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1

Introduction

This task is included in the Work Package No. 1. The aim of WP1 is to perform the mechanical
characterization of cold-formed steel sections and, particularly, to assess the fatigue behaviour of
these steel members. Manufacturing processes, not only cold-rolling but also coiling operations, will
undoubtedly introduce residual stresses before the service life of the racks, affecting thus the
structural integrity and the resistance to cyclic loads.
The experimental determination of residual stresses is a complex task since only the indirect
phenomena can be measured: relieved strains, changes in microstructure or material response. Thus,
the accuracy and suitability of each method depends not only on the experimental uncertainty but
also on the mathematical algorithms and fitting procedures to determine stresses from the observed
magnitudes. Therefore, the present task is not only intended to assess the initial stress conditions
for cold-formed steel members, but also has the objective of revising the measurement techniques
and establishing some guiding principles and recommendations for the determination of residual
stresses in thin-walled steel sections. Some of the experiences in the choice of experimental methods
and their range of applicability have been summarised in the review paper published by some
partners in the journal Thin-Walled Structures, “Residual stresses in cold-formed steel members:
Review of measurement methods and numerical modelling” [1].
Due to the high number of sections and suppliers, the main challenge of the present task has been
found in the definition of tests for each section, trying to maximise the repeatability and to focus on
critical sections while analysing the effect of geometry, material and manufacturing processes on
residual stress distributions. Thus, the approach of Task 1.4 can be summarised as follows:








The comparison of techniques, i.e. sectioning, hole drilling and x-ray diffraction methods,
has been performed in three sections: an upright section (B-S1-140-3.5 M5), a rail section
(Z191) and a very thin upright section (B-S1-60-1.5 M3).
The comparison between experimental and numerical results has been focused on the rail
section (Z191) for two reasons: experimental results showed lower scatter and the fatigue
testing in this section has been very extensive.
The comparison between manufacturing techniques, press braking versus roll forming, has
been performed for the rail section (Z191) due to the simple bending sequence of this
geometry.
Despite the use of three techniques, during the early stages of the project it was detected
that sectioning had a lower spatial resolution, as expected, and a high scatter of results.
Hence, the definition of subsequent testing was limited to hole drilling and x-ray diffraction.
Additionally, the measurements were located near the corners of sections where the higher
residual stresses were expected.

Despite the good agreement between some of the experimental and numerical results, a too high
deviation was found in the longitudinal component of residual stresses in roll formed sections. Thus,
additional testing was required to assess this deviation. It was hypothesised that the increase in
longitudinal stresses was due to coiling and uncoiling operations, so the last part of the project was
focused on the analysis of sheets from mother coils. This modification in the testing planning delayed
some of the results and conclusions of the experimental part as well as the comparison with numerical
modelling. Additionally, these laboratory tasks were affected by some lockdown periods during the
year 2020. For the measurement of coiling/uncoiling effects the hole drilling was the chosen method
due to its good repeatability in previous testing and to the laboratory availability.

2

Samples

Sections from four suppliers have been destined to the task 1.4. Table 1 summarises the sections
received in UBU for the measurement of residual stresses. However, as previously mentioned, the
focus has been put on the study of three sections: two upright sections (B-S1-60-1.5 M3, B-S1-1403.5 M5) and a rail section (Z191). The upright B-S1-60-1.5 M3 has an omega-type section and a
thickness of 1.5 mm, which can be considered very thin. On the other hand, the upright B-S1-1403.5 M5 has also an omega section but with more complex flanges and lips and a thickness of 3.5
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mm. The rail section is the more tested section due to its importance for fatigue testing and the
possibility of comparison between roll-formed and press-braked members.
Section denomination

Section type

P4, P12S

Upright sections

XS17I, XL31I

Upright sections

12411B, 15521B

Rail sections

B-S1-60-1.5 M3, B-S1-140-3.5
M5

Upright sections

Z191

Rail sections

C-S1-60-1.5 M3, C-S1-120-3.5
M3

Upright sections

Table 1. Specimens considered in the experimental measurement of residual stresses.

3

Description of experimental methods

The measurement of residual stresses can be carried out by different techniques, which are usually
divided according to their destructive or non-destructive nature [2]. In the first category, methods
are based on the cut of the studied piece and the subsequent analysis of the relieved deformation.
The most common destructive method is sectioning [3–6], especially in metal profiles, in which a cut
is made, either mechanically or by electro-erosion, and the relieved deformations registered by strain
gauges are analysed. The Contour method [7,8] represents an improvement of the sectioning
method since the deformations of the 2D cutting plane are recorded by optical techniques or
coordinate measuring machines. In the category of non-destructive methods, X-ray diffraction [9]
and neutron diffraction [10] might be included. In these techniques, elastic deformation is obtained
from the distance between crystallographic planes; from this magnitude, residual stresses can be
obtained.
There is a family of techniques based on the drilling of the surface to be analysed, which are usually
classified as semi-destructive since, even if there is some material removal, the drill hole is usually
small in relation to the dimensions of the piece. The Hole-Drilling method is classified in this last
category, basically consisting in the drilling of a hole in a defined number of stages and the
corresponding measurement of the deformation relieved after each depth increase by means of a
strain gauge rosette [11].
With the aim of comparing semi-destructive, non-destructive and destructive methods, the following
three techniques have been chosen:




Incremental Hole-Drilling
X-Ray Diffraction
Sectioning

In the next sections, those three methods are described, their physical and mathematical foundations
and their corresponding experimental procedure.

3.1

Hole-Drilling

Throughout this report, Hole-Drilling refers to the method including incremental drilling and the use
of strain gauge rosettes, i.e. the method defined in the Standard E837-13a [12]. Three stages might
be distinguished for the finding of residual stress distributions:
(1) Positioning of strain gauge rosette and alignment operations
(2) Incremental drilling and registering of relieved strains
(3) Residual stress calculation
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3.1.1 Equipment
In the present project, a totally automatized equipment has been used: SINT MTS3000-RESTAN,
which integrates drilling operation with data management and calculation software. This equipment
has the following characteristics:





Electric motor with the capacity of sequential drilling with minimum increments of 0.01 mm
of depth.
Turbine working with compressed air and rotating up to 400,000 rpm.
Integrated microscope with an Ethernet connection for the correct alignment of the drill with
the rosette.
Endmill made of Tungsten Carbide, coated with TiAlN of 1.6-mm diameter and inverted cone
end.

Figure 1. Hole-Drilling equipment SINT MTS3000-RESTAN.
The strain gauge rosettes that have been used here are type-B rosettes following the configuration
indicated in the ASTM E837-13a Standard, i.e. with the gauges positioned in the same quadrant, as
show in Figure 2. The model used is HBM K-CRY6-R015-1-120-O. A type-B rosette has been chosen
because Hole-Drilling measurements must be made near rounded ends in the metallic profiles, where
the higher residual stresses are expected.

Figure 2. Strain gauge rosette HBM K-CRY6-R015-1-120-O.
For the strain registering during drilling, a data acquisition system HBM MX 440A has been used.

3.1.2 Test description
Once the rosette of gauges is glued to the target surface, an alignment of the endmill bit with the
centre of the rosette is done. This operation is extremely important since a possible eccentricity can
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produce significant errors in the obtained stresses. The Ethernet microscope visor, as shown in Figure
3, simplifies the centring operation.

Figure 3. Strain gauge rosette seen through the microscope before and after centring.
When centring operation has been carried out and before drilling a hole, it is necessary to identify
the surface of the test material which coincides with zero-hole depth (Zero Setting). This depth is
defined by the point of contact between the drill and metal.
The system is able to exactly identify contact between the metal material and drill by measuring the
electrical resistance between the surface of the material and the drill. This operation is guaranteed
by the isolation between the mechanical-optical device and the metal surface of the test material.
The procedure for identifying the zero depth uses the BNC cable/alligator clips (zero setting cable)
that has to be connected between the electronic control system (BNC side) and the device/test
material (alligator clips side) as shown in Figure 4.

Figure 4. Determination of contact between the drill and the metallic specimen during the zero
setting before drilling.
Although the equipment is able to remove smaller depth increments, a 0.05-mm increment has been
chosen in each drilling step in order to follow the indications of the Standard. Additionally, even
though the standardized procedure is limited for finding the residual stresses just in the first
millimetre of depth, drilling up to 2 mm has been carried out in some measurements with the aim of
analysing the evolution of the relieved strains.

3.1.3 Stress calculation
When a hole is drilled in a target specimen that is subjected to residual stresses, the adjacent area
suffers a strain relief, that can be registered by different experimental techniques as strain gauges
or optical methods. The recorded strain after each drilling increment corresponds to an integral
expression including the previously relieved residual stresses. The history of deformations throughout
the whole process is the experimental measurement that can be obtained whereas the unknown
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magnitude is the in-depth distribution of residual stresses, 𝜎(𝑧). Therefore, the incremental HoleDrilling method requires numerical strategies for solving the associated Inverse Problem with the
aim of finding residual stresses.

Figure 5. Schematic dimensions of the hole, the strain gauge and the coordinate system. The nonuniform residual stress is divided in uniform steps.
When the depth at which stresses are evaluated is divided in a set number of increments, as shown
in Figure 5, the unknown is the vector 𝜎 . Although there are many algorithms to solve the Inverse
Problem, here the ASTM E837-13a Standard is followed for the evaluation of non-uniform residual
stresses. The advantage of the ASTM E837-13a calculation is obviously the standardization of the
test, while its main drawback is that it is limited to the 1-mm depth analysis. The standard defines
three equivalent deformations as:
(1)
𝑝 = (𝜀 + 𝜀 ) /2
𝑞 = (𝜀 − 𝜀 ) /2

(2)

𝑡 = (𝜀 + 𝜀 − 2𝜀 ) /2

(3)

where 𝜀 , 𝜀 and 𝜀 are the strains registered in each increment 𝑗 by each of the strain gauges a, b y
c in the rosette (Figure 2). Taking into account the Integral method, it might be established a
relationship between the equivalent strains expressed in (1), (2) and (3) and three equivalent
stresses 𝑃 , 𝑄 and 𝑇 :
1+𝜈
(4)
𝑝 =
𝑎 𝑃
𝐸
𝑞 =

1+𝜈
𝐸

𝑡 =

1
𝐸

𝑏 𝑄

𝑏 𝑇

(5)

(6)

where the matrices 𝑎 and 𝑏 are tabulated in the Standard. It is also defined in the Standard a
correction for those coefficients as a function of the hole diameter. In the present case, the diameter
of the endmill is equal to 1.6 mm. Once the system of equations (4), (5) and (6) is solved, the
residual stresses corresponding to the coordinate system defined by the gauges a y c (𝜎 y 𝜎 ) might
be found considering the following relationships:
𝑃 =

(𝜎 ) + (𝜎 )
2

(7)

𝑄 =

(𝜎 ) − (𝜎 )
2

(8)

𝑇 = (𝜏 )

(9)

From the solution in the coordinate system located in gauges 1 and 3, stresses might be found for
any direction in the plane. Since it is an Inverse problem, small experimental errors during strain
measurement might be amplified in an uncontrolled manner when the stress are calculated. For that
reason, the Tikhonov regularization has been implemented.
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3.2

X-Ray Diffraction

Stress is not a directly measurable quantity, but the deformations produced must be measured and
then the relationship between them established. The diffraction methods are based on the
determination of the elastic deformation of the crystal lattice. By measuring the changes that occur
in the interplanar distance, a relationship can be established with the existing tensions. The
interplanar distance will be obtained through the Bragg’s Law that describes the diffraction of the
incident X-ray beam. In this way, a ray with angle of incidence 𝜃 with respect to the surface, will
fulfil the relation:
𝑛𝜆 = 2𝑑 sin 𝜃

(10)

Where 𝑛 is an integer, 𝜆 is the wavelength of the X-rays and 𝑑 is the interplanar distance (Figure 6).

Figure 6. Diagram of X-ray diffraction.
Although the X-ray diffraction technique has been classified as non-destructive, it must be taken into
account that the equipment arm (both the emitter and the X-ray detector) must be able to access
the surface without any obstacle. In vessels, pipes or semi-closed components it is difficult to access
certain surfaces and therefore, some sectioning or cutting technique is required, being a destructive
process. In addition, to reach subsurface layers, we usually proceed to a layer removal to raise the
range of measurements along the thickness since the X-ray diffraction only reaches the first 0.01
mm. When these cuts or material removal processes are carried out, additional stresses may be
involuntarily introduced that must be perfectly controlled or alter the measurement.

3.2.1 Equipment
X-Ray Diffraction measurements have been performed using a X STRESSTECH 3000-G3R equipment,
shown in Figure 7.

Figure 7. X STRESSTECH 3000-G3R equipment for the determination of residual stress using the
XRD method.

3.2.2 Test description
The wavelength corresponding to the K𝛼 line of chromium (λ = 0.2291 nm) has been used and the
measurements have been carried out on the planes (211) of the ferrite phase, to which corresponds
a diffraction angle, 2θ, of approximately 156.4º.
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At every target point, measurements were made at 0º, + 45º and -45º of the φ angle, in order to
determine the magnitude and orientation of the principal residual stresses. The orientation φ = 0º
corresponds to the direction of the longitudinal axis of the member. In addition, detection of the
diffraction peak was carried out in nine positions for the rotation angle, ψ, which was uniformly varied
between -45º and + 45º, with an exposure time of 20 seconds per position. Table 2 summarizes the
parameters used to perform the XRD measurements.
Measurement mode

𝜒 modified

Filter for 𝑲𝜷 radiation

Vanadium

Maximum potential (kV)

30

Maximum intensity

6.7

Exposure time (s)
∅ collimator (mm)

20
2

Tilt

9 points (-45/+45º)

Goniometer rotation 𝝓 (º)

-45º, 0º, +45º

Noise reduction

Parabolic

Peak fitting

Pseudo-Voigt

Table 2. Parameters for X-Ray Diffraction measurements.

3.2.3 Stress calculation
Assuming an interplanar distance 𝑑 corresponding to the free-stress condition, when there is a
residual stress in a given perpendicular direction, an increment in interplanar distance to 𝑑 will
happen due to the Poisson effect. The relationship between the initial and the final interplanar
distance determines the magnitude of residual stress. To get that value, one of the most popular
approaches is the sin 𝜓 method in which XRD measurements are performed for different angles of
incidence sin 𝜓. The following expression is verified due to the Bragg’s law:
𝑑

=

1
𝜎 𝑑
𝐸

sin 𝜓 −

𝜈
𝑑 (𝜎 + 𝜎 ) + 𝑑
𝐸

(11)

This method assumes that the out-plane stress is negliglible, i.e. 𝜎 = 0 and a plane stress situiation
is considered. When the relationship between 𝑑
and sin 𝜓 is plotted, a mínimum-square fitting
might be carried out, obtaining thus the residual stress 𝜎 in the direction 𝜙:
𝜎 =

𝐸
1+𝜈

1
𝑑

𝜕𝑑
∂sin 𝜓

(12)

Figure 8. Schematic representation of the 𝑠𝑖𝑛 𝜓 method for the determination of 𝜎 .
In this report, a Young’s modulus of 200 GPa and a Poisson coefficient of 0.3 have been used, giving
an elastic constant, E/(1+ 𝜈), equal to 161.540 MPa.
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3.3

Sectioning

Sectioning method is one of the most representative destructive residual methods and it has been
extensively used for pipes and different sections. It is based on the strip cutting while the relieved
strains are registered. Even if this is a very used method, comparison with the other methods is not
straightforward: Hole-Drilling and X-Ray Diffraction techniques measure residual stresses in a very
localised region whereas with the Sectioning method a strip of 1 to 2 mm of width is cut.

3.3.1 Equipment
A mechanically powered band saw specifically destined for cutting metals is used. The saw is
refrigerated during the operations. Additionally, after approximately 5 cuts the saw is replaced in
order to avoid excessive friction due to the worn saw teeth which can produce excessive heating.
For the strain registering during drilling, K-LY41-0.6/120 longitudinal strain gauges have been
selected. These gauges have been controlled by the data acquisition system HBM MX 440A.

3.3.2 Test description
Several transversal and longitudinal cuts are made in each sample. For each strip, two relieved strain
evolutions are obtained: one for the left side, 𝜀 , of the strip and one for the right side, 𝜀 . The
residual stress is assumed to unload elastically during the cutting process.

a [mm]

0.6

b [mm]

1.1

c [mm]

6

d [mm]

4

Figure 9. Setup for sectioning method and dimensions of K-LY41-0.6/120 strain gauge.

4

Improvement of Hole-Drilling method

The effect of the plate thickness on the coefficients of the calibration matrices has been evaluated in
order to apply the Hole-Drilling method to thin members, and it was shown that the coefficients of
the ASTM E837-13a standard are no longer valid for thicknesses less than 3 mm, as shown in Figure
10. A set of applicable matrices has been proposed for cases where the thickness to be measured is
between 1 and 3 mm.
It must be noted that these findings have been published by the project members from the University
of Burgos [13] and helped to develop a new version of the ASTM standard, i.e. the ASTM E837-20
[14], before the end of the project. These numerical simulations have extended the applicability of
the hole drilling method to thin sections and now the standard covers the steel members here
analysed. This contributions to standard development and applicability can be regarded as one of the
main outcomes of Task 1.4.
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0.02
Hole radius
= 1.00 mm
z = 1.00 mm

0.01

t > 5.13 mm (thick workpiece)

Coefficient a

0.00

-0.01

-0.02
z = 0.05 mm
h = 1.00 mm

-0.03

-0.04
0

2

4

6

8

10

Thickness (mm)
Figure 10. Effect of the thickness on the Hole-Drilling coefficients for a hole depth of 1.00 mm and
a hole diameter of 2.00 mm.
Additionally, Hole-Drilling coefficients are usually calculated through finite element simulations
reproducing a flat situation. However, sometimes the main purpose of hole-drilling measurements is
to find residual stresses at stress concentrators. The main objective of this study is to widen the
applicability range of the procedure established in ASTM E837-13a. Matrices of calibration coefficients
are re-evaluated here considering the influence of rounded surfaces near the measuring point. The
calculations are performed using finite element simulations to evaluate the influence of different
rounding radii in the coefficient matrices [15].
An immediate application of the present study is to extend the hole-drilling method for residual stress
measurement near a rounded corner end. This application is especially focused on the case of coldrolled profiles, where higher residual stresses caused by the profile manufacturing process appear
near the profiles of the rounding. The Finite Element geometry modelled in the software ANSYS is
shown in Figure 11.

FASTCOLD Fatigue strength of cold formed structural steel details

Figure 11. Finite Element modelling for the calculation of Hole-Drilling coefficients and the influence
of the bend radius.

5

Experimental results

The analysed correspond to two upright sections (B-S1-60-1.5 M3 and B-S1-140-3.5 M5) and one
rail section (Z191) that have been evaluated using the three experimental techniques already
validated. Main dimensions of these three sections are shown in Figure 12:

b)
a)

c)

Figure 12. Sections that have been analysed. a) Z191, b) B-S1-60-1.5 M3 and c) B-S1-140-3.5 M5
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5.1

B-S1-60-1.5 M3

The relatively small thickness (1.5 mm) of the B-S1-60-1.5 M3 section facilitates the experimental
measurement of residual stresses, especially for the Hole-Drilling and the Sectioning methods. Taking
into account that the ASTM E837-13a standard is limited to a 1-mm depth of residual stress analysis,
the distribution obtained for the B-S1-60-1.5 M3 is really representative.
It must be noted also that the round radius is 1.5 mm so the ratio R/t is equal to 1. This very low
ratio facilitates the installation of strain gauges since the flat surface is closer to the stress
concentrator. Residual stresses are expected to be influenced by the low R/t ratio too.

5.1.1 X-Ray Diffraction
The section B-S1-60-1.5 M3 is analysed in its outer perimeter since the inner surfaces hardly
accessible. 8 locations are defined, and symmetry is assumed. The corner 7 is also analysed using
the Hole-Drilling method, for the sake of comparison. XRD results show that the higher residual
stress is found in point 5. It is also noteworthy the compressive character of the transversal stresses
whereas the longitudinal directions are mainly subjected to a tensile stress state.

Figure 13. Location of XRD measurements for the B-S1-60-1.5 M3 specimens.

Figure 14. Results of residual stresses in the surface of the B-S1-60-1.5 M3 section (in MPa).
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5.1.2 Hole-Drilling
For the Hole-Drilling method, the in-depth distribution calculated in the first millimetre gives a good
representation of the whole thickness. It is possible also to drill a through hole and analyse the
relieved deformations. However, the matrix of coefficients that are used to obtain residual stresses
should be recalculated for the 1.5 mm thickness.

Figure 15. Relieved strains obtained during drilling (left) and the corresponding residual stress
distribution (right). The XRD value in corner 7 are marked with triangles for the surface values.

5.1.3 Sectioning
The cutting operations for the sample sectioning are facilitated by the small thickness of this section
(1.5 mm); it has been found that the temperature increase might be neglected here, in contrast with
the other thicker sections. However, due to the thin section there are more vibrations during drilling
and cutting so the specimen must be carefully gripped in order to avoid possible stress introduction
while the sample is fixed.

Figure 16. Longitudinal cuts for the sectioning method in the B-S1-60-1.5 M3 specimen and the
corresponding longitudinal residual stresses.
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Figure 17. Transversal cuts for the sectioning method in the B-S1-60-1.5 M3 specimen and the
corresponding transversal residual stresses.

5.2

B-S1-140-3.5 M5

The B-S1-140-3.5 M5 section has also a very low ratio of bend radius over thickness (R/t = 4/3.5)
so the strain gauges can be installed relatively close to the corner. However, the thickness of 3.5
mm makes difficult the evaluation of the complete in-depth stress distribution, specially because the
inner surfaces are hardly accessible.

5.2.1 X-Ray Diffraction
The section B-S1-140-3.5 M5 is analysed in the same way that the B-S1-60-1.5 M3 section but here
10 points are defined, and symmetry is assumed. The corner 9 is also analysed using the HoleDrilling method, for the sake of comparison. XRD results show that the higher residual stress is found
in point 7. As found for the B-S1-60-1.5 M3 samples, transversal stresses are compressive and
almost every longitudinal stress is tensile.

Figure 18. Location of XRD measurements for the B-S1-140-3.5 M5 specimens.
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Figure 19. Results of residual stresses in the surface of the B-S1-140-3.5 M5 section (in MPa)

5.2.2 Hole-Drilling
For the B-S1-140-3.5 M5 section, the Hole-Drilling results for the residual stresses show a flat
distribution for the longitudinal stresses. However, it must be taken into account that the analysed
depth is limited in comparison to the 3.5-mm thickness.

Figure 20. Relieved strains obtained during drilling (left) and the corresponding residual stress
distribution (right). The XRD value in corner 9 are marked with triangles for the surface values.
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5.3

Z191

The Z191 section must be differentiated from the previous specimens because there is no symmetry
and the surfaces are more accessible for XRD and Hole-Drilling measurements. However, the
relationship between the bend radius (R = 8 mm) and the thickness (t = 3.5 mm) is higher than for
the other sections (R/t = 2.28). The expected residual stresses are thus lower but this implies a
higher curvature, so the strain gauges cannot be attached very close to the corner.

5.3.1 X-Ray Diffraction
Eight points are defined for the measurement of residual stresses. It can be observed that the R8
corner shows tensile residual stresses, so a focus has been put on the comparison with hole drilling.

Figure 21. Location of XRD measurements for the Z191 specimens.

Figure 22. Results of residual stresses in the surface of the Z191 section (in MPa)
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For this section, some examples of the sin2 fitting method are provided. These figures show how the
diffraction phenomenon is affected by plastic distortion: the linear fitting is much better for the
analysed flat zone than for the round region. This fact indicates that, despite the stress determination
is still valid from the slope of the sin2 linear fitting, the expected scatter is higher for plasticized
regions and the accuracy can be lower.

Figure 23. Sin2 fitting method for Z191 corner R8 at flat zones.
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Figure 24. Sin2 fitting method for Z191 corner R8 at rounded zones.
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5.3.2 Hole-Drilling
The main efforts of the experimental testing have been focused on the hole drilling measurement of
R8 corner in the rail section, i.e. where fatigue problems are expected and where XRD results show
tensile residual stresses in the longitudinal direction. This is confirmed by the hole drilling method,
as can be seen in the stress distributions up to 1 mm of depth. The scatter band, considering the
standard deviation of all performed tests, is relatively narrow confirming the good repeatability of
results for the rail section. However, it must be recalled that hole drilling method is limited to the 80
% of the yield stress, so the longitudinal stresses are believed to be overestimated.

Figure 25. Relieved strains obtained during drilling (left) and the corresponding residual stress
distribution (right). The XRD value in corner 4 are marked with triangles for the surface values.
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Figure 26. Longitudinal residual stress distribution. Experimental results for Hole Drilling and XRD
in both flat and round zones corresponding to the Z191 section.

Figure 27. Transversal residual stress distribution. Experimental results for Hole Drilling and XRD in
both flat and round zones corresponding to the Z191 section.
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5.3.3

Sectioning

For the Z191 profiles, temperature elevation during sectioning is significant due to the 3.5-mm
thickness so the measurement of relieved strains can be inaccurate. With the aim of compensating
temperature effects, a configuration of two opposite strain gauges was adopted.

Figure 28. Longitudinal cuts for the sectioning method in the B-S1-60-1.5 M3 specimen and the
corresponding longitudinal residual stresses.
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Comparison with FEM results

Hole drilling measurements can only be applied to flat regions for practical reasons, especially for
the limitation in strain gauge positioning, and because calibration matrices are numerically
determined for planar surfaces. However, the coefficients corresponding to measurements near
round regions have been recalculated following the work of Alegre et al. [15], showing a negligible
influence of the curved neighbour surface. The stress distributions with the hole drilling method are
measured in 1 mm of depth, drilling from the outer surface and approximately in the tangent point
between the corner and the web, as shown in 29. X-ray diffraction measurements are carried out
both in that flat region, for the sake of comparison with hole drilling, and in the round zone of the
corner. Since the inner surface near the corner cannot be accessed to perform experimental
measurements, the present approach intends to compare these results with numerical distributions
and verify if modelling can be used to predict residual stresses.

Figure 29. Strategy for measurement and comparison between experimental and numerical stress
distributions.
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The comparison for the thin B-S1-60-1.5 M3 section, which has a thickness of 1.5 mm, is significative
because hole drilling depth covers 2/3 of the thickness. Numerical results are extracted for two paths,
path 2 near the flat region and path 7 at the corner; thus, hole drilling distributions should agree
with FEM results for path 2. Despite some agreement is observed in the trend, the surface values do
not match. This result indicates some effect of coiling or some contact phenomenon that is not
simulated.

Figure 30. Transversal residual stresses in the B-S1-60-1.5 M3 specimen: comparison between
experimental and numerical results.

Figure 31. Longitudinal residual stresses in the B-S1-60-1.5 M3 specimen: comparison between
experimental and numerical results.
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Figure 32. Transversal residual stresses in the Z191 specimen: comparison between experimental
and numerical results (UPorto).
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Press-braked sections

The analysed rail section, i.e. the Z191, of 3.5 mm of thickness has also been manufactured by the
press braking process. These samples have been produced from the same mother coil than the
previously tested roll-formed section so differences can only be attributed to the final forming and
not to operations of coiling and uncoiling.
As expected, longitudinal results are much lower than for the roll-formed profiles. It can be thus
concluded that the press braking process is less harmful in terms of residual stresses. This is
attributed to the 2D nature of the bending during press braking, in contrast to the longitudinal folding
process in roll forming.

Figure 33. Longitudinal residual stress distribution. Experimental results for Hole Drilling and XRD
in both flat and round zones corresponding to the press-braked Z191 section.
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Figure 34. Transversal residual stress distribution. Experimental results for Hole Drilling and XRD in
both flat and round zones corresponding to the press-braked Z191 section.
When results are compared with FEM and analytical predictions for press-braking, it is observed that
the trend in the 1 mm of depth matches the numerical distributions, but some surface curvature is
experimentally found that was not expected. Since this cannot be attributed to 3D straining during
rolling (these are press-braked sections), it was concluded that coiling-uncoiling operations should
be better characterised.

Figure 35. Transversal residual stress distributions in press-braked Z191: comparison of HoleDrilling measurements, FEM simulation and analytical predictions.

FASTCOLD Fatigue strength of cold formed structural steel details

Figure 36. Longitudinal residual stress distributions in press-braked Z191: comparison of HoleDrilling measurements, FEM simulation and analytical predictions.
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Plastic strain and XRD scatter

As it has been previously mentioned, the round zones show a higher scatter for the XRD results due
to the poorer fitting in the sin2 method. A very useful indicator of lattice distortion and so of plastic
deformation is the Full Width at Half Maximum (FWHM) [9]. This magnitude quantifies the increase
in the peak width that could be explained not by a residual stress but is linked to crystal distortion.
For all sections and corners there is an increase in FWHM in round zones in comparison to flat zones.
This confirms the plastic nature of bending during roll forming, and shows that the low thickness and
low R/t value of the B-S1-60-1.5 M3 sections strongly produce a high plastic strain.

Z191
R2.5

B-S1-140-3.5 M5

Z191
R8

B-S1-60-1.5 M3

Figure 37. FWHM for different profiles in the flat zone
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B-S1-60-1.5 M3

Z191
R8

B-S1-140-3.5 M5
Z191
R2.5

Figure 38. FWHM for different profiles in the round zone.
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Coiling effects

With the aim of analyzing coiling effects, S355 steel sheets have been measured after coilinguncoiling but before cold forming.

Figure 39. Experimental setup for hole drilling measurement of S355 sheets after coiling/uncoiling.
Tests have been carried out for the (a) inner surface and (b) outer surface.
Both the outer (concave) and inner (convex) surfaces of the coiled/uncoiled sheets are measured by
the hole drilling method. However, as can be seen in Figure 40 and 41 for all the performed
measurements, it is hard to draw some conclusions of the effect of coiling. Stresses take low values
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and the wavy nature of the stresses around the zero value indicate two facts: (i) residual stresses
are not critical after the coiling/uncoiling operations and (ii) the coiling/uncoiling process is not
repetitive and reproducible, as roll forming and press braking, from a manufacturing point of view.
Two individual distributions are individually plotted in figures 42 and 43 to assess the possible
difference between the beginning and the end of the coil and between components. It can be
concluded that higher stresses are obtained for the higher curvature, as expected, but the
experimental scatter is too high to quantify these differences.

Figure 40. Longitudinal residual stresses for the 3.5-mm thickness sheet and for: the beginning (B)
and end (E) of the coil, and for the inner (I) and outer (O) surface.

Figure 41. Transversal residual stresses for the 3.5-mm thickness sheet and for: the beginning (B)
and end (E) of the coil, and for the inner (I) and outer (O) surface.
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Figure 42. Residual stress distributions due to coiling effects for the coil beginning (low curvature).

Figure 43. Residual stress distributions due to coiling effects for the coil end (high curvature).
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10 Conclusions
The following conclusions have been derived after analyzing the presented results thought the
previous sections:


The Hole-Drilling method shows a high repeatability in comparison with the X-Ray Diffraction
and the Sectioning techniques. Additionally, the in-depth distribution up to 1 mm can be
compared with the numerical results obtained through Finite Element simulations.

It has been found that transversal stresses are very low near surface whereas the tensile
stress in longitudinal direction lies in the range between 200 to 400 MPa

It can be concluded that the longitudinal and transversal directions of the steel members do
not correspond to the principal directions since the relieved strains registered by the strain
gauges at 45º are very different.

For the thin sections (B-S1-60-1.5 M3) the distribution goes from tensile to compressive
stress whereas for thick sections (B-S1-140-3.5 M5 and Z191) the distribution is more
uniform

It must be noted that higher residual stresses have been found in the rail section (Z191)
than in upright sections (B-S1-60-1.5 M3 and B-S1-140-3.5 M5). This was not expected due
to the higher ratio between bend radius and thickness.

Despite the good repeatability of hole drilling measurements, stresses found above the 80
% of the yield stress are overestimated due to the limitation of the method for plastic
unloading during drilling. Thus, in these cases the comparison with surface results from the
XRD method have been useful to assess the deviation.

The comparison between experimental and numerical results is performed at different
locations and show that transversal stresses agree better than longitudinal predictions. This
was hypothesized to be caused by coiling operations.

However, experimental measurements by the hole drilling method have shown a very high
scatter in coiled/uncoiled sheets before forming. Longitudinal stresses due to coiling were
not substantially high so it is concluded. Additionally, press-braked sections did not show an
abnormally high longitudinal component, so it is concluded that the difference in this value
for roll-formed profiles, especially for the rail section, is attributed to longitudinal straining
during rolling.
These conclusions have been also discussed in Task 1.3 where the comparison between numerical
and experimental results has been extended. Additionally, the influence of the initial stress state on
fatigue behaviour, especially for the full-scale testing of the rail section, is also critical for the work
packages 1 and 2.
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