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1 Introduction
As described in the application for the FASTCOLD project, the fatigue strength of cold-formed thinwalled sheets, which are often used in high-bay warehouse construction, is to be investigated.
However, the assessment of the profiled elements can only succeed if the initial materials are taken
into account. Work package 1.2 - Experimental characterization of the virgin material - serves to ensure
the material properties of this virgin material.
In the aforementioned industry, steel grades with a high strength are typically used to reduce the sheet
thicknesses employed. In consultation with the manufacturers involved in the project, two steel grades
with sheet thicknesses used in the industry were chosen. These are a S355MC (with a thickness of 1.5
and 3.5 mm) and a S460MC (with a thickness of 3.5 mm).
To assess the mechanical properties, monotonic tensile tests were first carried out on the mentioned
sheets in the direction of manufacture and transversely using dog bone test specimens. The material
parameters determined and the flow curves obtained serve as the basis for subsequent simulations of
the cold forming of corresponding components. Fatigue tests and CT tests were then carried out on
the raw material to determine the fatigue strength of the starting material.
Crucial for the project, however, is the fatigue strength after plastic deformation. For this purpose,
large sheets with dimensions of 250 mm and 500 mm were pre-stretched, with documentation of the
remaining strain occurring by means of photogrammetry. CT specimens and fatigue tests were then
cut out of these sheets again and examined.
The comparison of the results of the virgin with those of the pre-stretched material show the influence
on the fatigue strength of plastically deformed structures, which occur predominantly in the curvature
elements of the components to be examined. This evaluation serves as a basis for the assessment of
the profiled elements, which are often used in the construction of high-bay warehouses.
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2 Virgin Material
The subject of the task for RWTH and UTH is the characterisation of the material before and after prestretching by cold forming processes. The first step was to determine the monotonous tensile
behaviour of the undeformed sheets. The orientation of the sheets had to be taken into account in all
tests to determine the properties. First tensile tests have shown, that the manufacturing direction of
the sheets has a non-negligible influence on the material properties. The following picture shows in
principle the distribution of the specimens in the non-pre-stretched sheets.

FC-S355MC-3.5-40

TRANS

FC-S355MC-3.5-39

TRANS

PAR

FC-S355MC-3.5-38

PAR
Figure 2.1: Orientation of specimens

The inscriptions PAR and TRANS refer to the direction of pre-stretching. Thus, PAR means parallel to
the pre-stretch direction but transverse to the rolling direction. TRANS means transverse to the prestretch direction but parallel to the coiling direction. The geometry of the specimens varies depending
on the type of test planned.
Shape for monotonous tests

Shape for fatigue tests
Figure 2.2: shapes of tests planned in project

For each combination of steel grade and material thickness accounted for in the project, there were
six specimens cut, as shown in the first figure (here for S355MC and a thickness of 3.5 mm). Four
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samples were tested from each combination of the six possible test specimens. The following table
gives an overview of the number of monotonic tensile tests carried out by RWTH:
Table 2.1: Number of performed monotonic tensile tests

Material

Thickness

Par

Trans

S355MC

1.5
3.5
3.5

3/5
4/6
4/6

4/6
4/6
4/6

S460MC

For the combination of a steel S355MC and a thickness of 1.5 mm, only three specimens could be
evaluated in the orientation parallel to the pre-stretch direction, due to the fact that measuring
technique failed during one of the tests. The results of the monotonic tensile tests were evaluated and
presented in form of technical stress strain curves.
Table 2.2: Technical stress strain curves

Material:
S355MC
– 1.5

PAR:

TRANS:

S355MC
– 3.5

S460MC
– 3.5
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The determined yield stresses are generally above the nominal values of the material. Irrespective of
the thickness of the tested specimens, a yield stress of about 400 N/mm2 was achieved for the material
S355MC. The yield stress for the supplied material S460MC is about 500 N/mm2. It is noticeable that
the manufacturing direction of the material has an influence on the yield stress. Thus, the limit
between elastic and plastic behaviour in parallel direction is reached earlier than transverse to this
direction. The orientation of the specimens has no influence on the ultimate strength of the material.

3 Pre-stretching
3.1 FEM Simulations
In order to be able to assess the behaviour of the sheets during pre-stretching in advance, certain FEsimulations with implemented material flow curves were carried out. These flow curves were
determined using a modified Holomon Extrapolation from the previously obtained technical stress
strain curves. The flow curves were obtained from the results of the tensile tests parallel (PAR) to the
pre-stretching direction. This orientation is relevant for the determination of the material properties
of cold formed steel members.
Table 3.1: Extrapolation of flow curves

Technical stress strain curve

Flow curve

S355MC
-1.5

S355MC
-3.5
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S460MC
-3.5

The flow curve of each combination of steel grade and thickness do not end at a realistic point of
deformation because no fracture criterion was defined. This criterion, however, is relevant only for
high deformations.
In order to make the best possible utilization of the pre-stretched sheets for determining the material
properties, different geometries of the test specimens were simulated. They differ with regard to the
width and height of the test specimens. As a result of the varying sizes, the pre-stretched area changes
as consequence. It must also be ensured that the specimens for the fatigue tests fit lengthwise and
crosswise into the pre-stretched surface. This is because the width of the specimens is reduced when
the sheets are pre-stretched.
The simulation results for a steel S355 and a thickness of 1.5 mm are shown below as an example of
the behaviour of a test specimen during pre-stretching. The geometry of the initial sample has a width
of 160 mm and a height of 130 mm.
Table 3.2: Simulated plastic behaviour of sheets under deformation

Technical
Stress/Strain
Curve
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Stress: Max
476 MPa
U: 38.
T: 146 mm
Max.Pl.Strain:
19 %

Stress: 472 MPa
U: 50 mm
T: 139 mm
Max.Pl.Strain:
31 %

Stress: 467 MPa
U: 55 mm
T: 135 mm
Max.Pl.Strain:
42 %

On the left side, the stress in relation to the initial cross-section, the relative displacement U of the two
ends and the thickness T in the middle of the sheet is indicated. The representation of the simulation
results on the right side show the distribution of the plastic strain over the entire surface of the
specimen. The specification of the maximum plastic strain refers to the centre of the specimens, since
this is where the highest strain values occur. The greater the relative displacement between the two
ends, the greater the change in plastic elongation over the length. On basis of the simulations, a
geometry of the specimens with a width of 160 mm and a height of 130 mm was chosen:

9

Figure 3.1: Chosen geometry for pre-stretching

The selected sample geometry for pre-stretching is cut from the initial sheets by water jet cutting. This
prevents significant material changes in the area of the cutting edges, which could significantly
influence the material behaviour in subsequent tests. For each type of sheets, 30 test specimens were
produced for pre-stretching. The process of pre-stretching as well as the measurement of the
elongation for all 90 plates is explained in the following chapter.

3.2 Stretching
To determine the material properties of plasticized material, some of the sheets provided are prestretched in their longitudinal axis. To ensure that the force required for stretching can be applied
evenly distributed to the plates, a number of T-shaped connectors were previously manufactured to
which the plates were welded. The connectors could then be clamped in the test bench for prestretching. The configuration of the test bench for plastic pre-stretching can be seen in the following
photos.

Figure 3.2: Test bench for plastic stretching

The areal observation and recording of the strains introduced into the plates via the test stand was
made possible by photogrammetry. For this purpose, two high-resolution cameras were aligned to the
surface of the sheet metal. These were then able to record and document all relative displacements of
the sheet surface to the position of the cameras.
In order to observe the remaining elongation over a large area, dots are then applied to the surface in
a fixed grid. The observation of circular points enables the cameras to optimize the determination of
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the position and thus change the position in space during pre-stretching. The white dots have a
diameter of 8 mm. The distance between the dots is the same size. A grid of 10 times 16 points was
applied to the surface of the sheets. As a result, an area of 152 times 248 mm2 can be monitored at
the beginning. In the course of the test, the area naturally changes the area.
The points are cut from magnetic paper with a cutting plotter and uniformly applied to the surface
using a template. The magnetic paper has the advantage of residue-free removal. The evaluation of
the remaining strain takes place only with the help of the photos of the sheets in the initial state in
combination with the photos after the deformation has been completed.

Figure 3.3: Point measurement using photogrammetry in initial and final state

The coordinates of all points in the initial and the final state can then be determined by recording the
points with the cameras over the complete process of pre-stretching. These coordinates are located in
a space defined arbitrarily by the software. A coordinate transformation must then be carried out for
better evaluation. This has the goal that all points on the sheets lie in a plane spanned by two
coordinate axes. For the evaluated sheets, the X-Z plane was selected. The individual steps of the
coordinate transformation and the resulting position of the points in the X-Z plane are shown below:
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Figure 3.4: Process of coordinate transformation

After the coordinate transformation has been performed, the entire point grid lies in the X-Z plane of
the new coordinate system. The remaining strain in the sheet can then be determined. For this
purpose, the change of the distances of all adjacent points from the initial state to the final state was
calculated. This was done separately for the longitudinal and transverse deformation. The strain was
determined from the quotient of the strain change over the initial distance.

Figure 3.5: Stress determination for longitudinal and transversal direction

The determined strains between all directly adjacent points must then be assigned to a defined point
on the surface. The strains cannot be assigned to the previously applied points, but to the space
between two points. Thus, the axis centre between two points was selected as the reference point for
the corresponding strain. It should be noted that the axis centre of two points was determined in the
final state. Only in this way the map of the remaining strains can be perfectly superimposed with the
deformed sheets. The maps of the permanent deformations therefore correspond to the red squares
shown in the pictures. This explains the different sizes of the longitudinal and transverse strain maps.
For orientation, some of the magnetic dots from the border area of the grid were permanently
attached to the sheet surfaces with adhesive. The map with the remaining deformations of the sheet
plane can then be displayed as follows:
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Figure 3.6: Maps for remaining strains in longitudinal and transversal direction

The grid for measuring the surface strain was always applied on the side with the marking of the sheets.
In addition, the orientation of the text/marking on the map and on the sheet is always the same. While
the marking on the card is above, the marking on the sheet must be below the measured area.
From all three delivered combinations of material and thickness, 29 sheets each were pre-stretched.
In principle, the maximum value of the force in the technical stress-strain curve was attempted in each
case. With this degree of pre-stretching of the plates, high plasticity levels can be achieved and
determined. However, the higher the degree of pre-stretching, the more difficult it is to determine the
strain using the point grid. Increased degrees of pre-stretching would therefore be more difficult to
measure. This is because when the entire sheet is subjected to greater pre-strains, the range of plastic
strains increases over the surface. The following table explains the relative displacement of the two
sheet edges in the longitudinal axis introduced for each material combination.
Table 3.3: Test matrix

Material
+
Thickness
S355-1.5
S355-3.5
S460-3.5

20 mm
Quantity Max.Strain
6
6
-

9 - 10%
9 - 10%
-

Relative displacement
40 mm
Quantity
Max.Strain
23
23
-

18 - 22%
19 - 22%
-

31.5 mm
Quantity
Max.Strain
29

15 - 18%

For material S355, a relative displacement of the sheet ends of 40 mm represents the maximum value
of the force in the technical stress-strain curve for the selected sheet geometry. For each material
thickness of 1.5 and 3.5 mm 23 plates were loaded with this degree of pre-stretching. At the request
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of project partners, 6 additional plates were also loaded with a lower relative displacement of 20 mm.
All 29 plates of material S460 were loaded with the maximum force to be applied. This corresponds to
a relative displacement of 31.5 mm.
The measured maximum strains of the sheet surface are also listed. For material S355 the values for
both thicknesses are 18 to 22 remaining strains. Plates with a lower degree of pre-stretching have a
maximum remaining strain of 9 to 10 %. For plates of material S460, maximum remaining strain of 15
to 18 % could be determined. In all measuring sections and for all plates, the elastic material behavior
was exceeded during pre-stretching and plastic strains were determined. The measured strains largely
agree with the simulations. Whereby the results determined by simulations are evenly distributed,
since, for example, optimized sheet geometry was used for the calculation. In reality, this can of course
deviate slightly.
After separating the plates from the adapter plates, the plates could be prepared for further tests. The
orientation of further specimens in the pre-stretched sheets will be explained in the course of the
document.

3.3 Verification of the pre-stretching
The pre-stretching of the exemplary plates used by the industry could be well observed and
documented by means of photogrammetry. However, since the material does not have a uniform
thickness after stretching and a multi-axial stress state developed during the loading of the sheets, it
cannot be assumed that purely plastic deformations were represented. In addition to plastic
deformation components, the documented remaining strain of the material surface may also contain
elastic deformation components despite the global unloading of the sheets.
In order to be able to determine the proportion of plastic deformation in the documented and
presented residual surface strain, monotonic tensile tests were carried out exemplarily on some tensile
test specimens cut from the stretched sheets. These were carried out until the specimens broke. In
this way, parameters such as the maximum tensile stress, the associated strain, and the ultimate strain
could be determined.
The following figure describes which specimens are used to check the strain components in the sheet.
It shows a specimen to be separated from the stretched sheets by water jet cutting, with which a
monotonic tensile test is to be carried out.

Figure 3.7: superposition of strain map and cutting template, sheet S355-3.5-026-Par-G

The specimen shown was cut from a sheet of S355 grade with a nominal thickness of 3.5 mm. The
specimen was cut parallel to the pre-stretching direction of the sheets. Using photogrammetry, a
remaining surface strain parallel to the stretching direction in the tapered cross-section area of about
15 to 17 % could be determined.
Figure 3.7 also shows the geometry of the tensile specimen. Although monotonic tensile tests are
carried out with these tensile specimens, the shape according to Figure 2.2 corresponds to the tensile
specimens for fatigue tests. However, the waisted and thus non-continuous cross-section in the middle
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of the specimen simplifies the determination of the remaining strain in the fracture area, as the
predicted failure point is thus exactly in the middle. The stress determination for the stress-strain curve
was not carried out using the nominal cross-section in the middle of the specimen, but in each case
using measured values. This is caused by the reduction in sheet thickness during pre-stretching and by
the not absolutely exact cutting technique using water jets. The previously obtained stress-strain
curves of the unstretched virgin material were determined in contrast to these tests with specimens
that have the shape according to Figure 3.7 for monotonic tensile tests. The different conditions of the
specimen geometry lead to comparatively higher stresses in the tensile specimens carried out on
fatigue specimens. For a better comparison, these higher values could be adjusted via geometry
factors.
In the following, the results of the tensile tests are presented and explained. The results of the virgin
material are always compared with those of the pre-stretched sheets. The basic procedure is shown in
Figure 3.8.

Figure 3.8: stress strain curve of virgin material S355-1.5 and S355-3.5-026-Par-G(pre-stretched)

In the figure, the results from the unstretched material are shown in blue. In the stress-strain curves
obtained, the average value of the maximum tensile stress in combination with the corresponding
strain is shown separately. The stress-strain curve shown in red represents the results of the prestretched tensile specimen. Initially it is noticeable that the plastic plateau no longer appears.
However, the point of maximum stress is clearly visible.
The stress-strain curve of the tensile test of the stretched specimen was then shifted along the x-axis
until the strain of the maximum tensile stress coincides with the previously determined value of the
averaged strain for the maximum stress of the unstretched specimens. Once this is done, the value of
the plastic pre-strain can be determined on the x-axis. For the specimen associated with the stressstrain curve, a plastic strain of 15.9 % can be determined in the waisted area where the fracture
occurred. This agrees with the values of between 15 and 17 % of the remaining surface strain
determined via photogrammetry. For this sample, the agreement between the surface strains shown
in the strain maps and the material properties is proven.
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For all three tested variants of material thickness and grade, three test specimens each were tested
according to the previously described procedure and compared with the results of the virgin material
in order to be able to determine the material properties after pre-stretching as well as the agreement
with the strain maps. At first, the results for the material S355MC with a nominal sheet thickness of
3.5 mm are shown in Table 3.4.
Table 3.4: Verification of photogrammetry results by mon. tens. tests on material S355MC-3.5

sheet S355-3.5-026
results photogrammetry

specimen
F
G
H

res. strain [%]
(photogrammetry)
12-15
15-17
13-16

results monotonic tensile tests

pl. strain [%]
(mon. tens. Test)
14.0
15.9
14.9

confirmation?
Yes
Yes
Yes

The strain maps produced by photogrammetry show values between 12 % (lowest value determined
in specimen F) and 17 % (highest value determined in specimen G) residual strain for the tapered crosssections of all specimens. As expected, all stress-strain curves of the stretched specimens show no
plastic plateau. The plastic strains determined in the tensile tests are between 14 and 16 %. They all
satisfy the respective range of the values determined from photogrammetry.
The results of the tensile tests initially confirm the result of the determination of all surface strains
from photogrammetry. It should be noted that photogrammetry cannot guarantee comprehensive and
complete coverage of the strains on the surface. Thus, only individual points and their respective
displacement were recorded, the relative displacement to each other was calculated and the
corresponding strain for individual points was displayed graphically. All areas in between were merely
interpolated and included in the graphical representation.
In the tapered cross-section, moreover, no exact value of the strain can be determined, but only a
range of strains. How large the proportion of elastic deformation is in the strain map can thus only be
determined inadequately.
The correspondence between photogrammetry and the material properties determined by tensile
tests for the material S355MC with a sheet thickness of 3.5 mm is shown in the following Table 3.5.
The specimens used for the tests showed the lowest residual strains in the tapered transverse section
compared to the other materials.
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Table 3.5: Verification of photogrammetry results by mon. tens. tests on material S460MC-3.5

sheet S460-3.5-032
results photogrammetry

specimen
E
F
G

res. strain [%]
(photogrammetry)
10-13
10-14
10-14

results monotonic tensile tests

pl. strain [%]
(mon. tens. Test)
13.0
13.6
12.7

confirmation?
Yes
Yes
Yes

The strain map created for the sheet S460-3.5-032 shows remaining strains between 10 and 14 % after
pre-stretching. The plastic pre-strains, determined from the material properties, are between 12.7 %
(specimen G) and 13.6 % (specimen F). The values of the strain maps can also be confirmed for this
sheet with the help of the tensile tests. All specimens achieve the specified range in the tapered crosssections.
The different shapes of the stress-strain curves of virgin and pre-stretched material with respect to
slopes after the elastic range, elongation at fracture and stresses at fracture can again be explained by
the different specimen geometry.
Finally, the results for the thinnest material with a nominal thickness of 1.5 mm and a material grade
of S355MC are shown in Table 3.6.
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Table 3.6: Verification of photogrammetry results by mon. tens. tests on material S355MC-1.5

sheet S355-1.5-026
results photogrammetry

specimen
D
E
F

res. strain [%]
(photogrammetry)
16-20
16-21
16-18

results monotonic tensile tests

pl. strain [%]
(mon. tens. Test)
15.0
15.4
15.9

confirmation?
No
No
(Yes)

The strains parallel to the direction of pre-stretching according to strain maps are between 16 and
21 %. The highest strains of the tensile tests carried out for this purpose could thus be determined
here. It is noticeable that the lines of different strains are very close to each other, especially in the
case of specimens D and E. The remaining surface strain of this sheet is therefore very unevenly
distributed and the remaining strain in the material is inhomogeneous.
The average plastic strain determined in the tensile tests is less than 16 %, which is below the lowest
remaining strain of 16 % in the strain maps. The plastic strains determined in the tests thus only fulfil
the values of photogrammetry to a limited extent. Only specimen F, with a plastic strain of 15.9 %, is
within the graphically represented range of 16 to 18 %. The other two specimens show deviations of
up to 6 % against the remaining strains determined from the maps. However, these values do not
contradict each other. Thus, the deviations are small compared to the absolute values and can be
explained by an increased elastic portion of the remaining deformation. This proportion can no longer
be determined via the tensile tests. In addition, the lines of the remaining strains in the fracture areas
of the test specimens are very close to each other. The possibly deviating interpolated results of the
strain maps from the strains actually resulting in the material can additionally cause the discrepancy
of the values.
Despite minor deviations, the results show that the strain maps are plausible and represent the
resulting strains after pre-stretching in sufficient quality. It should be noted that the higher the strains
of the strain maps, the greater the deviations from the material properties can be, as the previously
explained results show. The proportion of elastic strain in the graphically represented remaining
surface strains are comparatively small and can be neglected, especially at low strains.
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4 Fatigue Tests
4.1 Testing device
To determine the fatigue strength of the virgin and the pre-stretched material, a new testing device
was designed by RWTH. With this testing device, the specimens can be clamped and subjected to
oscillating loads under pure tensile stress. The following sketches show the setup of the testing device.

Figure 4.1: Schematic setup of the resonance test bench

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 4.2: Photo of testing device “Monster”
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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 out, 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.

Figure 4.3: 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
20

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.

4.2 Evaluation
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.

Figure 4.4: Loading history of S355-3.5-para_e

The results refer to a fatigue test on a sample of the material S355 with a thickness of 3.5 mm. The
orientation of the sample is parallel to the expected plastification direction. The loading was mainly
under tensile conditions. Measured and recorded were only the maximum forces (F_max) and
minimum forces (F_min) occurring under the cyclic load in the specimen. From these, the middle stress
(𝐹_𝑚 = (𝐹_𝑚𝑎𝑥 + 𝐹_𝑚𝑖𝑛)/2) as well as the load amplitude (𝑑𝐹 = 𝐹_𝑚𝑎𝑥 − 𝐹_𝑚𝑖𝑛) was then
calculated.
The diagram shows that the test was carried out under a substantially constant load. After about
2.5*106 load cycles an increase in load amplitude has taken place. In addition, after about 4*106 load
cycles, there was also a change in the test parameters. Overall, there is only a slight variation in the
load cycles during the fatigue test. In total, the test specimen was subjected to a total of almost
4.84*106 load cycles.
For evaluation, the measured load cycles were divided into load classes. These classes each cover a
range of 350 N. The cross-section of the fatigue specimens has a width of 10 mm at the thinnest point.
With a sheet thickness of 3.5 mm, the cross section at the failure point has a corresponding area of
35 mm2. The load classes of 350 N therefore correspond to stress classes for the load cycles of
10 N/mm2.
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The following bar chart shows the classification of the previously shown test results into the stress
classes of 10 N/mm2. Each class is shown for the corresponding mean value. Thus, if a load change with
a load amplitude of 12000 N was measured, this corresponds to a stress amplitude of 342.9 N/mm2.
The load change is therefore classified in the stress class from 340 to 350 N/mm2 and the stress class
is shown in the bar chart with a mean stress of 345 N/mm2.

Figure 4.5: Load classes of S355-3.5-para_e

The diagram shows the range of all load cycles. Thus, all load changes with the stress amplitude were
between 310 and 370 N/mm2. The yield point determined in tests was therefore barely reached. With
2*10^6 load cycles, most cycles occurred with a stress amplitude between 350 and 360 N/mm2. The
mean value of all stress amplitudes for this test is 352 N/mm2. This represents nearly the nominal yield
point.
To determine the fatigue load cycles, the measured number of load cycles is not directly accumulated.
The load cycles of all stress classes are first converted to the average stress amplitude of 352 N/mm2
using the Miner Rule. The conversion rule used is as follows:
𝑁𝑟𝑒𝑓 = 𝛴𝑐𝑙𝑎𝑠𝑠𝑒𝑠 [𝑁𝑐𝑙𝑎𝑠𝑠 ∙ (

𝑑𝜎𝑐𝑙𝑎𝑠𝑠 𝑚
) ]
352

For the conversion of the number of load cycles using the Miner rule, the exponent m of the equation
is required. This corresponds to the slope of the S-N curve. This could not yet be determined. However,
since the scattering of the voltage classes that occurred is small, the influence of the exponent m is not
large. In the presented test results, the load changes were converted with the exponent m = 3. This
corresponds to the slope of an S-N curve for a detail category 160 according to Eurocode 3, thus flat
steels or plates with sharp edges. After conversion of the number of load cycles to a related average
stress amplitude of 352 N/mm2, the bar chart looks as follows:
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Figure 4.6: Converted load classes of S355-3.5-para_e

The voltage classes below the average voltage amplitude show a lower number of load changes after
conversion. The influence of these load changes on the fatigue behaviour of the material decreases
accordingly. In contrast, the load cycles of the voltage classes above the average value have increased
comparatively. The influence of load cycles above the related average stress amplitude increases
accordingly. Related to a load level of the stress amplitude of 352 N/mm2 the fatigue crack occurred
after about 4.88*10^6 load cycles.
To check the influence of the exponent m in the Miner Rule, the accumulated load cycles with m = 5
were also determined. For the load level already mentioned, this results in a load cycle number of
about 4.95*10^6. The deviation is about 1 % and is therefore negligible. If a referred stress level
deviates significantly from the average stress amplitude, the influence of the exponent m also
increases. In this case, the slope of the S-N curve must be verified.

4.3 Virgin material
First, the results on the raw material are shown. All represented stress results refer to load cell
measurement data. The stress was then determined using the nominal cross-section. All fatigue
specimens were cut with a width in the centre axis of 10 mm. The nominal thickness of the sheets was
used for the second cross section value. For comparability of the results, a ratio of the lower to the
upper stress of R = 0.05 - 0.1 was chosen.
The extent to which the water jet cut has an influence on the fatigue results cannot be assessed on the
basis of the tests. However, since all the test specimens were produced using the same method, the
results can certainly be compared.
Over all the results obtained, an average slope of the SN lines of m = 18 could be determined. For
orientation of the results, the averaged SN line with the mentioned slope is drawn in the following
figures.
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4.3.1 S355MC – 3.5
Table 4.1: Fatigue results on virgin material S355MC - 3.5

Specimen

σmean
[N/mm2]

Δσ
[N/mm2]

N
[-]

S355-040-Par-E-3.5mm
S355-040-Par-D-3.5mm
S355-040-Par-F-3.5mm
S355-038-Par-I-3.5mm
S355-038-Par-E-3.5mm
S355-038-Par-A-3.5mm

191
192
191
208
244
248

354
319
368
381
427
425

4.91E+06
5.95E+06
2.40E+05
2.30E+05
6.48E+04
5.32E+04

S355-040-Trans-A-3.5mm
S355-040-Trans-B-3.5mm
S355-040-Trans-C-3.5mm
S355-039-Trans-A-3.5mm
S355-039-Trans-C-3.5mm

205
184
182
213
251

299
350
343
380
452

1.63E+07
6.38E+05
7.46E+06
2.18E+05
3.32E+04

information

For the material S355MC with a nominal thickness of 3.5 mm, six specimens could be tested parallel
to the stretching direction and five specimens transverse to it. All specimens could be loaded to failure.
For clarification of the data, the results are shown in the following Figure 4.7. The SN line is the average
fatigue strength of this material. It has a stress range of 341 N/mm2 at a slope of m = 18 at 2 million
load cycles.

Figure 4.7: Visualisation of the fatigue results for the virgin material S355MC - 3.5

With a parallel orientation, an averaged SN line for a stress ranges at 2 000 000 load cycles of
347 N/mm2 with a standard deviation of 12 N/mm2 could be determined. Transverse to this direction,
the value is slightly lower at 336 N/mm2 and a standard deviation of 14 N/mm2. However, the detail
categories mentioned lie in the scatter range of the respective results across this direction.
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4.3.2 S355MC – 1.5
Table 4.2: Fatigue results on virgin material S355MC - 1.5

Specimen

σmean
[N/mm2]

Δσ
[N/mm2]

N
[-]

S355-038-Par-E-1.5mm
S355-038-Par-F-1.5mm
S355-038-Par-G-1.5mm
S355-038-Par-J-1.5mm
S355-038-Par-M-1.5mm
S355-038-Par-N-1.5mm
S355-038-Par-B-1.5mm

199
174
217
209
221
252
195

348
322
417
367
394
438
321

2.19E+06
7.10E+06
1.28E+05
6.78E+05
1.34E+05
9.20E+04
4.31E+05

S355-039-Trans-D-1.5mm
S355-039-Trans-E-1.5mm
S355-039-Trans-F-1.5mm
S355-039-Trans-G-1.5mm
S355-039-Trans-H-1.5mm
S355-040-Trans-B-1.5mm
S355-040-Trans-C-1.5mm

209
205
188
223
221
187
198

319
318
367
418
436
319
317

6.77E+06
1.29E+05
4.06E+05
5.50E+04
7.81E+04
2.37E+05
7.61E+04

information

Without failure
Not considered

Not considered

With the thinner sheet of material S355MC, 14 fatigue tests could be carried out on the raw material.
No failure occurred once. This specimen is evaluated as a run out. In two other specimens, a crack
occurred in the area of force application or in areas with a significantly larger cross-section than in the
centre, or load changes occurred in plastic areas of the material. These test specimens are not
considered in the further evaluation.

Figure 4.8: Visualisation of the fatigue results for the virgin material S355MC - 1.5

The test specimens that are not to be evaluated are still listed in the Figure 4.8, but with a circle that
is not filled in. The SN line shown corresponds to a detail category with a stress range of 343 N/mm2.
This corresponds exactly to the averaged value for the fatigue tests on the same material with higher
sheet thickness. Here, too, the fatigue strength parallel to the stretching direction is higher at
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346 N/mm2 at 2 000 000 load cycles and a standard deviation of 16 N/mm2. Transverse to this
direction, the value is smaller at 341 N/mm2 and a standard deviation of 20 N/mm2. Once again, the
scattering range covers the other averaged values.

4.3.3 S460MC – 3.5
Table 4.3: Fatigue results on virgin material S460MC - 3.5

Specimen

σmean
[N/mm2]

Δσ
[N/mm2]

N
[-]

S460-038-Par-A-3.5mm
S460-038-Par-B-3.5mm
S460-038-Par-C-3.5mm
S460-038-Par-D-3.5mm
S460-038-Par-E-3.5mm
S460-039-Par-D-3.5mm
S460-039-Par-E-3.5mm
S460-039-Par-F-3.5mm

212
252
250
271
290
185
183
189

383
441
439
477
523
288
288
349

9.87E+05
4.21E+05
3.02E+05
5.41E+04
3.51E+04
7.22E+06
9.83E+05
3.02E+05

S460-039-Trans-A-3.5mm
S460-039-Trans-B-3.5mm
S460-039-Trans-C-3.5mm
S460-040-Trans-A-3.5mm
S460-040-Trans-D-3.5mm
S460-040-Trans-E-3.5mm
S460-040-Trans-F-3.5mm
S460-040-Trans-H-3.5mm
S460-040-Trans-I-3.5mm
S460-040-Trans-J-3.5mm
S460-040-Trans-K-3.5mm
S460-040-Trans-L-3.5mm

201
181
183
177
217
223
211
245
271
253
215
181

279
296
320
334
341
376
413
442
479
440
383
340

1.47E+07
2.20E+05
1.92E+05
1.76E+07
1.03E+07
1.18E+07
5.04E+05
4.40E+05
1.74E+05
1.80E+06
2.71E+07
1.63E+07

information

Not considered
Not considered

Not considered
Not considered
last cycles plast

Without failure
Without failure

More fatigue tests have been carried out on the material S460MC with a nominal thickness of 3.5 mm.
However, the number of run outs and tests with events that are not acceptable for evaluation is
greater. The results are again shown in the following Figure 4.9. The run outs are marked with a cross.
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Figure 4.9: Visualisation of the fatigue results for the virgin material S460MC - 3.5

In the Figure 4.9, it can seen that the run outs are all registered for over 10 million load cycles. Before
that, the tests were not stopped. The SN line shown is for a detail category 400 and again with a slope
m = 18. Contrary to the first two materials, the fatigue strength of the orientation parallel is lower than
the transversal direction. On average, a stress range of 395 N/mm2 could be determined with a
standard deviation of 25 N/mm2. Transverse to this direction, an average stress range at 2 000 000
load cycles of 406 N/mm2 with a standard deviation of 27 N/mm2 could be determined. The difference
in the values is again in the range of the standard deviation and thus in the scatter range of the tests.

4.4 Pre-stretched material
In principle, the fatigue tests on the pre-stretched material were carried out as in the tests on the raw
material. The stresses were again determined via the load cell. However, the reduction in cross-section
due to pre-stretching was taken into account. Thus, a reduced thickness could basically be determined.
For all subsequent fatigue tests, the exact minimum cross-section was determined accordingly and set
in relation to the force.
The extent to which the water jet cut has an influence on the fatigue results cannot be assessed on the
basis of the tests here either. However, since all the test specimens were produced using the same
method, the results can certainly be compared.
The exact value of the plastic pre-strain of all individual test specimens was determined via the socalled strain maps and the sectional patterns of the sheets. The procedure is shown in the following
Figure 4.10.
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Figure 4.10: Superposition of strain map and cutting pattern for S355MC-1.5-026

Only the strain maps for the parallel measured strain are relevant for the evaluation. The strain
transverse to this was not considered for the evaluation of the fatigue tests, as this value correlates
with the parallel strain. When superimposing strain maps and cutting templates, the highest and
lowest strain values were noted in the area with the smallest width and finally an average value was
formed. This is noted in the following tables in addition to the fatigue results.

4.4.1 S355MC – 3.5
Table 4.4: Fatigue results on pre-stretched material S355MC - 3.5

Specimen

σmean
[N/mm2]

Δσ
[N/mm2]

N
[-]

pl. strain
[%]

S355-026-Par-D-3.5mm
S355-026-Par-C-3.5mm
S355-026-Par-A-3.5mm
S355-022-Par-C-3.5mm
S355-022-Par-D-3.5mm
S355-022-Par-E-3.5mm

213
224
232
238
215
254

377
392
387
427
423
465

3.93E+05
3.09E+05
2.40E+04
1.86E+05
3.70E+05
1.72E+05

14.0
14.0
13.0
15.5
17.5
16.5

S355-024-Trans-A-3.5mm
S355-024-Trans-B-3.5mm
S355-024-Trans-C-3.5mm
S355-024-Trans-D-3.5mm

209
176
193
244

338
337
336
426

4.75E+05
9.51E+05
3.84E+05
1.01E+05

9.5
13.5
15.0
16.5

information

Ten fatigue tests could be carried out for the material mentioned. The elongation parallel to the prestretching ranged between 9 and 17.5 %. An average fatigue strength of 335 N/mm2 at 2 000 000 load
cycles was determined for all specimens. A SN line with this position and the corresponding slope of
m = 18 is shown in the following Figure 4.11 to simplify the classification of the results. The respective
pre-strain of the test specimens is listed for all fatigue results obtained.
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Figure 4.11: Visualisation of the fatigue results for the pre-stretched material S355MC - 3.5

The graph shows that the results of the parallel specimens are mostly above the average fatigue
strength and the results of the transverse specimens have a lower fatigue strength. In parallel, an
averaged stress range of 374 N/mm2 with a standard deviation of 32 N/mm2 was calculated at
2 000 000 load cycles. Transversely, this value is only 323 N/mm2 with a standard deviation of
19 N/mm2. The difference here is comparatively large. However, the corresponding standard
deviations and thus the spread of the results are also large.
An influence of the plastic pre-strain does not seem to be apparent here. For the same strains, the
fatigue results can deviate upwards in some cases and downwards by the same amount.
The strength of the stretched specimens averaged over all fatigue results is comparable to the strength
of the raw material. For the raw material, the fatigue strength for 2 million load cycles with a stress
range of 341 N/mm2 is only slightly below that of the stretched material with 335 N/mm2.

29

4.4.2 S355MC – 1.5
Table 4.5: Fatigue results on pre-stretched material S355MC - 1.5

Specimen

σmean
[N/mm2]

Δσ
[N/mm2]

N
[-]

pl. strain
[%]

S355-026-Par-C-1.5mm
S355-028-Par-A-1.5mm
S355-028-Par-B-1.5mm
S355-028-Par-C-1.5mm
S355-028-Par-D-1.5mm
S355-028-Par-E-1.5mm
S355-028-Par-F-1.5mm
S355-028-Par-G-1.5mm
S355-028-Par-H-1.5mm

222
189
180
200
239
210
225
291
268

362
316
318
314
415
367
387
511
463

3.06E+05
7.21E+06
2.98E+06
2.58E+05
1.56E+06
2.16E+06
2.81E+05
8.21E+04
1.99E+05

16.5
15.0
15.5
15.0
15.0
12.5
14.5
15.0
14.5

S355-024-Trans-A-1.5mm
S355-024-Trans-B-1.5mm
S355-024-Trans-C-1.5mm
S355-024-Trans-D-1.5mm
S355-024-Trans-E-1.5mm
S355-026-Trans-A-1.5mm
S355-026-Trans-B-1.5mm
S355-026-Trans-G-1.5mm
S355-026-Trans-H-1.5mm

207
184
191
244
235
190
209
236
205

315
322
319
414
432
314
364
387
364

3.20E+05
7.09E+06
5.49E+06
4.86E+05
2.42E+05
1.24E+07
5.91E+06
3.88E+05
8.33E+06

9.5
13.0
17.5
16.5
18.0
9.5
12.5
15.0
10.0

information

Without failure

Without failure
Without failure

Without failure
Without failure
Without failure

18 fatigue tests were carried out on the same material with a lower strength of 1.5 mm. Six tests were
terminated before failure due to fracture. They are declared as run outs. For all stretched specimens
of this material with a sheet thickness of 1.5 mm, a fatigue strength with a potential notch detail of
350 N/mm2 at a slope of m = 18 was determined. This strength is illustrated by the SN line in the
following Figure 4.12.

Figure 4.12: Visualisation of the fatigue results for the pre-stretched material S355MC - 1.5
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The representation of the fatigue results for the sheets with a smaller thickness now show a higher
fatigue strength for the transverse direction compared to the parallel direction. This is mainly due to
the many run outs between 8 and 11 million load cycles at a comparatively high stress range. In the
transverse direction, the fatigue strength is on average 354 N/mm2 for 2 million load cycles. This
strength could be determined with a standard deviation of 27 N/mm2. In the parallel direction, this
value is lower at 347 N/mm2 and a high standard deviation of 42 N/mm2. This difference is negligible
with regard to the scatter of the results.
In contrast to virgin material, a negligible difference is found for the stretched sheet. In addition, there
is again no correlation between measured strain and fatigue results.

4.4.3 S460MC – 3.5
Table 4.6: Fatigue results on pre-stretched material S460MC - 3.5

Specimen

σmean
[N/mm2]

Δσ
[N/mm2]

N
[-]

pl. strain
[%]

S460-031-Par-B-3.5mm
S460-031-Par-C-3.5mm
S460-031-Par-D-3.5mm
S460-032-Par-A-3.5mm
S460-032-Par-B-3.5mm
S460-032-Par-C-3.5mm
S460-032-Par-D-3.5mm

270
254
283
213
203
243
242

525
459
458
376
378
439
437

1.56E+05
5.78E+05
1.36E+05
1.02E+07
1.24E+07
1.18E+06
3.96E+05

11.0
10.0
11.0
10.5
11.0
11.0
11.0

S460-030-Trans-A-3.5mm
S460-030-Trans-B-3.5mm
S460-030-Trans-C-3.5mm
S460-030-Trans-D-3.5mm
S460-030-Trans-E-3.5mm
S460-030-Trans-F-3.5mm
S460-030-Trans-G-3.5mm
S460-030-Trans-H-3.5mm

257
244
264
244
272
258
272
254

442
439
442
441
527
501
525
478

7.12E+06
1.27E+07
9.89E+06
7.67E+06
5.81E+04
1.60E+05
9.91E+04
1.33E+05

6.0
9.0
12.5
14.5
12.0
12.0
11.0
7.5

information

Without failure
Without failure

Without failure
Without failure
Without failure
Without failure

Finally, the results for the stretched higher strength material S460MC with a sheet thickness of 3.5 mm
are now given. For the 15 fatigue tests performed, six tests could not be loaded to fatigue failure. The
averaged fatigue strength for all results of this material is shown in the form of the SN line in the
following Figure 4.13. Here, the strength for 2 million load cycles is around 432 N/mm2.
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Figure 4.13: Visualisation of the fatigue results for the pre-stretched material S460MC - 3.5

Again, some run outs with high average stress ranges lead to a stronger fatigue strength with a
transverse orientation compared to specimens with an orthogonal orientation to this.
In the transverse direction compared to the loading direction during pre-straining, a stress range for
2 million load cycles of 444 N/mm2 with a standard deviation of 24 N/mm2 can be detected. A lower
value is present for a parallel orientation. Here there is an average strength of 419 N/mm2 with a
standard deviation of 17 N/mm2. The two values for the fatigue strengths are outside the associated
standard deviations.
The average fatigue strength for this material is higher across orientations for the stretched material,
as the strength of the pre-stretched specimens is significantly higher in the transverse direction
compared to all other values.

4.5 Comparison of virgin and pre-stretched material
The previously shown results were presented separately for the condition, i.e. virgin and pre-stretched.
The following Table 4.7summarises the fatigue strength and standard deviation results of the tests for
ease of comparison.
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Table 4.7: Overview of all fatigue tests differentiated by specimen types

Material
[-]
S355MC – 3.5

S355MC – 1.5

S460MC – 3.5

Condition

Orientation

Δσ 2E6

[-]

[-]

[N/mm2]

Standard
deviation
[N/mm2]

virgin
virgin
pre-stretched
pre-stretched
virgin
virgin
pre-stretched
pre-stretched
virgin
virgin
pre-stretched
pre-stretched

parallel
transversal
parallel
transversal
parallel
transversal
parallel
transversal
parallel
transversal
parallel
transversal

347
336
374
323
346
341
347
354
395
406
419
444

12
14
32
19
16
20
42
27
25
27
17
24

Comparing the fatigue strengths for the orientations, the differences for the material S355MC - 1.5
(virgin and pre-stretched), for the material S460MC - 3.5 (virgin only) and S355 - 3.5 (virgin only) are
very small and negligible due to the standard deviation. For the pre-stretched specimens and the
thicker sheets of steel grade S355MC and S460MC, the differences are more obvious. For S355MC, the
parallel orientation shows a stronger fatigue strength, for S460MC the transverse direction is clearly
stronger. However, a significant correlation between fatigue strength and the orientation of the test
specimens to the direction of manufacture can be excluded.
To assess the fatigue strengths between the virgin material and the pre-stretched material, the
corresponding orientations were combined. The data can be found in the following table.
Table 4.8: Summarised fatigue results for tested sheets

Material
[-]
S355MC – 3.5
S355MC – 1.5
S460MC – 3.5

Orientation
[-]

Δσ 2E6
[N/mm2]

virgin
pre-stretched
virgin
pre-stretched
virgin
pre-stretched

355
348
343.5
350.5
400.5
431.5

The slopes of the SN lines of individual specimen types are all of comparable size and depict well with
the value m = 18. The merging of the orientations thus seems possible. Regardless of the sheet
thickness, no representative difference between the virgin material and the pre-stretched material can
be found for the material S355MC. For the larger sheet thickness of 3.5 mm, the virgin material is on
average slightly more robust against fatigue loads, while for the thin plate with 1.5 mm thickness, the
pre-stretched material is slightly stronger against oscillating loads. The differences are around
7 N/mm2. However, the standard deviation for these specimens is already around 20 N/mm2. An
influence of the pre-strain on the fatigue strength can therefore be excluded for this material.
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A small exception is the material S460MC with a sheet thickness of 3.5 mm. Here, the fatigue strength
of the pre-stretched specimens is stronger than that of the virgin material. The difference is over
30 N/mm2. The standard deviation of these tests does not explain the significant difference. However,
it should be noted that mainly an orientation of the pre-stretched specimens is responsible for the
deviation. Only in the transverse direction does a clear deviation occur compared to the other values.
An explanation for this cannot be found at first. However, a fundamental change in fatigue strength
due to plastic deformation can be excluded on the basis of all tests.

5 Crack Propagation Tests
Fatigue crack propagation tests were performed using compact tension C(T) specimens, in accordance
with the procedures of the ASTM E647 standard, under load-controlled conditions. The specimen
geometry used in the tests is displayed inFigure 5.1

Figure 5.1: C(T) specimen geometry based on ASTM E647 standard.

The cutting of specimens was made with Electro Discharge Machining in order to ensure the desired
tolerance in dimensional accuracy required by ASTM E647 standard for the notch geometry.
The fatigue crack growth parameters such as length of initial pre-cracking applied loads and stress ratio
as well as the determination of the initial and final stress intensity factor range were calculated
considering compliance with Linear Elastic Fracture Mechanics (LEFM) theory limitations according to
ASTM E647. The length of pre-cracking used in the tests was 10 mm. LEFM conditions were ensured
during testing based on the following requirement:
(𝑊 − 𝑎) ≥ (4⁄𝜋) (

2
𝐾𝑚𝑎𝑥
⁄𝜎𝑦 )

where (W-a) is specimen’s uncracked area and σy the material’s yield strength.
The stress-intensity factor range was computed using the formulation (ASTM E647):
𝛥𝐾 =

𝛥𝐹

(2 + 𝛼)

𝐵√𝑊 (1 − 𝛼)

3⁄ (0.886 +
2

4.64𝛼 − 13.32𝛼 2 + 14.72𝛼 3 − 5.6𝛼 4 )

where α = a / W, a is the crack size, B is the thickness of the specimen, W is the width of the specimen
and ΔF is the applied load range.
Fatigue crack growth behaviour has been examined for ΔΚ values ranging from 12 to 40 MPa m1/2.
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For stress ratio R = 0.1 the applied maximum force was 2.3 kN and 1kN for thickness 3.5 mm and
1.5 mm respectively, that result in a stress intensity factor range at initiation of test of
ΔΚinit>12 MPam1/2.
For stress ratio R = 0.5 the loading parameters were calculated using the Walker equation in the form:
̅̅̅̅ =
𝛥𝐾

𝛥𝐾
(1 − 𝑅)1−𝛾

in order to achieve an equivalent stress intensity factor ̅̅̅̅
𝛥𝐾 .
For the calculations, the Walker parameter was assessed as γ = 0.856 for material S355 based on the
results in the literatur and the value γ = 0.8 for S460 was chosen based on similar material found in
bibliography. As following the maximum fatigue force for materials with specimen thickness 3.5 mm
and 1.5 mm was 3.7 kN and 1.6 kN respectively.

5.1 Crack Propagation Tests of the virgin material
In the scope of Task 1.2, 48 fatigue crack growth experiments have been performed with variation in
material, geometry and loading parameters, to assess material fatigue crack growth resistance.
Experiments were performed for 2 materials (S355MC, S460MC), 2 thicknesses (1.5, 3.5 mm), 3 stress
ratios (0.1, 0.5, 0.7) and 2 orientations (Parallel, Transversal), which are described in Table 5.1. In order
to account for experimental scatter of results, three repetitions were performed for each test. For,
thickness 1.5 mm and stress ratio R = 0.7, no test was performed because the thickness reduction
combined with the small specimen geometry are associated with predominant plane stress condition
and therefore extensive plasticity in front of the crack tip renders Linear Elastic Fracture Mechanics
(LEFM) conditions inapplicable.
Table 5.1: Fatigue crack propagation tests

Material

S355MC
S460MC

Thickness
[mm]

3.5
1.5
3.5

Direction
R = 0.1

Parallel
R = 0.5

3
3
3

3
3
3

R = 0.7

R = 0.1

transversal
R = 0.5

3

3
3
3

3
3
3

3

R = 0.7
3
3

The following codification for the experiments has been adopted:

The first group of symbols refers to the material, the second to the thickness, the third to the stress
ratio, the fourth to the loading direction relative to the direction of stretching (see Figure 5.2) and the
final number is the repetition of the experiment.
The codification used is in accordance to the one used by the RWTH Aachen University.
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Figure 5.2: Specimens‘ direction

The inscriptions PAR and TRANS refer to loading direction relative to the direction of stretching. PAR
means loading parallel to the stretching direction but transverse to the rolling direction (RD). TRANS
means loading transverse to stretching direction but parallel to the rolling direction (RD).
In Table 5.2 the total number of experiments using codification of the samples is presented.
Table 5.2: Experiments and codifications
No.

Material

Thickness
(mm)

Stress ratio (R)

Repetition

Specimen’s Code Name
(New)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

S355MC
S355MC
S355MC
S355MC
S355MC
S355MC
S355MC
S355MC
S355MC
S355MC
S355MC
S355MC
S355MC
S355MC
S355MC
S355MC
S355MC
S355MC
S460MC
S460MC
S460MC
S460MC
S460MC
S460MC
S460MC
S460MC
S460MC
S460MC
S460MC
S460MC
S460MC
S460MC
S460MC
S460MC
S460MC
S460MC

3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5

0.1
0.1
0.1
0.5
0.5
0.5
0.7
0.7
0.7
0.1
0.1
0.1
0.5
0.5
0.5
0.7
0.7
0.7
0.1
0.1
0.1
0.5
0.5
0.5
0.7
0.7
0.7
0.1
0.1
0.1
0.5
0.5
0.5
0.7
0.7
0.7

1st
2nd
3rd
1st
2nd
3rd
1st
2nd
3rd
1st
2nd
3rd
1st
2nd
3rd
1st
2nd
3rd
1st
2nd
3rd
1st
2nd
3rd
1st
2nd
2rd
1st
2nd
3rd
1st
2nd
3rd
1st
2nd
3rd

S355-3.5-0.1-TRANS-1
S355-3.5-0.1-TRANS-2
S355-3.5-0.1-TRANS-3
S355-3.5-0.5-TRANS-1
S355-3.5-0.5-TRANS-2
S355-3.5-0.5-TRANS-3
S355-3.5-0.7-TRANS-1
S355-3.5-0.7-TRANS-2
S355-3.5-0.7-TRANS-3
S355-3.5-0.1-PAR-1
S355-3.5-0.1-PAR-2
S355-3.5-0.1-PAR-3
S355-3.5-0.5-PAR-1
S355-3.5-0.5-PAR-2
S355-3.5-0.5-PAR-3
S355-3.5-0.7-PAR-1
S355-3.5-0.7-PAR-2
S355-3.5-0.7-PAR-3
S460-3.5-0.1-TRANS-1
S460-3.5-0.1-TRANS-2
S460-3.5-0.1-TRANS-3
S460-3.5-0.5-TRANS-1
S460-3.5-0.5-TRANS-2
S460-3.5-0.5-TRANS-3
S460-3.5-0.7-TRANS-1
S460-3.5-0.7-TRANS-2
S460-3.5-0.7-TRANS-3
S460-3.5-0.1-PAR-1
S460-3.5-0.1-PAR-2
S460-3.5-0.1-PAR-3
S460-3.5-0.5-PAR-1
S460-3.5-0.5-PAR-2
S460-3.5-0.5-PAR-3
S460-3.5-0.7-PAR-1
S460-3.5-0.7-PAR-2
S460-3.5-0.7-PAR-3
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5.1.1 Results of the fatigue crack propagation experiments for the virgin material
In Figure 5.3 to Figure 5.9 the fatigue crack growth rates (FCGR) as a function of the stress intensity
factor range ΔK are presented for material S355. Fatigue crack growth rates have been determined for
a stress intensity factor range of 15 to 40 𝑀𝑃𝑎√𝑚. The fitting curves have been evaluated using all
experimental data obtained from the three repetitions of each experiment combination.

Figure 5.3: da/dN-ΔΚ curves for S355-3.5-0.1-TRANS and S355-3.5-0.5-TRANS

Figure 5.4: da/dN-ΔΚ curves for S355-3.5-0.1-PAR and S355-3.5-0.5-PAR

Figure 5.5: da/dN-ΔΚ curves for S355-3.5-0.1-TRANS and S355-3.5-0.1-PAR
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Figure 5.6: da/dN-ΔΚ curves for S355-3.5-0.5-TRANS and S355-3.5-0.5-PAR

In the diagrams of Figure 5.7 and Figure 5.8 the effect of the stress ratio on fatigue crack growth rate
is shown for the case of material S355 and 3.5 mm thickness. With increasing stress ratio, as expected,
it is observed that the crack growth rate increases. The effect of material orientation on FCGR is minor.

Figure 5.7: Comparative da/dN-ΔΚ curves for S355-3.5-PAR

Figure 5.8: Comparative da/dN-ΔΚ curves for S355-3.5-TRANS

In the da/dN-ΔK diagram of Figure 5.9 the comparison of material orientation is shown. It is observed
that material orientation does not influence significantly the obtained fatigue crack growth rates.
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Figure 5.9: Comparative da/dN-ΔΚ curves for S355-3.5-TRANS and S355-3.5-PAR

In Figure 5.10 to Figure 5.16 the diagrams of fatigue crack growth rate as a function of the stress
intensity factor range ΔK for the material S460 and thickness of 3.5 mm are displayed. Fatigue crack
growth rates have been determined for a stress intensity factor range of 15 to 50 𝑀𝑃𝑎√𝑚.

Figure 5.10: da/dN-ΔΚ curves for S460-3.5-0.1-TRANS and S460-3.5-0.5-TRANS

Figure 5.11: da/dN-ΔΚ curves for S460-3.5-0.1-PAR and S460-3.5-0.5-PAR
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Figure 5.12: da/dN-ΔΚ curves for S460-3.5-0.1-TRANS and S460-3.5-0.1-PAR

Figure 5.13: da/dN-ΔΚ curves for S460-3.5-0.5-TRANS and S460-3.5-0.5-PAR

It is observed that the direction does not have a significant influence, in contrast of stress ratio R which
affects FCGR. In the diagrams above, for material S460, it is observed that the material orientation
does not significantly affect the fatigue crack growth rate, as opposed to the stress ratio R, which as
expected, shifts the curve higher by its increase.
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Figure 5.14: Comparative da/dN-ΔΚ curves for S460-3.5-PAR

Figure 5.15: Comparative da/dN-ΔΚ curves for S460-3.5-TRANS

Figure 5.16: Comparative da/dN-ΔΚ curves for S460-3.5-TRANS and S460-3.5-PAR

More obvious than in the case of S355 material, here independent of stress ratio R, the curve related
to TRANS material is slightly above the curve related to PAR material, indicating that a material
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direction effect is present. Specifically, when the crack grows transversal to the rolling direction the
FCG rate seems to be higher than parallel to the rolling direction, but justification of the obtained
results requires metallographic and fractographic analyses.

Figure 5.17: da/dN-ΔΚ curves for S355-1.5-0.1-TRANS and S355-1.5-0.5-TRANS

Figure 5.18: da/dN-ΔΚ curves for S355-1.5-0.1-PAR and S355-1.5-0.5-PAR
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Figure 5.19: da/dN-ΔΚ curves for S355-1.5-0.1-TRANS and S355-1.5-0.1-PAR

Figure 5.20: da/dN-ΔΚ curves for S355-1.5-0.5-TRANS and S355-1.5-0.5-PAR

For material S355 with thickness 1.5mm, similar behavior to the S355 material with thickness 3.5mm
is observed as obtained from the comparative diagrams given in Figure 5.17 to Figure 5.20.
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Figure 5.21: da/dN-ΔΚ curves for S355-1.5-0.1-TRANS and S355-3.5-0.1-TRANS

Figure 5.22: da/dN-ΔΚ curves for S355-1.5-0.1-PAR and S355-3.5-0.5-PAR

Figure 5.23: da/dN-ΔΚ curves for S355-1.5-0.5-TRANS and S355-3.5-0.5-TRANS
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Figure 5.24: da/dN-ΔΚ curves for S355-1.5-0.5-PAR and S355-3.5-0.5-PAR

In Figure 5.21 to Figure 5.24 the fatigue crack growth rates of S355 steel for different thickness are
compared. It is observed that the rates corresponding to the smaller thickness present slightly lower
crack growth rates, regardless of the material orientation and the stress ratio. This behavior could be
attributed to the more pronounced plane stress condition imposed at the crack path by the smaller
thickness, thus reducing stress triaxiality and promoting crack tip plasticity, which reduces the rate of
the growing crack.
In the diagrams of Figure 5.25 to Figure 5.30 the S355 and S460 materials with the same thickness
3.5 mm and same orientation for all stress ratios are compared.

Figure 5.25: da/dN-ΔΚ curves for S355-3.5-0.1-TRANS and S460-3.5-0.1-TRANS
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Figure 5.26: da/dN-ΔΚ curves for S355-3.5-0.5-TRANS and S460-3.5-0.5-TRANS

Figure 5.27: da/dN-ΔΚ curves for S355-3.5-0.1-PAR and S460-3.5-0.1-PAR

Figure 5.28: da/dN-ΔΚ curves for S355-3.5-0.5-PAR and S460-3.5-0.5-PAR
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Figure 5.29: da/dN-ΔΚ curves for S355-3.5-0.7-TRANS and S460-3.5-0.7-TRANS

Figure 5.30: da/dN-ΔΚ curves for S355-3.5-0.7-PAR and S460-3.5-0.7-PAR

From the experimental results of Figure 5.25 to Figure 5.30 it may be observed that for all stress ratios
examined, regardless of material orientation, the rate of crack growth is smaller for the S355 compared
to S460 material, making it the more damage tolerant material. A contributing parameter on the
observed material behavior, is the yield strength, which is associated with the extent of the plastic
zone ahead of the crack tip, controlling the plasticity induced closure effect.
In Table 2.1 constants of the Paris-Erdogan equations are given, as obtained from fitting curve, and by
studying them, the same observations arise for the effect of the parameters on the fatigue crack
growth rate.
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Table 5.3: Constants of Paris equations
Specimen’s Code Name

C

m

da/dN=C(ΔK)m

S355-3.5-0.1-TRANS
S355-3.5-0.5-TRANS
S355-3.5-0.7-TRANS
S355-3.5-0.1-PAR
S355-3.5-0.5-PAR
S355-3.5-0.7-PAR

4.86E-10
2.54E-09
1.9E-10
3.88E-10
3.35E-09
1.85E-10

3.695

da/dN = 4.86E-10 ΔΚ3,695
da/dN = 2.54E-09 ΔΚ 3,272
da/dN = 1.9E-10 ΔΚ 4,369
da/dN = 3.88E-10 ΔΚ 3,757
da/dN = 3.35E-09 ΔΚ 3,198
da/dN = 1.85E-10 ΔΚ 4,306

S460-3.5-0.1-TRANS
S460-3.5-0.5-TRANS
S460-3.5-0.7-TRANS
S460-3.5-0.1-PAR
S460-3.5-0.5-PAR
S460-3.5-0.7-PAR

7.06E-10
8.76E-10
1.34E-09
3.92E-10
6.84E-10
2.53E-09

3.611

S355-1.5-0.1-TRANS
S355-1.5-0.5-TRANS
S355-1.5-0.1-PAR
S355-1.5-0.5-PAR

5.29E-10
2.5E-09
3.99E-10
1.48E-09

3.645

3.272
4.369
3.757
3.198
4.306

3.726
3.646
3.793
3.759
3.373

3.237
3.754
3.461

da/dN = 7.06E-10 ΔΚ 3,611
da/dN = 8.76E-10 ΔΚ 3,726
da/dN = 1.34E-09 ΔΚ 3,646
da/dN = 3.92E-10 ΔΚ 3,793
da/dN = 6.84E-10 ΔΚ 3,759
da/dN = 2.53E-09 ΔΚ 3,373
da/dN = 5.29E-10 ΔΚ 3,645
da/dN = 2.5E-09 ΔΚ 3,237
da/dN = 3.99E-10 ΔΚ 3,754
da/dN = 1.48E-09 ΔΚ 3,461

5.1.2 Conclusions
From the experimental findings related to the fatigue crack growth rate testing on virgin S355 and S460
materials the following basic conclusions can be drawn:
S460 material exhibits higher crack growth rates compared to S355 material (throughout the ΔΚ range)
and can therefore be considered as less damage tolerant in fatigue crack growth.
The crack growth rates increase with the increase in the stress ratio for both materials, as expected.
The rolling direction does not have a significant influence on fatigue crack growth rates
In S355 material the thickness has a minor influence on FCGR, observing the material with the smaller
thickness to exhibit a slightly lower crack growth rate.

5.2 Crack Propagation Tests of the pre-stretched material
Fatigue crack growth tests have been conducted in order to determine the rates of the growing fatigue
crack in pre-strained S355 and S460 materials. The material thickness was 3.5 mm and 1.5 mm for S355
and 3.5 mm for S460 material. Fatigue crack growth rates of pre-strained materials have been
examined in the PAR and TRANS directions.

5.2.1 Specimens
C(T) specimens have been manufactured from pre-stretched panels, which were delivered to the
University of Thessaly (UTH) by the Technical University of Aachen (RWTH). The panels have been
plastically pre-strained under monotonic loading in the RWTH. Based on the achieved pre-straining
values, strain distribution maps were obtained by RWTH and sent to UTH, along with the panels.
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5.2.2 Residual strain maps distribution
Each plate is accompanied by two strain distribution maps Figure 5.31. One for direction of normal
strain parallel to the direction of stretch (left) and one for the transversal direction (right). Prestretching of plates was conducted only in the direction perpendicular to the rolling direction.

Figure 5.31: Strain distribution maps (left) Longitudinal, (right) Transversal

5.2.3 Geometry of pre-stretched plates
Prior to specimen cutting it is important to properly position the strain distribution maps on the prestretched panels gauge area. This will allow accurate determination of the obtained residual strain
distribution at the crack path after specimen cutting. For this purpose, a 3D scanner (Figure 5.32 left)
was used with a special probe (right), in order to scan the perimeter of the stretched plate and print it
on a CAD file.
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Figure 5.32: 3D Scanner (left) device and (right) probe used for the printing of the geometry of stretched plate

Next, the centering the plastic strain distribution maps on the pre-stretched plate gauge area was
performed. The center of the deformed plate coincides with the center of the strain distribution map
(Figure 5.33).

Figure 5.33: Strain distribution map (left) on pre-stretched plate, (right) in CAD file

5.2.4 Orientation
As pre-stretching occurs only in the direction perpendicular to the rolling direction, specimens were
initially cut parallel to the stretching direction. This corresponds to a fatigue crack growth problem in
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which the crack propagates in Mode-I fracture under a tensile residual strain field, while compressive
strains exist in the longitudinal crack plane direction. (Figure 5.34).

Figure 5.34: Initial pre-stretched panel and direction of specimens

Figure 5.35: Residual strains at the crack path

5.2.5 C(T) specimens
Due to the existing non-uniform strain distribution depicted in Figure 5.33, cutting of C(T) specimens
with uniform distribution of pre-strain at the path of the crack was not feasible. Therefore, areas for
cutting C(T) samples in the pre-stretched panels have been selected based on the fact to reduce
residual strain non-uniformities as much as possible and keep similar values of longitudinal and
transversal strains. An allowable tolerance of 1 % in strain range variation was chosen (Figure 5.36).
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Figure 5.36: Characteristic positions of cut specimens using (left) the transversal & (right) the longitudinal strain distribution

Regions with intense localizations in residual strain distribution were avoided in the design of C(T)
specimen cutting (Figure 5.37), thus reducing the total number of samples that could be machined
from each plate.

Figure 5.37: Strain map with intense local strains

5.2.6 Pre-strain levels in parallel direction
Based on the available strain distribution maps and drawings performed for several combinations, the
selected ranges of residual strains that were examined were 6 - 7 %, 8 - 9 %, 12 - 13 % and 15 - 16 %.
Taking into account the mentioned pre-strain levels, in Table 5.4 the different parameters of the
performed fatigue crack growth tests are summarized.
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Table 5.4: Testing parameters
Material

Thickness
(mm)

S355
S460

6-7% (PAR)
-1-2% (TRANS)
R=0.1 R=0.5

Plastic strain range (%)
8-9% (PAR)
12-13% (PAR)
-2-3% (TRANS)
-3-5% (TRANS)
R=0.1
R=0.5
R=0.1
R=0.5

15-16% (PAR)
-5-6% (TRANS)
R=0.1
R=0.5

3.5

-

-

3

3

3

3

3

3

1.5

-

-

3

3

3

3

3

3

3.5

3

3

3

3

3

3

-

-

The codification used in the experiments is given below and the number of tests corresponding to each
specimen is shown in Table 5.5.

Table 5.5: Experiment code name
Code name

Tests

S355_3.5_8-9%_PAR_0.1R
S355_3.5_8-9%_PAR _0.5R
S355_3.5_12-13%_PAR _0.1R
S355_3.5_12-13%_PAR _0.5R
S355_3.5_15-16%_PAR _0.1R
S355_3.5_15-16%_PAR _0.5R
S460_3.5_6-7%_PAR _0.1R
S460_3.5_6-7%_PAR _0.5R
S460_3.5_8-9%_PAR _0.1R
S460_3.5_8-9%_PAR _0.5R
S460_3.5_12-13%_PAR _0.1R
S460_3.5_12-13%_PAR _0.5R
S355_1.5_8-9%_PAR _0.1R
S355_1.5_8-9%_PAR _0.5R
S355_1.5_12-13%_PAR _0.1R
S355_1.5_12-13%_PAR _0.5R
S355_1.5_15-16%_PAR _0.1R
S355_1.5_15-16%_PAR _0.5R
S355_1.5_-5%_PAR _0.1R

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

5.2.7 Fatigue crack growth rates of pre-strained materials in parallel direction
5.2.7.1 S355 - 3.5 mm
Figure 5.38 to Figure 5.40depict the influence of stress ratio (R) on fatigue crack growth rates for each
pre-strain level for the material S355 and thickness of 3.5 mm.
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Figure 5.38: da/dN-ΔΚ curves for S355_3.5_8-9%_0.1R and S355_3.5_8-9%_0.5R

Figure 5.39: da/dN-ΔΚ curves for S355_3.5_12-13%_0.1R and S355_3.5_12-13%_0.5R
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Figure 5.40: da/dN-ΔΚ curves for S355_3.5_15-16%_0.1R and S355_3.5_15-16%_0.5R

Figure 5.38 to Figure 5.40 the influence of variation in stress ratio (R) on fatigue crack growth rates is
observed. With increasing stress ratio crack growth rates of S355 material are increasing. The level of
increase in crack growth rate seems to be independent from the pre-strain level of the material.
S460 - 3.5 mm
Figure 5.41 to Figure 5.43 depict the influence of stress ratio (R) on fatigue crack growth rates for each
pre-strain level for the material S460 and thickness of 3.5 mm.
5.2.7.2

Figure 5.41: da/dN-ΔΚ curves for S460_3.5_6-7%_0.1R and S460_3.5_6-7%_0.5R
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Figure 5.42: da/dN-ΔΚ curves for S460_3.5_8-9%_0.1R and S460_3.5_8-9%_0.5R

Figure 5.43: da/dN-ΔΚ curves for S460_3.5_12-13%_0.1R and S460_3.5_12-13%_0.5R

A similar influence to that of S355 material with regard to the stress ratio, is also observed in the S460
material. The stress ratio effect is more pronounced at lower to medium ΔK levels, whereas with
increasing ΔΚ range the influence become less prominent.
5.2.7.3 Comparison with non-pre-stretched material
In Figure 5.44 to Figure 5.47 a comparison of the obtained fatigue crack growth rates of pre-strained
materials with the virgin material is performed for different stress ratio R.
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Figure 5.44: Comparative da/dN-ΔΚ curves for S355_3.5_0.1R with different pre-strain levels

Figure 5.45: Comparative da/dN-ΔΚ curves for S355_3.5_0.5R with different pre-strain levels

At stress ratio R = 0.1 it is observed that independent of pre-strain level, the crack growth rate in S355
material is higher in the pre-strained compared to the virgin material and the increase seems not to
be affected by the amount of pre-strain level. For stress ratio R = 0.5 no significant influence of prestrain on fatigue crack growth resistance is observed.
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Figure 5.46: Comparative da/dN-ΔΚ curves for S460_3.5_0.1R with different pre-strain levels

Figure 5.47: Comparative da/dN-ΔΚ curves for S460_3.5_0.5R with different pre-strain levels

In S460 material at stress ratio R = 0.1 it is observed that crack growth rates increase in the pre-strained
compared to the virgin material, and in this case, the increase of pre-strain level is associated with a
decrease in fatigue crack growth rate. Hence, for a pre-strain level of 6 - 7% the highest crack growth
rates are obtained, whereas with increasing of pre-strain level at 12 - 13% crack growth rates are
reduced to the level of the virgin material. At stress ratio R = 0.5, again no significant influence of prestrain on fatigue crack growth resistance is observed.
It should be mentioned that the obtained variations in fatigue crack growth rate are expected to be
result of simultaneous effects imposed by the microstructural changes occurring in the plastically
deformed material, as well as possible influence of existing residual stresses in the longitudinal and
transverse material directions that may remain after specimen cutting from the original panel.
5.2.7.4 Comparison between materials S355 and S460
Figure 5.48 to Figure 5.53 illustrate the trend lines, as estimated by the coefficients of the Paris
equations, and compare the fatigue crack growth rate for the two materials S355, S460 for each prestrain level and stress ratio.
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Figure 5.48: da/dN-ΔΚ curves for 0% pre-strain (virgin material) and R=0.1 between S355 and S460

Figure 5.49: da/dN-ΔΚ curves for 8-9% pre-strain and R=0.1 between S355 and S460

Figure 5.50: da/dN-ΔΚ curves for 12-13% pre-strain and R=0.1 between S355 and S460
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Figure 5.51: da/dN-ΔΚ curves for 0% pre-strain (virgin material) and R=0.5 between S355 and S460

Figure 5.52: da/dN-ΔΚ curves for 8-9% pre-strain and R=0.5 between S355 and S460

Figure 5.53: da/dN-ΔΚ curves for 12-13% pre-strain and R=0.51 between S355 and S460
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Comparing the FCGR trendlines for materials S355 and S460 it may be observed that fatigue crack
growth rates are higher in material S460 compared to S355 (mainly for pre-strain level up to 9 %). At
high pre-strain levels (12 - 13%), fatigue crack growth rates of S460 material decrease and approach
the rates of S355 material.
Table 2.1 presents the Paris law constants for all experiments performed on pre-strained materials.
Table 5.6: Paris’s law constants
Specimen’s Code Name
S355_3.5_8-9%_PAR_0.1R
S355_3.5_8-9%_PAR _0.5R
S355_3.5_12-13%_PAR _0.1R
S355_3.5_12-13%_PAR _0.5R
S355_3.5_15-16%_PAR _0.1R
S355_3.5_15-16%_PAR _0.5R
S460_3.5_6-7%_PAR _0.1R
S460_3.5_6-7%_PAR _0.5R
S460_3.5_8-9%_PAR _0.1R
S460_3.5_8-9%_PAR _0.5R
S460_3.5_12-13%_PAR _0.1R
S460_3.5_12-13%_PAR _0.5R
S460_3.5_-4.5%_TRANS _0.1R

C

m

5.92E-10
8.18E-10
1.31E-09
6.25E-10
1.07E-09
1.36E-09
4.91E-10
9.43E-10
4.81E-10
1.04E-09
1.05E-09
2.86E-09
3.71E-10

3.66
3.63
3.41
3.74
3.49
3.47
3.82
3.64
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3.61
3.49
3.25
3.93

da/dN=C(ΔK)m
da/dN
da/dN
da/dN
da/dN
da/dN
da/dN
da/dN
da/dN
da/dN
da/dN
da/dN
da/dN
da/dN

=
=
=
=
=
=
=
=
=
=
=
=
=

5.92E-10
8.18E-10
1.31E-09
6.25E-10
1.07E-09
1.36E-09
4.91E-10
9.43E-10
4.81E-10
1.04E-09
1.05E-09
2.86E-09
3.71E-10

ΔK 3.66
ΔK 3.63
ΔK 3.41
ΔK 3.74
ΔK 3.49
ΔK 3.47
ΔK 3.82
ΔK 3.64
ΔK 3.78
ΔK 3.61
ΔK 3.49
ΔK 3.25
ΔK 3.93

In the following Figure 5.54 and Figure 5.55, the constants according to Paris' crack growth law are
once again shown graphically for the orientation in transverse direction.

Figure 5.54: Graphical representation of Paris' law constants C in PAR direction.
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Figure 5.55: Graphical representation of Paris' law constants m in PAR direction.

5.2.8 Pre-strain levels in transversal direction
Fatigue crack growth tests have been conducted also in the TRANS direction (Figure 5.56) to determine
the rates of the growing fatigue crack in pre-strained S355 and S460 materials. Given the fact that, the
pre-stretching occurs in the direction perpendicular to the rolling direction, specimens were cut
transversely to the stretching direction (Figure 5.56). In that case, the residual plastic strain field is
tensile relative to the direction of crack propagation (Figure 5.57). This corresponds to a fatigue crack
growth problem in which the crack propagates in Mode-I fracture under a compressive residual strain
field, while tensile strains exist in the longitudinal crack plane direction (Figure 5.57).

Figure 5.56: Stretching direction and TRANS direction of specimens
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Figure 5.57: Residual strains at the crack path in TRANS direction

As in the problem of FCGR in the PAR direction, pre-stretched panel areas were selected for cutting
C(T) samples with aim to reduce residual strain non-uniformities as much as possible. An allowable
tolerance of 1 % in strain range variation was chosen to avoid the presence of predominant strain
gradients at the crack path (Figure 5.58).

Figure 5.58: Characteristic positions of cut specimens in the transversal direction

Based on the available strain distribution maps corresponding to the panels that were pre-stretched
in the Institute of Steel Construction in the Technical University of Aachen (RWTH Aachen),
CT specimens were cut at selected positions with ranges of residual strains in the TRANS direction (1.5) ~ (-3) %, (-3.5) ~ (-5) % and (-5) ~ (-6) %. In Table 1 the combinations of the performed fatigue
crack growth tests are summarized. Two stress ratios R = 0.1 and R = 0.5 were studied and three tests
were performed for each combination.
Table 5.7: Testing parameters
Material

S355
S460

Thickness
(mm)

Plastic strain range (%) in TRANS direction
-1.5-3%
-3.5-5%
-5-6%
R=0.1

R=0.5

R=0.1

R=0.5

R=0.1

R=0.5

1.5

-

-

3

3

3

3

3.5

3

3

3

3

3

3

3.5

3

3

3

3

3

3

For clarity of the results presented below, by means of fatigue crack growth rate (da/dN) versus stress
intensity factor range (ΔK) diagrams, the experimental points are omitted and the trend lines, as
estimated by the coefficients of the Paris equations, are used.
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5.2.9 Fatigue crack growth rates of pre-strained materials in transversal direction
5.2.9.1 Comparison with virgin material
In Figure 5.59 to Figure 5.62 a comparison of the fatigue crack growth rates in TRANS direction of prestrained materials with the virgin (no pre-strain) material is performed, for different stress ratio R.

Figure 5.59: Comparative da/dN-ΔΚ curves for S355_3.5_0.1R with different pre-strain levels in TRANS direction

Figure 5.60: Comparative da/dN-ΔΚ curves for S355_3.5_0.5R with different pre-strain levels in TRANS direction

For stress ratio R = 0.1, higher crack growth rates in the pre-strained compared to the virgin S355
material are observed, at low pre-strain levels. At a pre-strain level of (-5) ~ (-6) % the fatigue crack
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growth rate approaches the values of the virgin material. For stress ratio R = 0.5 no significant influence
of pre-strain on fatigue crack growth resistance of S355 material is observed.

Figure 5.61: Comparative da/dN-ΔΚ curves for S460_3.5_0.1R with different pre-strain levels

Figure 5.62: Comparative da/dN-ΔΚ curves for S460_3.5_0.5R with different pre-strain levels

In S460 material at stress ratio R = 0.1 it is observed that, independent of pre-strain level, the crack
growth rate is higher in the pre-strained compared to the virgin material and the increase seems not
to be affected by the amount of pre-strain level. At stress ratio R = 0.5, no significant influence of prestrain on fatigue crack growth resistance is observed.
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5.2.9.2 S355-1.5 mm thickness
In Figure 5.63 to Figure 5.65 the influence of stress ratio (R) on the fatigue crack growth rates for each
pre-strain level for the material S355 with a thickness of 1.5 mm in TRANS direction is shown.

Figure 5.63: Effect of stress ratio on da/dN curves of virgin material S355_1.5mm

Figure 5.64: Effect of stress ratio on da/dN curves of material S355_1.5mm at pre-strain level -3.5~-5%
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Figure 5.65: Effect of stress ratio on da/dN curves of material S355_1.5mm at pre-strain level -5~-6%

5.2.9.3 S355-3.5 mm thickness
In Figure 5.66 to Figure 5.69 the influence of stress ratio (R) on fatigue crack growth rates for each prestrain level for the material S355 with a thickness of 3.5 mm in TRANS direction is given.

Figure 5.66: Effect of stress ratio on da/dN curves of virgin material S355_3.5mm
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Figure 5.67: Effect of stress ratio on da/dN curves of material S355_3.5mm at pre-strain level -1.5~-3%

Figure 5.68: Effect of stress ratio on da/dN curves of material S355_3.5mm at pre-strain level -3.5~-5%
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Figure 5.69: Effect of stress ratio on da/dN curves of material S355_3.5mm at pre-strain level -5~-6%

From Figure 5.63 to Figure 5.69 it is observed that with increasing stress ratio crack growth rates of
S355 material are increasing, independent from pre-strain level, and the stress ratio effect is more
pronounced at lower to medium ΔK levels, whereas with increasing ΔΚ range the influence becomes
less prominent. Only at the higher pre-strain level of (-5) ~ (-6) %, the increase of fatigue crack growth
rate due to the increase in R, is consistent for the whole ΔΚ range examined.
5.2.9.4 S460-3.5 mm thickness
In Figure 5.70 to Figure 5.73 the influence of stress ratio (R) on the fatigue crack growth rates for each
pre-strain level for the material S460 with a thickness of 3.5 mm in TRANS direction is shown.

Figure 5.70: da/dN-ΔΚ curves for S460_3.5_0%_0.1R and S460_3.5_0%_0.5R
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Figure 5.71: da/dN-ΔΚ curves for S460_3.5_-1.5-3%_0.1R and S460_3.5_-1.5-3%_0.5R

Figure 5.72: da/dN-ΔΚ curves for S460_3.5_-3.5-5%_0.1R and S460_3.5_-3.5-5%_0.5R
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Figure 5.73: da/dN-ΔΚ curves for S460_3.5_-5-6%_0.1R and S460_3.5_-5-6%_0.5R

Ιn the S460 material, an increase in fatigue crack growth rate is observed with increasing R ratio as
shown in Figures 15 - 18. A slight difference compared to the S355 material, is that the R effect is not
as strongly dependent on the ΔΚ level as in the previous case.
5.2.9.5 FCGR comparison between materials S355 and S460
In diagrams of Figure 5.74 to Figure 5.81 the fatigue crack growth rate for the two materials S355, S460
for each pre-strain level and stress ratio are compared.

Figure 5.74: da/dN-ΔΚ curves for 0% pre-strain (virgin material) in TRANS direction and R=0.1 between S355 and S460
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Figure 5.75: da/dN-ΔΚ curves for -1.5-3% pre-strain and R=0.1 between S355 and S460

Figure 5.76: da/dN-ΔΚ curves for -3.5-5% pre-strain and R=0.1 between S355 and S460

Figure 5.77: da/dN-ΔΚ curves for -5-6% pre-strain and R=0.1 between S355 and S460
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Figure 5.78: da/dN-ΔΚ curves for 0% pre-strain (virgin material) in TRANS direction and R=0.5 between S355 and S460

Figure 5.79: da/dN-ΔΚ curves for -1.5-3% pre-strain and R=0.5 between S355 and S460

Figure 5.80: da/dN-ΔΚ curves for -3.5-5% pre-strain and R=0.5 between S355 and S460
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Figure 5.81: da/dN-ΔΚ curves for -5-6% pre-strain and R=0.5 between S355 and S460

By comparing the FCGR curves shown in Figure 5.74 to Figure 5.81 a general observation is that fatigue
crack growth rates are higher in S460 compared to S355 material, indicating a superior damage
tolerance behavior under cyclic loading for S460. For the case of stress ratio R = 0.1 at high ΔΚ values
and pre-strain level 0 % to -5 %, the fatigue crack growth rates of S460 material tend to approach the
rates of S355 material.
In Table 5.8 the Paris law coefficients for all fatigue crack growth experiments in TRANS direction are
summarized. The constants C and m have been obtained experimentally by fitting them into the
equation da/dN=C ΔKm. The experimental findings are confirmed by the C and n values of the Paris
equation. More specifically parameter C ranges from 4.31E−10 to 3.88E−09 mm/cycle MPa m1/2 for
S355 material and from 1.49E−09 to 2.88E−09 mm/cycle MPa m1/2 for S460 material. Parameter m
ranges from 3.11 to 3.78 for S355 material and from 3.21 to 3.46 for S460 material. The above ranges
indicate that in the majority of cases parameter C is slightly higher in the S460 material, while the
parameter m is higher in S355 material.
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Table 5.8: Paris’s law equations in TRANS direction
Specimen’s Code Name

C

m

S355_1.5_-3.5-5%_TRANS_0.1R

5.84E-10

3.60

S355_1.5_-3.5-5%_TRANS_0.5R

3.07E-09

3.17

S355_1.5_-5-6%_TRANS_0.1R

5.31E-10

3.64

S355_1.5_-5-6%_TRANS_0.5R

2.28E-08

2.46

S355_3.5_-1.5-3%_TRANS_0.1R

4.31E-10

3.78

S355_3.5_-1.5-3%_TRANS_0.5R

2.81E-09

3.23

S355_3.5_-3.5-5%_TRANS_0.1R

5.11E-10

3.70

S355_3.5_-3.5-5%_TRANS_0.5R

3.88E-09

3.11

S355_3.5_-5-6%_TRANS_0.1R

1.42E-09

3.35

S355_3.5_-5-6%_TRANS_0.5R

2.43E-09

3.29

S460_3.5_-1.5-3%_TRANS_0.1R

1.54E-09

3.39

S460_3.5_-1.5-3%_TRANS_0.5R

3.56E-09

3.21

S460_3.5_-3.5-5%_TRANS_0.1R

1.49E-09

3.40

S460_3.5_-3.5-5%_TRANS_0.5R

2.88E-09

3.31

S460_3.5_-5-6%_TRANS_0.1R

2.28E-09

3.27

S460_3.5_-5-6%_TRANS_0.5R

1.92E-09

3.46

da/dN=C(ΔK)m

da/dN=5.84E-10 ΔΚ3.60
da/dN=3.07E-09 ΔΚ3.17
da/dN=5.31E-10 ΔΚ3.64
da/dN=2.28E-08 ΔΚ2.46
da/dN=4.31E-10 ΔΚ3.78
da/dN=2.81E-09 ΔΚ3.23
da/dN=5.11E-10 ΔΚ3.70
da/dN=3.88E-09 ΔΚ3.11
da/dN=1.42E-09 ΔΚ3.35
da/dN=2.43E-09 ΔΚ3.29
da/dN=1.54E-09 ΔΚ3.39
da/dN=3.56E-09 ΔΚ3.21
da/dN=1.49E-09 ΔΚ3.40
da/dN=2.88E-09 ΔΚ3.31
da/dN=2.28E-09 ΔΚ3.27
da/dN=1.92E-09 ΔΚ3.46

In the following Figure 5.82 and Figure 5.83, the constants according to Paris' crack growth law are
once again shown graphically for the orientation in transverse direction.

Figure 5.82: Graphical representation of Paris' law constants C in TRANS direction.
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Figure 5.83: Graphical representation of Paris' law constants m in TRANS direction.

5.3 Fracture Resistance
In order to evaluate the fracture behavior of the pre-strained materials, fracture resistance diagrams
were obtained from static R-curve type experiments which are shown in Figure 5.84 and Figure 5.85.
The fracture resistance curves were obtained from the same C(T) specimen geometry used for the
fatigue crack growth tests. The specific specimen geometry introduces certain limitations with regard
to the applicability of Linear Elastic Fracture Mechanics, hence the experimental results cannot be used
for evaluation of the critical stress intensity factor, since elastoplastic material behavior at the crack
tip is involved. Nevertheless, the results provide information regarding fracture resistance behavior,
which can be used to support the experimental findings of fatigue crack growth. From Figure 5.84 and
Figure 5.85 it can be observed that fracture resistance increases moderately with increasing pre-strain
level for materials S355 and S460. The obtained fracture behavior may explain the fatigue crack growth
trend observed in certain cases, where higher level of pre-strain results in a shift to lower crack growth
rates at the high ΔΚ region (e.g Figure 5.47).

Figure 5.84: Force vs Crack Tip Opening Displacement for S355 material with different pre-strain levels
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Figure 5.85: Force vs Crack Tip Opening Displacement for S460 material with different pre-strain levels

5.4 Conclusions on the crack propagation investigations
From the fatigue crack growth experiments on pre-strained S355 and S460 materials the following
main conclusions can be derived:
1) For S355 material and stress ratio R = 0.1 it is observed that independent of pre-strain level,
the crack growth rate is higher in the pre-strained compared to the virgin material, while for
stress ratio R = 0.5 there is no significant influence on FCGR.
2) For S460 material and stress ratio R = 0.1 it is observed that fatigue crack growth rate is higher
in the pre-strained compared to the virgin material, but the increase of pre-strain level leads
to a decrease in fatigue crack growth rate. For stress ratio R = 0.5, there is no significant
influence of pre-strain on fatigue crack growth.
3) The crack growth rate increases with the increase in the stress ratio for both materials.
4) S460 pre-strained material exhibits higher crack growth rates compared to S355 material,
mainly for low pre-strain levels.
5) A slight increase of the fracture resistance with the increase of the pre-strain level for both
pre-strained materials is observed.

6 Conclusion
For the assessment of the fatigue strength, three combinations of material and sheet thickness could
be provided by the industry and tested. The monotonic tensile tests carried out at the beginning show
compliance with the nominal values. The yield point was exceeded by about 10 % on average. Small
differences in the mechanical properties can be seen in the orientation of the sheets. The yield point
in the manufacturing direction is slightly higher than in the pre-strain direction.
The influence of plastic strains on fatigue strength requires investigation of stretched materials. The
stretching of the plates was recorded and evaluated using photogrammetry. The deformations
recorded in this way had to be considered as residual strains, thus a combination of plastic and elastic
strain. Subsequent monotonic tensile tests confirmed that the recorded values corresponded
predominantly to the plastic strains. The plastic strain could thus be confirmed.
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From the virgin and pre-stretched sheets, dog bone specimens were cut for the fatigue tests and CT
specimens for the crack propagation tests. These results were used to determine the influence of the
direction of the mother coils as well as the degree of plastic pre-strain on the fatigue strength of the
selected materials.
The general differences in the direction of manufacture, e.g. in the upper yield strength, found in the
monotonic tensile tests can no longer be found in the CT and fatigue tests. There are slight tendencies
towards higher or lower strengths or growth rates for defined test parameters. However, a general
correlation between material properties and manufacturing direction for cyclic loads can be excluded.
In a comparison of different material thicknesses with the same steel grade, a difference can also be
excluded. Neither in the fatigue tests nor in the crack propagation tests were significant differences
found that indicate varying material properties with regard to cyclic loads.
The comparison of different materials with constant sheet thickness is different for the two test
methods. While higher strengths were found for the S460MC material in the fatigue tests, higher crack
growth rates were measured for this material in the CT tests. In the fatigue tests, this relationship is
generally evident; in the CT tests, the higher crack growth rates are only present at low strain rates
and with the virgin material.
The crack propagation tests carried out with a stress ratio R = 0.1 show slightly higher crack growth
values for the pre-stretched compared to the virgin material. A correlation between the degree of prestrain and the crack growth rate does not seem to exist across materials. At a stress ratio R = 0.5, the
results for all materials show no significant difference with regard to the strain rate. Thus, comparable
parameters for the Paris crack growth law were determined for all tests on these materials. These
results are consistent with the fatigue tests. All tests carried out with the resonance test stand show
no correlation between the fatigue strength and the degree of pre-strain.
Overall, a large number of tests could be carried out on the material combinations described. Even if
there are individual differences in the results, a fundamental correlation between the fatigue strength
and the sheet thickness, steel grade, manufacturing direction or the degree of plastic elongation can
be neglected. The fatigue strength of the cold-formed components to be investigated in the project is
therefore significantly influenced by the geometry after forming.
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