
A S3-3.5-0.86-50-M3 A08 20  
A S3-3.5-2.29-50-M5 A09 20  
A S3-4-0.63-50-M3 A10 20  
A S3-3.5-0.86-50-M5 A11 20  
A S3-3.5-2.29-50-M5 A12 20  
B S1-1.5-1-50-M3 B01 20  
B S1-3.5-2.29-50-M3 B02 20  
B S1-1.5-1-50-M3 B03 20 With holes 
B S1-3.5-1.14-50-M3 B04 20 With holes 
B S1-3.5-1.14-50-M3 B05 20  
B S1-3.5-1.14-50-M5 B06 20  
C S1-1.5-1.33-50-M3 C01 20  
C S1-1.5-1.33-50-M3 C02 20 With holes 
C S1-3.5-0.86-50-M5 C03 20  
C S1-3.5-0.86-50-M3 C04 20  

D1 S1-2-1.25-50-M1 D01 20  
D1 S2-2-1.5-M3 D02 20  
D1 S1-3-0.83-50-M2 D03 20  
D2 S2-2.5-1.6-50-M2 D04 20  
D2 S2-3-1.33-50-M2 D05 20  

 

Definition scheme: Type – Thickness – R/t Ratio – Length – Material 

The definition describes the type, the geometric and material properties of the test. The first part of 
the definition refers to the type and thus to the destination of the profile type as follows: 

– S0 : flat sheet;  
– S1 : used as a part of the upright  
– S2 : used as part of a rail; 
– S3 : press-braked samples produced according to R/t specification, not a part of a product 

The next digit indicates the nominal, original thickness t [mm] of the sheet used. Depending on the 
production, the thickness may vary, especially in the bent areas. Sheets with thicknesses between 1 
and 4 mm have been used.  
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The R/t ratio shows the design ratio between the inner bending radius and the original material 
thickness. It should be noted that this value represents the theoretical specification using the nominal 
thickness of the sheet and the virgin geometry of the bending tool. The ratio between bending and 
thickness measured in the specimens obtained can sometimes deviate considerably. This will be 
discussed later on. 

The definition is followed by the length of the specimens [mm] and finally the material used for the 
profiles, which can be taken from the following table. 

Table 2.2: Material definitions 

Description Material 

M 1 HX380 
M 2 HX420 
M 3 S355MC 
M 4 S350GD 
M 5 S460MC 

 

2.1 Geometric Properties 

The test specimens provided by the manufacturers represent their real products and the 
corresponding geometry. In case of press-braked specimens they were prepared specially for the 
testing; in case of roll-formed specimens they were formed using the standard equipment and cut out 
to fit the testing conditions. The nominal values (as used in the design by the manufacturers) of the 
sheet thickness and the ratio of the inner radius of the curved areas to the nominal sheet thickness are 
given for each case. Based on the second value, the value for the nominal inner radius of curvature can 
be calculated. The differences between the nominal and actual values were determined by 
measurements of the specimens. 

The sheet thickness of the individual element areas was determined in each case with a calliper gage, 
as this method can achieve a high degree of accuracy. The comparison between the nominal sheet 
thickness and the measured values was done for the straight areas of the profiles. In bent areas the 
thickness is inevitably reduced due to plastic deformation and the law of constant volume during 
plastic deformation. 

Two different methods were used to assess the radii, in detail the inner and outer radius. The first 
method was based on optical, high-resolution scanning. Transparent graph paper (1 mm grid) was used 
as background and as scale reference. The scanned pictures were analysed by fitting circles to the real 
curvatures and determining the best-fit radius. The principle of the measurements based on scans is 
shown in the following picture. 

 
Figure 2.1: Geometry acquisition based on scans of the specimen silhouette (real resolution was higher) 
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The second method used pattern templates. These metal templates have radii with defined values and 
can be applied to the test specimens. The template with the best fitting contour indicates the existing 
fillet radius. The second method generally confirmed the results obtained from the scans. 

For all test specimens, a non-constant curvature can be identified in the bent areas resulting in 
variation of the radius. The minimum value of the radius is found in the deformed areas in the middle 
of the curvature. Towards the outside, the value of the radius increases until the sheet changes into 
the straight elements. Since the lowest radii have the greatest influence on the stress concentration in 
the bent elements under loading, the smallest existing radius has been used as reference for all test 
specimens. 

The scans were also used to be able to determine other geometric values, such as the total length or 
the eccentricity of the middle areas. The evaluation of all relevant geometric properties of the profiles 
can be found separately for all manufacturers in the following chapters. 

2.1.1 Manufacturer A 

Manufacturer A has produced its test specimens exclusively with the Press Brake method. The 
preparation of the specimens started with cutting 50 mm wide strips and press braking in the following. 
This sequence may have some influence on the properties of the bent edges (see Figure 2.2). While in 
the inner radii the material was pressed out of the cutting plane, in the area of the outer radii a 
movement of the cut edge in the direction of the specimen axis can be seen. This is, however, not 
expected to influence the fatigue results, as in the subsequent fatigue tests the cracks mainly occurred 
in the centre of the deformed areas and not at the cut edges. The following sketch shows one of the 
specimens and a schematic numbering of the element sections for a better description including the 
representation of the total length and measured eccentricity. 

   

 
Figure 2.2: Specimen and corner details; geometry classification for test specimens of manufacturer A 

The assessment of the fatigue strength is done exclusively in the curved details (4) and (6). The 
evaluation of the radii is accordingly only shown for these areas. Fatigue failure in the straight elements 
could be excluded. A failure of the test specimens in details (2) and (8) was not observed as expected 
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by the selected test setup. The results of the evaluation of relevant geometric properties are shown in 
the following table. The table shows the results of randomly selected samples (12 of 200). 

Table 2.3: Measured geometric properties of profiles by manufacturer A 

Profile L H Rmean,4,6 tmean,straight R/t 
[-] [mm] [mm] [mm] [mm] [-] 

A-S3-1.5-1-50-M3 157.30 50.57 1.79 1.41 1.27 
A-S3-2-1-50-M3 157.21 47.82 1.40 2.01 0.69 
A-S3-2-1.25-50-M3 155.80 48.59 1.88 2.02 0.93 
A-S3-2.5-1.6-50-M3 156.01 48.09 2.80 2.41 1.16 
A-S3-3-0.83-50-M3 153.75 46.72 2.15 2.95 0.73 
A-S3-3-1-50-M3 151.38 47.91 2.30 2.93 0.78 
A-S3-3-1.33-50-M3 158.00 48.64 5.76 2.94 1.96 
A-S3-3.5-0.86-50-M3 154.19 45.23 1.96 3.46 0.56 
A-S3-3.5-229-50-M3 154.55 47.99 3.92 3.43 1.14 
A-S3-4-0.63-50-M3 152.32 46.13 3.58 3.74 0.96 
A-S3-3.5-0.86-50-M5 153.26 46.05 1.48 3.43 0.43 
A-S3-3.3-2.29-50-M3 156.20 47.99 4.97 3.46 1.43 

 

In principle, the global geometry (L, H) has an influence only on the test setup. Relevant for the fatigue 
failure are the thickness of the profiles, the radius in the curved areas and the ratio of these 
parameters. The deviation from the nominal values specified by the manufacturer is shown in the 
following graph: 

 

Figure 2.3: Deviation of geometric properties from the nominal manufacturer's specifications 

Figure 2.3 shows the deviations in [%] of measured geometric properties from nominal values, plotted 
over the nominal R/t data of the specimens.  

The deviation of the thickness t is moderate for all samples. The largest deviation appears in the 
samples with the smallest R/t ratio of about 7 %. On average, the deviation is 2.2 % below the nominal. 
Only in the profiles with a nominal thickness of 2 mm a higher than nominal thickness was measured. 
The thickness in the curved areas is reduced due to volume constancy during plastic deformation. 
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There is a large difference between nominal and measured values for the inner radii. Deviations of up 
to 50 % were observed. Although most of the measured radii are smaller than the specified dimension, 
there were also three specimen types with larger radii than specified. There is no clear dependency of 
the deviations on the nominal R/t value. 

Conclusion: due to the high deviation of the actual inner radius from the declared nominal values, the 
R/t ratio also varies by up to 50 %. The fatigue strength can be significantly influenced by this. 

2.1.2 Manufacturer B 

From manufacturer B, who produced his test specimens exclusively by roll forming, a total of three 
different test specimens were available for the fatigue tests. Other test specimens have holes and are 
initially not suitable for assessing the fatigue strength.  

The first type of specimen has a nominal sheet thickness of 1.5 mm with an R/t value of 1. The specimen 
was measured using the following scheme given with the global dimensions and the numbering of all 
element parts: 

   

 

Figure 2.4: Geometry classification for test specimens of manufacturer B 

The specimen belongs to a profile used for uprights (S1). The following table shows an example of 
measured geometric values. 

Table 2.4: Measured geometric properties to profiles of manufacturer B 

Profile L H Rmean,4,6 tmean,straight R/t 
[-] [mm] [mm] [mm] [mm] [-] 

B-S1-1.5-1-50-M3 95.85 20.00 0.93 1.45 0.64 
 

Again, the nominal thickness was determined over the straight elements and averaged over all these 
areas. Due to the test setup, failure during the fatigue tests was only expected in details (4) and (6), 
which is why the determination of the radii and consequently of the R/t value was only performed for 
these areas. 
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The products supplied by manufacturer B also include the segment of a rail section. Relevant for the 
fatigue strength is detail (4) of the profile. The curved sections (2) and (6) were only relevant for the 
test set-up (Figure 2.5). 

 

Figure 2.5: Geometry classification for test specimens of manufacturer B 

The measured geometric properties are listed in the following table. A specification of the material has 
not been reported. 

Table 2.5: Measured geometric properties to profiles of manufacturer B 

Profile L H R4 tmean,straight R/t 
[-] [mm] [mm] [mm] [mm] [-] 

B-S2-3.5-2.29-50-M - 17.00 5.50 3.59 1.53 
 

The rail profile is slightly thicker than the sample designation indicates. The deviation is about 2.5 %. 
Instead of a specified radius of 8 mm, however, only a value of 5.5 mm has been measured. This leads 
to a reduced R/t ratio of 1.53 instead of 2.29. The fatigue strength is thus influenced. 

  

 
Figure 2.6: Geometry classification for test specimens of manufacturer B 

Two other specimen types have the same geometry in principle. They differ mainly in the material. For 
these specimens, an S355MC and an S460MC were used. Despite the same roll forming system, small 
differences in radius and thickness were found. The measured geometric properties and the R/t ratio 
determined from them are given in the following table. Determining the radii is not trivial with this 
geometry, as the transitions between the elements are fluid and no clear demarcation can be seen. 
The smallest radii were determined and named in each case. 
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Table 2.6: Measured geometric properties to profiles of manufacturer B 

Profile L H R4 tmean,straight R/t 
[-] [mm] [mm] [mm] [mm] [-] 

B-S2-3.5-1.14-50-M3 246.28 30.48 2.40 3.56 0.68 
B-S2-3.5-1.14-50-M5 246.06 29.22 1.85 3.47 0.53 

 

The differences between nominal and measured values are again given in the following graph for the 
radius, the thickness across the straight elements and for the R/t ratio determined from these for all 
specimen types of Producer B. 

 

Figure 2.7: Deviation of geometric properties from the nominal manufacturer's specifications 

The deviation of the sheet thickness from the nominal value is less than 0.05 mm for all test 
specimens. The significant deviations from the R/t value of up to 53 % again result from the deviating 
radii. The differences between the right and left side of the specimens shown in the diagram are very 
small. 

2.1.3 Manufacturer C 

Manufacturer C also produced all its test specimens by roll forming. The test specimens available for 
the fatigue tests are shown schematically below and the geometric data are listed. Included is one 
specimen with a thickness of 1.5 mm and a material S355MC and two specimens with a sheet thickness 
of 3.5 mm with two different materials S355MC and S460MC. 
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Figure 2.8: Geometry classification for test specimens of manufacturer C 

The measured geometric properties and the R/t ratio determined from them are given in the following 
table. 

Table 2.7: Measured geometric properties to profiles of manufacturer C 

Profile L H R4 tmean,straight R/t 
[-] [mm] [mm] [mm] [mm] [-] 

C-S1-1.5-1.33-50-M3-BE-N05 21.09 95.21 1.06 1.47 0.72 
 

The comparatively small profile shows an agreement of the sheet thickness with the nominal data. 
However, the low R/t ratio only corresponds to just under half of the specification. Accordingly, the 
smallest radius to be measured in details (4) and (6) is significantly reduced compared to the 
specification. Regarding the next two profiles, the geometry is again almost the same as in 
manufacturer B, only the material varies. The test specimens were produced with a nominal sheet 
thickness of 3.5 mm with a material S355MC and a S460MC. 

 

Figure 2.9: Geometry classification for test specimens of manufacturer C 

Again, only the two outer elements with the maximum eccentricity, (4) and (14), are decisive for the 
assessment of the fatigue strength. The assessment of the radii and the R/t value is only listed for these 
areas. For the elements in between, the curvature is lower and consequently the stress concentration 
is reduced. None of the tested profiles failed at these points. 
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Table 2.8: Measured geometric properties to profiles of manufacturer C 

Profile L H1 H2 H3 Rmean,4,14 tmean,straight R/t 
[-] [mm] [mm] [mm] [mm] [mm] [mm] [-] 

C-S1-3.5-0.86-M5-BI-N05 177.34 32.03 23.86 31.76 1.40 3.46 0.40 
C-S1-3.5-0.86-M3-BI-N01 182.00 32.00 25.00 33.00 1.5 3.42 0.44 

 

The deviations between nominal values and the measured geometric properties for manufacturer C 
are shown graphically below for all specimen types. 

 

Figure 2.10: Deviation of geometric properties from the nominal manufacturer's specifications 

The deviation of the nominal thickness is a maximum of about 2 % for all types. The manufacturer thus 
complies with its specifications. Again, large differences can be observed for the inner radii. All radii 
relevant for fatigue are smaller than the manufacturer's specifications. Differences of about 50 % can 
be observed for all 3 geometries. The R/t ratio deviates by about the same value due to the sheet 
thicknesses observed. The fatigue strength is thus influenced. 

2.1.4 Manufacturers D 

Manufacturer(s) D is a consortium of different partners. The test specimens have nevertheless been 
geometrically assessed and are shown below. Since no precise information on the raw materials was 
provided, he analysis of the fatigue strength is limited. Only nominal values for the material are given. 
An exact analysis of the original sheets cannot be carried out, as only profiles were supplied. No precise 
information was provided on the production of the test specimens either. 
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Figure 2.11: Geometry classification for test specimens of manufacturer D 

The tabulated geometry data can be found below. As before, the determination of the relevant R/t 
ratio has only been carried out for details (4) and (14). Only there did fracture occur in the fatigue tests. 

Table 2.9: Measured geometric properties to profiles of manufacturer D 

Profile L H1 H2 H3 Rmean,4,14 tmean,str. R/t 
[-] [mm] [mm] [mm] [mm] [mm] [mm] [-] 

D1-S1-2-1.25-50-M1-BE-N08 167.80 13.06 8.66 12.91 0.71 1.98 0.36 
D1-S1-3-0.83-50-M2-BI-N07 174.94 30.42 25.81 29.78 1.23 2.97 0.41 

 

The next profiles are not intended as supports or uprights but as rails for the shuttles. They were 
created by manufacturers D1 and D2. The materials are an HX380 and an HX420. Exact material 
parameters or raw sheets for tensile tests has not been supplied. 

  

 

Figure 2.12: Geometry classification for test specimens of manufacturer D 

Only detail (4) is relevant for the fatigue failure. The curved sections (2) and (6) were created 
subsequently for the fatigue test-setup. The R/t ratio therefore only reflects the bending radius of 
element four. The nominal thickness was determined over all straight sections. 
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Table 2.10: Measured geometric properties to profiles of manufacturer D 

Profile L H R4 tmean,straight R/t 
[-] [mm] [mm] [mm] [mm] [-] 

D2-S2-2.5-1.6-50-M2-BI-N06 118.59 12.03 3.40 2.46 1.38 
D1-S2-1-1.50-50-M3-BE-N06 91.63 7.08 3.54 2.10 1.69 
D2-S2-3-1.33-50-M2-BE-N06 117.78 12.65 3.86 2.82 1.37 

 

The proportional differences between nominal and measured values are shown for all sample types of 
manufacturer consortium D in the following graph according to the nominal R/t value. 

 

Figure 2.13: Deviation of geometric properties from the nominal manufacturer's specifications 

The thicknesses correspond in principle to the specifications. The greatest deviation is in the profile 
with the nominal R/t ratio of 1.33. The thickness is on average 0.18 mm thinner than the nominal value 
specifies. This corresponds to a deviation of about 6 %. 

The bending radii have a decisive influence on the deviation from the nominal R/t ratio. For example, 
the profile with a nominal R/t ratio of 1.25 deviates by more than 70 % because the smallest measured 
bending radius of 0.71 mm is significantly smaller than the specification of 2.50 mm. The significantly 
reduced radii ultimately lead to a higher probability of fatigue failure. 

2.2 Thickness reduction in corners 

Due to the volume constancy during plastic deformation, the sheet thickness in the bent areas is lower 
than in the straight and thus non-bent elements. This effect increases with rising sheet thickness. The 
greater the thickness selected for the specimens, the greater the reduction of thickness in the curved 
areas. This effect is illustrated in the following graphic. 
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Figure 2.14: Dependence of the thickness reduction in bent areas compared to the sheet thickness 

For small sheet thicknesses, the reduction in thickness due to curvature is comparatively small. With 
increasing thickness, greater reductions of up to 0.8 mm can be observed. Profile D 03 is an exception. 
In this profile, a greater thickness of the curved element was found compared to the straight elements. 
There is currently no explanation for this. However, a measurement error is excluded. The average 
reduction of the thickness Δt in the curved elements compared to straight areas can be estimated using 
the following formula. 

Δ𝑡𝑡 = 0.1313 ⋅ 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑠𝑠 − 0,191 

Reducing the thickness leads in principle to smaller sheet cross-sections and greater stresses in the 
corresponding cross-sections. In combination with the notch effect due to the curvature, this property 
leads to an increased probability of fatigue. Whether the thickness in the straight elements or the 
curved areas shall be used for the definition of the R/t ratio is to be determined for future 
recommendations. The R/t values given above were determined using the measured thickness in the 
straight regions of the profiles. 

2.3 Radius deviation of nominal and actual values 

The difference between nominal and measured values of the fatigue relevant R/t-ratio is, as previously 
shown, significantly influenced by the deviation of the radius. To illustrate this deviation, the following 
graph shows the ratio between the nominal and measured radius for each profile across all 
manufacturers. 
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Four profiles show a radius that is larger than the nominal value. The smaller curvature has a positive 
effect on the stress concentration described in the following chapter and thus has a positive effect on 
the fatigue resistance. However, most profiles have a smaller radius. In some cases the value of the 
radius is less than 50% of the nominal values. Only 1 profile from manufacturer consortium D was able 
to manufacture within a 10 % tolerance range. Significant differences between nominal and existing 
profile parameters show the importance of ensuring nominal values in production or determining the 
real R/t ratios by continuous quality control. Using the data derived from the supplied specimens it is 
currently not possible to give a clear expected R/t-value, as the production processes, on which the 
final result depends, differ significantly. 
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3 Numerical determination of notch stresses 

3.1 Principle of the numerical investigations  

The fatigue tests on the profiled test specimens basically lead to failure in the curved areas, where the 
geometry led to stress concentration (notch effect). However, these stresses cannot be measured with 
measuring devices such as strain gages, as flat surfaces are required for this. Indirect stress 
measurement by strain gauges was carried out in the straight parts situated in the axis of the relevant 
corners instead. In these areas, however, no stress concentration due to the curvature is. To enable an 
assessment of the stress concentration, numerical calculations of the tested profiles were required. 
The principal approach is depicted in the following figure (not to scale). 

 

 

The measurement by strain gauges gives the actual stresses in the straight part of the specimen 
induced by M and N. The numerical simulation mirrors the real conditions of the test including 
boundary conditions and the measured geometry of the specimen. By comparing the numerically 
determined stresses in (1) and (2) a ration between both stresses can be determined. This ratio remains 
valid in the elastic range and s long as deformations remain small. The increase of stresses in the curved 
parts have been quantified using this approach. 

This study does NOT provide values for ideal condition regarding R/t-ratio, but it may be used as a basis 
for the evaluation of fatigue tests by referring to the realistic stress ranges in the areas of crack 
formation. The results shown hereafter indicate, that the stress concentration factors related to the 
nominal R/t-ratio have a similar scattering range as the real (measured) R/t ratios. Furthermore the 
lowest measured R/t-ratio is only one of the parameters; the stress concentration depends also on 
additional geometric properties, as the bending angle and the gradients of the curvature, which is not 
constant in the corners. 

3.2 Modelling of actual geometry  

For the numerical simulations of the stress distribution and concentration the test specimens were 
modelled according to the actual, measured geometry. For this purpose, the scans were used as 
templates for the definition of the specimen’s shape, Figure 3.2. 
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Figure 3.2: Representation of the actual geometry in FE models 

It should be mentioned that the influence of the manufacturing mathod of the samples was not taken 
into account in these simulations. The plastic deformation imposed in the curved areas leads to 
residual stresses and deviating material parameters. However, this can also be neglected for the 
evaluation of the stress concentrations, as an evaluation only took place for the elastic range by means 
of differential and not absolute stresses. This is not changed by the production of the samples. 

The load is continuously increased in the simulations until the material reaches plastic deformation. 
An evaluation of further deformations is not necessary for the evaluation of fatigue tests. The 
boundary conditions, such as hinged specimen support in the test rig, were considered accordingly. 

Finally, the model was subdivided into sections and the division into finite elements was determined. 
A parameter study showed at the beginning that at least 5 elements must be created over the sheet 
thickness to achieve sufficient accuracy of the results. A further increase in the number of elements 
does not lead to any further changes in the results. In all simulations on the profiles, between 6 and 
10 elements were arranged over the sheet thickness. The exact number for each profile can be found 
in the sketches of the results below. 

The following figure shows the result for simulating one of the profiles. As in the tests, only tensile 
forces in the test specimens were taken into account. Over the sheet thickness, 6 elements were 
continuously arranged. The coloured representation illustrates the respective load situation according 
to van-Mises. 
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Figure 3.3: Colour representation of the van Mises stresses in the FE model 

It can already be seen from the figure of the specimen under load with coloured representation of the 
van Mises stress that a concentration of stress occurs in the curved areas. This increased stress must 
be determined and quantified for all specimens. The representation of the increased stresses in the 
curved areas can be seen in detail in the following figure. 

 

Important for the simulations are the positions of the curved areas where failure occurs and the 
position of the applied strain gages. In this way, it can be determined for all tests by which factor the 
stress in the failure area was increased compared to the measured areas. It is was also observed, that 
the maximum stresses develop in the centre of the specimens, in line with the position of the strain 
gauge. Towards the edges of the specimens the stresses decrease. The orientation for stress 
determination at the position for strain gauge application is in axis of the specimen and transverse to 
the sheet thickness. In the curved areas, the axial stress is also determined transverse to the sheet 
thickness. The orientation of the stresses to be determined is illustrated in the following graphic. 
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Figure 3.5: Orientation of axial stress determination in bent areas 

Finally, stress concentration factors can be determined for all specimens. These factors can be used to 
document the influence of the R/t ratio. As an example, this ratio is shown graphically in the following 
figure for the specimen described above. 

 

For the tests carried out, only the elastic range is relevant, since fatigue occurs largely in this range. 
This area is highlighted in blue. Here, too, it can be seen that the axial stress in the curved areas is 
significantly increased compared to the areas with applied strain gages. The stress is increased to 
approximately 207% for this simulation, resulting in a stress increase factor or stress intensity factor 
of 2.07. 

These simulations and thus determinations of stress concentration factors were performed for all 
specimens obtained. The results are listed below. 

 



 
23 

3.2.1 Manufacturer A 

Table 3.1: A-S3-1.5-1-50-M3 

R/tnominal: 1 R/tmeasured: 1.27 
 

 
 

 
SCF: 1.73 

 

Table 3.2: A-S3-2-1-50-M3 

R/tnominal: 1 R/tmeasured: 0.69 
 

 

 

 

 
SCF: 2.08 
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Table 3.3: A-S3-2-1.25-50-M3 

R/tnominal: 1.25 R/tmeasured: 0.93 
 

 

 

 

 
SCF: 1.46 

 

Table 3.4: A-S3-2.5-1.6-50-M3 

R/tnominal: 1.6 R/tmeasured: 1.16 
 

 
 

 
SCF: 1.57 
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Table 3.5: A-S3-3-0.83-50-M3 

R/tnominal: 0.83 R/tmeasured: 0.73 
 

 

 

 

 
SCF: 1.46 

 

Table 3.6: A-S3-3-1-50-M3 

R/tnominal: 1 R/tmeasured: 0.78 
 

 
 

 
SCF: 1.63 
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Table 3.7: A-S3-3-1.33-50-M3 

R/tnominal: 1.33 R/tmeasured: 1.96 
 

 
 

 
SCF: 1.36 

 

Table 3.8: A-S3-3.5-0.86-50-M3 

R/tnominal: 0.86 R/tmeasured: 0.56 
 

 
 

 
SCF: 1.75 
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Table 3.9: A-S3-3.5-2.29 -50-M5 

R/tnominal: 2.29 R/tmeasured: 1.14 
 

 
 

 
SCF: 1.44 

 

Table 3.10: A-S3-4-0.63-50-M3 

R/tnominal: 0.63 R/tmeasured: 0.96 
 

 
 

 
SCF: 1.53 
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Table 3.11: A-S3-3.5-0.86-50-M5 

R/tnominal: 0.86 R/tmeasured: 0.43 
 

 
 

 
SCF: 1.74 

 

Table 3.12: A-S3-3.5-2.29-50-M3 

R/tnominal: 2.29 R/tmeasured: 1.43 
 

 
 

 
 SCF: 1.42 
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3.2.2 Manufacturer B 

Table 3.13: B-S1-1.5-1-50-M3 

R/tnominal: 1 R/tmeasured: 0.64 

 

 

 
SCF: 1.71 

 

Table 3.14: B-S1-3.5-1.14-50-M3 

R/tnominal: 1.14 R/tmeasured: 0.86 

 

 

 
SCF: 1.19 
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Table 3.15: B-S1-3.5-1.14-50-M5 

R/tnominal: 1.14 R/tmeasured: 0.53 

 

 

 
SCF:1.19 

 

3.2.3 Manufacturer C 

Table 3.16: C-S1-1.5-1.33-50-M3 

R/tnominal: 1.33 R/tmeasured: 0.4 

 

 

 
SCF: 1.48 
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Table 3.17: C-S1-3.5-0.86-50-M5 

R/tnominal: 0.86 R/tmeasured: 0.72 
 

 
 

 
SCF: 2.08 

 

Table 3.18: C-S1-3.5-0.86-50-M3 

R/tnominal: 0.86 R/tmeasured: 0.72 
 

 
 

 
SCF: 2.08 
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3.2.4 Manufacturers D 

Table 3.19: D1-S1-2-1.25-50-M1 

R/tnominal: 1.25 R/tmeasured: 0.36 
 

 
 

 
SCF: 1.64 

 

Table 3.20: D2-S2-2-1.6-50-M2 

R/tnominal: 1.60 R/tmeasured: 1.38 

 

 

 
SRF (Stress Relation Factor): -1.23 
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Table 3.21: D1-S2-2-1.5-50-M3 

R/tnominal: 1.5 R/tmeasured: 1.69 

 

 

 
SRF (Stress Relation Factor): -1.28 

 

Table 3.22: D2-S2-3-1.33-50-M2 

R/tnominal: 1.33 R/tmeasured: 1.37 

 

 

 
SRF (Stress Relation Factor): -1.28 
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Table 3.23: D1-S1-3-0.83-50-M2 

R/tnominal: 0.83 R/tmeasured: 0.41 
 

 
 

 
SCF: 1.56 

 

3.3 Influence of the stress increase due to R/t 

The curvature of the elements creates an increase in stress in the inner radii. This stress increase 
predominantly leads to the relevant fatigue scenarios that result in the failure of the components. The 
geometry of the profiles has a decisive influence on the stress increase. With decreasing inner radius, 
an increasing stress concentration is generated. In addition, this concentration is increased by 
increasing profile thicknesses. The decisive influence on the stress increase is therefore the R/t value. 
The stress increase in the form of the stress concentration factor SCF is shown below as a function of 
the R/t value for clarification. The R/t ratio shown was determined using the average sheet thickness 
in the straight elements. The reduction in sheet thickness due to curvature was not taken into account. 
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Figure 3.7: Representation of the SCF values as a function of profile thickness in straight elements 

The highest stress concentration factors of over 2 can be found for the lowest measured R/t values. 
The larger the inner radii become in relation to the sheet thickness across the straight elements, the 
lower the stress increases in the radii. The relationship can be roughly calculated using the following 
relationship: 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑅𝑅/𝑡𝑡−0,1 + 0,4 

Not all values can be displayed well via the function. Explanations for this are the variable values of the 
radii and the angles through which the raw sheets were bent.  Thus, the R/t value was always calculated 
with the lowest radii to be measured. Often the average value of the radii over the entire curvature 
was larger. In addition, no distinction is made here as to whether the bent elements were bent over a 
right angle or deviating angles. If the reduction of the profile thickness in the curved areas is taken into 
account, this results in the following diagram. For this, the R/t ratio was calculated using the sheet 
thicknesses in the curved areas. 

 

Figure 3.8: Representation of the SCF values as a function of  profile thickness in bent elements 
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The data points partially approximate the function shown. However, there are still some significant 
deviations. Not all of the previously described effects can be captured via the considered reduction of 
the sheet thickness in the curved areas. However, the correlation between stress increase and the 
measured R/T ratio remains recognisable. With increasing R/t ratio, regardless of whether this is 
calculated with the help of the profile thickness in the straight or curved elements, the stress increase 
decreases. The probability of fatigue decreases due to lower stress ranges. 



 
37 

4 Fatigue Tests 

4.1 Testing benches 

Fatigue tests are basically time-consuming, as a large number of load changes have to be introduced 
into the specimens. The frequency of the load changes has a relevant influence on the duration of the 
test. For this reason, a resonance test bench was developed which, contrary to conventional test 
methods, can reach very high frequencies. However, this test rig is limited in terms of its relative 
displacement of the sample intake, which is why some samples could not be loaded sufficiently. For 
this reason, additional samples were loaded with hydraulic test cylinders. These are much more 
variable in their relative displacement, but the loading frequency is limited. The two test methods are 
described below. 

4.1.1 Hydraulic test bench 

Loading the fatigue specimens with hydraulic testing equipment allows accurate loading. The control 
fulfils a constant precise change between maximum and minimum force and thus achieves a steady 
stress oscillation in the specimens. In addition, since the relative displacement of the specimen holder 
enables multiple specimens to be connected in series, as shown in the following sketch of the test 
setup. The specimen holder is articulated for these tests to reduce constraints in the specimen. 

 

Figure 4.1: Test set-up for fatigue tests with hydraulic force application 

In the sketch showing the test bench, a series connection of three samples can be seen. This series 
connection has rarely been implemented because the specimens were all loaded with the same force. 
A different load is thus not possible. 

Due to the overall low deformations, frequencies of four to eight Hz could be achieved. An influence 
of the loading speed on the results could be excluded beforehand. The actual loading was measured 
using strain gages. The exact location of each strain gage application was shown in previous chapters. 
The measuring frequency of the strain gages varied depending on the loading frequency and was 
between 100 and 200 Hz. Thus, at least 25 data points per load cycle could be recorded. To reduce the 
amount of data, only the first 100 per 1 000 load cycles were recorded. However, as the load was very 
constantly controlled by the system, this does not reduce the accuracy of the measurement. The 
following graphic shows the load history of a tested profile as an example. The strain gage evaluations 
here are converted into stresses. 
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Figure 4.2: Representation of the stress results under hydraulic force application 

In this test, a stress range of 338 N/mm2 on average was achieved. A total of 554 000 load changes 
were carried out until the specimen broke. The stress range shown in blue is constant until shortly 
before the fracture. The drop in the curve indicates failure. The upper and lower stresses increase 
slightly at the beginning of the test. This is not due to an increase in the forces, but can be explained 
by the temperature drift of the strain gages. Temperature fluctuations in the building lead to 
expansions in the cables of the measuring equipment. Since upper and lower stress are equally 
affected, the evaluation of the amplitude is not influenced. 

With the fatigue tests under hydraulic force application, very uniform loading conditions were made 
possible, as the stress oscillation width above shows. This favours the determination of slopes of the 
SN lines. Accordingly, a determination of the slopes of the SN lines was carried out for all sample types 
tested with this test method. The results are shown in the following chapters. 

4.1.2 Resonance test bench 

To determine the fatigue strength of the virgin, pre-stretched material and profiles a new testing 
device was designed and realised by RWTH Aachen. With this testing device, the specimens can be 
clamped or hinged mounted and subjected to oscillating loads under pure tensile forces. The following 
sketches show the setup of the testing device. 

 

 

Figure 4.3: Test setup for resonance test bench 
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The base plate of the superstructure is shown in green. The rails for the moving parts can also be seen 
in green. All moving parts of the testing device are supported on them. They are freely movable in 
horizontal direction and along the rails. The moving parts include the sliding carriage with attached 
vibration motor. Also movable is the part with mounted spindle. It is used for pretensioning the test 
specimens. The elements permanently mounted on the base plate are the two fixed bearings for the 
moving parts. In the following the finished testing device can be seen. 

 

Figure 4.4: photo of testing device “Monster” 

The cyclic load is applied to the testing device respectively to the test specimen via two unbalance 
exciters. These are located under the perforated plate, which for safety reasons was mounted above 
the exposed mass disks that rotate during operation. Both unbalance exciters can generate a maximum 
centrifugal force of 2.961 kN at the highest possible rotational frequency of 50 Hz. The axes of the 
unbalance exciters are aligned horizontally and transversely to the base plate of the testing device. 
Furthermore, they are mounted in opposite directions. The opposite direction of rotation of the two 
exciters means that the centrifugal forces are superimposed in a certain direction and thus a resulting 
force of 2 ⋅ 2.961 = 5.922 kN can be applied to the test specimens. In contrast, the centrifugal forces 
transverse to this direction cancel each other, since the centrifugal forces act with the same force but 
in opposite directions. The rail system basically prevents movement in vertical direction and allows the 
carriage to be moved in horizontal direction. Accordingly, the centrifugal forces are superimposed in 
the horizontal direction and the forces in the vertical direction are eliminated. 

In principle, the sliding carriage with the two unbalance exciters represents a dynamic model with a 
defined single mass. The dynamic behaviour is significantly influenced by the springs connected to the 
carriage. On the one hand, this includes the springs mounted on the left side of the carriage. They are 
mainly arranged in a parallel connection and form a spring assembly. On the other hand, the specimen 
to the right of the sliding carriage also represents a spring. The spring assembly and the specimen are 
also connected in parallel. The number and type of springs finally results in the eigenfrequency of the 
slide respectively the entire testing device. In addition, the slide is damped by the friction of the rail 
system. In summary, the overall system represents a damped single mass system under harmonic 
excitation. 

If the excitation frequency and the eigenfrequency of the testing device coincide, the resonance effect 
occurs. This causes the excitation force in the system to increase by a multiple. The resonance effect 
is shown as an example for a set system configuration. 
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Figure 4.5: Resonance spectrum 

The diagram shows the complete possible frequency range of the unbalance exciter up to 50 Hz. In red 
the linearly increasing combined centrifugal force of the unbalance exciter is shown. At the highest 
rotational frequency a centrifugal force of about 6 kN is achieved. For the exemplary selected 
configuration of the test stand, the arrangement of the springs result in an eigenfrequency of the 
sliding carriage of about 42 Hz. If the slide is excited harmoniously via the unbalance exciter at a 
frequency in the range of the natural frequency, forces acting in the system of over 40 kN can be 
achieved. The resonance effect therefore leads to an increase in force by a factor of eight. 

Damping effects resulting for example from friction in the rail system reduce the force acting in the 
system. This leads to an initially reduced resonance force compared to the pure centrifugal force from 
the unbalance exciters. The damping also prevents the resonance force from rising to infinity and thus 
limits the maximum force acting in the system. 

Depending on the configuration of all relevant parameters, even the smallest changes can have an 
effect on the system behaviour. Minimal changes in the excitation frequency can already lead to 
significant changes in the resonance force. During the experiments, external influences on the testing 
device can therefore cause changes in the resonance force. The following diagram represents the 
results of a fatigue test in the testing device. 
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Figure 4.6: Loading history of profiled specimen under resonance tests 

The results refer to a fatigue test on a sample of the material S355 with a thickness of 3.5 mm. The 
geometry of the profile is explained in chapter 2.1. All results shown here have been determined using 
the mounted strain gage in combination with the young’s modulus of 210 000 N/mm2. The decisive 
factor for the assessment of the fatigue strength is the difference between the upper stress σtop and 
the lower stress σup. This difference Δσ represents the stress range. The software of the test bench 
combines 1000 load cycles into one data point in advance. This is done by averaging the individual load 
cycles. After completion of the test, all data points are combined into an average stress range. All 
recorded load cycles are then converted to the average load level using the Palmgren-Miner rule and 
summarised. 

𝑁𝑁𝑠𝑠𝑟𝑟𝑟𝑟 = 𝛴𝛴𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠 �𝑁𝑁𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠 ∙ �
𝑑𝑑𝑑𝑑𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑𝑠𝑠𝑑𝑑𝑠𝑠

𝑑𝑑𝑠𝑠𝑟𝑟𝑟𝑟
�
𝑚𝑚
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For all inter-project tests, a slope of the SN lines of 5 on average could be determined. As a result, the 
value m equals 5 was used for the Palmgren Miner rule. For the load curve shown above, an average 
oscillating load of 312 N/mm2 could be determined. With this load, the profile could be loaded around 
219 000 times. Shortly before the end of the data recording, a drop in the upper and lower stress can 
be seen. The average stress drops accordingly. However, the amplitude can be maintained until shortly 
before the failure of the specimen. 

This form of evaluation was carried out equally for all profiles. If samples did not break after a 
predefined limit of 6,000,000 load cycles, the test was subsequently terminated. Since no automatic 
termination criterion could be set, some specimens were also loaded significantly longer. 

Loading with the resonance test bench is subject to a certain inaccuracy with regard to uniform loading. 
It is in fact possible to load quickly due to high frequencies. However, the slightest changes in the test 
parameters lead to deviations in the resonance of the test bench. These deviations can only be 
recognised to a limited extent due to the averaged combination of all load changes into data groups 
of 1000 cycles each. Accordingly, the slopes of the SN lines are not determined for these tests. A slope 
value of 5 was assumed for all tests. The position of the SN line was determined for all test types. 
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4.2 Fatigue results  

Since the test specimens have different materials and geometries, the stiffness also varies, which 
influences the entire test setup. Ultimately, an evaluation of the stresses in the areas relevant for the 
fatigue fractures is too inaccurate using only the force. Thus, all profiles are equipped with strain gages 
in the vicinity of the expected fatigue fractures. If it is not possible to install strain gages in the inner 
bending areas, they must be placed next to them on the straight elements on the surface. The results 
are first listed differentiated according to the manufacturers. 

4.2.1 Manufacturer A – Hydraulic tests 

Table 4.1: A-S3-3-1.33-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

A-S3-3-1.33-50-M3 393 533 5.09E+05 R4  
A-S3-3-1.33-50-M3 338 458 8.31E+05 R3  
A-S3-3-1.33-50-M3 394 534 4.51E+05 R1  
A-S3-3-1.33-50-M3 427 579 3.32E+05 R1  
A-S3-3-1.33-50-M3 505 685 1.35E+05 R1  

 

Table 4.2: A-S3-3.5-0.86-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

A-S3-3.5-0.86-50-M3 224 393 2.22E+05 R1  
A-S3-3.5-0.86-50-M3 185 323 3.46E+05 R2  
A-S3-3.5-0.86-50-M3 160 280 5.71E+05 R3  
A-S3-3.5-0.86-50-M3 240 420 1.09E+05   

 

Table 4.3: A-S3-3.5-2.29-50-M5 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

A-S3-3.5-2.29-50-M5 266 384 2.50E+05 - Run out 
A-S3-3.5-2.29-50-M5 195 282 1.24E+06 R4  
A-S3-3.5-2.29-50-M5 309 446 1.50E+05 R2  
A-S3-3.5-2.29-50-M5 413 596 6.07E+04 R1  
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Table 4.4: A-S3-4-0.63-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

A-S3-4-0.63-50-M3 266 406 7.46E+05 R3  
A-S3-4-0.63-50-M3 290 444 4.89E+05 R3  
A-S3-4-0.63-50-M3 475 728 1.04E+05 R3  
A-S3-4-0.63-50-M3 390 597 1.20E+05 R2  

 

Table 4.5: A-S3-3.5-0.86-50-M5 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

A-S3-3.5-0.86-50-M5 267 466 7.51E+04 R3  
A-S3-3.5-0.86-50-M5 295 514 5.17E+04 R3  
A-S3-3.5-0.86-50-M5 206 359 1.16E+05 R4  
A-S3-3.5-0.86-50-M5 172 300 2.60E+05 R3  

 

Table 4.6: A-S3-3.5-2.29-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

A-S3-3.5-2.29-50-M3 276 392 5.04E+05 R3  
A-S3-3.5-2.29-50-M3 216 307 7.58E+05 R4  
A-S3-3.5-2.29-50-M3 270 384 9.54E+05 R3  
A-S3-3.5-2.29-50-M3 340 483 2.63E+05 R4  

 

4.2.1.1 Determination of SN lines 
With the help of the test results, slopes and the position for the SN curves could be determined 
iteratively. These SN curves in combination with the test results are shown in the following graph and 
table. 
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Figure 4.7: Slope determination of the hydraulically tested fatigue tests 

 

Table 4.7: Evaluation results for determining the properties of SN lines 

Profile SCF R/tmean slope m Δσ for 2E6 st. dev. 
[-] [-] [-] [-] [N/mm2] [N/mm2] 

A-S3-3-1.33-50-M3 1.36 1.96 5.0 400 7 
A-S3-3.5-0.86-50-M3 1.75 0.56 4.1 207 12 
A-S3-3.5-2.29-50-M5 1.44 1.14 4.3 241 17 
A-S3-4-0.63-50-M3 1.53 0.96 4.6 328 28 
A-S3-3.5-0.86-50-M5 1.74 0.43 3.0 152 11 
A-S3-3.5-2.29-50-M3 1.42 1.43 3.6 275 27 

 

Slopes between 3.0 and 5.0 could be determined. The assumption of one slope for all tests and test 
specimens can thus be confirmed, although the slope for some values is lower. On average, the value 
for the slope m is 4.2. A correlation between the slope of the profile types and, for example, the R/t 
ratio could not be established. 
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4.2.2 Manufacturer A – Resonance tests 

Table 4.8: A-S3-1.5-1-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

A-S3-1.5-1-50-M3 202 351 7.70E+07 - Run out 
A-S3-1.5-1-50-M3 216 374 9.25E+06 - Run Out 
A-S3-1.5-1-50-M3 269 466 1.36E+06 R2  
A-S3-1.5-1-50-M3 260 451 6.06E+05 R2  

 

Table 4.9: A-S3-2-1-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

A-S3-2-1-50-M3 207 432 1.73E+07 - Run out 
A-S3-2-1-50-M3 265 553 5.17E+05 R2  
A-S3-2-1-50-M3 190 395 7.04E+06 R1  
A-S3-2-1-50-M3 270 563 3.01E+05 R2  

 

Table 4.10: A-S3-2-1.25-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

A-S3-2-1.25-50-M3 305 445 6.63E+05 R1  
A-S3-2-1.25-50-M3 296 432 1.04E+06 R1  
A-S3-2-1.25-50-M3 277 405 1.81E+06 R1  
A-S3-2-1.25-50-M3 226 330 1.77E+07 R2  

 

Table 4.11: A-S3-2.5-1.6-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

A-S3-2.5-1.6-50-M3 290 453 1.37E+07 R2  
A-S3-2.5-1.6-50-M3 376 588 3.68E+05 R1  
A-S3-2.5-1.6-50-M3 367 574 5.29E+05 R2  
A-S3-2.5-1.6-50-M3 373 584 4.22E+05 R2  
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Table 4.12: A-S3-3-0.83-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

A-S3-3-0.83-50-M3 328 479 2.14E+05 R1  
A-S3-3-0.83-50-M3 335 488 2.39E+05 R1  
A-S3-3-0.83-50-M3 329 480 1.38E+05 R1  
A-S3-3-0.83-50-M3 307 448 4.06E+05 R2  

 

Table 4.13: A-S3-3-1-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

A-S3-3-1-50-M3 313 511 6.82E+05 R2  
A-S3-3-1-50-M3 291 475 9.10E+05 R1  
A-S3-3-1-50-M3 303 496 1.02E+06 R2  
A-S3-3-1-50-M3 305 499 8.25E+05 R2  

 

4.2.2.1 Combined results 
The remaining sample types were tested exclusively in the resonance test rig. The results previously 
given in tables are shown again in the following graph. The highest stresses determined for the profiles 
in the curved elements are shown. 

 

Figure 4.8: Fatigue results (notch stresses) under resonance load for manufacturer A 

Due to the natural frequency of the test bench and the resonance influenced by it, a sample type could 
only be tested over a small range of stresses. Moreover, it is difficult to determine the slope of the SN 
lines. Accordingly, only the position of the SN lines with a slope of 5 was determined with the help of 
these tests. 

SN curves with a slope of 5 were created for all profiles. These are shown averaged for all results in the 
following chapters. 
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4.2.3 Manufacturer B – Hydraulic tests 

Table 4.14: B-S2-3.5-2.29-50-M3 

specimen Δσ  
(notch) 

number of cycles comments 
 

[-] [N/mm2] [-] [-] 

B-S2-3.5-2.29-50-M3 458 1.78E+05  
B-S2-3.5-2.29-50-M3 306 2.38E+06  
B-S2-3.5-2.29-50-M3 332 1.25E+06  
B-S2-3.5-2.29-50-M3 382 5.77E+05  
B-S2-3.5-2.29-50-M3 413 2.76E+05  
B-S2-3.5-2.29-50-M3 312 1.52E+06  
B-S2-3.5-2.29-50-M3 900 2.23E+04  
B-S2-3.5-2.29-50-M3 361 4.58E+05  
B-S2-3.5-2.29-50-M3 330 6.60E+05  
B-S2-3.5-2.29-50-M3 306 2.13E+06  
B-S2-3.5-2.29-50-M3 229 3.29E+05  
B-S2-3.5-2.29-50-M3 420 3.06E+05  
B-S2-3.5-2.29-50-M3 420 7.66E+05  
B-S2-3.5-2.29-50-M3 336 6.05E+05  
B-S2-3.5-2.29-50-M3 390 5.62E+05  
B-S2-3.5-2.29-50-M3 386 3.24E+05  
B-S2-3.5-2.29-50-M3 413 3.78E+05  
B-S2-3.5-2.29-50-M3 413 3.63E+05  

 

4.2.4 Manufacturer B – Resonance tests 

Table 4.15: B-S1-1.5-1-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

B-S1-1.5-1-50-M3 321 550 2.56E+05 R4  
B-S1-1.5-1-50-M3 341 584 1.60E+05 R3  
B-S1-1.5-1-50-M3 270 463 8.59E+05 R3  
B-S1-1.5-1-50-M3 310 531 3.30E+05 R4  
B-S1-1.5-1-50-M3 315 540 1.23E+05 R2  
B-S1-1.5-1-50-M3 407 698 1.01E+05 R2  
B-S1-1.5-1-50-M3 309 529 2.49E+05 R2  
B-S1-1.5-1-50-M3 354 607 1.96E+05 R1  

 



 
48 

Table 4.16: B-S1-3.5-1.14-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

B-S1-3.5-1.14-50-M3 338 402 2.88E+05 R3  
B-S1-3.5-1.14-50-M3 356 423 2.03E+05 R3  
B-S1-3.5-1.14-50-M3 313 372 3.71E+05 R3  
B-S1-3.5-1.14-50-M3 312 371 2.19E+05 R3  
B-S1-3.5-1.14-50-M3 433 514 4.52E+04 R3  
B-S1-3.5-1.14-50-M3 324 554 6.61E+05 R3  

 

Table 4.17: B-S1-3.5-1.14-50-M5 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

B-S1-3.5-1.14-50-M5 134 159 1.85E+07 - wrong 
corner 

B-S1-3.5-1.14-50-M5 350 416 4.19E+05 R3  
B-S1-3.5-1.14-50-M5 352 419 5.38E+05 R4  
B-S1-3.5-1.14-50-M5 305 363 1.04E+06 - wrong 

corner 
B-S1-3.5-1.14-50-M5 330 392 1.41E+07 R4  
B-S1-3.5-1.14-50-M5 114 136 8.88E+06 - run out 

 

The above results for manufacturer B from the tables shown previously are shown graphically again 
below. Shown are the stresses determined in the failure areas and thus the highest oscillating stresses 
during the tests. 

 

Figure 4.9: Fatigue results (notch stresses) for manufacturer B 



 
49 

4.2.5 Manufacturer C – Hydraulic tests 

Table 4.18: C-S1-3.5-0.86-50-M3 

specimen Δσ  
(notch) 

number of cycles comments 
 

[-] [N/mm2] [-] [-] 

C-S1-3.5-0.86-50-M3 331 4.41E+05  
C-S1-3.5-0.86-50-M3 462 2.07E+05  
C-S1-3.5-0.86-50-M3 741 8.78E+04  
C-S1-3.5-0.86-50-M3 498 1.48E+05  
C-S1-3.5-0.86-50-M3 272 1.49E+06  
C-S1-3.5-0.86-50-M3 194 2.91E+05  
C-S1-3.5-0.86-50-M3 327 1.35E+05  
C-S1-3.5-0.86-50-M3 443 5.77E+05  
C-S1-3.5-0.86-50-M3 316 2.10E+05  
C-S1-3.5-0.86-50-M3 392 2.39E+04  
C-S1-3.5-0.86-50-M3 390 4.36E+04  
C-S1-3.5-0.86-50-M3 4080 5.14E+04  
C-S1-3.5-0.86-50-M3 401 5.22E+05  
C-S1-3.5-0.86-50-M3 430 1.68E+05  
C-S1-3.5-0.86-50-M3 362 4.19E+04  
C-S1-3.5-0.86-50-M3 310 1.95E+05  
C-S1-3.5-0.86-50-M3 348 1.49E+06  
C-S1-3.5-0.86-50-M3 359 1.07E+05  
C-S1-3.5-0.86-50-M3 483 7.25E+04  

 

4.2.6 Manufacturer C – Resonance tests 

Table 4.19: C-S1-1.5-1.33-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

C-S1-1.5-1.33-50-M3 225 333 3.45E+06 R4  
C-S1-1.5-1.33-50-M3 250 370 4.16E+05 R4  
C-S1-1.5-1.33-50-M3 254 376 2.33E+07 - Run out 
C-S1-1.5-1.33-50-M3 240 355 1.50E+07 - Run out 
C-S1-1.5-1.33-50-M3 322 476 1.34E+05 R4  
C-S1-1.5-1.33-50-M3 346 512 7.85E+04 R4  
C-S1-1.5-1.33-50-M3 358 530 7.22E+04 R2  
C-S1-1.5-1.33-50-M3 347 514 3.36E+05 R1  
C-S1-1.5-1.33-50-M3 326 482 2.37E+05 R1  
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Table 4.20: C-S1-3.5-0.86-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

C-S1-3.5-0.86-M5 116 241 1.24E+06 R4  
C-S1-3.5-0.86-M5 91 189 7.51E+06 R4  
C-S1-3.5-0.86-M5 84 175 1.22E+07 - Run out 
C-S1-3.5-0.86-M5 95 198 1.70E+06 R4  
C-S1-3.5-0.86-M5 113 235 1.19E+06 R3  
C-S1-3.5-0.86-M5 115 239 1.08E+06 R3  

 

The results achieved for manufacturer C are also listed graphically once again. Shown are the stress 
vibration widths determined via the stresses in the bent elements. 

 

Figure 4.10: Fatigue results (notch stresses) for manufacturer C 

The lowest values were achieved for profile type C03. This has one of the lowest measured values with 
a R/t ratio of 0.4. Also the conversion into maximum stresses at the failure point with help of FEM 
calculations could not allow for higher stress ranges. However, none of the tests carried out for this 
manufacturer falls below a SN line with a slope of 5 and a stress range at 2e6 load cycles of 190 N/mm2. 

4.2.7 Manufacturer D – Resonance tests 

Table 4.21: D1-S1-2-1.25-50-M1 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

D1-S1-2-1.25-50-M1 215 353 1.90E+05  wrong corner 
D1-S1-2-1.25-50-M1 245 402 9.77E+02 R4  
D1-S1-2-1.25-50-M1 201 330 2.87E+05 -  
D1-S1-2-1.25-50-M1 183 300 3.40E+05 R4  
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Table 4.22: D2-S2-2.5-1.6-50-M2 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

D2-S2-2.5-1.6-50-M2 305 375 1.16E+07   
D2-S2-2.5-1.6-50-M2 372 458 3.09E+06   
D2-S2-2.5-1.6-50-M2 372 458 3.55E+06   
D2-S2-2.5-1.6-50-M2 272 335 2.89E+06   

 

Table 4.23: D1-S2-2-1-50-M3 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

D1-S2-2-1-50-M3 216 276 9.42E+05   
D1-S2-2-1-50-M3 199 255 2.02E+06   
D1-S2-2-1-50-M3 191 244 4.79E+05   
D1-S2-2-1-50-M3 218 279 4.16E+05   

 

Table 4.24: D2-S2-3-1.33-50-M2 

specimen Δσ  
(strain gage) 

Δσ  
(notch) 

number of 
cycles 

failure in 
detail 

comments 
 

[-] [N/mm2] [N/mm2] [-] [-] [-] 

D2-S2-3-1.33-50-M2 358 458 6.97E+05   
D2-S2-3-1.33-50-M2 357 457 7.52E+05   
D2-S2-3-1.33-50-M2 332 425 7.56E+06   

 

 

Figure 4.11: Fatigue results (notch stresses) for manufacturer D 
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A total of four different profiles could be tested for manufacturer consortium D. However, missing or 
partly inaccurate information on materials used and manufacturing processes make the evaluation 
difficult, which is why only a small number of tests were carried out. 

4.3 Summary 

The tests carried out are summarised in the following table. Additionally, listed are the stress 
concentration factors SCF determined via the FE simulation as well as the measured R/t values 
determined via the smallest possible radii to be measured as well as via the average thickness in the 
straight elements. In addition, the positions of all determined SN lines of the respective profile types 
with a slope of m = 5 for 2 000 000 load cycles are given. First, the position for the stress determination 
via the strain gauges is given. These stresses determined via the young’s modulus correspond to the 
nominal stresses. These values could not be given for the rail profiles because the strain gauges were 
fixed on the outer radii. The determination of nominal stresses was therefore not possible. The 
combination of the nominal stress vibration widths with the stress concentration factors then 
ultimately leads to the position of the SN lines determined via the notch stresses, given in the last 
column. 

Table 4.25: SCF and R/t values in relation to fatigue results 

Specimen SCF R/tmean Δσ2E6,strain gage Δσ2E6,notch 
[-] [-] [-] [N/mm2] [N/mm2] 

A-S3-1.5-1-50-M3 1.73 1.27 248.95 431.53 
A-S3-2-1-50-M3 2.08 0.69 204.54 426.40 
A-S3-2-1.25-50-M3 1.46 0.93 259.70 379.14 
A-S3-2.5-1.6-50-M3 1.57 1.16 272.93 427.44 
A-S3-3-0.83-50-M3 1.46 0.73 210.16 306.69 
A-S3-3-1-50-M3 1.63 0.78 252.28 412.03 
A-S3-3-1.33-50-M3 1.36 1.96 294.41 399.51 
A-S3-3.5-0.86-50-M3 1.75 0.56 133.86 234.47 
A-S3-3.5-2.29-50-M3 1.44 1.14 184.12 265.73 
A-S3-4-0.63-50-M3 1.53 0.96 221.98 340.08 
A-S3-3.5-0.86-50-M5 1.74 0.43 138.53 241.52 
A-S3-3.3-2.29-50-M3 1.42 1.43 226.44 321.98 
B-S1-1.5-1-50-M3 1.71 0.64 212.98 364.84 
B-S1-3.5-2.29-50-M? - 1.71 - 294.02 
B-S1-3.5-1.14-50-M3 1.19 0.68 223.57 265.83 
B-S1-3.5-1.14-50-M5 1.19 0.53 267.95 318.60 
C-S1-1.5-1.33-50-M3 1.48 0.72 187.27 277.27 
C-S1-3.5-0.86-M5 2.08 0.40 101.72 211.75 
C-S1-3.5-0.86-M3 2.10 0.44 145.39 305.31 
D1-S1-2-1.25-50-M1 1.64 0.36 134.23 220.13 
D2-S2-2.5-1.6-50-M2 - 1.38 - 499.22 
D1-S2-2-1.5-50-M3 - 1.69 - 203.96 
D2-S2-3-1.33-50-M2 - 1.37 - 375.30 
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First of all, the influence of the R/t value on the fatigue strength should be clarified once again. For this 
purpose, the relation between the R/t value and the position of the SN line determined via the strain 
gage is shown graphically. 

 

Figure 4.12: Influence of the R/t value on the fatigue strength 

The position of the SN lines also tends to increase with increasing R/t ratio. For this purpose, all sample 
types are given with a slope of 5 for simplified comparability. The particularly low position of the SN 
lines for specimens with a measured R/t value of approx. 0.5 is noticeable. For these specimens, the 
SN line lies between 100 and 150 N/mm2 stress range at 2⋅10⁶ load cycles. The highest value of around 
300 N/mm2 was found for a test row with a measured R/t value of almost 2. A simple linear relationship 
between the R/t value and the fatigue strength or the height of the position of the SN lines can be 
represented by the following equation. 

𝛥𝛥𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟 𝑟𝑟𝑑𝑑𝑠𝑠 2⋅106 𝐿𝐿𝐿𝐿 =
𝑅𝑅
𝑡𝑡
⋅ 120 + 100 

By converting nominal stresses into notch stresses, the maximum stresses leading to failure can be 
assessed. The influence of the R/t values can be neglected in this consideration, as it is already taken 
into account in the SCF values. In the following, all results are shown differentiated for the entirety of 
all test specimens. The individual fatigue results were summarised in SN lines and evaluated for a slope 
m = 5. The number of tests performed and the standard deviation are also listed. The position of the 
SN lines is given in each case for a notch detail at 2 000 000 load cycles. 
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Table 4.26: Overview of all evaluated fatigue results separated by profiles 

Specimen R/tmean Δσ2E6,notch stand.-dev. Tested 
[-] [-] [N/mm2] [N/mm2] specimens 

A-S3-1.5-1-50-M3 1.27 431.53 74.27 4 
A-S3-2-1-50-M3 0.69 426.40 71.17 4 
A-S3-2-1.25-50-M3 0.93 379.14 32.86 5 
A-S3-2.5-1.6-50-M3 1.16 427.44 47.78 4 
A-S3-3-0.83-50-M3 0.73 306.69 22.38 4 
A-S3-3-1-50-M3 0.78 412.03 9.45 4 
A-S3-3-1.33-50-M3 1.96 399.51 7.40 5 
A-S3-3.5-0.86-50-M3 0.56 234.47 15.10 4 
A-S3-3.5-2.29-50-M3 1.14 265.73 22.85 4 
A-S3-4-0.63-50-M3 0.96 340.08 31.98 4 
A-S3-3.5-0.86-50-M5 0.43 241.52 35.95 4 
A-S3-3.3-2.29-50-M3 1.43 321.98 31.54 4 
B-S1-1.5-1-50-M3 0.64 364.84 30.29 8 
B-S1-3.5-2.29-50-M? 1.71 294.02 38.73 18 
B-S1-3.5-1.14-50-M3 0.68 265.83 55.28 6 
B-S1-3.5-1.14-50-M5 0.53 318.60 50.19 6 
C-S1-1.5-1.33-50-M3 0.72 277.27 81.34 9 
C-S1-3.5-0.86-M5 0.40 211.75 14.00 6 
C-S1-3.5-0.86-M3 0.44 305.31 81.72 18 
D1-S1-2-1.25-50-M1 0.36 220.13 6.27 3 
D2-S2-2.5-1.6-50-M2 1.38 499.22 41.45 4 
D1-S2-2-1.5-50-M3 1.69 203.96 29.42 4 
D2-S2-3-1.33-50-M2 1.37 375.30 47.67 3 

 

In total, over 150 fatigue tests were carried out on profiled small parts, of which 135 could be 
evaluated. The profiles show a high fatigue strength across all manufacturers. The averaged SN lines 
for the calculated notch stresses are all above 200 N/mm2 at 2 000 000 load cycles. Partially high 
standard deviations show that individual results are also significantly below these averaged SN lines. 
However, the high averaged level indicates a high fatigue safety despite this. The detail category 
plotted against the measured R/t values for all profiles result in the following graph. 
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Figure 4.13: Fatigue strength plot for the measured R/t values 

A relation between geometric properties of the profiles and the SN lines can no longer be detected via 
the notch stresses. A correlation between notch details and the R/t ratio, the profile thickness in the 
straight or curved elements as well as the inner radius is no longer recognisable. The influence of 
geometric parameters on fatigue strength, in addition to stress concentration factors, seems to be 
excluded. 

The highest average fatigue strengths of the profile types are found for manufacturer A. This 
manufacturer produced its products exclusively with the press brake process, while manufacturers B 
and C exclusively used roll forming machines. However, the manufacturing method does not seem to 
have a relevant influence on the fatigue strength. Assuming that the production of the small-scale 
specimens of manufacturer A does not lead to a change in the fatigue result. Here, sheet metal strips 
of 50 mm width were first cut and then deformed, and the test specimens were not cut out of the 
already deformed sheets as this was the case with the other manufacturers. However, the influence is 
assessed as uncritical. 

A correlation between the fatigue strength and the materials chosen for the test specimens can also 
be ruled out. The material S355MC was predominantly used for the test specimens. For some 
specimens, materials such as S460MC steel or HX380 were also used. However, the results obtained 
for these materials are distributed across the spectrum of all results without any correlations. 
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5 Conclusion 

In this document, the relationship between geometrical or material properties and the fatigue strength 
of cold-formed thin-walled sheets will be discussed. For this purpose, a large number of test specimens 
were subjected to cyclic loads in order to determine the correlation between the number of load cycles 
and the level of stress ranges. 

The resulting SN lines could be accurately calculated and assessed for some specimens. The slopes of 
the SN lines are between m = 3 and m = 5. A correlation between the slope and the geometric 
properties of the specimens could not be determined. 

On average, however, the value of the slope tended towards a value of m =5. This mainly corresponds 
to the results of the project partners on the large-scale specimens. The evaluation of all results and 
thus the creation of the SN lines differentiated for all profile types were consequently carried out for 
a slope of m = 5. 

To determine the correlation between the position of the SN lines and geometric properties, the 
nominal data on the manufacturers had to be checked first. The information on the nominal thickness 
could be confirmed to a large extent. A slight reduction of the profile thickness in the straight areas 
could be determined compared to the nominal values. Only in a few cases could thicker profiles be 
found. Serious deviations were not measured. Due to the principle of volume constancy in the case of 
plastic deformation of steel, a reduction of the sheet thicknesses in the curved areas can be 
determined. The thicker the initial sheet, the greater the reduction in thickness in the curved areas. 
Whether the R/t value should be determined with the measured thickness in the straight or in the 
curved areas is to be defined for future standards and guidelines. 

Significant differences between nominal and measured values were found for the inner radii. 
Deviations of more than 50 % had to be documented for all manufacturers. Depending on the profile 
type, smaller as well as larger radii could be measured compared to the manufacturer's specifications. 
In addition, no constant radius can be determined for the curved areas. From the centre of the curved 
areas outwards, this value generally increased until the sheets finally merged into the straight 
elements. For the R/t values determined in this work, only the smallest radius to be measured was 
used. However, the deviation between nominal and measured values has a serious influence on the 
R/t ratio. In the future, consideration of real versus nominal R/t ratios must be considered. 

Significant differences between nominal and measured values were found for the inner radii. 
Deviations of more than 50 % had to be documented for all manufacturers. Depending on the profile 
type, smaller as well as larger radii could be measured compared to the manufacturer's specifications. 
In addition, no constant radius can be determined for the curved areas. From the centre of the curved 
areas outwards, this value generally increased until the sheets finally merged into the straight 
elements. For the R/t values determined in this work, only the smallest radius to be measured was 
used. However, the deviation between nominal and measured values has a serious influence on the 
R/t ratio. In the future, consideration of real versus nominal R/t ratios must be taken into account. 

All fatigue tests were able to show a high overall strength against cyclic loading. However, the influence 
of the R/t ratio on the fatigue strength was clearly shown. The lower this value, the faster the elements 
fail on average under oscillating load. This is also shown by the FE simulations of the profiles. With the 
help of these results, so-called stress concentration factors SCF could be determined. These factors 
show a clear correlation between stress increase in the inner radii compared to the deformation radius 
in relation to the profile thickness, thus the R/t value. 
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If the stress concentration factors are used to convert the measured stress range to the maximum 
stresses in the curvatures, geometric influencing factors such as the R/t value can be reduced or 
eliminated from the results. Then the SN lines still show a large scatter of the position in SN diagrams. 
the fatigue strengths show a good strength level despite this scatter. The results can thus provide a 
basis for future standards and guidelines. 
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