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Abstract

Cold-formed steel is widely used in structural framing for its beneficial high strength-to-weight ratio, recyclability, and for
convenient transportation and construction. The rapid advancement of metallurgy during the past two decades has resulted
in a new family of steel known as advanced high-strength steel (AHSS) that has a unique microstructure which enables un-
precedented combinations of strength and ductility. The material properties and behavior of the AHSS structural members
must be quantified to bring AHSS to the construction industry. The cold-forming process, such as press-braking, induces
residual stresses which affect the strength and stability behavior of the structural members. Existing numerical studies quan-
tified the residual stress of conventional cold-formed steel, but studies of residual stresses in high-strength cold-formed steel
are limited. This paper develops computational models to simulate the press-brake process of cold-formed AHSS sections
and investigates their residual stress distribution through the simulation. The results are validated with recently conducted
experimental studies. Numerical modeling of the press-braking process on AHSS angles by the finite element method was
conducted. The model incorporated the residual stresses induced by coiling and uncoiling before the press-braking opera-
tion was performed. Lipped angles were studied where the angles were press-braked from a 1.8-mm thick dual-phase steel
sheet with a nominal yield strength of 580 MPa and a nominal ultimate strength of 980 MPa. Two different inner corner radii,
1.98-mm and 3.57-mm (5/64-inch and 9/64-inch), were investigated. Stresses at the cross-section corners, legs, and lips
on both inner and outer surfaces along the sheet coiling direction were extracted from the analysis results. The stress data
from the simulation was validated with its counterparts from a series of experimental measurements using the sectioning
method, which are presented in a companion paper.

1. Introduction gated the residual stress distribution by sectioning method
[1]-[3] for both press-braked and roll-formed conventional

Cold-formed steel (CFS) open-sections are widely used in  CFS open-sections [4]-[12]. Using the sectioning method

structural framing for its beneficial high strength-to-weight ra-
tio, recyclability, and convenient transportation and construc-
tion. Due to the rapid advancement of material science dur-
ing the past two decades, new grades of steel, known as
advanced high-strength steel (AHSS), have been developed
and used in the automobile industry. To bring AHSS to the
construction industry, the material properties and behavior
of the structural sections composed of this material must be
quantified. This includes the residual stresses induced in the
structural members as a result of the cold-forming process.
The distribution and magnitude of residual stresses affect the
strength and stability behavior of the CFS members.

In existing studies, many researchers experimentally investi-
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to measure the residual stress is straightforward and the re-
sults are relatively reliable. However, the sectioning method
is a destructive method with considerably high time, labor,
and equipment costs. Therefore, conducting a large num-
ber of sectioning tests is challenging and costly. Additionally,
for the CFS open-sections with thin-walled geometry, only
the residual stresses at section surfaces can be measured,
but the residual stresses through the steel sheet thickness
direction cannot be directly measured because it is difficult
to install the strain gauges at non-surface locations through
the sheet thickness. Furthermore, from existing studies on
residual stress distribution for CFS sections [8], [13]-{17], the
maximum residual stresses are frequently observed at non-
surface locations throughout the steel sheet thickness and
the residual stress distributions along the steel thickness di-
rection vary based on the steel material property, forming
method, and geometry (e.g., cross-section shape and sheet
thickness). Additionally, available residual stress data for
cold-formed high-strength steel sections are highly limited.
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Figure 1: A sketch map for the positions of punch, die, and steel sheet when
the press braking process (a) starts and (b) finishes.

In this paper, a finite element model is developed to simu-
late the section forming process of the press-braked DP-580
lipped angle sections with two different corner radii. The
model is validated by comparing the results between the
companion experimental study [18] and this numerical study.
A step-wise simulation procedure is proposed to accurately
simulate the successive forming of the multiple corners of
the lipped angles. In addition, the effect on the member
residual stress distribution from the geometry of the die is
investigated. Finally, in addition to the residual stresses at
steel sheet surfaces, the residual stress distribution through
sheet thickness is extracted from the simulation results and
discussed.

2. Simulation setup

Press-braking is a popular manufacturing method for steel
member forming, particularly those steel sheets with rela-
tively low thicknesses. The steel sheet is placed on the die
and the punch moves vertically downwards to a predefined
location to bend the steel sheet along the steel section lon-
gitudinal direction until the forming of a corner for the steel
section, where a representative diagram is shown in Fig. 1.
Subsequently, the punch moves upwards to its original posi-
tion, and as the force between the steel sheet and the punch
is relieved a spring-back of the steel sheet occurs. The resid-
ual stress distribution in the steel section is affected by the
spring-back effect, therefore, to accurately model the resid-
ual stress distribution due to press-braking, both the press-
braking and spring-back processes must be simulated.

The finite element software Abaqus [19] was used to simulate
the forming process of the press-braked DP-580 lipped angle
sections [18] by constructing 2D plane stress analyses. The
forming process of each corner consisted of two steps, which
including press-braking and spring-back. Three corners for
each angle section were formed sequentially as labeled by
the red annotations in Fig. 2. Two different inner corner radii
(1.98-mm and 3.57-mm, or 5/64-inch and 9/64-inch) were in-
vestigated and the design geometry for the cross-sections is
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Figure 2: Design geometry for (a) small corner radius cross-section and (b)
large corner radius cross-section.

shown in Fig. 2. The section with the larger corner radius
was labelled as RL (radius-large) and the section with the
smaller corner radius was labelled as RS (radius-small).

The residual stresses for the press-braked steel sections re-
sult from the CFS sheet forming (i.e., coiling, uncoiling, and
flattening processes) and CFS section forming (i.e., press-
braking and spring-back processes). Therefore, before the
simulation of the press-braking and spring-back processes,
it was essential to accurately predefine the residual stress
generated during the CFS sheet forming, where the resid-
ual stress distribution model proposed by Moen and Schafer
[20] was adopted. When adopting the model, the model
parameter r, (coil radius) was back-calculated using Eq.
1 by assuming the residual stresses generated during the
sheet forming at the outer and inner surfaces of any cross-
section location equalled the average of all measured resid-
ual stresses at the outer and inner surfaces of measured lo-
cations on flat regions of the legs (i.e., the measuring loca-
tions (f), (g), (h), and (i) in the experimental study [18] as
shown in Fig. 3):
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where oo, gureoil and gfletten gre the longitudinal resid-
ual stresses generated during coiling, uncoiling, and flatten-
ing processes respectively and they can be expressed in the
form of r, as described in [20], 0'*"" and ¢!*"* are the
longitudinal residual stresses at the inner and outer surfaces
of the flat leg regions measured in the experimental study
[18], n is the number of the measuring locations on the flat
leg regions for the experimental study [18].

For the direction of the predefined residual stresses gener-
ated during the steel sheet forming, it was reasonable to as-
sume that the direction of the residual stress generated dur-
ing coiling, uncoiling, and flattening in the model was consis-
tent with that of the test result [18] at the flat region of the
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Figure 3: Measuring locations of strain gauges and sectioning locations in
the experimental study [18] for (a) small corner radius cross-section and (b)
large corner radius cross-section. Blue letters are the indices for measuring
locations. Dashed lines are the sectioning locations. Red numbers are the
sectioning sequence.

legs, where the stresses on the inner surface were negative
and on the outer surfaces were positive. By using the cal-
culated r, and the speculative residual stress direction, the
residual stress distribution generated during the CFS sheet
forming was obtained, which was input into the model as pre-
defined stress.

The punch and die of the Accurpress Hydraulic CNC Press
Brake Model 713012 as used for the forming of the lipped
angle sections in [18] were designed as 2D discrete rigid
parts and therefore were meshed using discrete rigid ele-
ments, because the deformation of the punch and the die
is negligible compared with the deformation of the the steel
sheet. The geometry of the punch and the die were initially
designed to perfectly fit the desired steel corner deformation,
where the arc radius of the punch equaled the inner corner
radius of the steel cross-section and the arc radius of the die
equaled the outer corner radius of the steel cross-section.
The arc centers of the punch and the die coincide when the
press-braking process completes as illustrated in Fig. 1.

The steel sheet was 1.8 mm thick. It was designed as a
2D deformable part and was meshed using CPE4R element
(four-node plane strain element), which is suitable for steel
sheets with thin-walled geometry subjected to large strains.
The width of the steel sheet equaled the perimeter of the
cross-section centerline, which was 172.7-mm for RL sec-
tion and 171.9-mm for RS section. A series of preliminary
simulation was conducted to determine the appropriate el-
ement size for the steel sheet. It was found that when the
number of elements through the sheet thickness direction
was 20 or above, the longitudinal stress did not vary notice-
ably. Considering a balance between simulation accuracy
and computation demand, the element size was selected as
0.09-mm, which corresponded to 20 elements through the
1.8-mm thickness.
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Figure 4: Engineering stress-strain relationship for DP-580 sheet generated
using data from tensile coupon test [21]

For the material definition of the steel sheet, an engineering
stress-strain relationship was generated as shown in Fig. 4
using the two-stage plus linear model as proposed in [21],
where the model parameters were selected as the aver-
ages of the experimental stress-strain data for DP-580 tensile
coupons cut along sheet longitudinal direction [21].

The generated engineering stress-strain curve was con-
verted to true stress-strain curve by Eq. 2 and 3, where o;
and ¢, are the true stress and strain, o. and . are the engi-
neering stress and strain. In Abaqus, the material property
is defined by the true post-yield stress and true plastic strain,
which were converted from the true stress-strain curve.
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To simulate the actual forming process, a contact was built
between the punch head and the cross-section inner sur-
face during the press-braking process, while this contact was
released during the spring-back process. Another contact
was defined between the die and the outer surface of the
steel sheet for both press-braking and spring-back processes
since the steel sheet was placed on the die for the entire pro-
cess.

For the boundary conditions, the die was fully fixed dur-
ing both the press-braking and spring-back processes, the
punch was fixed in all directions except the loading direc-
tion, and the steel sheet was not restrained in any direction.
A displacement-control loading was applied for the punch
along a local direction which was perpendicular to the sheet
at the designated corner. The displacement magnitude was
set from the arc center of the punch to the arc center of the
die until the two arc centers overlapped. Once finished, the



exact displacement was set back to zero during the spring-
back process to simulate the lift-up of the punch after the
press-braking process.

A step-wise dynamic implicit analysis strategy was devel-
oped and adopted in the simulation. Each step represented
the press-braking and spring-back processes for each cross-
section corner. For the press-braking and spring-back pro-
cesses in each step (i.e., the forming of each corner), the
initial and minimum increment sizes for both processes were
10~ and 10~ respectively. Three steps were conducted
for each lipped angle section. For the second and the
third steps, the deformed cross-section geometry and the
stresses and strains in each element resulting from the previ-
ous step(s) were required as input. Therefore, the deformed
section geometry was imported as a new part and the stress
state was imported as a predefined initial state from the out-
put database from the previous step. For each step, the
punch head was placed perpendicular to the inner surface
of the desired corner location and the horizontal support of
the die was placed at the corresponding outer surface of the
steel sheet. The placement of the steel sheet, the punch,
and the die for each step in the model is shown in Fig. 5.

Additionally, it was found that the residual stress distribu-
tion and magnitudes were significantly affected by the arc
radius of the die. When the die perfecily fit the design di-
mension (the die radius for this situation was labeled as Ry),
the outer surface of the steel sheet experienced full direct
contact with the die due to the sheet deformation along the
sheet thickness direction. When a sharp die (i.e., arc radius
of the die equals zero) was adopted, this full contact could
be avoided. The longitudinal residual stress distributions for
members press-braked with a fully rounded die and a sharp
die are shown in Fig. 6. Considering the inevitable uncertain-
ties during the steel cross-section forming, plus the unknown
dimension for the die being used, the residual stress mag-
nitude and distribution by using different arc radii of the dies
between 0 and Ry were investigated. Besides the arc radii of
the dies, all other procedures and setups for the simulation
were identical.

3. Simulation results

The stresses along the direction perpendicular to the plane
(i.e., S33 of the output database) were extracted. The width
of the strain gauge used in the experimental study [18] was
1.5-mm, which corresponds to approximately 17 elements.
The average stresses of S33 for the center 17 elements at
each corner position for both outer and inner surfaces were
calculated and used for comparison with test data.

By varying the arc radius of the die between 0 and Ry, certain
radii were selected which exhibited reasonable tolerances
between the results of experiments and simulation. The se-

lected arc radii of the dies were 3.634-mm for RS sections
and 4.72-mm for RL sections respectively. The comparison
for the longitudinal residual stresses on the inner and outer
surfaces at the measuring locations between the test data
and the simulation results using three different arc radii of
the dies (r = Ry, » = 0, and the selected radius) are shown
in Fig. 7 for RS sections and Fig. 8 for RL sections respec-
tively. For the “position” axes, 0.9-mm represents the inner
surface and -0.9-mm represents the outer surface.

The comparison shows the selected radius simulation cases
have minimal differences from the corresponding experiment
data at the corners, where the residual stresses are more
pronounced. The residual stresses at the flat region have
relatively large percentage differences, while the absolute
differences are small, which lead to negligible influence on
steel member strength.

Fig. 7 and 8 also illustrate the through-thickness residual
stresses captured from the simulation. For both RS sections
and RL sections at corners, the maximum stresses are ob-
served at around a quarter of the thickness away from the
inner surface and the maximum stresses are in compression
as high as 700 MPa. Additionally, the stresses are observed
to vary drastically between the inner surface and the center-
line of the steel sheet.

For the measuring locations on the flat regions, the resid-
ual stress distribution is similar to the predefined stress state
generated using the model developed in [20], where the
stress magnitude is relatively low. Besides, at those flat
regions, the residual stress distribution through thickness
is generally symmetric to the steel sheet centerline, and
the residual stress for the non-surface elements are close
to zero. This indicates steel member forming (i.e., press-
braking and spring-back processes) does not significantly af-
fect the residual stress distribution for the flat regions.

4. Conclusions

A finite element model was developed to simulate the section
forming of cold-formed DP-580 press-braked lipped angle
sections with two different radii. The model was validated by
the corresponding experimental results from surface residual
stress measurements using sectioning method. A step-wise
simulation strategy was proposed to simulate the forming of
each corner of the lipped angles. From the simulation re-
sults, it was found that the geometry of the die significantly
affected the residual stress distribution of the steel sections,
and certain arc radii for the dies were recommended, which
illustrated good agreements with the test data. In addition,
by adopting the validated model, the residual stress distribu-
tion through steel sheet thickness direction was illustrated,
where the maximum residual stresses of around 700 MPa in
compression at the corners were observed and drastic vari-
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ations of the through-thickness residual stresses at the cor-
ners were noticed.
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