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1 Introduction
In the scope of Work Package 1, Mechanical characterization of cold-formed steel sections, of the
FASTCOLD project, this deliverable presents the following contributions from Task 1.3, Numerical
simulation of the cold forming processes and of the induced local residual stresses:


From University of Porto:
o Section 2 presents a literature review of the cold roll forming manufacturing process;
o

Section 3 presents the procedures and modelling concepts to numerically simulate the
cold roll forming manufacturing process to obtain a generic U-channel with internal
residual stresses. This is the entry point to analyze in detail the cold roll forming
process. A parametric study on this manufacturing process is performed, as well as a
fatigue analysis of the obtained U-channel considering its internal residual stresses;

o

Section 4 presents the procedures and modelling concepts to numerically simulate the
cold roll forming manufacturing process to obtain a Z191-rail profile using a generic
machine. When this study was performed, information about the real roll forming
machine was not yet available. A fatigue analysis of the obtained Z191-rail profile is
also performed considering its internal residual stresses;

o

Section 5 presents the procedures and modelling concepts to numerically simulate the
cold roll forming manufacturing process to obtain a Z191-rail profile using a replica of
the real roll forming machine. A parametric study of the cold roll forming process is
also presented, as well as a fatigue analysis (Coffin-Manson life prediction) of the Z191rail profile considering its internal residual stresses.



From University of Burgos:
o Section 6 presents the procedures and modelling concepts to numerically simulate the
cold roll forming manufacturing process to obtain a thin upright section (B-S1-60-1.5
M4). An analysis of residual stresses left over from the manufacturing process is also
presented. Considerations for coiling and uncoiling (pre-forming) are also presented
based on analytical expressions and compared to results from experimental procedures.



From University of Thessaly:
o Section 7 presents the procedures and modelling concepts to numerically simulate the
cold roll forming manufacturing process to obtain a thin upright section (B-S1-140-3.5
M5). An analysis of residual stresses left over from the manufacturing process is also
presented considering two approaches (simplified vs. real distances between rolling
stations). A parametric study of the cold roll forming process is also presented;
o

Section 8 presents the procedures and modelling concepts to numerically simulate the
press braking forming process to obtain a Z191-rail profile. A quick analysis of the
residual stresses is also presented.
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2 Literature review of the cold roll forming process
Metal forming can be divided in three main categories, depending on the working temperature [1]:
 Cold forming, in which the forming occurs below the recrystallization temperature. Normally for
steels, this process takes place at room temperature;
 Warm forming, in which the forming occurs near the recrystallization temperature;
 Hot forming, in which the forming occurs above the recrystallization temperature.
Cold forming brings various advantages such as high strength of the final product, better dimensional
precision and surface finish, as well as less waste of material. However, it needs high forming loads and
the ductility and formability of the material at low temperatures is limited [1].
Cold roll forming is a process where an undeformed strip is gradually bent in several forming steps in
order to produce the final profile (Figure 2.1) [2]. The required shape needs to be formed with the least
amount of “incremental steps”. Fewer steps will distort the product, since the stresses generated in the
metal reach an unacceptable level, but too many steps will make the tooling and the process too
expensive (Figure 2.2) [3].

Figure 2.1: Strip gradually formed into the finished section [3].

Figure 2.2: Influence of the number of incremental steps in roll formed section [3].

This process brings a variety of advantages to the sheet metal industry, such as [1]:





High speed of production of profiles;
High strength/weight ratios than with hot roll formed profiles;
Surface finish of the material without damage;
Possibility to combine with other auxiliary operations such as piercing, notching, welding, and
perforation.
3
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If a material can be bent, it can be roll formed. Moreover, the material can be pre-painted or precoated
before being submitted to this process. The thickness of the material depends on the size of the available
machinery (some literature suggests thickness between 0.1 and 19 mm). The product length is also
limited by the facilities in which the process takes place [1]. The speed of production can vary between
15 m/min and 185 m/min. Speed of production depends on the tolerance of the cross-section, the material
and the speed of the machine when feeding the raw material, among others factors [4].

2.1 Behavior of metal strip during roll forming – deformation modes
Metal strips experience various types of deformations during roll forming processes, such as:
 Transversal bending: This type of deformation is indispensable to transform metal strips into
products with the required cross-sections. The final cross-section is achieved gradually (Figure
2.3) by using a series of contoured rolls.
 Redundant deformations: Metal strips enter the roll forming mills either in precut or coil form
and the contoured rolls deform the strips gradually in order to produce the final product with the
required cross-section. This process is responsible for additive redundant deformations (Figure
2.4), such as longitudinal bending and bending back, longitudinal elongation and/or shrinkage,
transversal elongation and/or shrinkage, shear in the metal’s plane, shear in the direction of the
metal’s thickness and various combinations of the deformations described above [3].

Figure 2.3: Transversal bending of metal strip during roll forming [3].

Figure 2.4: Additive redundant deformations of metal strip during roll forming [3].
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2.2 Longitudinal edge strain
One of the main deformations types in roll forming are the longitudinal stretching and bending, which
are responsible for most manufacturing defects such as longitudinal bow, twist, edge wave and partially
spring-back.
Figure 2.5 is a schematic representation of the theoretical flow of material when a strip is formed into
an angle, 𝜃. While the bending line travels along a straight line (from A to B), the edge travels along a
helical path (from C to D) [5].

Figure 2.5: Schematic representation of the movement of the edge when roll forming a flat strip [3].

The highest edge strain normally appears at the flange edge when it passes the rollers, within the
deformation length (Figure 2.6). The deformation length is an important parameter to take into account
when determining the peak longitudinal strain as well as the minimum distance between stations [5].

Figure 2.6: Flange edge longitudinal deformation and deformation length [5].

One of the main goals of process designers is to maintain the peak longitudinal edge strain under the
elastic limit of the material (in order to reduce geometrical defects and residual stresses). Material
properties, geometric parameters and process/machine parameters are three factors that have influence
on peak longitudinal edge strain. Some studies [6] [7] show an increase in peak longitudinal strain when
increasing the yield strength of the material while others [2] [8] conclude the opposite trend. With regard
to geometric parameters, material thickness, forming angle, width of the web and flange length are the
most important parameters that have an effect on peak longitudinal edge strains. Furthermore, increasing
the forming angle leads to more stress introduced at the flange edge, leading to an increase in peak
longitudinal edge strain for higher bending angles [5]. Some studies reveal the influence of forming
angle on peak longitudinal edge strain for three different materials, DP600, DP1000 and MS900 (MS900
has the highest yield strength of all three materials while DP600 has the lowest) and two different
thickness and conclude the same trend (Figure 2.7) [9].
5
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Figure 2.7: Influence of forming angle on peak longitudinal edge strain for (a) 1.5 mm and (b) 2 mm of thickness [9].

Additionally, peak longitudinal strain decreases when the distance between stations increases, because
higher distance between stations allows a more progressive deformation. However, an investigation [9]
revealed no obvious effect of station distance on peak longitudinal strain for either material thickness
(Figure 2.8).

Figure 2.8: Influence of inter station distance on peak longitudinal edge strain for (a) 1.5 mm and (b) 2 mm of thickness [9].

Lindgren [2] studied the change in the longitudinal peak membrane strain at the flange edge and the
deformation length of a U-channel profile while increasing the yield strength of the material. The
number of forming steps and the distance between them are influenced by this parameter. The number
of steps is directly related with the cost of the process and, in order to reduce the number of steps, the
shape of the cross section, tolerance, thickness and the material properties must be considered. Lindgren
[8] showed that the total strain (plastic and elastic) decreases when the virgin yield strength increases
and for materials with higher virgin yield strength the strains become purely elastic. In addition, the
longitudinal peak membrane strain decreases, the deformation length increases, when the material has
higher yield strength. Increasing longitudinal membrane strain induces residual stresses in the flange of
the profile, which can cause several problems, such as wavy edges, longitudinal curvature, end flare,
among others. Materials with higher yield strength offer the possibility of using fewer forming steps.
Nonetheless, high strength steels (HSS) exhibit larger spring-back.

2.3 Production defects in roll forming
Redundant deformations, in spite of influencing the transversal bending of the strip that is required to
form the desirable cross-section of the product, also cause a variety of defects in products. These
deformations affect stresses and strains induced in the metal strip as well as spring-back deformations
after forming and the distribution of residual stresses [3]. Some of the product defects caused by
redundant deformations are described in the following sections.
6
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Longitudinal bow and twist

Longitudinal bow and twist are caused by non-uniform transversal distribution of the longitudinal
membrane strain and are the most common defects in narrow roll formed products (Figure 2.9). The
longitudinal bow and twist can be reduced if an appropriate number of passes are being used. When the
number of passes is too small, the transversal deformation in each pass is too high. Furthermore, the roll
design and the roll positions also influence the longitudinal membrane strain because if the flow of each
portion of the strip is not smooth, the magnitude and non-uniformity of longitudinal strains tend to
increase. Finally, another measure to reduce the longitudinal membrane strain is to use entry guides and
intermediate guides [3].

Figure 2.9: Transversal distribution of longitudinal membrane strain; (a) longitudinal bow; (b) longitudinal twist [3].

Abeyrathna, Rolfe, and Weiss [9] also concluded that longitudinal bow increases with the forming angle
for all materials that were studied in their research (Figure 2.10). Furthermore, longitudinal bow
decreases when increasing inter-station distance for both thicknesses (Figure 2.11). Increasing distance
between stations leads to a smoother bending progression, resulting in lower residual stresses through
the cross section of the profile.

Figure 2.10: Influence of forming angle on longitudinal bow for (a) 1.5 mm and (b) 2 mm of thicknesses [9].
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Figure 2.11: Influence of inter station distance on longitudinal bow for (a) 1.5 mm and (b) 2 mm of thicknesses [9].

2.3.2

Edge wave (waviness)

Edge wave (Figure 2.12) is one of the most common defects that appears in finished products as well as
in semi-formed metal sheets moving from one pass to the next. This defect is caused by elastoplastic
buckling. In the first stages of forming, the longitudinal elongation occurs in the edge portion of the strip
(since the edge portion has to move both in the vertical and transversal directions). Elongation continues
to take place when the edge portion enters the roll gap. Nonetheless, elongated edge portion must shrink
again when it exits the roll gap in order to guarantee that each portion of the semi-formed strip remains
equal (so that the product stays straight). In some cases, when exiting the roll gap, the stress in the edge
portion exceeds the critical value, making it very difficult for the elongated edge portion to shrink
smoothly, causing edge waviness [3].
In order to avoid this defect, the longitudinal elongation of the edge portion should be reduced below
the critical value by using a sufficient number of rolls, suitable roll designs and positions and guides [3].

Figure 2.12: Edge buckling or edge waviness taking place during roll forming of ERW pipes [3].

Moreover, as far as buckling (waviness) is concerned, during roll forming, the longitudinal fibers in the
flange zone are stretched during deformation and the maximum stretching occurs at the flange edge. In
order to maintain the longitudinal equilibrium, some parts of the strip are under compression. For a
channel section, normally, the web and the bend zones are under compression [10]. Bhattacharya and
Smith [11] experimental work showed that both tension in the flange and compression in the web and
bend zones are beyond the yield strength of the material. These length variations of the longitudinal
fibers depend on the fold angle, 𝜃 and lead to a product that can curve down (non-straight profile). When
critical values of the fold angle are exceeded, local edge buckling may occur. Since the strip tend to
curve down and it is common industrial practice for each roll station to be at the same horizontal level,
the second station exerts a vertical force preventing the tendency of the strip to curve down. This force
8
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can cause the flange to be longitudinally compressed, which can originate local edge buckling [10].
Summarizing, Tehrani et al. [10] studied the potential occurrence of buckling as a result of deformation
between two roll stations and showed that:
 The strain in the flange is tensile while the web strain is predominately compressive;
 Peak strain and residual strain increase as the fold angle increases.
2.3.3

End flare

The roll formed product can acquire changes in the cross-section geometry at the ends and they can be
toward or away from the centerline of the section. Normally, on one hand, for profiles of lower strength
materials with shallow sections and pre-cut strips, the front end is flared-in and the tail end is flared-out.
On the other end, flare-out frequently occurs for deep sections or high strength material. A roll formed
profile that has been cut off usually exhibits these defects, (Figure 2.13) [12].

Figure 2.13: Flare of cut-off ends [3].

Saffe, Takuo, and Hiroshi [13] investigated the appearance of cut end deformation of a roll formed hat
channel and concluded that the profile will flair in at front end and flair out at tail when cut off due to
the residual shear stress in the longitudinal direction and residual twisting moments.
2.3.4

Spring-back

Spring-back represents the elastic recovery of the material when the forming force is released from the
strip leading to cross sectional deviation in the finished product. Spring-back is a common defect in roll
forming processes (Figure 2.14) [5].

Figure 2.14: Spring-back in a U-channel profile [5].

9
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In most available literature about spring-back, prevails studies about spring-back in die bending and
folding. However, pure bending theory cannot be applied to roll forming process, since the last one is a
progressive/continuous process. In roll forming, longitudinal stretching and compression have a strong
impact in spring-back [5]. In other words, cold press braking and cold roll forming, in spite of being two
bending operations, produce different deformation histories (Figure 2.15). The first process leads to a
uniform deformation along the length of the workpiece. In cold roll forming, the deformation is
constantly changing as the material moves through the process [14].

Figure 2.15: Press braking (left); Cold roll forming (right) [14].

Groche, Beiter, and Henkelmann [15] stated that bended part’s geometry is affected by various
parameters such as bending radius, sheet thickness, yield strength, Young’s modulus and material’s
strain hardening coefficient. Also, spring-back is influenced by the design of the flower pattern.
Abeyrathna [5] stated that increasing the yield strength and tensile strength of the material leads to
higher spring-back (since the elastic limit of the material increases – Figure 2.16). Moreover, increasing
bending radius/thickness ratio also leads to higher spring-back.

Figure 2.16: Schematic relation between yield strength of material and material hardening on spring-back [5].

2.4 Residual stresses in roll forming
The Handbook of Residual Stresses and Deformation Steel [16] defines residual stresses as “… the stress
that remains in mechanical parts that are not subjected to any outside stresses”.
10
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Residual stresses can be divided into three groups [12]:




Macro residual stresses (type I): stresses on a scale larger than the grain size of the material;
Micro residual stresses (type II): stresses that vary on the scale of an individual grain;
Micro residual stresses (type III): stresses that exist within a grain.

All manufacturing processes introduce residual stresses into mechanical parts. External loads are not the
only stresses responsible for the failure of a structure, since residual stresses influence fatigue behavior,
fracture strength and even corrosion resistance of mechanical parts. The new state of residual stresses
introduced by manufacturing processes can have a positive effect on fatigue behavior, for example
increasing the fatigue limit in the case of surface compressive stress, or it can have a negative effect, for
instance, decreasing the stress corrosion behavior of a material in case of tensile residual stress [16].
On one hand, profiles or components might fail during service due to the exceeding of allowable plastic
deformation, crack initiation, unstable crack propagation or other instabilities such as buckling. On the
other hand, residual stresses might be one of the most crucial parameters influencing service behavior,
especially for high strength material states [16].
Residual stresses can be divided in two different parts: flexural and membrane (Figure 2.17). For cold
formed profiles, residual stresses across the thickness are dominated by the flexural part. Membrane
residual stresses are more prevalent in roll formed profiles than in press-braked. Theses membrane
residual stresses exist essentially in corner regions. However, to counteract their effect, the yield stress
is elevated in corner regions due to the significant cold work of forming [17].

Figure 2.17: Flexural and membrane residual stresses [17].

Cold roll forming processes originate residual stresses and strains across the sheet thickness, which
influence the load-displacement response and ultimate strength of cold formed steel members. Figure
2.18 illustrates the nonlinear through the thickness residual stress distribution (in the direction of
bending) caused by the plastic bending followed by elastic spring-back [18].

11
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Figure 2.18: Nonlinear through the thickness residual stress distribution of thin sheets [18].

Moen, Igusa, and Schafer [18] provided a prediction method to determine the initial residual stresses
and effective plastic strains in cold formed steel members. The authors assumed that two manufacturing
processes contribute to through the thickness residual stresses: i) sheet coiling, uncoiling, and flattening;
ii) cross section roll forming.
Moen, Igusa, and Schafer [18] proposed a set of algebraic equations to predict the transverse and
longitudinal residual stresses originated when roll forming a cross section (in this case, a U-channel
profile). Residual stresses were only assumed to exist at the location of formed corners, between the
roller die reactions (Figure 2.19).

Figure 2.19: Cold forming of a steel sheet [18].

During the roll forming process, the steel sheet yields through its thickness during the process, for small
bend radii common in the cold forming industry. The sheet will reach the fully plastic stress state as the
12
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corner approaches its final radius (Figure 2.19). After the sheet becomes fully plastic across its thickness,
the engineering strain continues to increase as the radius decreases. Afterwards, an elastic spring-back
occurs, provided that the final bend radius is reached and the imposed radial displacement is removed.
This elastic rebound promotes a change in through the thickness stress (Figure 2.20) [18].

Figure 2.20: (a) Fully plastic transverse stress state from cold-forming; (b) Force couple applied to simulate the elastic
spring-back of the steel sheet after the imposed radial deformation is removed [18].

The final transverse stress state results in the sum of the fully plastic stress distribution through the
thickness and the unloading stress from the elastic spring-back of the corner (Figure 2.21) [18].

Figure 2.21: Self-equilibrating transverse residual stress [18].

As shown, the stress is nonlinear through the thickness and is also self-equilibrating. Nonlinear
distributions present in Figure 2.21 are typical for press braked profiles, and for roll formed profiles
some deviations from these distributions may occur due to three-dimensional effects.
As previously stated, residual stress field of a component may play an important role in fatigue crack
nucleation. This influence of residual stresses is an imperative aspect in mechanical design and life
assessment. Normally, a compressive residual stress field improves the fatigue life. With this purpose,
many mechanical and heat treatments are conducted in components [19].
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Typically, after the cyclic load application, the residual stresses in a mechanical component tend to
decrease their magnitude [19]. Dattoma, De Giorgi, and Nobile [20] studied the relaxation process of
the residual stresses of a welded component, due to the application of a cyclic external load and the
authors’ results showed that the initial residual stress level decreased significantly, even after the first
load cycle [20]. Zhuang and Halford [21] also concluded that the residual stresses present in a
component that is under a service loading will undergo varying degrees of relaxation. Also, the
relaxation resulting from cyclic loading depends on:
 The initial magnitude and gradient of the residual stress field and degree of cold working;
 Fatigue stress amplitude, mean stress ratio and number of cycles;
 Material cyclic stress-strain response.
In summary, in spite of compressive residual stresses being eminently beneficial to fatigue resistance,
cyclic relaxation of residual stresses may decrease this benefit [21]. Nonetheless, few studies showed
that after load application, residual stresses are higher than the initial ones, and in some particular cases,
compressive residual stresses convert to tensile stresses [19]. De Giorgi [19] through an experimental
work studied the influence of the material yield strength fluctuation on the residual stress field of a
component subjected to a fatigue load. The presence of a yield gradient affects the relaxation process
since this process is a consequence of yielding at a microscopic scale. Moreover, the component suffered
a significant yield stress gradient through the thickness and after applying a bending fatigue load, the
residual stresses increased (which caused superficial hardening).

2.5 Flexible roll forming
Flexible roll forming is a manufacturing process that allows products to be formed in a continuous
process and “…enables not only the flexibility in realization of different products by adjusting the
cutting length, but also a variance in the cross section shape along the profile length” [22]. Figure 2.22
illustrates some examples of profiles obtained by flexible roll forming.

Figure 2.22: Profiles obtained by flexible roll forming [23].

In order to obtain a variable cross-section, normally, the rolls are moved and/or rotated. If both rolls
rotate in the same direction, the stand moves forward or back, and if they rotate in opposite direction,
the stand rotates [23]. Figure 2.23 shows a schematic representation of two rolls that are split
symmetrically and move and/or rotate to obtain the final profile.
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Figure 2.23: Concept behind the flexible 3D roll forming process: the rolls are split symmetrically and rotate or move
according to the desired contour [23].

Lindgren and Ingmarsson [24] developed a new tooling concept to roll form hat-profiles, made of ultrahigh strength steel, with variable cross-section in depth and width, with tolerances similar to the ones
find in straight profiles. The 3D roll-forming machine used has two translational and two rotational
degrees of freedom per axis and a simple cylindrical shape which makes it possible to roll-form different
thicknesses of the material with only software changes.
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3 Numerical simulation of a U-channel
The following section presents simulation models generated for a U-channel profile (using COPRA®
FEA RF package), as well as the material model and the results and conclusions of these simulations.
The main objective of this chapter is to study the influence and effects of roll forming processes on the
geometry (three-dimensional defects) and on the residual stresses and strains of the profile. To achieve
that, this section exhibits a preliminary parametric study, where simulation 1 is considered the reference
of this study. A U-channel profile (with the same overall dimensions as the Z-section (rail section)
profile to be tested in FASTCOLD project) was selected due to its simplicity of modelling as well as its
lower CPU time requirements. Finally, this chapter also includes a study on the influence of mechanical
cyclic loads on the residual stresses of the profile, as well as an estimative of fatigue life of U-channel
components subjected to this type of loads.

3.1 Model definition
3.1.1

Modelling concepts

During this investigation, the forming rolls were modelled as rigid bodies while the steel strip was
defined as a deformable body. For most simulations, including simulation 1, null friction between the
rolls and the strip was considered. For the models of every simulation with driven rolls, the rolls are
fixed in space while the strip moves forward through the stations due to frictional force. For non-driven
simulations, the opposite procedure is applied.
3.1.2

Geometry and flower

The roll design was developed in COPRA® RF and simulation models were prepared automatically by
the COPRA® FEA RF package from the roll design developed in COPRA® RF. Due to the symmetry
of the profile during the roll forming process, only half was simulated, reducing the CPU time of each
simulation.
For the first simulation (simulation 1, the reference), the steel strip has a length of 520 mm and an initial
thickness of 3,5 mm (Figure 3.1). These dimensions remained equal for all simulations of the U-channel
profile. The distance between stations, for simulation 1 is 400 mm, the forming line is composed of six
stations (Figure 3.2) and the bending sequence is 10°/ 22°/ 36°/ 52°/ 69°/ 90° (Figure 3.3). The flower
was optimized so that the distribution of strains was as even as possible, in order to avoid peaks of strains
that can lead to defects. The flower diagram plays an important role in the flow of the material and in
the magnitude of the stresses generated by the forming process.

Figure 3.1: Dimensions [mm] of the U-channel profile.
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Figure 3.2: Stations and respective rolls of simulation 1.

Figure 3.3: Flower design of the U-channel profile.

For all simulations, the global coordinate system used was:
 𝑥 for the horizontal direction perpendicular to the sheet rolling direction;
 𝑦 for the thickness direction in the flat sheet (vertical);
 𝑧 for the sheet travel direction (roll forming direction).
3.1.3

Boundary conditions

Due to the symmetry of the profile, only half was simulated. The X-direction boundary condition (Figure
3.4) is applied to all nodes along the symmetry line of the profile, preventing the material to move in
the 𝑥 direction.
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Figure 3.4: X-direction boundary condition due to the symmetry of the U-channel profile.

On the tail end of the profile, a Y-direction boundary condition to restrain the displacement of the last
three nodes in 𝑦 direction (Figure 3.5) was used, so that the strip would not experience rigid body
motion. Only three nodes were selected, to allow the movement of the strip in this direction in the
remaining nodes. In addition, those three nodes will be cut off in the end of the simulation. The last three
nodes are used, by default, as a result of various experiments performed by data M that proved that this
location has the least influence in the roll forming process.

Figure 3.5: Y-direction boundary condition: restriction of three nodes in the middle of the tail end of the U-channel.

The Z-direction boundary condition (Figure 3.6) is necessary to simulate or assume the continuous
existence of the strip, since industry normally provides the raw material in a coil. This boundary
condition ensures that the strip maintains the same length, so that the numerical simulation is as realistic
as possible, since in the industry the product is cut off from the coil with the dimensions required.
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Figure 3.6: Z-direction boundary condition (boundary condition to simulate the continuous existence of the strip).

Fs boundary conditions (Figure 3.7) are only applied when the free cut is in place (𝑧 and 𝑦 direction
boundary conditions are not activated). Both extremities of the strip are locked along all directions as
well as the element right before the region where the strip will be cut off. These elements need to be
locked, so that the strip also does not experience rigid body motion after the end cut.

Figure 3.7: Fs boundary condition (due to the free cut of the U-channel profile).

3.1.4

Element type

For all simulations, the element type chosen was element type 7 (eight node hexahedral solid element
with trilinear interpolation). This element is the default type element of the software and “it is used by
dataM in the COPRA® FEA RF package and typically used in most of their simulations since their
practical experience shows that it provides a good representation of the roll forming behavior of steel
materials” [23]. Moreover, previous research at data M showed that the use of shell elements is not
appropriate for this type of analysis since the material behavior through the thickness is not constant and
must be represented. The element stiffness is determined using eight-point Gaussian integration [23].
3.1.5

Mesh definition

Mesh definition was based on the experience of roll forming simulations at data M. For “subdivisions
straight entities”, i.e. the number of subdivisions in straight entities of the section for FEA calculation,
value 4.3 was selected. The number of subdivisions for arc entities was 2.2 and the number of
subdivisions in the rolling direction was 1.5, according internal COPRA® FEA RF mesh size definition.
Initially, COPRA2FEA (functionality of FEA for pre-processing) set 1 as the default value for all
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parameters (Figure 3.8). Increasing this value means increasing the density of elements, which leads to
higher computation times, but expected better results.

Figure 3.8: Default values of subdivisions for the mesh.

More than one element across the thickness of the sheet was important to use since the residual stresses
through the thickness play an important role in this investigation (due to the fatigue studies carried out
further in this section). Most simulations, including simulation 1 use three elements across the thickness
of the profile. Figure 3.9 displays the resulting mesh of the strip.

Figure 3.9: Mesh of the U-channel profile.

Concerning the number of elements of the simulations, simulation 7 has 9,990 elements, simulation 4
has 35,952 elements, and the remaining simulations have 9,324 elements. Note that, the values
introduced to define the mesh do not have a direct relation with the element size and not all elements
have the same size. The smallest element of simulation 1 has 1.221 x 4.685 mm and is located at the
beginning and at the end of the corner region and in the edge flange of the profile.
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Material model

The elastic material properties were necessary to be introduced, i.e. the Young´s modulus [N/mm2] and
the Poisson´s ratio, as well as the plastic behavior of the material, the latter possibly defined directly
using Swift’s law (Equation 3.1).

Equation 3.1

𝜎 =𝐾∙ 𝜖 +𝜖

Where:
 𝜎 is the true stress;
 𝜖 is the true plastic strain;
 𝐾, 𝑛, and 𝜖 are material constants determined from a uniaxial tensile test.
However, if the flow stress curve is unknown, it is possible to use the material’s technical data sheet to
describe the plastic behavior, entering the values for yield strength [MPa], ultimate tensile strength
[MPa] and the percentage of elongation [%] at the ultimate tensile strength. After inserting these values,
the software creates the stress-strain curve that represents the behavior of the material. When developing
the model for the U-channel profile, the experimental flow stress curve was still unknown, reason why
the material´s technical data sheet was used. The material chosen for the U-channel profile was S350GD
high-strength galvanized coil steel (mechanical properties are presented in Table 3.1) due to its strength
characteristics as well as its corrosion resistance due to zinc coating. This steel is frequently used for
manufacturing bent profiles for lightweight thin-walled steel structures.
Table 3.1: Properties of S350GD steel (Metinvest ® Technical brochures).

Name

Yield strength
𝑹𝒑 𝟎.𝟐 [MPa]

Ultimate tensile strength
𝑹𝒎 [MPa]

Elongation at ultimate tensile strength
𝑨𝟖𝟎 [%]

S350GD

350

420

16

C
0.2

Si
0.6

Chemical composition [%]
Mn
P
1.7
0.1

S
0.045

The values introduced for the elastic properties were 210 GPa for Young´s modulus and 0.3 for
Poisson’s ratio. With these inputs, the software estimated the constants of Swift’s hardening law,
presented in Table 3.2.
Table 3.2: Swift’s hardening law parameters estimated by the software.

𝐾 [MPa]
646.658

𝑛
0.148

𝜖
0.016

In addition, the software displays a plot of the plastic behavior of the material, as shown in Figure 3.10.
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Figure 3.10: Stress vs strain diagram that describes the plastic behavior of the material (S350GD) using Swift´s hardening
law.

As regards the constitutive model used in the simulations, the von Mises yield theory was used with
isotropic hardening, which is a common approach for roll forming simulations.
As concerns sheet metal forming strategy, the “coil” option (continuous process) was used instead of
“pre-cut length”. Sheet metal industries normally use raw material in a coil, which means the forming
process is continuous without any pre-defined length. The length of the strip is 1.3 times the distance
between each station. When the “coil” option is selected, the software develops a model of a strip with
infinite length, to represent the continuous forming that normally occurs in the industry. For this reason,
some boundary conditions are added to the model (𝑧 direction boundary conditions). In addition, the
option “cutting (default 0.5*length)” was selected. The first and final quarter parts of the profile are
inactivated when the workpiece leaves the final station. This option simulates the reality in roll forming,
since the coil is cut off in order to obtain the product. This operation is responsible for a stress relief that
should be taken into consideration in the numerical analysis.

3.2 Parametric study
As mentioned before, simulation 1 is the reference of the following parametric study. As one might
observe, there are many parameters that have some influence on the roll forming process, such as the
number of stations, the radius/thickness ratio, the distance between stations, the material properties, the
friction of the driven rolls and so on. Table 3.3 illustrates the simulations plan with the correspondent
parameters. All simulations have the same mesh (with exception of simulation 2 that has four elements
across the thickness instead of three elements) and boundary conditions, as well as the same element
type.
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Table 3.3: Parametric study proposed for the U-channel profile.

Simulation
1
2
3
4
5
6
7
8
9

Number
of
stations
6
6
9
6
6
6
6
6
6

r/t
2.286
2.286
2.286
2.286
2.286
2.286
1.143
3.429
2.286

Distance
between
stations [mm]
400
400
400
1,000
400
400
400
400
400

Material

Driven rolls

S350
S350
S350
S350
S350
S350
S350
S350
S460

no
no
no
no
yes (𝝁 = 𝟎. 𝟏𝟓)
yes (𝝁 = 𝟎. 𝟐)
no
no
no

Number of
elements across
thickness
3
4
3
3
3
3
3
3
3

The S460 material properties are defined in Table 3.4.
Table 3.4: Mechanical properties of S460 steel.

Name

Yield strength
𝑹𝒑 𝟎.𝟐 [MPa]

Ultimate tensile strength
𝑹𝒎 [MPa]

Elongation at ultimate tensile strength
𝑨𝟖𝟎 [%]

S460

460

540
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3.3 Nomenclature
Figure 3.11 presents some nomenclature related to the simulations of the U-channel profile.

Figure 3.11: Designated terms for different sections of the U-channel profile and reference global coordinate system.

3.3.1

Measurement of transversal residual stresses

In order to measure transverse residual stresses along the 𝑥𝑥 direction of each element, four paths were
created (path 1 belongs to plane i, path 2 to plane ii and so on), as Figure 3.12 shows. Plane i and plane
iv are located at the front and tail ends, respectively, while plane ii and iii are located approximately at
a distance of 65,7 mm from the front and tail ends, respectively (these planes are located in the 15 th node
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counting from the correspondent extremity of the profile). Transverse residual stresses were measured
on the top (𝑦 = 𝑡/2) and bottom (𝑦 = −𝑡/2) surfaces of the profile in each path.

Figure 3.12: Paths and planes of the profile created to determine the residual stresses and other parameters.

In order to study the through the thickness residual stresses along the 𝑥𝑥 direction of each element, the
local/element coordinate system was taken into account, in other words a curvilinear coordinate system
that follows the trajectory of elements along the bending trajectory was created, since the 𝑥𝑥 direction
of each element does not always match with the 𝑥 direction of the global coordinate system. The
software allows the study of results using a customized coordinate system. Figure 3.13 highlights the
differences between these two coordinate systems. Transverse residual stresses were analyzed using an
element coordinate system.

Figure 3.13: (a) Local/element coordinate system; (b) Global coordinate system.

Note that in the following results, 𝑥𝑥 direction is the nomenclature used for the element coordinate
system, while 𝑥 direction is for the global coordinate system, as it is shown in Figure 3.13. The local
coordinate system is often used since, as the profile bends, extracting residual stresses in a coordinate
system similar to a curvilinear system is essential.
Residual stress in the bending zone is one of the most important data to study since these stresses
influence the load-displacement response and ultimate strength of cold formed steel members. The
bending zone is divided into four paths across the thickness, as shown in Figure 3.14. Plots of residual
stresses along each path were created in the following sections. Figure 3.14 also illustrates three nodes
and the local coordinate system mentioned. Nodes 1 and 3 are in straight segments on the bottom surface
of the sheet and node 2 is in the corner.

24

FASTCOLD

Work Package 1 – Deliverable 1.3

Figure 3.14: Paths in the bending zone.

3.3.2

Measurement of bow and spring-back

Longitudinal bow was measured in the middle of the web of the profile in the roll forming direction
(location 𝑎 of Figure 3.15). Cross bow was measured in the front end and/or in the tail end of the profile
in the web (location 𝑏 of Figure 3.15). Regarding spring-back, this parameter was measured in the flange
of the profile in each plane.
3.3.3

Measurement of longitudinal edge strain

Longitudinal edge strain was measured on the top surface near the edge flange of the strip (node location:
2nd node from the edge flange and 28th node from the front end of the cut off profile). The location of
this node is near the middle of the profile length and approximately 1.2 mm of the flange edge. The red
point in Figure 3.15 illustrates the node where longitudinal edge strain was measured.
3.3.4

Measurement of longitudinal plastic strain in the bend zone

Longitudinal plastic strain was measured in the bend zone along the roll forming direction in the 1 st node
that constitutes the corner region. The red arrow in Figure 3.15 illustrates the line of nodes where the
longitudinal plastic strain in the bend zone was measured.
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Figure 3.15: Location of the regions where longitudinal edge strain, bow and longitudinal plastic strain in the bend zone
were measured.

Residual stress in the bending zone is one of the most important data to study since these stresses
influence the load-displacement response and ultimate strength of cold formed steel members. The
bending zone is divided into four paths across the thickness, as shown in Figure 3.14. Plots of residual
stresses along each path were created in the following sections. Figure 3.14 also illustrates three nodes
and the local coordinate system mentioned. Nodes 1 and 3 are in straight segments on the bottom surface
of the sheet and node 2 is in the corner.

Figure 3.16: Paths in the bending zone.

3.4 Roll forming simulations results and discussion
The following subchapter exhibits the results for the simulations that compose the parametric study.
Initially, some relevant results for simulation 1 will be presented, as it represents the reference for the
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whole study. Afterwards, a discussion of results of the remaining simulations and comparison with
reference simulation 1 is exposed.
 Simulation 1 (reference)
Figure 3.17 and Figure 3.18 reveal the field distribution of equivalent von Mises stress and stresses in
the 𝑥𝑥 direction of each element. These distributions represent stresses in the last increment after and
before the free cut, respectively and is also possible to visualize the location of the free cut.
The flange of the profile has higher values of von Mises stresses, since in this process, the flange travels
a longer path than the web, leading to higher values of stresses and strains. Furthermore, if the bending
process is limited to the elastic domain of the material, when the profile leaves the stand, the strain and
stretching will return to the original length. Nonetheless, if the stresses in edge have exceeded the yield
point between two bending steps, a permanent strain is introduced in the material, possibly leading to
defects such as waviness, twist, or other types of deformations. Stresses in the 𝑥𝑥 direction of each
element were observed and analyzed in increment 1185, since this was the increment used for the
simulations for fatigue analysis. Only a portion (approximately in the middle of the profile) is presented
in Figure 3.18, so that it becomes more perceptible the parts of the inner corner surface that are under
tension and under compression: most of the inner corner surface is under tension, the only region that is
under compression is located in the part of the corner closer to the web. When the material is no longer
under the action of the rolls, an elastic spring-back occurs, which is responsible for the reverse stresses
signal expected in the corner. However, due to three-dimensional effects, some irregularities are visible
in stresses distributions. Note that, analysis in the cut off sections of the profile were not performed.

Figure 3.17: Equivalent von Mises stress [MPa] in the last increment of simulation 1 after end cuts (increment 1215).
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Figure 3.18: Stresses [MPa] in the xx direction of each element in the last increment before the free cut of simulation 1
(increment 1185).

Regarding longitudinal strains, peak longitudinal membrane strain is approximately 1.645% (Figure
3.19). These strains are significantly lower than some values found in literature. Bui and Ponthot [25]
numerically modelled a U-channel profile. The forming line was composed by three stations and the
results for the longitudinal strain are displayed in Figure 3.20. As expected, for a larger number of
stations, the peak longitudinal membrane strain decreases, since the applied bending is more gradual,
which led to a reduction of strains. Analyzing Figure 3.20, initially the longitudinal strain rises and it
reaches a peak, and then, due to spring-back, it goes down. The longitudinal strain in the strip was above
the elastic limit of the material, which led to the development of plastic longitudinal strain and the
creation of a permanent deformation (around 0.5%). This plastic deformation can originate the threedimensional defects mentioned earlier [25].

Figure 3.19: Longitudinal membrane strain for simulation 1.
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Figure 3.20: Longitudinal strain at a distance of 1.5 mm away from the strip edge for a U-channel profile with a forming line
composed of three stations [25].

 Simulation 1 vs Simulation 2
As a reminder, simulation 1 has three elements along the thickness of the profile, while simulation 2 has
four elements across the thickness. Figure 3.21 to Figure 3.24 show the through thickness residual
stresses along the 𝑥𝑥 direction of each element (as mentioned, for these results, the local/element
coordinate system was used instead of the global coordinate system).

Figure 3.21: Comparison of through thickness residual stresses [MPa] along the xx direction between simulation 1 and 2 for
plane i.
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Figure 3.22: Comparison of through thickness residual stresses [MPa] along the xx direction between simulation 1 and 2 for
plane ii.

Figure 3.23: Comparison of through thickness residual stresses [MPa] along the xx direction between simulation 1 and 2 for
plane iii.

Figure 3.24: Comparison of through thickness residual stresses [MPa] along the xx direction between simulation 1 and 2 for
plane iv.

30

FASTCOLD

Work Package 1 – Deliverable 1.3

The results illustrated in Figure 3.21 to Figure 3.24 show that, in spite of refining the mesh along the
thickness, the distribution of residual stresses remains identical. For future simulations, three elements
along the thickness will be used without compromising results validity.
The number of elements through the thickness also influences the spring-back behavior. Increasing the
number of elements through the thickness leads to a better distribution of stresses and strains. Figure
3.25 shows the differences in spring-back for each simulation.

Figure 3.25: Comparison of spring-back between simulations 1 and 2.

Taking in consideration these results, a decrease in spring-back while increasing the number of elements
through the thickness is observed. Increasing the number of elements through the thickness leads to a
redistribution of stresses that affects the spring-back. In spite of that, the variation is considered small,
with a maximum difference of 10 % for plane iv.
 Simulation 1 vs Simulation 3
As a reminder, simulation 1 has six stations, while simulation 3 has nine stations. Figure 3.26 and Figure
3.27 show the transverse residual stresses along the 𝑥𝑥 direction of each element. As a side note, only
results from path 2 and 3 (plane ii and iii, respectively) were compared, so that the results display the
least influence of the cutting process.

Figure 3.26: Comparison of transverse residual stresses [MPa] along the xx direction between simulations 1 and 3 in path 2.
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Figure 3.27: Comparison of transverse residual stresses [MPa] along the xx direction between simulations 1 and 3 in path 3.

The web of the profile (up to node 15) is under compression in the top surface of the profile (t/2) while
the bottom surface is under tension (-t/2) for path 2. For path 3, residual stresses display reverse signals
to path 2. The bending zone and the flange show far more irregular residual stresses distributions.
However, for path 3, the top of the profile is, in almost every node, under tension and the bottom under
compression. The key point to observe is the increment of the value of residual stresses in the web when
increasing the number of stations from six to nine, for path 2. For path 3, the increase in transverse
residual stresses occurs for the web, flange and corner regions. Regarding the through the thickness
residual stresses, the distributions of these stresses display similar results to simulation 1.
Regarding three-dimensional effects, Figure 3.28 portrays the edge position of the flange in order to
study defects such as flare and waviness. Plots presented in Figure 3.28 and Figure 3.29 display the
results in the global coordinate system.

Figure 3.28: Edge position of the flange for simulations 1 and 3.
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Figure 3.29: Longitudinal (left) and cross (right) bow in the bottom surface for simulations 1 and 3.

Most information presented on literature reveals that with fewer passes, forming is more abrupt, which
makes the flare larger. In spite of that, these simulations reveal the opposite results. Simulation 1 (with
six stations) does not display larger displacement of the edge flange as simulation 3 (with nine stations).
These results may have been influenced by the significant increase of springback from simulation 1 to
simulation 3 at the extremities of the profile (Figure 3.30). As mentioned, longitudinal bow is caused by
nonuniform transversal distribution of the longitudinal membrane strain, more simply nonuniform
longitudinal elongation and shrinkage of the strip. For less number of passes, the amount of transversal
bending deformation caused by each pair of rolls can become excessive. In other words, the flange
portion and edge portion are forced to rise quickly, which causes larger nonuniformity of the longitudinal
membrane strain. However, Figure 3.29 shows a larger longitudinal bow for simulation 3. Many defects,
such as bow, twist, cross-bow, edge waviness can be caused by the roll forming process, imperfections
in material, equipment, among others. A good roll design is a key factor to minimize these defects [3].
Figure 3.29 points out that, cross-bow is concave in the tail end and convex in the front end for both
simulations (1 and 3). Since roll forming is a progressive process and while in one hand the strip is flat
and in the other end the strip is being formed or completely formed, internal residual stresses tend to be
formed, promoting these three-dimensional irregularities.
Concerning spring-back (Figure 3.30), for plane i and plane iv, the increase in spring-back is more
visible. For planes ii and iii, the changes in spring-back are almost negligible. However, Badr et al. [26]
investigation revealed that spring-back decreases when the number of forming stations increases, which
means that spring-back might be influenced by plastic strains in the bend region. Higher plastic strains
in the bend regions leads to a decrease in spring-back. As a matter of fact, simulation 1, in spite of having
less forming steps, has a plastic strain in the bend region higher than simulation 3. However, the
maximum difference in plastic strain between these two simulations is 0.012 (Figure 56), reason why,
spring-back admits almost the same value for plane ii and plane iii.
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Figure 3.30: Comparison of springback between simulations 1 and 3.

Figure 3.31: Comparison of the equivalent plastic strain between simulations 1 and 3 in the bend zone.

As previously stated, according to most literature on this subject, longitudinal peak membrane strains
increase with forming angle, since the flange suffers more stretching for higher forming angles - the
flange edge travels a higher distance. Figure 3.32 is in agreement with the literature. For simulation 1,
peak longitudinal strain reaches the maximum value of 1.645% while simulation 3 reaches 0.551%.
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Figure 3.32: Longitudinal membrane strain for simulation 3.

 Simulation 1 vs Simulation 4
As a reminder, simulation 1 has a distance between stations of 400 mm, while simulation 4 has a distance
between stations of 1000 mm. Almost all simulation, including simulation 1, have a strip with 520 mm
in length (since the value selected to the coil was 1.3, which means the strip length is 1.3 times the
distance between stations). This means that simulation 4 has a strip length larger than simulation 1. Also,
for simulation 4, the value introduced in parameter coil was 2 instead of 1.3. This change only occurred,
due to the inability of the software to run the model with a coil value of 1.3. For this reason, the
comparison between these simulations might not be accurate, since two parameters have changed (for a
credible parametric study, only one parameter at a time should be changed).
Increasing the distance between stations means increasing the distance between the first and the last
station, allowing a more progressive deformation in the sheet flange, leading to a higher recovery of
strains, thus decreasing the permanent plastic strain created at the edge flange. However, Figure 3.33
shows an increase of 3.3% of the peak longitudinal membrane strain. This value could be explained by
the variations of the strip length and the positions in which the longitudinal membrane strains were
measured. Nonetheless, Abeyrathna, Rolfe, and Weiss [9] research showed no significant variation of
peak longitudinal membrane strain when increasing the distance between stations.

35

FASTCOLD

Work Package 1 – Deliverable 1.3

Figure 3.33: Longitudinal membrane strain of the node in the middle of the cut off profile length and approximately 1.2 mm
away from the edge flange (2nd node from the edge flange and 107th node form the front end of the profile) – Simulation 4.

 Simulation 1 vs Simulations 5 and 6
As a reminder, simulation 1 was modelled without friction while simulations 5 and 6 were modelled
with friction (with a friction coefficient of 0.15 and 0.2, respectively). Taking friction into consideration
means that the rolls are driven. The top and bottom rolls are driven with rolls diameter bottom/top ratio
of 1:2. The model presented a speed of 10 rpm for the bottom rolls. The side rolls were non driven.
As far as transverse residual stresses are concerned, the results do not display significant divergences.
For simulations 5 and 6, transverse residual stresses are almost coincident and very similar with stresses
in simulation 1, either in magnitude or in distribution. Figure 3.34 proves that similarity for the top
surface of path 2. However, these results were also verified for the top and bottom surfaces of all paths.
Friction in roll forming processes is responsible for transmitting the driving power from the rotating
rolls to the sheet. Bui and Ponthot [25] findings show no variation in spring-back for two models (one
with a friction coefficient of 0.2 and the other frictionless). However, Figure 3.35 shows an increase in
spring-back when increasing the friction coefficient, for the present study.
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Figure 3.34: Comparison of transverse residual stresses [MPa] along the xx direction between simulations 1, 5 and 6 in path
2 along the top surface.

Figure 3.35: Comparison of spring-back between simulations 1, 5 and 6.

 Simulation 1 vs Simulations 7 and 8
As a reminder, simulation 1 has a profile with a radius of 8 mm while simulation 7 has 4 mm and
simulation 8 has 12 mm (constant thickness of 3.5 mm for all simulations). Regarding through thickness
residual stresses along the 𝑥𝑥 direction of each element, the distribution of these stresses and their values
did not experience much difference when increasing or decreasing the radius/thickness ratio.
In order to transform a flat strip into the desired product, the stresses in the bent elements must exceed
the yield point of the material. According to literature, the stresses that exceed the yield point lead to the
development of permanent deformation and permanent elongation. Roll designers normally prefer bend
lines with relatively small radius, since smaller radius creates larger elongation of the outside fibers,
which leads to stresses well over the yield point, decreasing the spring-back of the profile. For large
radius, the stresses will be barely above the yield limit and the elastic strain/permanent strain ratio will
be high, which means that the spring-back will increase when compared to small radius [3]. Bui and
Ponthot [25] research also showed that larger bending radius increases spring-back. For plane iii and
plane iv, the results are in agreement with literature on this subject, though for plane i and plane ii,
results display a reverse trend (Figure 3.36).
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Figure 3.36: Comparison of spring-back between simulations 1, 7 and 8.

 Simulation 1 vs Simulation 9
As a reminder, simulation 1 is modelled with S350 steel while simulation 9 uses S460 steel. For the
material model of S460 steel, yield strength, ultimate tensile strength and elongation were also
introduced in the software and the flow stress curve was estimated by the software code. As expected,
increasing the strength of the material, leads to higher residual stresses in transversal direction.
Additionally, the distribution of through thickness residual stresses along the 𝑥𝑥 direction of each
element displays a different shape of the theoretical solution and simulation 1. For most paths, the top
surface is under compression while the bottom surface is under tension. These results display some
linearity not commonly observed.
Normally, high strength materials flare out at both ends and higher material strengths leads to larger
flares [3]. Figure 3.37 is in agreement with the previous statement. End flare is caused by the release of
internal stresses (theses stresses are balanced while the section is continuous, but when the piece suffers
the cut, these stresses become unbalanced), and for higher strength material, these stresses are higher as
well.
As mentioned, some literature reveals that materials with higher yield strength normally have smaller
longitudinal membrane strain (longitudinal peak membrane strain measured for simulation 9 was
0.9974%), as well as higher deformation lengths. However, high strength steels have larger spring-back,
since the elastic limit of the material increases, which means higher elastic recovery. Figure 3.38 reveals
that the results are in agreement with the previous assumptions. It can also be concluded that springback fluctuates approximately between 0.9° and 3°.
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Figure 3.37: Edge position of the flange for simulations 1 and 9 in the top surface.

Figure 3.38: Comparison of spring-back between simulations 1 and 9.

3.5 Fatigue analysis of the U/channel profile
Roll forming processes introduce residual stresses in the material. These residual stresses when
combined with service loading can change the stress range to be considered in the fatigue analysis. For
this reason, an external cyclic mechanical load was applied to the cold roll formed profile in order to
determine the resulting stress range and the critical area where fatigue cracks nucleation tends to occur.
The finite element analysis was developed using MSC Marc/Mentat software. In order to apply cyclic
loads, the model needed some alterations (due to the modification of boundary conditions, external
loads, initial conditions, etc.). For that, MSC Marc/Mentat was also used.
Rail sections must be designed to withstand the passage of shuttles (empty or fully loaded). Table 3.5
reveals typical shuttle´s weights with and without the pallet, as well as the resulting load in kN. This
information was supplied by some industrial partners of the project.
Table 3.5: Information given by industrial partners of FASTCOLD project about the shuttles and pallets typical masses.

Mass of the
shuttle [kg]
300

Mass of the
pallet [kg]
1,200

Number of
wheels
8

Load for a wheel
without pallet [kN]
0.375

39

Load for a wheel
with pallet [kN]
1.875 ≈ 2
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The load for the U-channel profile was applied in 9 nodes (the center node is the 39th node counting
from the front end of the profile, as it is shown in Figure 3.39), approximately in the center of the flange
and in the middle of the profile length. The increment used as a starting point for the fatigue analysis
(1185) was the one right before the end cut of the profile, reason why the tail end of the profile still had
the last station rolls in contact with the material. For the fatigue analysis, a mesh without discontinuities
was selected (in other words, the mesh used was of the profile without the end cuts). However, when
applying the boundary conditions to the imported mesh, all the elements that were in contact with the
rolls were “deactivated”. This way more than half of the strip could be analyzed for the fatigue analysis
and the influence of the free cut was disregarded. In other words, this increment was used so that more
than half of the strip could be analyzed after cyclic loads, ensuring that the free cut of the profile did not
influence the results. Regarding boundary conditions, 𝑥-direction boundary condition due to the
symmetry of the U-channel profile were applied in the symmetry line (similar to the boundary conditions
used to perform the simulations in the parametric study). Moreover, the nodes in the interface between
the “deactivated elements” and the rest of the strip were restrained in the 𝑦 and 𝑧 directions, only in the
web zone. Boundary conditions were also applied in the front end of the profile and were not applied in
the corner regions or in the flange.

Figure 3.39: External cyclic mechanical load in both flanges of the profile.

For cold roll formed profiles that are under cyclic loading, maximum principal values of stress can
change its direction a variety of times, since it is a problem of multiaxial stresses and may involve cyclic
transient loadings due to the rolling moving loads, e.g. moving shuttles on a rail. For each time increment
and for each node, the software provides the magnitude and direction of the maximum principal stress,
which normally changes with time increments. For this reason and in order to simplify the model, the
stresses that will be studied aiming the fatigue analysis are the stresses in the 𝑥𝑥 direction of the element
coordinate system since the direction of these stresses are known for each position of the element and
for each time increment. However, cyclic loading in cold form products for shelter applications involves
multiaxial fatigue and transient loads.
The cyclic load (two cycles) was applied, and its shape is governed by Equation 3.2.
𝜋
𝐹(𝑡) = 𝑎 × sin (𝑡 − ) + 𝑎
2

Equation 3.2

Where 𝑎 is a constant that determines the maximum value of the applied load.
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Three different loads were applied in order to study the material behavior to load changes. Since the
total load is the sum of the loads applied in each of the nine nodes, for a total load of 2 kN, 𝑎 = 111 N.
Then, loads of 4.5 kN and 9 kN were also simulated, with 𝑎 = 250 N and 𝑎 = 500 N, respectively.
Figure 3.40 illustrates the load function for a maximum amplitude intensity of 2 kN.

Figure 3.40: Cyclic load with a maximum range of 2 kN simulated in the U-channel section.

Firstly, critical areas in which a crack might be initiated were identified. The stress distribution field
showed that the corner region near the area where the load was applied suffered significant changes in
stresses with the cyclic load, and when the maximum load amplitude was achieved, the corner displayed
the highest values of stress, reason why bending regions were established as the critical areas (Figure
3.41).

Figure 3.41: Stresses [MPa] along the xx direction of the element coordinate system for step 26 (see Figure 3.40) and for a
maximum load range of 9 kN.

Secondly, four paths were defined (Figure 3.42) in the corner region and stresses were measured both
in the inner and outer corner surfaces in order to report the changes in magnitude and/or signal of these
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stresses. Stresses were analyzed at the maximum load amplitude (steps 26 and 76 of the numerical
simulation) and in the absence of load (steps 51 and 100 of the numerical simulation), Figure 3.40.

Figure 3.42: Paths where stresses were measured.

As mentioned, the maximum cyclic loads applied to the flange of the profile were 2 kN, 4.5 kN and 9
kN and these loads were applied in 9 nodes of the structure. The element size in the flange is
approximately 4.69 x 7.94 mm, therefore the load was applied in a total area of 148.95 mm 2. Even
though the stresses applied are under the plastic limit of the material, that does not imply the safety of
the product because stress concentrations can lead to local stresses and respective strains in the plastic
domain. Analyzing the results, dividing them into steps and comparing them with the initial state of the
profile (the U-channel profile presented stresses and strains that derived from the roll forming process),
it was concluded that:
 The inner corner surface was under tension before the application of the external load. This was
verified for every path except path x. As expected, the bending process tends to induce a
compressive state in the inner corner surfaces and a tensile state in the outer corner. However,
due to the elastic return of the material, these stress states tend to be reversed, leaving the inner
corner under tension and the outer corner surfaces under compression.
 For steps 26 and 76 and for the inner corner, path x and path y became under tension, for a
maximum load amplitude of 2 kN. The magnitude of the stresses increased in comparison with
the initial state. However, paths z and w present compressive stresses. For higher loads, all paths
were under tensile stresses. For instance, for 4.5 kN only path w displays compressive stresses
and for 9 kN all paths are under tension. Higher maximum loads intensify the initial stress state
since it leads to an increase of positive stresses. Compressive stresses do not jeopardize the fatigue
resistance of materials. Furthermore, steps 26 and 76 present the same values of stresses.
However, stresses after the cyclic loading differ from stresses after the rolling process and before
the cyclic loading.
 For steps 26 and 76 and for the outer corner surfaces and for the maximum load of 2 kN, paths x
and y are under compression, nonetheless for paths z and w, stresses present a positive value. For
higher maximum loads, all paths are under compression and the magnitude of the stresses are
more negative than the initial state. In the second cycle, these steps also show similar values of
stresses for the outer corner.
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 For steps 51 and 100, all applied loads led to a compressive state of the inner corner. After being
under tension when the load amplitude applied was maximum, the release of the load leaves the
inner corner surfaces under compression. Path w is the only path that does not follow this tendency
(Figure 3.43). For a magnitude of 9 kN, path w is under tension but with smaller values of stress
than the stresses of steps 26 and 56.
 For steps 51 and 100 and for the outer corner, stresses tend to become positive again. However,
some paths are still under compression, but with less negative values than the previous state.

Figure 3.43: Stresses [MPa] along the xx direction of the element coordinate system for step 51 (see Figure 3.40) and for a
maximum load of 9 kN.

To summarize, the initial state presented tensile stresses in the inner corner and compressive stresses in
the outer corner. When the load was being applied, the inner corner presented tensile stresses with higher
magnitude, which decreases the fatigue resistance of the material. However, the outer corner surfaces
became under compression, which does not represent any harm to fatigue life. When the profile was
released of the external load, the inner corner change back to a compressive state while the outer corner
surfaces became under tension. This was verified for both cycles. Also, after the application of the
mechanical load, the corner presented stresses that differ from the ones in the initial state, which proves
the existence of an elastoplastic effect of the material, after the first cycle of the external load. The return
to the original state should only be observed for a fully elastic behavior.
Path x represents the critical path, specifically the 4th node counting from the beginning of the path
since it experiences higher values of stress for steps 26 and 76. For this reason, fatigue life of the profile
was estimated taking into account the critical area, particularly this node where a crack is more likely to
be initiated. Figure 3.44, Figure 3.45, and Figure 3.46 display the resulting stress time histories due the
application of three different cyclic loads, from which the fatigue actions (stress range and mean stress)
can be evaluated.
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Figure 3.44: Stresses in the critical node for a maximum mechanical cyclic load of 2 kN.

Figure 3.45: Stresses in the critical node for a maximum mechanical cyclic load of 4.5 kN.

Figure 3.46: Stresses in the critical node for a maximum mechanical cyclic load of 9 kN.

Note that, in the first cycle of the applied load, a stress relaxation from the initial state (after roll forming)
is visible, especially for higher loads (9 kN).
After extracting and analyzing the results of the stress-strain curves of the material for a maximum load
of 2 kN and 9 kN, for the second cycle of each simulation, the material presents an elastic behavior (no
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hysteresis stress-strain loops were verified). The same behavior was assumed for the load of 4.5 kN. For
this reason, local stress-based approaches were used (S-N curves). Therefore, for an estimative of fatigue
life of the profile, only stresses from steps 76 and 100, respectively, were considered. Taking into
consideration Figure 3.43, Figure 3.44, and Figure 3.45, the expression to determine fatigue life that
includes the mean stress effect is shown in Equation 3.3. Regarding cyclic elastoplastic fatigue
properties of S355 mild steel: 𝜎′ = 952.2 MPa and 𝑏 = −0.089. Δ𝜎, 𝜎 , and 𝑁 were calculated
(Table 3.6).
Δ𝜎
= 𝜎
2

−𝜎

Equation 3.3

× 2∙𝑁

Table 3.6: Estimated number of cycles for three different cyclic loads using the local S-N based approach.

Note that 𝜎′ and 𝑏 used to determine the number of cycles until failure are the ones obtained by an
experimental work for S355 mild steel [27]. Due to the lack of information about S350GD, particularly
about fatigue constants, the values from S355 were used in this analysis.
Figure 3.47 reveals the approximate linearity in log-log scales of results between the load applied to the
profile and the number of cycles until failure. Nonetheless, the graph only has three points. To confirm
this assumption, more loads should be applied in order to confirm the trend.

Figure 3.47: Number of cycles for maximum loads of 2 kN, 4.5 kN and 9 kN in a logarithmic scale for a U-channel profile.

According to EN 1993-1-9, for 𝑚 = 3 (slope of fatigue strength curve), the number of cycles for which
the structure is considered to have an infinite life is 5 million, as it is shown in fatigue strength curves
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for direct stress ranges proposed in Eurocode 3. Assuming the same number of cycles for an infinite life
of this structure, it is possible to determine the maximum load that can be applied without compromising
the structure (preventing fatigue damage). Using Figure 3.47 (blue lines), the maximum load that can
be applied for an infinite life of the structure is approximately 3.5 kN.
For a cyclic load of 9 kN the number of cycles obtained was approximately 540, which means, for this
load, that is a low cycle fatigue problem, and the local S-N approach might not give a valid estimation
of fatigue life of the component.
As mentioned, the previous results were obtained applying the load directly in the profile obtained by
the roll forming process (first method), which means that the load was applied in a model with initial
conditions of stresses and strains. However, the validity of a second method (superposition method) was
relevant to study. To achieve that, a model with an imported mesh of simulation 1 (reference) was
created. Note that, this model does not contain initial stresses or strains, but presents the mesh with the
final shape of the roll forming process. After that, the same cyclic loads that were used in the previous
method were applied to this second model. The goal was to sum the stresses obtained with this second
model with the stresses from simulation 1 (referred to as initial state of the profile) and compare the
results with the stresses obtained with the first method. After analyzing the results, it was concluded that
this second method was not viable. This method is sometimes used in engineering problems, due to its
simplicity, although, in this case, it is not applicable. There are two distinguished fields of stress (the
first one resulting from cold roll forming processes and the second one resulting only from the
application of a cyclic load) and the superposition of these two fields is not linear, since the model is
elastoplastic. The comparison of results between the two methods was performed using a maximum load
of 9 kN and for some paths, the differences in the results could not be neglected (some paths have a
relative error of approximately 50%). However, paths y and z present errors between only 1 and 13%.
To summarize, the models presented in this chapter contain some limitations, which might influence the
validity of the results. For this reason, experimental works are of extreme importance to validate the
numerical findings. This being said, for the Z-section profile and for current and future investigations
within the FASTCOLD project, some recommendations are presented next:
 To better understand the effects of the free cut of the profile, a simulation with higher strip length
should be performed to determine the extent of the influence of the free cut;
 In order to reduce or to optimize the CPU time, a parametric study with different meshes should
be performed;
 To apply the cyclic loads, the profile should not have been split symmetrically, because, with this
condition, the load was applied in both flanges. However, this symmetric load might not have
influenced the stresses presented in the bend zone, because they are sufficiently apart from each
other;
 Regarding the hardening rule for these simulations, since the final goal is to study the influence
of cyclic loads, the hardening rule should be kinematic instead of isotropic.
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4 Numerical simulation of a Z191-rail profile using a
generic machine
Similar to the previous section, this section presents the simulation model generated for a Z191-rail
profile section profile. The modelling concepts are identical to the ones previously presented for the Uchannel, where the major differences are obviously the rolls of the forming machine.

4.1 Model definition
4.1.1

Geometry and flower

The roll design was developed in COPRA® RF and the simulation models were prepared automatically by the COPRA® FEA
RF package from the roll design. The distance between stations is 400 mm and the strip length is 520 mm. The dimensions of
the Z191-rail profile are illustrated in

Figure 4.1. The forming line has 13 stations (Figure 4.2). The flower diagram is shown in Figure 4.3.

Figure 4.1:

Geometry of the Z-section profile (r/t=2.29, h/w2=3.31, w2/w1= 2.03)
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Figure 4.2: Stations and respective rolls for the simulation of the Z-section profile.

Figure 4.3: Flower diagram of the Z-section profile.

Similar to the U-channel profile, the standard global coordinate system used was:
 𝑥 for the horizontal direction perpendicular to the sheet rolling direction;
 𝑦 for the thickness direction in the flat sheet (vertical);
 𝑧 for the sheet travel direction (roll forming direction).
4.1.2

Boundary conditions

On the tail end of the profile, boundary conditions (Figure 4.4) were used to restrain the displacements
in the 𝑥 and 𝑦-directions of the last nodes in the middle of the profile, for the same reason they were
used in U-channel profile (so that the strip would not experience rigid body motion). All the nodes in
the front and tail end were also restricted along the 𝑧-direction to simulate the continuous existence of
the strip (Figure 4.5).

Figure 4.4: x and y-directions boundary conditions – restriction of nodes in the middle of the tail end of the profile.
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Figure 4.5: Boundary condition to simulate the continuous existence of the strip (nodes in the extremities of the strip
restrained along z-direction).

4.1.3

Mesh definition

The following mesh parameters were specified in the software:





Subdivisions of straight entities: 2.8;
Subdivisions of arc entities: 1.8;
Subdivisions in the rolling direction: 1.5;
Number of elements along the thickness: 3.

Figure 4.6: Mesh of the Z-section Profile.

4.1.4

Material model

The material model for the Z-section profile was developed based on experimental testing. Swift’s
hardening law was then used as a curve-fitting model. Figure 4.8 presents the experimental data (true
and engineering stress-strain curves), as well as the curve obtained by Swift’s law. The experimental
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stress-strain curves were obtained by tensile tests on two specimens of S350GD steel (Figure 4.7). Table
4.1 presents Swift’s law parameters for S350GD steel.

Figure 4.7: Specimens of S350GD steel after the tensile tests.

Figure 4.8: Comparison of stress-strain diagrams between the engineering curve, true curve and Swift’s hardening law curve
of S350 GD steel.

Table 4.1: Swift’s hardening law parameters for S350GD steel.

𝐾 [MPa]
700

𝑛
0.1

4.2 Nomenclature
Figure 4.9 reveals some nomenclature related to the Z-section profile simulation.
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Figure 4.9: Designated terms for different sections of the Z-section profile and reference global coordinate system.

4.2.1

Measurement of residual stresses along 𝒙𝒙 direction

As mentioned, the software allows the creation of a customized coordinate system. Residual stresses
were measured in the same curvilinear coordinate system used in the U-channel profile. Moreover, the
Z-section profile was divided into five planes, as shown in Figure 4.10.

Figure 4.10: Division of the Z-section profile in different planes.

Three paths were considered for residual stresses analysis: path 1 belongs to plane ii, path 2 to plane iii
and path 3 to plane iv. Residual stresses were measured in the top surface and in the bottom surface,
although, Figure 4.11 is only representing the path in the top surface.
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Figure 4.11: Direction of each path in the top surface.

Note that plane i is located in the front end of the profile, while plane v is located in the tail end. For
through thickness residual stresses, five paths in the large flange were created in which residual stresses
were measured (Figure 4.12).

Figure 4.12: Paths in the bending zone of the large flange of the Z-section profile.

4.2.2

Measurement of bow and springback

Longitudinal bow was measured approximately in the middle of the bottom surface (-t/2) of the web of
the profile along the roll forming direction. Springback was measured in the large flange of the profile,
as an angular deviation from the designed profile.
Note that the profile is divided into 10 entities, as it is shown in Figure 4.13.
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Figure 4.13: Division of the Z-section profile in 10 entities.

As a side note, similar to the U-channel profile, the stresses were analyzed in the final increment of the
simulation after the free cut (increment 3580). However, for fatigue analysis, the increment right before
the free cut (3540) was used to analyze the stresses and strains.

4.3 Roll forming simulation results
Comparing the bottom and top surfaces, residual stresses suffer a noticeable increase in the corner
regions, in both surfaces (Figure 4.14). The top surface of the large flange is under tension, while the
small flange is under compression. The bottom surface displays the reverse results of the top surface.
Path 2 and 3 display similar results. These opposite trends for the flanges were expected, since the
bending of the large flange is in the opposite direction of the small flange. Plastic strains also present an
increase in corner regions, as expected (Figure 4.15).

Figure 4.14: Comparison of transverse residual stresses [MPa] along the xx direction between the top (t/2) and the bottom (t/2) surface for path 1 of the Z-section profile.
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Figure 4.15: Comparison of equivalent plastic strain along the xx direction between the top (t/2) and the bottom (-t/2)
surface for path 1 of the Z-section profile.

Concerning through thickness residual stresses (Figure 4.16), as mentioned before, the transverse stress
distribution results of the contribution of plastic stress originated to form the corner and elastic
springback of the same corner. The nonlinear stress distribution is similar to the theoretical solution and
the stress distribution obtained from the U-channel profile. However, the bottom surface is under
tension, as opposed to what happened in the U-channel profile. A less refined mesh could be a possible
explanation, since the distribution of these stresses are widely dependent on the mesh size that is being
used.

Figure 4.16: Through thickness residual stresses [MPa] along the xx direction for plane ii.
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Geometrical tolerances were not provided for the profile that is under analysis. Nonetheless, an industrial
partner of the FASTCOLD project is working with similar profiles and the tolerances for these profiles
are ±1 mm of springback and 1 mm/m of longitudinal bow.
Regarding longitudinal bow on the simulated Z191-rail profile, the maximum displacement verified was
approximately 1.37 mm (Figure 4.17), which means that the mentioned tolerances are not being
respected. Note that the strip only has 260 mm of length, which means the longitudinal bow is
approximately 5 mm/m.

Figure 4.17: Longitudinal bow measure on the bottom surface of the web.

The parametric study executed for the U-channel (previous section) revealed that springback depends
on the mesh used, especially in the number of elements across the thickness. For the Z-section profile,
three elements along the thickness were used, which means that the measured springback might be
higher than the springback obtained from an experimental work. Furthermore, the mesh is less refined
than the one used in the U-channel, which can lead to different stresses and strains distributions that can
affect springback. Figure 4.18 also reveals that the tolerances for springback are not being respected,
since even for the smaller value of springback (3.13°) the resulting deviation is 3.33 mm.

Figure 4.18: Springback of the large flange of the Z-section profile.
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4.4 Fatigue analysis of the Z191-rail profile
A similar fatigue analysis performed to the U-channel profile was conducted for the Z191-rail profile.
The same external cyclic mechanical loads (2 kN, 4.5 kN and 9 kN) were applied in the large flange of
the profile. The load was applied in 6 nodes of the large flange and in the middle of the length of the
profile (Figure 4.19). Loads were applied in the top and bottom surfaces of the large flange (Figure
4.19). The increment used to perform this analysis was the one right before the free cut.

Figure 4.19: External cyclic mechanical loads (a) applied in the top (b) and bottom (c) surfaces of the large flange of the Zsection profile.

Regarding boundary conditions, the nodes of the extremities of the web (in this situation, the extremities
was considered the elements of the interface between the elements of the profile and the elements that
are deactivated to simulate the end cut, similar to the U-channel profile) were restrained in the 𝑥, 𝑦 and
𝑧 directions, only in the web zone. Boundary conditions were not applied in the corner regions or the
flange.
As stated before, the stresses that are going to be studied for the fatigue analysis are the stresses in the
𝑥𝑥 direction of the curvilinear coordinate system.
Firstly, the critical areas and the critical node where fatigue cracks might nucleate were identified. Figure
4.20 illustrates the stress along the 𝑥𝑥 direction (of the curvilinear coordinate system) distribution field
and it is possible to conclude that the corner region represents the critical area. Note that the load was
applied as far as possible of the corner region, in order to simulate the worst scenario for fatigue damage.
Secondly, four paths were defined (Figure 4.21) in the corner region and for an applied load in the top
surface of the large flange, stresses were only measured in the inner corner, since the study performed
in the U-channel profile revealed that the application of loads intensifies the tensile state of the inner
corner surfaces and tensile stresses are detrimental to fatigue life of components. Similar to the analysis
performed in the U-channel profile, stresses were measured at the maximum load amplitude and in the
absence of load.
Thirdly, as previously stated, mechanical loads were also applied in the bottom surface of the large
flange. The same paths in the corner regions used in the analysis of stresses with loads in the top surface
were used in the analysis of stresses with the load applied in the bottom surface. Stresses distribution
fields (Figure 4.22) revealed that the critical area was in the outer corner, since for every maximum load
amplitude, the outer corner is under tension, while the inner corner surface is under compression (as
mentioned, compressive states of stresses are beneficial to fatigue life).
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Figure 4.20: Stresses [MPa] along the xx direction of curvilinear coordinate system for step 26 and for a maximum load
applied in the top surface of 9 kN.

Figure 4.21: Paths were stresses were measured in the Z-section profile.
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Figure 4.22: Stresses [MPa] along the xx direction of curvilinear coordinate system for a maximum load applied in the
bottom surface of 9 kN: (a) compressive state of the inner corner; (b) tensile state of the outer corner.

Analyzing the results, dividing them into steps and comparing them with the initial state of the profile
(the Z191-rail profile presented stresses and strains that derived from the roll forming process), it was
concluded that:
 The inner and outer corner surfaces were under tension before the application of external loads.
However, the outer corner surfaces presented smaller values for tensile stresses and for path w,
the stresses were compressive. These results are consistent with “through thickness residual
stresses” plots, that reveal an elastic springback of the material, but, for the bottom surface, the
stresses did not reach negative values. In spite of the similarities in terms of distribution of
“through thickness residual stresses” between the U-channel profile and the Z191-rail profile, the
stress values diverge from each other. One possible explanation is the different number of station
used in each model and/or the difference in the meshes used for each model.
 For maximum load steps and for the load applied in the top surface, the magnitude of stresses
tends to increase its value (along the paths created in the inner corner). This increase is more
visible for higher loads. Path x represents the exception since tensile stresses turned into
compressive stresses for 2 kN and 4.5 kN. For minimum load steps, residual stresses tend to
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decrease their values from the previous state and for most paths, compressive stresses were
achieved.
 For maximum load steps and for the load applied in the bottom surface, stresses increased their
values (along the paths created in the outer corner surfaces), and higher loads led to higher tensile
residual stresses. Once again, path x represents the exception since the maximum tensile residual
stresses occurred for the minimum load amplitude (2kN). For minimum load steps, most paths
revealed a decrease in the value of residual stresses, and for higher loads, paths z and w presented
compressive stresses.

To summarize, the behavior of the material did not present much difference from the results observed
in the U-channel profile. However, the magnitude of the stresses was slightly different for the reasons
mentioned above. Similar to the results from the U-channel profile, after the application of mechanical
loads, the corner presented stresses that differ from the ones in the initial state, which proves the
existence of an elastoplastic effect of the material in the first cycle of the load. The return to the original
state should only be observed for an elastic model.
Furthermore, path w represents the critical path, specifically the 5th node counting from the beginning
of the path since it experiences higher values of stress for steps where the maximum load is achieved.
For this reason, fatigue life of the profile was estimated taking into account the critical area, particularly
this node where a crack is more likely to be initiated. Figure 4.23 to Figure 4.28 display the resulting
stresses histories due the application of three different cyclic loads, from which the stresses ranges will
be extracted.

Figure 4.23: Stresses in the critical node for a maximum mechanical cyclic load of 2kN applied in the top surface.
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Figure 4.24: Stresses in the critical node for a maximum mechanical cyclic load of 4.5 kN applied in the top surface.

Figure 4.25: Stresses in the critical node for a maximum mechanical cyclic load of 9 kN applied in the top surface.

Figure 4.26: Stresses in the critical node for a maximum mechanical cyclic load of 2kN applied in the bottom surface.
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Figure 4.27: Stresses in the critical node for a maximum mechanical cyclic load of 4.5 kN applied in the bottom surface.

Figure 4.28: Stresses in the critical node for a maximum mechanical cyclic load of 9 kN applied in the bottom surface.

The model for the Z-section profile uses an isotropic hardening rule, as the U-channel profile. Since the
loads applied are equal and material properties are similar, stress-strains curves were assumed to have a
similar behavior to the U-channel model, in other words, the material presents an elastic behavior, after
the second cycle. For this reason, to estimate the fatigue life of the profile, a local stress-based approach
was also used in the Z-section profile model. Taking into consideration the stress range from the steps
where the maximum load is achieved and fatigue parameters 𝜎′ and 𝑏 obtained by Jesus et al. [27]
experimental fatigue tests on smooth specimens of S355 mild steel (𝜎′ = 952.2 MPa and 𝑏 = −0.089).
Δ𝜎, 𝜎 , and 𝑁 were calculated (Table 4.2 and Table 4.3).

Table 4.2: Estimated number of cycles for three different cyclic loads applied in the top surface of the large flange of the Zsection profile using the local S-N based approach.
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Table 4.3: Estimated number of cycles for three different cyclic loads applied in the bottom surface of the large flange of the
Z-section profile using the local S-N based approach.

Figure 4.29 reveals the approximate linearity in log-log scales of results between the load applied to the
profile and the number of cycles until failure. Performing a similar analysis to the U-channel profile and
assuming the same number of cycles for an infinite life for this structure, it is possible to determine the
maximum load that can be applied without compromising the structure (preventing fatigue damage).
The maximum load that can be applied in the top and bottom surfaces for an infinite life of the structure
are approximately 2.8 kN and 3.3 kN, respectively (see Figure 4.29). Similar to the conclusions obtained
from the simulations with the U-channel profile, for a cyclic load of 9 kN the number of cycles was 140
for the inner corner and 1300 for the outer corner, for a maximum load applied in the top and bottom
surfaces of the large flange, respectively.
To summarize, the model used for the Z-section profile contains some of the limitations of the model
used for the U-channel profile. Some conclusions are important to be stated such as:
 The length of the strip did not suffer any change, since the CPU time required to perform a
simulation with increased length exceeded the time available to complete this investigation. For
this same reason, the mesh used was not the same used in the U-channel profile model, since the
CPU time required to perform this simulation was 15 days. Using a less refined mesh allowed the
simulation to be completed in less than half of that time. Figure 4.30 shows the different CPU
times for all the presented simulations;
 The hardening rule for these simulations should also be kinematic instead of isotropic, in order to
understand the best approach to use in fatigue life estimations. Note that, the kinematic hardening
rule for this model was not used, since the simulation had already been performed when the results
from the fatigue analysis of the U-channel profile were extracted and analyzed. At that point,
initiating another simulation was unfeasible due to time limitations;
 Figure 4.23 to Figure 4.28 reveal a stress relaxation of the initial state of the profile, similar to
what happened in the U-channel profile. This stress relaxation is more visible for higher loads.
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Figure 4.29: Number of cycles for maximum loads of 2 kN, 4.5 kN and 9 kN in a logarithmic scale for the Z191-rail profile.

Figure 4.30: CPU time required to conclude the Z191-rail profile and U-channel simulations.
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5 Numerical simulation of a Z191-rail profile using the real
machine
The current section presents the numerical simulations of the cold roll-forming fabrication process to
obtain the Z191-rail profile with internal residual stresses. These simulations were carried out using
COPRA® and Marc®.
The COPRA® software is mostly responsible for defining the geometric properties of the roll-forming
machine, i.e., in COPRA®, the user defines all the stations of the machine, including the geometry of
all the rolls, as well as the distances between each station. With this information, COPRA® then creates
a Marc® model where the roll-forming machine is put in place, as well as the metal strip to be rollformed. COPRA® also discretizes (or meshes) the strip and defines contact interactions between it and
the rolls. Finally, COPRA® also creates all the necessary load cases for the simulation.
The Marc® software uses the Finite Element Method to numerically simulate the cold roll-forming
fabrication process. As stated above, Marc® uses the roll-forming machine (rolls) and the already
discretized (or meshed) metal strip from COPRA®. COPRA® is also responsible for defining the
contact interactions between the strip and the rolls, as well as all necessary load cases for the base
simulation. In Marc®, the user can further specify the strip’s material, as well as various other
parameters, like isotropic or kinematic material hardening rules, element type to be used, extra load
cases, solver options, etc.

5.1 Base model
The first step to establish the base model for the numerical simulations of the cold roll-forming
fabrication process is to define the roll-forming machine stations and rolls. For this step, the
manufacturer made available the CAD drawings of each individual station. These drawings were then
referenced when drawing the roll-forming stations and their rolls in COPRA®, replicating the real rollforming machine.
Using these stations and rolls, Figure 5.1 presents the obtained Z191-rail profile’s roll-forming flower.
It should be noted that special care was taken to guarantee that the strip’s width (279.21 mm, calculated
by COPRA®) and thickness (3.5 mm) remained constant for all stations. Finally, Table 5.1 shows
additional details for the roll-forming machine stations.

Equation 5.1
Figure 5.1: Z191-rail profile's roll-forming flower.

64

FASTCOLD

Work Package 1 – Deliverable 1.3
Table 5.1: Roll-forming machine stations.

Station number

Station type

1

Entry guide

2

Forming

3

Forming

4

Forming

5

Forming

6

Forming

7

Forming

8

Forming

9

Forming

10

Forming

11

Forming

12

Forming

13

Forming

14

Calibrating

15

Calibrating

16

Forming

17

Calibrating

18

Calibrating

The base model also consists of an initial strip with twice the length of the intended rail’s final length.
After the roll-forming process, the 1800 mm strip is cut to obtain the 900 mm rail (Figure 5.8).
After defining every station of the machine and the strip’s initial length, the next step in COPRA® is to
mesh the strip. The strip is meshed according to four parameters:





Number of subdivisions of straight entities;
Number of subdivisions of arc entities;
Number of subdivisions in the roll-direction;
Number of element layers across the thickness.

The straight and arc entities of the strip’s section can be obtained considering the section at any specified
station or considering all stations simultaneously, the latter option was used (Figure 5.2). Figure 5.3
shows a slice of the meshed strip, which shows a higher mesh refinement in the bend-zones. The mesh
is comprised of continuum hexahedral elements with 8 nodes and 8 integration points (full integration).
Finally, in the base model, 3 element layers were used across the thickness of the strip, which results in
31,365 elements and 42,848 nodes.

Figure 5.2: Strip's straight (red) and arc (blue) entities considering all stations simultaneously.
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Figure 5.3: Slice of the meshed strip.

The base model also consists in the S355MC material, whose elastoplastic properties have been
presented in Deliverable 2.1. The von Mises yield criterion was considered, as well as an isotropic
hardening rule.
In the numerical model, the rolls are considered as non-deformable rigid analytical parts. The normal
hard contact interactions between the strip and the rolls are automatically defined by COPRA®. The
tangential contact was also considered frictionless since the strip is fixed in place and the rolls move
towards the strip without rolling (a common simplification of the roll-forming fabrication process).
Finally, COPRA® automatically defines the boundary conditions necessary to eliminate any rigid-body
movements of the strip. These three boundary conditions consist in the following:
 In the first 3 rows of nodes on the end of the strip, the middle nodes of the rows are constrained
to not move in the x direction (total of 12 nodes, Figure 5.4);
 In the first 3 rows of nodes on the end of the strip, the middle nodes on the bottom are constrained
to not move in the y direction (total of 3 nodes, Figure 5.5);
 Displacement in the z direction (rolling-direction) is constrained on both ends of the strip (Figure
5.6).

Figure 5.4: Constrained U1 on the end of the strip (12 nodes).
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Figure 5.5: Constrained U2 on the end of the strip (3 nodes).

Figure 5.6: Constrained U3 on both ends of the strip.

The base model is now established, and simulations are ready to run. Figure 5.7 shows the numerical
model of the roll-forming fabrication process to obtain the Z191-rail profile in its initial state.

Figure 5.7: Numerical model of the roll-forming fabrication process to obtain the Z191-rail profile.
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Figure 5.8 and Figure 5.9 show the obtained Z191-rail profile from the presented model. As mentioned
before, a final load step to cut the Z191-rail profile is done in order to eliminate unwanted deformations
in the strip’s ends. In Figure 5.8, the total equivalent plastic strain is shown. This scalar field shows that
the parts of the strip most plasticized were the bends, as expected. Figure 5.9 shows the section of the
obtained Z191-rail profile.
For future plotting purposes, Figure 5.11 shows the paths defined along the rail’s section thickness, at
the rail’s web-flange corner, while Figure 5.12 shows the paths defined along the section’s inner and
outer surfaces.
The most relevant residual stresses to be analyzed are the tangential (also called transversal) and
longitudinal residual stresses. To obtain these residual stresses, an element-local coordinate system was
used for each element (Figure 5.10). Referencing this coordinate system, residual tangential stresses are
the ones along the x axis, and residual longitudinal stresses are the ones along the z axis.

Figure 5.8: Obtained Z191-rail profile.

Figure 5.9: Obtained Z191-rail profile's section.
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Figure 5.10: Global and element-local coordinate systems (pre-forming).

Figure 5.11: Definition of paths along the section
thickness (web-flange corner).

Figure 5.12: Definition of paths along the section’s inner and outer
surfaces.

5.2 Parametric study
5.2.1

Number of element layers

The first set of simulations based on the presented base model were used to determine the optimal
number of element layers to use on the meshed strip. Three models were constructed, with strips of 2,
3, and 4 element layers.
5.2.1.1

Results across the thickness

Referencing Figure 5.11, Figure 5.13 to Figure 5.18 present the results for the tangential and longitudinal
residual stresses across the rail’s web-flange corner, where fatigue failure occurred during experimental
testing.
As shown by Figure 5.13 and Figure 5.14, 2 element layers is not enough to fully capture the residual
stresses across the thickness. However, reasonable results are obtained on the surfaces (-0.5 and +0.5 of
the normalized thickness).
As shown by Figure 5.15 and Figure 5.16, the model with 3 element layers presents the best results,
where a smooth transition of stress values can be seen between the various paths. This model also
presents similar results between paths a and e, and paths b and d, which is expected due to the symmetry
of the corner. Finally, in this model, paths a and e present the lowest absolute stress values, paths b and
d present the second lowest absolute stress values, and path c presents the highest absolute stress values.
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This is also expected considering the symmetry and distance from the paths to the middle of the corner
(where path c passes right through the middle).
Lastly, as shown by Figure 5.17 and Figure 5.18, the model with 4 element layers presents more
unwanted scatter in the results compared to the model with just 3 element layers, which was not
expected.

Figure 5.13: Tangential residual stresses across the
thickness (2 element layers).

Figure 5.14: Longitudinal residual stresses across the
thickness (2 element layers).

Figure 5.15: Tangential residual stresses across the
thickness (3 element layers).

Figure 5.16: Longitudinal residual stresses across the
thickness (3 element layers).
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Figure 5.17: Tangential residual stresses across the
thickness (4 element layers).

5.2.1.2

Figure 5.18: Longitudinal residual stresses across the
thickness (4 element layers).

Results across the width

Referencing Figure 5.12, Figure 5.19 to Figure 5.22 show the results for the tangential and longitudinal
residual stresses across the section’s inner and outer surfaces.
As shown by the figures, the three models present roughly the same tendencies of higher absolute stress
values in the section’s bend-zones.

Figure 5.19: Tangential residual stresses across the width
(path i).
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Figure 5.21: Longitudinal residual stresses across the width
(path i).

5.2.2

Figure 5.22: Longitudinal residual stresses across the width
(path o).

Isotropic vs. kinematic hardening

The next set of simulations conducted based on the presented base model were two simulations to
determine the differences in results between using isotropic or kinematic material hardening rules. For
this, an additional numerical model was created, identical to the base model, but now considering a
kinematic hardening rule.
5.2.2.1

Results across the thickness

Referencing Figure 5.11, Figure 5.23 to Figure 5.26 present the results for the tangential and longitudinal
residual stresses across the rail’s web-flange corner. As shown by the images, differences in the results,
between isotropic and kinematic hardening rules, are evident. The kinematic hardening rule results in
smoother stress values with less distinction between paths.

Figure 5.23: Tangential residual stresses across the thickness
(isotropic hardening rule).
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Figure 5.25: Tangential residual stresses across the thickness
(kinematic hardening rule).

5.2.2.2

Figure 5.26: Longitudinal residual stresses across
the thickness (kinematic hardening rule).

Results across the width

Referencing Figure 5.12, Figure 5.27 and Figure 5.28 show the results for the tangential and longitudinal
residual stresses across the section’s inner and outer surfaces. As shown by the figures, isotropic and
kinematic hardening rules produce similar trends, but for isotropic hardening, higher absolute stress
values can be seen in the section’s bend-zones.

Figure 5.27: Tangential residual stresses across the width (isotropic vs. kinematic hardening rules).
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Figure 5.28: Longitudinal residual stresses across the width (isotropic vs. kinematic hardening rules).

5.2.3

Final cut vs. pre-cut strip

The next set of simulations consisted in the following models:



The base model, where the initial strip has twice the length of the intended rail’s final length.
After the roll-forming process, the 1800 mm strip is cut to obtain the 900 mm rail. As stated
before, the strip on this model is meshed with 31,365 elements and 42,848 nodes;
An identical model, but now the initial strip has already the final length of the rail (900 mm).
With this model, the strip is meshed with 15,606 elements and 21,424 nodes. This model will
be referenced as the “pre-cut model”. In this model, the final cut is avoided.

Using the same CPU, with the base model, the simulation time was around 2 weeks, while using the
pre-cut model, the simulation time was greatly reduced to less than 2 days. Obviously, this is a huge
advantage for the pre-cut model. However, the pre-cut model is also less numerically stable, for
example, for the previous study of isotropic versus kinematic hardening rules, the pre-cut model failed
to converge to a solution in Marc® while using a kinematic hardening rule, but the base model
converged with no problems. This numerical instability is most likely due to the fact that, in the pre-cut
model, the strip is sometimes in contact with just 1 roll-forming station, while in the base model the
strip is always in contact with 3 roll-forming stations.
5.2.3.1

Results across the thickness

Referencing Figure 5.11, Figure 5.29 to Figure 5.32 present the results for the tangential and longitudinal
residual stresses across the rail’s web-flange corner. As shown by the images, differences in the results,
between using the base model or the pre-cut model, are not very significant, justifying the lighter model.
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Figure 5.29: Tangential residual stresses across the thickness
(base model).

Figure 5.30: Longitudinal residual stresses across
the thickness (base model).

Figure 5.31: Tangential residual stresses across the thickness
(pre-cut model).

Figure 5.32: Longitudinal residual stresses across
the thickness (pre-cut model).

5.2.3.2

Results across the width

Referencing Figure 5.12, Figure 5.33 and Figure 5.34 show the results for the tangential and longitudinal
residual stresses across the section’s inner and outer surfaces. As shown by the figures, differences in
the results, between using the base model or the pre-cut model, are not very significant, justifying again
the lighter model.
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Figure 5.33: Tangential residual stresses across the width (base model vs. pre-cut model).

Figure 5.34: Longitudinal residual stresses across the width (base model vs. pre-cut model).

5.2.4

Numerical vs. experimental residual stress results (validation)

Experimental residual stress results were obtained at the University of Burgos (a FASTCOLD project
partner) using Hole Drilling (HD) and X-Ray Diffraction (XRD) techniques to obtain the values of the
residual stresses of the rail.
The hole drilling technique obtains the residual stress values by drilling in the rail’s flange, near the
web-flange corner (between paths a and b in Figure 5.11). The X-ray diffraction technique obtains the
residual stress values located in the middle of the web-flange corner (path c in Figure 5.11), in the outer
surface only.
5.2.4.1

Tangential residual stresses

Referencing Figure 5.11, Figure 5.35 shows the comparison between tangential residual stresses
obtained through numerical and experimental procedures. As shown by the figure, a satisfactory
agreement is found between the experimental and the numerical results. However, one may notice some
scatter in the experimental data.
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Figure 5.35: Tangential residual stresses across the thickness (numerical vs. experimental results, S-Specimen, MMeasurement).

5.2.4.2

Longitudinal residual stresses

Referencing Figure 5.11, Figure 5.36 shows the comparison between longitudinal residual stresses
obtained through numerical and experimental procedures. As shown by the figure, and contrary to the
tangential residual stresses results, with the longitudinal residual stresses, no acceptable correlation can
be observed in the results.
This can possibly be explained due to the fact that in the numerical model used to simulate the cold rollforming fabrication process to obtain the Z191-rail profile, the coiling and uncoiling of the initial metal
strip is not considered. It is expected that the coiling and uncoiling of the strip alters the longitudinal
residual stresses in the final rail.
However, it must be noted that the tangential residual stresses are the most important ones for future
fatigue analyses of the Z191-rail profile, and these stresses correlate well with the obtained experimental
data.
In reality, coiling and uncoiling effects are difficult to account for since many coiling-uncoiling cycles
are applied to the strip, from the production of the raw material up to the final uncoiling and flattening
to the roll-forming mill. This number of cycles may also vary if the strip is coated or painted before the
roll-forming process. However, due to the Poisson effect, longitudinal residual stresses (due to coilinguncoiling cycles) should affect transversal residual stresses.
Finally, one can see large dispersions between experimental results.
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Figure 5.36: Longitudinal residual stresses across the thickness (numerical vs. experimental results, S-Specimen, MMeasurement).

5.3 A note on residual transversal stresses
Based on the presented simulations, and referencing Figure 5.12, Figure 5.37 presents the Z191-rail
profile’s tangential (or transversal) residual stresses on the web-flange corner’s inner and outer surfaces
(also known as R8 corner). As shown by this figure, residual stresses in the inner surface of the webflange corner are tensile stresses, while at the outer surface they are compressive stresses (or close to
zero). During fatigue cycling, it is expected that the mean stresses are influenced by the residual stresses.
On effect, during the downward loading scenario (Deliverable 2.1), the mean stress will increase due to
the tensile residual stresses at the inner surface, which is the crack initiation site; for the upward loading
scenario (Deliverable 2.1), the mean stress will be reduced due to the expected compressive residual
stresses at the outer surface. It is expected that this mean stress difference impacts differently on fatigue
damage, i.e., it is expected different fatigue behaviors for the Z191-rail profile when subjected to either
a downward or an upward loading scenario.
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Figure 5.37: Tangential residual stresses on the Z191-rail profile's R8 corner.

5.4 Coffin-Manson fatigue life prediction
In Marc®, after obtaining the Z191-rail profile with internal residual stresses through the simulation of
the cold roll-forming fabrication process using the presented base model, additional load steps were
created where the Z191-rail profile is fixed on both ends and a point load is applied to the middle of the
flange, at the mid-span of the rail.
Figure 5.38 shows a downward loading scenario (9 kN load example), and Figure 5.39 shows an upward
loading scenario (9 kN load example). In these simulations, the manufacturing process and external
structural loads are encompassed by a single model using elastoplastic FEA.
Refer to Deliverable 2.1 for the definition of a downward and an upward loading scenario.

Figure 5.38: Downward loading scenario point load with residual stresses superposition (maximum principal stress, example
for 9 kN load).
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Figure 5.39: Upward loading scenario point load with residual stresses superposition (maximum principal stress, example
for 9 kN load).

The mentioned extra load steps are necessary to estimate the lifetime, in terms of load cycles, of the rail
through the Coffin-Manson equation:
,
𝛥𝜀 𝜎 − 𝜎
=
∙ (2𝑁 ) + 𝜀 , ∙ (2𝑁 )
2
𝐸

Equation 5.2

Where:






𝛥𝜀 = 𝜀
−𝜀
is the strain range within the load cycle;
𝜎 = 0.5 ∙ (𝜎
+ 𝜎 ) is the mean stress of the load cycle;
𝑁 is the estimated lifetime in terms of load cycles;
𝐸 is the Young’s modulus of the material;
𝜎 , , 𝜀 , , 𝑏 and 𝑐 are empirically determined material constants, based on fatigue tests of smooth
specimens.
Table 5.2: Empirically determined material constants for the S355MC material [27].

𝜎 , [MPa]

𝜀,

𝑏

𝑐

952.2

0.7371

-0.089

-0.664

Using the material constants presented in Table 5.2, the Newton-Raphson method was employed to
solve Equation 5.2, obtaining the Coffin-Manson lifetime predictions. Table 5.3 presents the obtained
results.
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Table 5.3: Results for the Coffin-Manson lifetime prediction

Loading
scenario
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U

Specimen
7
8
9
10
11
12
13
14
17
18
19
20
21
22
23
24
49
50
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

Max
load
[N]
5,000
5,000
5,000
5,000
7,500
7,500
7,500
7,500
9,000
9,000
6,250
6,250
9,000
9,000
6,250
6,250
5,500
5,500
9,000
9,000
17,500
17,500
17,500
17,500
15,000
15,000
12,500
12,500
15,000
15,000
12,500
12,500
10,000
10,000
10,000
10,000

Min
load
[N]
500
500
500
500
750
750
750
750
900
900
625
625
900
900
625
625
550
550
900
900
1,750
1,750
1,750
1,750
1,500
1,500
1,250
1,250
1,500
1,500
1,250
1,250
1,000
1,000
1,000
1,000

Mean
stress
[MPa]
473.45
473.45
473.45
473.45
498.74
498.74
498.74
498.74
517.27
517.27
485.68
485.68
517.27
517.27
485.68
485.68
478.40
478.40
333.02
333.02
447.42
447.42
447.42
447.42
432.99
432.99
422.29
422.29
432.99
432.99
422.29
422.29
361.38
361.38
361.38
361.38

Strain
Experimental
range
lifetime
[mm/mm]
0.001430
325,000
0.001430
5,000,000
0.001430
5,000,000
0.001430
5,000,000
0.002729
160,000
0.002729
120,000
0.002729
200,000
0.002729
95,000
0.003596
75,000
0.003596
42,500
0.002060
580,000
0.002060
325,000
0.003596
90,000
0.003596
45,000
0.002060
220,000
0.002060
120,000
0.001679
550,000
0.001679
800,000
0.002123
5,000,000
0.002123
5,000,000
0.005564
45,000
0.005564
62,000
0.005564
22,000
0.005564
64,000
0.004332
200,000
0.004332
255,000
0.003043
850,000
0.003043
700,000
0.004332
180,000
0.004332
240,000
0.003043
550,000
0.003043
645,000
0.002358
550,000
0.002358
650,000
0.002358
700,000
0.002358
900,000

Coffin-Manson
lifetime
910,246
910,246
910,246
910,246
28,738
28,738
28,738
28,738
11,970
11,970
91,327
91,327
11,970
11,970
91,327
91,327
284,686
284,686
287,366
287,366
4,825
4,825
4,825
4,825
9,233
9,233
27,892
27,892
9,233
9,233
27,892
27,892
119,499
119,499
119,499
119,499

Figure 5.40 presents the results of Table 5.3. To have a good fatigue life prediction, all points in Figure
5.40 should fall in between a double-half band, which, unfortunately, does not happen. However, all
points, except one, fall on the safe side of the plot.
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Figure 5.40: Coffin-Manson vs. experimental lifetimes.
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6 Numerical simulation of an upright section
6.1 Introduction
This section presents the contribution from the partner UBU (University of Burgos) to the Task 1.3.
Numerical analysis of local stresses induced by cold-forming which is included within the Work
Package 1: Mechanical characterization of cold-formed steel sections. The main objective of this task
is to develop a robust Finite Element framework to predict residual stresses and the influence of forming
parameters, e.g. roll design, distance between stations, coiling influence, effect of pre-punching, etc. In
combination with the experimental Task 1.4. Experimental measurements of residual stresses, numerical
models will be calibrated and possible bias in measurement methods will be assessed.
The numerical activities have been focused on the simulation of Roll Forming and the determination of
residual stresses and plastic strain on the final shape of the profile. In the following sections, Roll
Forming models have been built after the supplier information in order to realistically reproduce the
behavior of the steel members during manufacturing.

6.2 Thin upright section B-S1-60-1.5 M4
Upright members in racking systems must be carefully designed in order to avoid excessive bending,
buckling, failure of perforated sections, fatigue, etc. Within this context, the evaluation of structural
integrity of upright members must take into consideration the likely appearance of residual stresses due
to the manufacturing process. In the case of cold-formed steel members, since the profile shaping is
performed at room temperature, significant residual stresses are expected.
The upright member that is analyzed in the following sections is relatively small within the range of
sizes of rack uprights and with a small thickness of 1.5 mm. The following characteristics are going to
determine the modelling approach and can involve numerical drawbacks or advantages:
 Omega-shape: 60×65 mm
As other U-shaped members, the omega-shape facilitates the simulation due to the symmetry of the
section and the symmetry inherent to the Roll Forming process of these sections. Thus, only half of the
specimen is simulated with the appropriate boundary conditions.
However, the omega-shape is more complex than the U-shape so more passes and forming stations are
required to achieve the desired final section. Nevertheless, the focus is put on the main corner of the
section.
 Thickness of 1.5 mm
This thin section, compared to the upright B-S1-140-3.5 M5 with 3.5-mm thickness, has the advantage
that the experimental measurement through the Hole-Drilling technique covers 2/3 of the thickness, i.e.
1 mm of depth, due to the limitation of the ASMT E837-13a standard. Thus, the comparison between
experimental and numerical values might be carried out for more elements with the same mesh layers
than for other thicker members. However, some numerical instabilities have been found that could be
attributed to the thin section and, consequently, a significant thickness reduction.
 Bend radius of 1.5 mm
The relationship between bend radius over thickness is hypothesized to influence on the residual stress
distribution and on the fatigue behavior of corners. The lower the ratio R/t, the higher residual stresses
are expected. For this section, a R/t = 1.0 is considered as a low value, i.e. high stress concentration
could be developed during cold-forming. It must be noted that this R = 1.5 mm is a nominal value that
could vary in real members.
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 Material: S350 steel
Roll-formed members are manufactured from a mother coil made out of a S350GD pickled steel, i.e.
without coating. Even though the S350 steel requires a minimum yield strength of 350 MPa, in the
present work the real behavior of tensile specimens is used to model the elasto-plastic response in the
Finite Element software.
 With and without holes
Among the failure modes that must be considered for an upright member in a racking system, the
influence of punched holes is a critical issue. Connections at these holes can transmit significant loads
and the stress concentration around hole corners must be considered as possible sites for crack initiation
which can lead to catastrophic fracture failures.
 CODIFICATION: B-S1-60-1.5 M4
Due to the large amount of tested and simulated samples, the codification of steel sections must also be
noted:
-

Supplier: IP B
Type of section: S1 (upright member after Roll Forming)
Thickness: 1.5 mm
R/t ratio: 1
Material: M4 (S350GD)

Figure 6.1: Main dimensions of B-S1-60-1.5 M4 section.

6.3 Flower definition and machine design
The flower design represents how the cross-section is folding from the first rolling station (0 station) to
the final shape of the upright member. The shape of the sheet after each of the 15 stations (from 0 to 14)
is shown in Figure 2.
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Figure 6.2: Flower design of B-S1-60-1.5 M4 sections throughout 15 stations.

During the rolling process of the B-S1-60-1.5 M4 section, four stages might be identified:
-

-

-

From 0 station to 5 station:
The flanges are bended in two corners whereas the inner web remains flat.
From 6 station to 10 station:
The flat part of the sheet begins to be bended and the main corner is built. The higher residual
stresses are expected near that location.
From 11 station to 14 station:
There is a bend in the central part of the section, just in the middle axis. The bending of the main
corners is also increased with the aim of preventing the final springback (13 to 14 station).
From 14 station to 16 station:
The final springback occurs and the final shape is checked. Forming is not happening.

The design of each set of rolls corresponding to every forming station is done by the supplier IP B. Then,
the drawings are imported to the COPRA software for the simulation of Roll Forming and the numerical
evaluation of residual stress distributions. The distance between stations was fixed to 500 mm following
the supplier’s information. This parameter is very critical because it must reproduce the real forming
process but has numerical consequences: a long distance between stations increments the length of the
simulated sheet because it must cover at least the distance between two consecutive stations. On the
other hand, a short distance between station can cause numerical instabilities and the collapse of the
section because a more gradual bending is required for a correct forming.

6.4 Finite element models
Due to the high computational cost of Roll Forming simulations, a meshing strategy is considered here.
Firstly, a model with only one layer of elements is used to set all the parameters governing the machine
design. Once the model runs correctly, even though the stresses are not accurate, a model with 3 layers
is run in order to assess the increase in computational time. Since the 3-layer model spends a reasonable
time (8.5 days), the influence of punched holes is evaluated using this mesh. Finally, in order to compare
with the experimental results, a finer mesh is considered with 5 layers and a longer coil length. This 5layer model is considered as the most accurate and the evaluation of results in 6 nodes along thickness
is done. Thus, three models are defined for the simulation of B-S1-60-1.5 M4 profiles:
 MODEL 1: B-S1-60-1.5 M4 without holes and 3 elements along the thickness (B-S1-60-1.5 M43)
 MODEL 2: B-S1-60-1.5 M4 without holes and 5 elements along the thickness (B-S1-60-1.5 M45)
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 MODEL 3: B-S1-60-1.5 M4 with holes and 3 elements along the thickness (B-S1-60-1.5 M4H3)
6.4.1

Mesh

Only half of the model has been reproduced. The model is cut after rolling considering a cutting length
of 37 cm in order to see possible cutting effects on residual stresses.

3 layers (B-S1-60-1.5 M4-3)
 Coil length = 1.5 × dstations
 Subdivisions:
o Straight entities: 1
o Arc entities: 1
o Roll direction: 1
 Elements: 20088
 Computation time (4 CPUs): 204 hours (8.5 days)

5 layers (B-S1-60-1.5 M4-5)
 Coil length = 1.5 × dstations
 Subdivisions:
o Straight entities: 2
o Arc entities: 2
o Roll direction: 1
 Elements: 92500
 Computation time (4 CPUs): 803 hours (33.5 days)

3 layers with holes (B-S1-60-1.5 M4H-3)
 Coil length = 1.3 × dstations
 Subdivisions:
o Straight entities: 1
o Arc entities: 1
o Roll direction: 1
 Elements: 25422
 Computation time (4 CPUs): 256 hours (10.5 days)

6.4.2

Material

The elastic constants of the S350GD steel have been considered as usual for steels: Young’s modulus E
= 210000 MPa and a Poisson’s coefficient of 0.3. COPRA software has two options for defining yielding
and hardening behaviour: Swift’s constants for the definition of the stress curve or material
specifications extracted from the tensile test characteristic values. Following the experimental results
obtained by UPorto for two tensile tests of S350GD specimens, the hardening behaviour is modelled
using the parameters included in Table 1.
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Table 6.1: Parameters considered in Roll Forming simulations for elasticity and plasticity modelling.

Young’s modulus
E [MPa]
210000

Poisson’s
ratio ν [-]
0.3

Yield strength
Rp0.2 [MPa]
430

Ultimate tensile
strength Rm [MPa]
611

Elongation at Rm
A80 [%]
22.3

6.5 Results
The stress and strain distributions shown in this section are extracted from the B-S1-60-1.5 M4-5 model,
i.e. with 5 layers, as defined above. Firstly, the residual stress and plastic strain contour maps are shown
in snapshots of the output model. Secondly, results are plotted along some longitudinal paths defined in
the surfaces near the corners of the sample. Then, perimetral paths are selected to plot residual stresses
and, finally, in order to get the in-depth distribution, the residual stresses through the thickness are shown
for different locations around the main corner of the B-S1-60-1.5 M4 member.
6.5.1

Contour map results

All figures showing contour maps of residual stresses or plastic strain include a scale from blue (lower
values) to red colors (higher values). A legend in the left indicates the range of values corresponding to
each figure. It must be highlighted that the 33 direction is equivalent to the z-axis, i.e. the longitudinal
axis of the profile and the forming direction; the 22 direction is equivalent to the y-axis (vertical axis in
the cross section) and the 11 direction is equivalent to the x-axis (horizontal axis in the cross section).

Figure 6.3: Plastic strain contour map during Roll Forming simulation (after station 12).

Figures 4, 5, 6 and 7 show a half of the simulated profiled (due to symmetry) and only a piece of 37 cm
(after cutting). Longitudinal stresses are directly extracted from COPRA software as the S33 stresses,
as plotted in Figure 4. It can be anticipated from visual analysis of stress distribution that the inner
bottom surface is subjected to high compressions in longitudinal direction and also for the S22 stress
component. However, as shown in Figure 5, a tensile S11 stress is obtained in the inner surface of the
main bottom corner. This result can have important implications on the fatigue response of the B-S160-1.5 M4 section. However, in order to assess residual stresses accurately and the interaction with
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fatigue, a local transversal stress should not be confused with the S11 or S22 in global coordinates. In
the analysis of trough-thickness stresses the transversal component in local coordinates will be
determined. Figure 7 shows that, as expected, the equivalent plastic strain is concentrated near corners,
taking values up to 0.7.

Figure 6.4: Longitudinal stress contour map after Roll Forming and after cutting.

Figure 6.5: Stress in 11 direction contour map after Roll Forming and after cutting.

Figure 6.6: Stress in 22 direction contour map after Roll Forming and after cutting.
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Figure 6.7: Equivalent plastic strain contour map after Roll Forming and after cutting.

6.5.2

Longitudinal paths

For the analysis of surface stresses, 12 longitudinal paths are defined for the outer and the inner
perimeter.
6.5.2.1

Bottom corner

This corner is expected to suffer the higher loads so the analysis of stress concentration must be focused
there. Longitudinal paths are defined for both surfaces, inner and outer. The first 8 paths correspond to
the bottom corner (considering the position of the profile as shown above), also referred as main corner
throughout the text, whereas the paths from 9 to 12 correspond to the top corner.
 Inner surface
Figure 9 shows a very high compressive residual stress in the Path 1, i.e. in the center line of the inner
bottom surface (1.25 times the yield strength). This result might be explained by the folding of the center
strip illustrated in Figure 3. All paths from 1 to 8 show negative residual stresses in the longitudinal
direction while the S11 component is shifted towards tensile stresses. S22 shows compressive or tensile
values depending on the selected path. It must be noted that for path 1, the transversal stress is equivalent
to S22 while for the path 8 the S11 component is the transversal stress. Thus, it is demonstrated that flat
regions present low transversal stresses.
Stresses along path 6 and 7 are important for the structural integrity evaluation of the sample because
they are located in the inner surface of the main corner. Both paths show longitudinal stresses in
compression around the 50 % of the yield strength, i.e. 215 MPa, approximately. Even though the
equivalent plastic strain and the longitudinal stress are relatively constant from the cut cross section to
the center of the specimen (185 mm), S11 and S22 show a very abrupt distribution.
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Figure 6.8: Definition of longitudinal paths for the inner surface of the bottom corner.

Figure 6.9: Longitudinal stress along the longitudinal paths defined for the inner surface of the bottom corner.
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Figure 6.10: Stress in 11 direction along the longitudinal paths defined for the inner surface of the bottom corner.

Figure 6.11: Stress in 22 direction along the longitudinal paths defined for the inner surface of the bottom corner.
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Figure 6.12: Equivalent plastic strain along the longitudinal paths defined for the inner surface of the bottom corner.

 Outer surface
At the outer surface, a reverse response is obtained with respect to the inner surface for longitudinal
stresses: a very high tensile stress is found for paths 1 and 2 (Figure 14). The equivalent plastic strain,
as expected, is higher for paths 5 and 6, as found in the inner surface. Very similar values are obtained
for this plastic strain in both surfaces.

Figure 6.13: Definition of longitudinal paths for the outer surface of the bottom corner.
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Figure 6.14: Longitudinal stress along the longitudinal paths defined for the outer surface of the bottom corner.

Figure 6.15: Stress in 11 direction along the longitudinal paths defined for the outer surface of the bottom corner.
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Figure 6.16: Stress in 22 direction along the longitudinal paths defined for the outer surface of the bottom corner.

Figure 6.17: Equivalent plastic strain along the longitudinal paths defined for the outer surface of the bottom corner.

6.5.2.2

Top corner

For the top corner, only the inner surface is analyzed because the outer region should not be critical.
Even though this corner shows lower stresses, the equivalent plastic strain takes values between 0.4 and
0.5 for paths 9 and 10 whereas 𝜀 lies between 0.3 and 0.4 for paths 11 and 12.
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Figure 6.18: Definition of longitudinal paths for the inner surface of the top corner.

Figure 6.19: Longitudinal stress along the longitudinal paths defined for the inner surface of the top corner.
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Figure 6.20: Stress in 11 direction along the longitudinal paths defined for the inner surface of the top corner.

Figure 6.21: Stress in 22 direction along the longitudinal paths defined for the inner surface of the top corner.

96

FASTCOLD

Work Package 1 – Deliverable 1.3

Figure 6.22: Equivalent plastic strain along the longitudinal paths defined for the inner surface of the top corner.

6.5.3

Perimeter paths

For the analysis of residual stresses, it is also important to compare the evolution of stresses along the
perimeter for a certain cross section. Thus, two perimetral paths are defined: one path for the inner
surface (in red color) and one path for the outer surface (in yellow color). Both paths start at the
symmetry axis and end in the top flange of the section, as shown in Figure 23.

Figure 6.23: Definition of inner and outer perimeter paths.
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The longitudinal stress, as already mentioned, is extremely high in the center of the profile on the inner
perimeter. The tendency of longitudinal stresses is not concentrated on the corners; however, for S11
and S22, i.e. the directions normal to the forming axis, are more influenced by the corner bending so
two peaks appear: a first peak at 30 mm of perimeter path, associated to the main bottom corner, and
two secondary peaks between 60 and 80 mm of perimeter path, which correspond to the top corners.
Both the equivalent Von Mises stress and the equivalent plastic strain indicate the yielding level attained
due to the progressive bending happening during the Roll Forming process. It is noteworthy that the
higher level of Von Mises stress and equivalent plastic strain are observed for the secondary top corners
(at 60 – 80 mm of the perimeter path), even though the ration R/t is the same.

Figure 6.24: Longitudinal stress along the perimeter of the section.

Figure 6.25: S11 stress component along the perimeter of the section.
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Figure 6.26: S22 stress component along the perimeter of the section.

Figure 6.27: Equivalent Von Mises stress along the perimeter of the section.
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Figure 6.28: Equivalent plastic strain along the perimeter of the section.

6.5.4

Through-thickness paths

For the study of through-thickness residual stresses, which are the curves to be compared with HoleDrilling results, 12 paths are defined, as shown in Figure 29. From Figure 30 to Figure 41, the change
in stress distribution is observed. In these Figures, the S11 and S22 have been converted to a local
transversal stress for the sake of comparison.

Figure 6.29: Definition of paths through thickness for the bottom corner.
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Figure 6.30: Longitudinal and transversal stress distributions through thickness in Path 1 (negative y corresponds to outer
surface).

Figure 6.31: Longitudinal and transversal stress distributions through thickness in Path 2 (negative y corresponds to outer
surface).
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Figure 6.32: Longitudinal and transversal stress distributions through thickness in Path 3 (negative y corresponds to outer
surface).

Figure 6.33: Longitudinal and transversal stress distributions through thickness in Path 4 (negative y corresponds to outer
surface).
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Figure 6.34: Longitudinal and transversal stress distributions through thickness in Path 5 (negative y corresponds to outer
surface).

Figure 6.35: Longitudinal and transversal stress distributions through thickness in Path 6 (negative y corresponds to outer
surface).
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Figure 6.36: Longitudinal and transversal stress distributions through thickness in Path 7 (negative y corresponds to outer
surface).

Figure 6.37: Longitudinal and transversal stress distributions through thickness in Path 8 (negative y corresponds to outer
surface).
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Figure 6.38: Longitudinal and transversal stress distributions through thickness in Path 9 (negative y corresponds to outer
surface).

Figure 6.39: Longitudinal and transversal stress distributions through thickness in Path 10 (negative y corresponds to outer
surface).
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Figure 6.40: Longitudinal and transversal stress distributions through thickness in Path 11 (negative y corresponds to outer
surface).

Figure 6.41: Longitudinal and transversal stress distributions through thickness in Path 12 (negative y corresponds to outer
surface).

6.6 Hole influence
The pre-punched sheet option in COPRA software has been used to simulate the B-S1-60-1.5 M4 section
with holes. Following the CAD drawings provided by the supplier, a punching pattern is designed in the
flat sheet before Roll Forming. A 3D view is generated, as shown in Figure 42, with the aim of predicting
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the final geometry of the profile with holes. However, after Finite Element simulation, the final shape
will depend on the interaction between rolls and the sheet during progressive bending.

Figure 6.42: Expected geometry of the pre-punched sheet profile.

6.6.1

Equivalent plastic strain

Analyzing the equivalent plastic strain, a very similar result is obtained in comparison to the section
without holes. The higher equivalent plastic strain is obtained near the main bottom corner and it takes
a value around 0.4.

Figure 6.43: Equivalent plastic strain contour map after Roll Forming and after cutting for a pre-punched sheet.

In the lateral view of the punched profile after Roll Forming, it can be seen that circular holes and the
lateral “L” holes promote a local plasticization. However, the trapezoidal holes in the bottom surface
show a slightly higher plastic strain. In the region between those holes and the bended corner, as shown
in Figure 45, the material is highly distorted, so a hardened behavior is expected.
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Figure 6.44: Equivalent plastic strain contour map after Roll Forming and after cutting for a pre-punched sheet (lateral
view).

Figure 6.45: Equivalent plastic strain contour map after Roll Forming and after cutting for a pre-punched sheet for the outer
(left) and inner (right) surfaces.

6.6.2

Longitudinal stress

The longitudinal stress distribution near the punched holes is also evaluated because the high values
found in the model without holes. It must be recalled that the model with holes has been meshed with 3
layers of elements through the thickness, so small deviations from the 5-layer result might be caused not
only by the hole influence. As already seen in the results along longitudinal paths, residual stresses vary
along the profile more than the plastic strain.
For the longitudinal stress, the most critical region is found in the outer surface of the bottom trapezoidal
holes, as found in Figure 48 for the yellow regions. In these locations, tensile stress of approximately
700 MPa is obtained so the structural integrity might be in risk.
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Figure 6.46: Longitudinal stress contour map after Roll Forming and after cutting for a pre-punched sheet.

Figure 6.47: Longitudinal stress contour map after Roll Forming and after cutting for a pre-punched sheet (lateral view).

Figure 6.48: Longitudinal stress contour map after Roll Forming and after cutting for a pre-punched sheet for the outer (left)
and inner (right) surfaces.

6.7 Analytical expressions
Due to the difficulties found in FE modelling of the rolls and stations in COPRA software, an analytical
approach is also followed. Here, an elastic – perfectly plastic material is considered so work hardening
effects are neglected. The influence of real plastic behavior might be extremely critical, so the analytical
expressions here presented are just a first approximation whose aim is to find a trend in residual stresses
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due to plastic bending and elastic springback during cold-rolling and to evaluate a possible bias due to
the previous coiling stages. This analytical approach is based on the reference [?] and all expressions
are extracted from that work.
6.7.1

Coiling, uncoiling and flattening operations

The stresses due to the coiling depend on the radial location of the analyzed strip within the coil. The
elastic core might be defined as the inner part of the section where plastic strain has not been reached.
𝜎𝑦
(1)
𝑐 = 2𝑟
≤𝑡
𝐸

Figure 6.49: Coordinate system for the analytical approach. Longitudinal stresses correspond to z-axis while transversal
stresses correspond to x-axis.

If the coil radius is small, almost the whole sections is plasticized during the coiling. Considering a yield
stress 𝜎 , the distribution of residual stresses through the thickness might be defined as an elastic-plastic
law:
𝑦
,
𝑐/2
𝑦
𝜎
,
|𝑦|

𝜎
𝜎

=

𝑐
2
𝑐
|𝑦| ≥
2
|𝑦| <

(2)

Where the coordinate system is shown in Figure 49 and the coiling radius is depicted in Figure 50. In
the latter Figure, the evolution of sheet curvature during coiling, uncoiling and flattening processes is
shown.

Figure 6.50: Evolution of curvature before rolling.
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The uncoiling stresses might be found considering the elastic springback determined by the plastic
coiling moment:
𝑀

𝑡
2

−

=−

12𝑀
𝑡

=𝜎

𝜎

1 𝑐
3 2

(3)

𝑦

(4)

After uncoiling, the sheet still has a curvature if the initial coil radius was too small. The remaining
curvature is:
𝑟

1

=

1

−

𝑟

(5)

𝑀
𝐸𝐼

When the sheet enters the first roll, the stress applied to flatten it is:
𝑦
𝜎𝑓𝑙𝑎𝑡𝑡𝑒𝑛
= −𝐸
𝑧
𝑟𝑢𝑛𝑐𝑜𝑖𝑙

(6)

The final distribution before rolling process, i.e. the sum of the three stress distributions (𝜎

=

𝜎
+𝜎
+𝜎
) will depend mainly on the yield stress, the thickness and the coil radius.
The last parameter is different for each sample location in the coil so this must be taken into account in
the analysis of experimental results.
The axial stresses 𝜎
produce the corresponding transversal stresses 𝜎
effect. Assuming plane strain conditions:
𝜎

=𝜈 𝜎

+𝜎

due to the Poisson
(7)

+𝜎

In that expression, it is assumed that all the deformations will occur elastically, even though the
coiling component will be partially plastic. However, for the sake of simplicity 𝜈 is taken as 0.3.

6.7.2

Plastic bending and elastic springback

The corners in the section bend plastically during the cold-rolling process because the bend radius is
usually small. Due to the very low ratio 𝑟
/𝑡 in the B-S1-60-1.5 M4 section (𝑟
/𝑡 = 1), it can be
guaranteed that the sheet yields fully through its thickness in the corners. Here, the bending direction is
transversal, so the stresses in the x-axis are obtained considering a plastic distribution.
𝑦
(8)
𝜎
=𝜎
|𝑦|
The plastic distribution gives a moment 𝑀
𝜎

=

that determines the elastic springback:
𝑀
𝐼

𝑦=

𝜎 𝑡 /4
3𝜎 𝑦
𝑦=
𝑡 /12
𝑡

(9)

So the transversal stress distribution considering just the plastic bending and the subsequent elastic
springback has a bilinear shape as shown in Figure 12.
For the corresponding longitudinal stresses, a different coefficient ν is considered for the plastic 𝜎
than for the elastic 𝜎

:
𝜎

= 0.5𝜎

+ 0.3𝜎
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Analytical residual stress distribution

The total analytical stresses are therefore the sum of all the stages during manufacturing. For the
longitudinal and the transversal components:
𝜎

=𝜎

+𝜎

(11)

𝜎

=𝜎

+𝜎

(12)

And the representation of results for different coil radii is shown in Figures 51 and 52 for the longitudinal
and the transversal residual stresses. The influence of coiling is significative near the surfaces of the
specimen so the expected experimental values must be evaluated carefully.

Figure 6.51: Longitudinal residual stresses for different coiling radii.
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Figure 6.52: Transversal residual stresses for different coiling radii.

6.8 Comparison to experimental results
The results previously reported are compared to the experimental measurements corresponding to the
Task 1.4. The following approach is considered: Hole-Drilling results are compared to the throughthickness residual stress in the Path 2, i.e. on the flat bottom outer surface of the simulated sample
because this is the approximate location of the strain gauge rosette center. On the other hand, X-Ray
Diffraction measurements have been performed both in that flat zona and in the round area of the corner,
as depicted in the Figure 53.

Figure 6.53: Schematic representation for the locations of experimental measurements of X-Ray diffraction points (XRD) and
Hole-Drilling points (HD).
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Transversal stress

The paths located near the main corner (6 and 7) are compared to the XRD results on surface whereas
the in-depth experimental stresses found by Hole-Drilling are comparable to the numerical results in
path 2. The decrease in transversal stress near the surface, i.e. the shift to compressive values, is not
captured by the FEM simulation.

Figure 6.54: Transversal residual stress distribution through thickness: comparison between experimental and numerical
results for path 6.

Figure 6.55: Transversal residual stress distribution through thickness: comparison between experimental and numerical
results for path 7.
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Longitudinal stress

For the longitudinal stresses, a better agreement is obtained for the center of the specimen. In this case,
the results of FEM in path 2 are very similar to the Hole-Drilling distributions. However, in the surface,
the XRD method seems more reliable because the coincidence with FEM predictions is better.

Figure 6.56: Longitudinal residual stress distribution through thickness: comparison between experimental and numerical
results for path 6.

Figure 6.57: Longitudinal residual stress distribution through thickness: comparison between experimental and numerical
results for path 7.

115

FASTCOLD

Work Package 1 – Deliverable 1.3

6.9 Conclusions
The following conclusions can summarize the results obtained for the numerical determination of
residual stresses for the B-S1-60-1.5 M4 section:
 The high computational cost of Roll Forming simulation is caused by the large number of contacts
that must be solved by the FE code. In this work, COPRA software, i.e. a specialized Roll Forming
commercial module, has been used. The finer mesh has been simulated with 5 layers of elements
throughout the thickness of the section.
 The 5-layer model is suitable for the comparison with Hole-Drilling results since more points for
stress evaluation are available. However, the complete simulation of this model takes almost a
month of running time.
 A very high variation of residual stresses has been found along the longitudinal paths for the
specimen after the simulated cut. This scatter complicates residual stress evaluation and the
comparison to experimental measurements.
 A high value of longitudinal stress has been found for the center of the specimen (far from the
corners) whereas the higher equivalent plastic strain (0.4 to 0.6) is obtained in the corners. As
expected, the bended corners are highly plasticized.
 The concentration of stresses and plastic strain near the corners is better observed by plotting
surface results along perimetral paths.
 Performing a through-thickness comparison between experimental and numerical results, it can
be concluded that in the mid-layer of the section Hole-Drilling method is able to predict the
tendency of both transversal and longitudinal stresses. However, FEM results deviate from the
Hole-Drilling predictions near the outer surface. A better contact modelling might be the cause of
this deviation; additionally, the Hole-Drilling method is less accurate for high residual stresses
due to possible non-linear plasticity effects.
 On the surface, the X-Ray diffraction points are considered more accurate and the simulations are
in agreement with that stress range.

116

FASTCOLD

Work Package 1 – Deliverable 1.3

7 Numerical simulation of upright section (B-S1-140-3.5
M5)
The subject of study in the framework of Task 1.3 is the simulation of cold roll forming process which
is used by IP B in order to manufacture the B-S1-140-3.5 M5 (upright) section (fig.1) and the calculation
of the residual stresses.

Figure 7.1: B-S1-140-3.5 M5 upright section.

7.1 Initial approach
Initially, 24 rollers were used, assuming a sheet with 520mm length and a fixed distance of 400mm
between rollers. The desired geometry of the section is shown in figure 2 and the flower design which
represents how the cross-section is folding to the final shape of the upright section in fig. 3.

Figure 7.2: Dimensions of B-S1-140-3.5 M5 section.
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Figure 7.3: Flower design of B-S1-140-3.5 M5 section.

Rollers drawings for B-S1-140-3.5 M5 upright section were provided by IP B.
7.1.1

Boundary conditions

Due to the symmetry of the section, only half was simulated. Τhe main boundary conditions used in the
model are the Z-direction boundary condition (Figure 4a) which is necessary to simulate or assume the
continuous existence of the sheet, since industry normally provides the raw material in a coil. This
boundary condition ensures that the sheet maintains the same length. The X-direction boundary
condition (Figure 4b) is applied to surface along the symmetry line of the profile, preventing the material
to move in the x direction. Frictionless, node to surface contact assumed and no driven rolls chosen.

(a)

(b)
Figure 7.4: Boundary conditions.

7.1.2

Mesh

Mesh size defined as (Fig.5) 4mm element size across the width reducing to 0.5mm in corners, 5
elements across the thickness, we defined a more sparse mesh in rolling direction with 26 elements
across the length to reduce the computation time. The Element type which applied is 8-node solid,
reduced integration, hexahedral shape and were used 14000 elements totally.
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Figure 7.5: Mesh of model.

7.1.3

Material model

The values introduced for the elastic properties were 200 GPa for Young´s modulus and 0.3 for
Poisson’s ratio. Converting the engineer stress-strain curve (relationships 1,2) (using the properties of
virgin material the Aachen University had measured) to true values (figures 6,7) were determined the
plastic behavior of the material assuming isotropic hardening model.

(1)
(2)

Figure 7.6: Engineer stress-strain curve.

Figure 7.7: True stress-strain curve.
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Positions of measurements

Figure 8 shows the positions in which stresses and strains of the analysis were calculated. Only the
corners were selected, where larger stresses and strains are expected. 2-3 paths through the thickness
were defined at each corner for stress and strain measuring. –t/2 is always indicates the external surface
of the corner.

Figure 7.8: Positions and paths of measurements.

7.1.5
7.1.5.1

Results
Geometry and dimensions

60h are required for FEA analysis. In order to calculate the results, the section was cut in the middle of
its length. Dimensions of the desired profile were compared with that resulting from the analysis
observing good geometry verification and all dimensions within the allowed tolerances.

7.1.5.2

Stress distribution for S355 (no holes)

The following indicatively diagrams (figures 10,11) show the distribution of residual stresses through
the thickness of the profile, both for the transversal and longitudinal directions for the S355 section
without holes. Dotted line refers to Longitudinal and continuous line to Transversal direction relative to
rolling direction.
Zig-zag distribution through thickness between compression and tension is observed. At corner 1 a huge
compression transversal residual stress in the middle of thickness which exceeds yield stress is presented
and in corner 3 the maximum compression stress reaches the 60% of yield stress.
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Figure 7.9: Residual stresses through thickness in corner 1.

Figure 7.10: Residual stresses through thickness in corner 3.

7.1.5.3

Strain distribution for S355 (no holes)

In diagrams (figures 12,13,14,15) the distribution of residual strains trough the thickness of the profile,
for both directions (transversal and longitudinal) for the S355 without holes is presented. The main
observations are that, in corner 1 the residual strain does not exceed +/- 17%, in corners 3&4 the
maximum negative strain reaches the -17% and +23% positive, in corner 5 the plastic compression strain
is -30% and the tensile +28%, in all corner minor longitudinal plastic strains max +/- 0.2% are observed.
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Figure 7.11: Residual strain through thickness in corner 1.

Figure 7.12: Residual strain through thickness in corner 3.

Figure 7.13: Residual strain through thickness in corner 4.
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Figure 7.14: Residual strain through thickness in corner 5.

7.1.5.4

Stress and strain distribution along section for S355 (no holes)

In diagrams with residual stress and strain distribution along section (starting from the symmetry center)
in figures 16-19 it is observed that maximum residual transversal strains develop at 3,4,5 corners. Which
may be since bending in corners 3,4,5 occurs in 5-6 steps and corner 1 in 8 steps.

Figure 7.15: Distribution of residual transversal stress along the cross section.
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Figure 7.16: Distribution of residual longitudinal stress along the cross section.

Figure 7.17: Distribution of residual transversal strain along the cross section.
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Figure 7.18: Distribution of residual longitudinal strain along the cross section.

7.1.5.5

Stress comparison between S355 and S460

In figs. 20-23 the normalized transversal stress distribution through thickness for the two materials is
compared and show similar behavior with minor differences. For S355 high compression stress develops
in corners 1 & 5, while S460 in corners 3 & 4. Although the distribution trend is almost same.

Figure 7.19: Normalized transversal stress through thickness in corner 1.
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Figure 7.20: Normalized transversal stress through thickness in corner 3.

Figure 7.21: Normalized transversal stress through thickness in corner 4.

Figure 7.22: Normalized transversal stress through thickness in corner 5.

126

FASTCOLD
7.1.5.6

Work Package 1 – Deliverable 1.3

Strain comparison between S355 and S460

Transversal residual strain distribution through thickness for the two materials (figs.24-27) shows also
similar behavior and almost the same values.

Figure 7.23: Transversal strain through thickness in corner 1.

Figure 7.24: Transversal strain through thickness in corner 3.
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Figure 7.25: Transversal strain through thickness in corner 4.

Figure 7.26: Transversal strain through thickness in corner 5.

7.1.6

Results for S355 (with perforated holes)

An analysis for the section with holes (figs. 28,29) was also performed. This model is more demanding
due to the meshing around the holes. In order to mesh can cover the curvature of holes must be thick
enough around holes which increases dramatically the computation time (approx. 6 days for this
analysis).
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Figure 7.27: Stress distribution.

Figure 7.28: Strain distribution.

7.1.6.1

Comparison S355 no/with holes

Comparing the stress during the steps of roll forming process for the section (B-S1-140-3.5 M5) with
and without perforated holes, resulting small differences in distribution (figs. 30-32). These differences
maybe are due to holes which in some cases relief the stresses and in other cause concentration of
stresses.
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Figure 7.29: Comparative transversal stress distribution in corner 1.

Figure 7.30: Comparative transversal stress distribution in corner 3.
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Figure 7.31: Comparative transversal stress distribution in corner 4.

7.1.7

Conclusions

Distribution of residual stresses are strongly nonlinear while residual strains' distribution almost linear.
Also, for higher distance between stations, the metal sheet bends more gradually. Smaller bending angles
may lead to less residual strains. Increasing the number of forming stations for corners 3,4,5 (from 6 to
8 stations) may reduce the residual stresses. For material with higher yield strength, higher residual
stresses in transversal direction were detected in corners 3,4. S460 steel has a higher elastic limit than
S355 steel, leading maybe to higher elastic recovery.
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7.2 FE Analysis according to accurate rolling stations sequence and
distances between rollers
The cold rolling process of the profile was analyzed according to the real distance and roller sequence
provided by IP B. In the new FEA the simulation of the cold rolling process of the profile B-S1-140-3.5
M5 (upright) section consists of 28 rolling stations with distance between stations ranging from 3001000mm. In this analysis the length of the steel sheet was equal to 1300mm in order to ensure the
condition of the continuous material. 22400 elements totally were used in this model and the required
runtime was 7days.
7.2.1

Positions of measurements

The main corner (for which Burgos has assigned the experimental measurements) was chosen to
measure the residual stresses and strains. The corner was divided into flat & round zone and the
calculation of stresses and strains was conducted in 7 paths (Figure 7.32: Paths of measurements.).

Figure 7.32: Paths of measurements.

Also, measurements were taken in three positions across the length. One on the middle (center) of its
length, one before and one after this length (Figure 7.33).

Figure 7.33: Cross sections.
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Results
Stress distribution through thickness

Here are presented the results of the distribution of residual stresses and strains through thickness.
Figures 7.35-7.36 represent the distribution of residual stresses and figures 7.37-7.38 of strains. 0mm of
thickness refers to the outside of the corner and 3.5mm to the inside surface.

Figure 7.34: Stress distribution through thickness at path 1 (flat zone).

Figure 7.35: Stress distribution through thickness at path 5 (round zone).
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Strain distribution through thickness

Figure 7.36: Strain distribution through thickness at path 1 (flat zone).

Figure 7.37: Strain distribution through thickness at path 5 (round zone).

In the flat zone, both residual stresses and strains are smaller than in the round zone, as expected. Also,
although on the external surface of the corner the residual stress is zero, through thickness stress varies
from tensile to compressive which means that a pre-existing crack will propagate in material with
different characteristics and thus have a different rate of crack propagation.
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Stress distribution along corner

Figure 7.38: Residual transversal stress along corner at the center cross section.

Figure 7.39: Residual longitudinal stress along corner at the center cross section.

7.2.2.4

Strain distribution along corner
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Figure 7.40: Residual transversal strain along corner at the center cross section.

Figure 7.41: Residual longitudinal strain along corner at the center cross section.

In diagrams of residual stresses distribution along the corner (Figures 7.39,7.40), a high tensile
transverse stress is obtained at the internal surface of the corner and a compressive transverse stress at
the intermediate surface of the corner.
In diagrams of residual strains distribution along the corner (Figures 7.41, 7.42), it is observed a high
tensile transverse strain on the outer surface of the corner and a compressive transverse strain on the
inner surface of the corner. Residual strains in the longitudinal direction are almost zero.
7.2.3
7.2.3.1

Numerical results vs Measurements
Residual Transversal Stresses
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Figure 7.42: Residual transversal stress at path 1 (flat zone).

Figure 7.43: Residual transversal stress at path 2 (flat zone).
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Figure 7.44: Residual transversal stress at path 3 (flat zone).

7.2.3.2

Residual Longitudinal Stresses

Figure 7.45: Residual longitudinal stress at path 1 (flat zone).
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Figure 7.46: Residual longitudinal stress at path 2 (flat zone).

Figure 7.47: Residual longitudinal stress at path 3 (flat zone).

The above diagrams compare the residual transverse (Figures 7.43-7.45) and longitudinal (Figures 7.467.48) stress calculated by the FEA and by measurements (from the University of Burgos) through
thickness (and up to 1mm in depth from the outside surface of the corner).
By comparing measurements with the values of the stresses obtained by the FEA it is observed that for
all measurement positions (paths1,2,3 & cross sections before, after and center) there is a good
convergence of results.

7.2.4

Parametric Analysis (Effect of sheet’s length)

A parametric analysis in order to study how the length of the plate influence the results was also
performed. As shown in diagrams (figs. 7.49, 7.50) the length of the sheet does not significantly affect
residual stresses and strains neither in the flat nor in the round zone.
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(a)

(b)

(c)
Figure 7.48: Residual (a) transversal stress, (b) longitudinal stress, (c) transversal strain in flat zone.
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(a)

(b)

(c)
Figure 7.49: Residual (a) transversal stress, (b) longitudinal stress, (c) transversal strain in round zone.
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Comparison between S355 and S460

The following diagrams (figs. 7.51, 7.52) show the distribution of normalized residual stresses and
strains through thickness for the two materials S355, S460.

(a)

(b)
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(c)
Figure 7.50: Normalized residual (a) longitudinal stress, (b) transversal stress and (c) residual transversal strain in flat
zone.

(a)
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(b)

(c)
Figure 7.51: Normalized residual (a) longitudinal stress, (b) transversal stress and (c) residual transversal strain in round
zone.

In the above comparative diagrams for the two materials, similar behavior is observed in both directions
and zones.
7.2.6

Conclusions

There is good convergence of the model for predicting residual stresses of B-S1-140-3.5 M5 section
after roll forming. Residual stress distribution has a variable zig-zag shape, ranges from positive to
negative values through thickness. Sheet’s length does not significantly affect the prediction of residual
stresses. Both materials exhibit similar normalized stresses.
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8 Press braking forming process simulation for Z191-rail
In FE analysis for Press Braking simulation of a Z191-rail section for S355 material, the forming tools
(punch, die) were modelled as analytical rigid bodies while the steel sheet was defined as a deformable
body (Figure 8.1).
The length of the sheet was 328mm and the locations where bending occurs were on 23, 84, 275, 305mm.
Isotropic hardening method was selected for material behavior. Frictionless condition between the tools
and the sheet was considered. Also, surface-to-surface contact method was applied between tools and
sheet.
A 4-node bilinear plane strain, reduced integration element type was chosen.
The size of mesh across the length of sheet was 5mm, reducing to 0.5mm on bending points. The number
of elements across the thickness of sheet was 5. The total number of elements is 815.

Figure 8.1: FEA of Z191-rail section.

8.1 “Z191-rail” profile production
The following figure (Figure 8.2) shows the press braking forming of the Z191-rail section and the
punch, die tools used, as shown by the Producer’s software.
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Figure 8.2: Press braking forming of Z191-rail and tools

8.2 Position of measurements
Seven paths, that enclose the corner, were selected for the calculation of stresses and strains (paths 1,2,7
refer to the flat zone and 3-6 to the round zone) (Figure 8.3).

Figure 8.3: Position of measurements.
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8.3 Results
8.3.1

Residual Stress and Strain distribution through thickness

Figure 8.4: Stress through thickness.

Figure 8.5: Strain through thickness.

The above diagrams (Figure 8.4, Figure 8.5) show the distribution of transverse residual stresses and
strains through thickness. It is observed that there are high compressive stresses on the outside of the
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corner. Also, in the round zone, high tensile stresses are observed in the middle of the thickness, while
in the flat zone, compressive stresses develop near the internal surface of the profile. Correspondingly
for the strains, high tensile residual strains (40-50%) are observed on the outer surface and compressive
(-40%) on the inner in the round zone. On the contrary, in the flat zone the residual strain is lower (+/15%).
8.3.2

Distribution along corner

Figure 8.6: Distribution of residual transversal stress along the cross section.

Figure 8.7: Distribution of residual transversal strain along the cross section.

Observing the stress and strain distribution along cross section diagrams (Figure 8.6, Figure 8.7), it is
concluded that large tensile strains develop at the center of the corner on the outside surface and
correspondingly compressive on the inside surface.
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8.4 Conclusions
In press braking analysis maximum values of residual strain and stress appear in the middle of the corner
in the external surface.
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