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Abstract
The distribution of residual stresses is one of the substantial issues in determining mechanical behaviors of stainless steel 
structural members. Proper residual stress distribution models are necessary to include the residual stress influence in the 
analysis and design. Currently, the existing residual stress distribution model for press-braked stainless steel sections is 
either relatively complicated for the application, or only focuses on the longitudinal residual stress. In this study, a simplified 
residual stress distribution model was proposed based on the analysis of the key mechanisms in the press-braking process that 
was assumed as two-stage (bending and rebounding) plane strain pure bending process. The stress–strain relationship was 
represented as a simplified three–stage material model, and all the minor effects like the coiling and uncoiling, the material 
anisotropy, and the shift of neutral axis, etc. were neglected. Compared with test data, the predicted results by the proposed 
simplified model indicate good agreement for specimens within the commonly used ratio of internal corner radius over the 
thickness (ri/t). Finite element models for the press-braking process were then developed in ABAQUS and validated using 
the available data from literature. A series of models with varied ratios of ri/t were analyzed. Simulation results indicate that 
the center of the corner region in the press-braked sections has the largest equivalent plastic strain and residual stresses. From 
the center to the edge, the equivalent plastic strain and residual stresses declined significantly. As the ratios of ri/t become 
smaller and smaller, the neutral axis moves towards to the compression side and the proposed simplified model gradually 
loses its prediction accuracy. Based on the theoretical and finite element analysis, the proposed simplified model is applicable 
for press-braked stainless steel sections with ri/t ratios higher than 2.0.
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1  Introduction

Stainless steel structures have a wide-range of civil applica-
tions, particularly for those under extremely corrosive envi-
ronment. Currently, cold-formed stainless steel structure is 
the dominated type in applications due to its load bearing 
efficiency and attractive architectural appearance. Tradi-
tional cold-forming processes include the press-braking and 
cold-rolling. Compared with cold-rolling, press-braking has 
the potential in producing large cross-sections and thin to 
medium thick walled sections.

For press-braked sections, cold-forming effects (including 
the residual stresses and material enhancement), have a con-
siderable influence on the mechanical behaviors of members 
and joints, which have received considerable investigation 
efforts. Ingvarsson (1975), Dat (1980), and Weng and Pekoz 
(1990) quantified longitudinal residual stresses in steel chan-
nel sections using the sectioning method, and demonstrated 
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that the longitudinal residual stresses in corner regions were 
higher than those in flat regions. Weng and White (1990) 
measured residual stresses along the circumferential direc-
tion and presented the residual stresses through plate thick-
ness as a zigzag distribution for press-braked thick walled 
steel corner sections. Weng and Pekoz (1990) proposed a 
longitudinal bending residual stress distribution model, in 
which the whole inside and outside surfaces of a channel 
section had 0.5fy compression stress and 0.5fy tension stress, 
respectively (fy is the nominal yield stress). Schafer and 
Pekoz (1998) collected and analyzed residual stress data in 
press-braked steel channel sections, and provided different 
residual stress magnitude values for corner regions and flat 
regions. For stainless steel cross-sections, systematic experi-
mental studies have been done for welded (Yuan et al. 2014) 
and cold-rolled (Huang and Young 2012; Jandera et al. 2008; 
Cruise and Gardner 2008) sections, while rare experimental 
studies have been reported on press-braked sections. Cruise 
and Gardner (2008) and Gardner and Cruise (2009) pro-
posed a longitudinal residual stress distribution model for 
press-braked stainless steel angle sections based on experi-
mental results measured using the sectioning method, in 
which the residual stress was assumed by a linear or rectan-
gular stress block distribution along the thickness direction 
due to measurement difficulty for the longitudinal residual 
stress through thickness direction.

Residual stress measurement is time and labor consuming, 
and only the residual stresses on the plate surfaces could be 
obtained. Thus, many researchers made efforts in predicting 
residual stresses from theoretical aspect. Ingvarsson (1975) 
developed a program to calculate longitudinal and circum-
ferential residual stresses in press-braked sections using 
incremental theory of plasticity. The whole manufacturing 
process was separated into a plastic loading step and an elas-
tic unloading step. Rondal (1987) proposed a program which 
was similar to that by Ingvarsson (1975), but without consid-
ering the effect of the internal pressure on the distribution of 
residual stresses. Dat (1980) developed the method reported 
in Ingvarsson (1975), evaluated the purely elastic unloading 
assumption and proposed a close-formed solution for steel 
channels base on a full plastic loading assumption. Moen 
et al. (2008) proposed a mechanics-based prediction method 
for the determination of initial residual stresses and effective 
plastic strain in cold-rolled steel members, in which, some 
of factors that had minor effects on the final residual stresses 
were neglected, and derived a simple close-formed solution. 
Quach et al. (2004, 2006, 2009a, b), carried out systemati-
cally theoretical studies on residual stresses in press-braked 
steel and stainless steel sections, and proposed a series of 
formulas for accurate prediction of residual stresses, where 
relevant aspects on the residual stress distribution (e.g. the 
whole manufacturing process, the material anisotropy, the 

shift of the neutral axis, the full range stress–strain curve…) 
were all considered in derivations.

For press-braked steel sections, explicit expressions for 
the residual stress distribution through the thickness direc-
tion are available in Dat (1980) and Moen et al. (2008). 
Thus, researchers and engineers can directly incorporate 
residual stresses into numerical modeling. For press-braked 
stainless steel sections, the explicit expression for residual 
stresses through the thickness direction is unavailable due to 
the complex stress–strain curves of stainless steel. Although 
Quach’s method (Quach et al. 2009a, b) can provide accurate 
predictions for stainless steel sections, numerical integra-
tions and finite element modeling in spring-back process 
were necessary in the obtaining final results, which would 
be time-consuming and inconvenient for applications.

The objective of this paper is to develop a simplified, 
approximate, close-formed expression to characterize the 
residual stress distribution in press-braked stainless steel 
sections. The proposed solution would have the advantages 
of simplicity and satisfactory accuracy. To that end, Sect. 2 
presented the deduction of a simplified residual stress dis-
tribution model for press-braked stainless steel sections. In 
Sect. 3, finite element model of the press-braking process 
was developed and validated, and then used to discuss the 
residual stress distribution across the whole section. The 
feasible range of the proposed simplified distribution model 
was discussed through comparisons with test and numerical 
results.

2 � Analytical Solution of the Residual Stress 
Distribution in Press‑Braked Sections

In this section, a brief introduction of the press-braking pro-
cess were given firstly, and the theoretical model to deduce 
residual stress distributions were then developed based on 
the mechanism and some assumptions on the press-braking 
process.

2.1 � Press‑Braking Process

Press-braking process is a commonly used cold-forming pro-
cess in producing small quantities of open sections such as 
channel sections and angle sections. It is applicable for the 
production of medium to large scale pipe and box sections 
combined with welding process.

For stainless steel plates with the thickness less than 
5 mm, plates are usually supplied in the form of the steel coil 
which must be reformed to sheets before the press-braking 
process. The whole reforming process includes uncoiling 
and flattening usually by a flattening machine. For stainless 
steel plates with the thickness larger than 5 mm, plates are 



1485International Journal of Steel Structures (2019) 19(5):1483–1496	

1 3

often supplied in sheets that can be used directly in press-
braking process.

The basic mechanism of press-braking process is shown 
in Fig. 1. At the beginning of the press-braking process, 
the stainless steel sheet is installed between the upper and 
lower dies. The upper die controlled by a hydraulic actuator 
slowly moves towards to the lower die, leading to an inward 
bending of the stainless steel sheet. The radius of curvature 
of the inner surface of the stainless steel sheet is equal to 
that of the upper die in the end. After the stainless steel 
sheet reaches the surface of the lower die (a small clearance 
is necessary), the upper die quickly reverses its movement 
direction, to be away from the lower die. At this stage, the 
stainless steel sheet rebounds from the surface of the lower 
die. This process may repeat until the pre-specified dimen-
sion of the production is obtained.

2.2 � Derivation of the Simplified Residual Stress 
Distribution Model

2.2.1 � Assumptions

As the actual press-braking manufacturing process is a 
complex elastic–plastic loading and unloading process, 
assumptions are necessary in deriving the residual stress 
distribution with simple expressions. It is also necessary to 
keep a clear physical meaning and a proper accuracy when 
simplifying the process. In this study, the following assump-
tions were adopted:

(1)	 The effects of coiling, uncoiling and flattening on the 
residual stress distributions are neglected. For stain-
less steel plates with the thickness equal or larger than 
5 mm, the virgin material is stored in the form of sheets 
instead of coils. What is more, for stainless steel plates 
with the thickness less than 5 mm, the plastic strain 
during the coiling, uncoiling and flattening is negligible 
compared to that during the press-braking process.

(2)	 The whole press-braking process is simplified as two 
stages, i.e. the bending stage and the rebounding stage. 
Although, the bending–rebounding process may repeat 
for several times, the first trail of the bending–rebound-
ing process generates the primary deformation and 
stress–strain field.

(3)	 Plane pure bending is assumed during the bending and 
rebounding stages. Since the length of the products is 
much longer than the maximum dimensions of cross-
section, and the loading and supporting conditions are 
applied evenly along the longitudinal direction, strain 
along the longitudinal direction could be considered as 
zero.

(4)	 The shift of neutral axis and the change in the thick-
ness of sheet are neglected. According to Hill theory 
(Hill 1998) on the plane pure bending status of elas-
tic–perfect plastic material, the neutral axis would 
move towards to the inner surface of corner, and the 
radius of neutral surface is (ri^2+ri*t)^0.5, where ri is 
the internal corner radius, and t is the thickness. For 
typical press-braked sections, the radius ri of corners 
varies from 2t to 6t (SFIA 2012; AISI 1996), and the 
corresponding shift of the neutral axis is less than 6.5% 
of the thickness. In terms of the thickness changes, the 
reduction of thickness for the case when ri/t is equal to 
1.0 is less than 5% (Zhang and Yu 1988).

(5)	 The rebounding is an elastic unloading process. Dat 
(1980) discussed the unloading process in detail, and 
confirmed this assumption.

(6)	 The radial residual stresses along the thickness direc-
tion are small and neglected in the derivation process 
(Ingvarsson 1975; Dat 1980; Alexander 1959).

(7)	 The material anisotropy is neglected and a simplified 
material model is adopted to reduce the deduction diffi-
culty. Based on material test results reported in Becque 
and Rasmussen (2009) and Yuan et al. (2014), the 
material anisotropy of stainless steel is relatively low, 
and has a negligible influence on member behaviors 
(Lecce 2005). As press-braking is a complex elastic–

Fig. 1   Basic steps of press-
braking process (‘SS sheet’ 
denotes stainless steel sheet)
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plastic loading–unloading process, the expression of 
the material stress–strain curve dominates the deduc-
tion difficulty of the residual stress distribution model. 
Several popular two-stage material models (Rasmus-
sen 2003; Gardner and Nethercot 2004; Arrayago et al. 
2015) and three-stage material models (Quach et al. 
2008), have been developed based on the assumption 
that the stress–strain curve in the range of (σ0.2 to σu) 
is of the similar shape as the initial curve in the range 
below σ0.2 (Mirambell and Real 2000), and thus have 
relatively complex expressions as the stress beyond the 
proof stress. To reduce the deduction difficulty, a sim-
plified three-stage material model (Zheng et al. 2019) 
was used with the expressions shown in Eqs. (1) and 
(2), which was developed based on the concept of a 
piecewise equation and the method proposed by Mac-
donald et al. (2000) (i.e. by keeping the strain hard-
ening exponent n in Ramberg–Osgood model varied 
to fit the full-range stress–strain curve). It should be 
mentioned that discontinuities in slope are existed at 
the intersection points of the three stages in the sim-
plified material model, which need more attentions in 
numerical modeling but have a minor influence on the 
residual stress distribution.

where ε is the engineering strain; σ is the engineering stress; 
E0 is the Young’s modulus; σ0.2 is the 0.2% proof stress; n 
and n2 are strain hardening exponents for the first and the 
second stages, respectively; σ1.0 is the 1.0% proof stress; σu 
is the ultimate tensile stress; εu is the ultimate strain (i.e. the 
total strain corresponding to the ultimate tensile stress); n1, 
p and q are material parameters.

2.2.2 � Coordinate System

Test results have indicated that residual stresses in the corner 
region are higher than those in the flat region (Dat 1980; 
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Cruise and Gardner 2008). Therefore, this section mainly 
focuses on the residual stresses in the corner region of press-
braked sections.

The coordinate system and the geometric notations used 
in the following derivation are defined in Fig. 2. The x, y, 
and z axes are referred as the transverse, longitudinal, and 
thickness directions, respectively.

2.2.3 � Equivalent Plastic Strain

Suppose the curvature at the mid-thickness of the corner 
specimen after press-braking is r. According to assumptions 
(3) and (4), the plastic strain in the transverse direction �px 
at the point with the coordinate z in the thickness direction, 
is approximate equal to z/r. Based on the plane strain con-
dition, the plastic strain in the longitudinal direction �py is 
zero. Since the material is incompressible during the plastic 
deformation process, the plastic strain �pz in the thickness 
direction is –z/r. Then the equivalent plastic strain can be 
calculated using Eq. (3).

where �px , �
p
y , and �pz are the plastic strains in the transverse, 

longitudinal and thickness directions respectively; and �p is 
the equivalent plastic strain. It can be seen that the equiva-
lent plastic strain is linear with the coordinate z, which is 
shown in Fig. 3.

2.2.4 � Bending Process

The bending process of press-braking is a plastic loading 
process. Following the Von Mises yield rule, the yield func-
tion in term of the stress components can be expressed in 
Eq. (4), where the equivalent stress σe can be calculated 
using Eq. (5).
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Fig. 2   Coordinate system definition
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For typical press-braked sections, the equivalent plastic 
strain at most of points away from the mid-thickness sur-
face is much higher than the strain corresponding to the 
proof stress σ1.0. Thus, the equivalent stress–strain rela-
tionship follows the third stage in Eq. (1). For example, for 
the case when the ratio of the radius of curvature at mid-
thickness over the thickness is equal to 6, the equivalent 
plastic strain at the outer surface is about 0.096 according 
to Eq. (3), which is over 7 times higher than ε1.0 (approxi-
mately 0.013).

According to the assumptions (3), (6) and (7), the gen-
eralized stress–strain incremental relationship could be 
expressed in Eq. (6) base on the isotropic hardening law 
and the Prandtl–Reuss flow rule.

where E0 is the initial elastic Young’s modulus; v is the 
Poisson ratio; dεx, dεy, and dεz are the strain increments 
in the transverse, longitudinal, and thickness directions, 
respectively; dσx and dσy are the stress increments in the 
transverse, longitudinal directions, respectively; sx, sy, and 
sz are the stress deviators in the transverse, longitudinal, and 
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thickness directions, respectively; Hp is the tangent elastic 
modulus; and J2 is the invariants of the stress deviator.

According to the plane strain assumption, the strain 
increment in the longitudinal direction dεy is zero. In the 
expression of dεy in Eq. (6), the first and the second parts 
correspond to the elastic and plastic strain increments, 
respectively. The ratio of two stress increments dσy/dσx can 
be approximately determined according to the expression of 
dεy. In the elastic stage or the initial stage of plastic loading, 
the ratio dσy/dσx is dominated by the elastic part. The ratio 
dσy/dσx is approximate equal to the Poisson ratio v (0.3). 
During the development of plasticity, the ratio dσy/dσx is 
gradually controlled by the plastic component [i.e. the sec-
ond part of the expression dεy in Eq. (6)]. Thus, the ratio 
dσy/dσx gradually approaches to 0.5 (i.e. sy = 0).

Since corners in the press-braked sections experience 
very large plastic deformation, the ratio dσy/dσx is assumed 
as 0.5 in this bending process. Then, the expressions of σy 
and σx can be deduced based on Eqs. (4) and (5) and the 
ratio of σy/σx, shown in Eqs. (7) and (8). In these equations, 
the subscript ‘b’ denotes the result at the end of the bending 
stage.

2.2.5 � Rebounding Process

According to the assumption (5), the rebounding is an elastic 
unloading process, when the bending moment accumulated 
in the bending stage is released. The bending moment My 
accumulated in the bending process can be derived by the 
integration of the transverse stress multiplied by the distance 
away from the neutral axis with the expression shown in 
Eq. (9).

In the elastic rebounding process, the increments of strain 
and stress are all linearly distributed along the thickness 
direction. And the ratio of dσy,rb/dσx,rb is 0.3, where dσy,rb 
and dσx,rb are the stress increments in the longitudinal and 
transverse directions respectively. Thus, the increments of 

(7)�x,b =

√
3

2
�e =

√
3

2
p

�
2√
3

z

r

� 1

q

(8)�y,b = 0.5 ⋅ �x,b =

√
3

4
p

�
2√
3

z

r

� 1

q

(9)

My =

t∕2

∫
−t∕2

�x,bzdz = 2

t∕2

∫
0

√
3

2
p

�
2√
3

z

r

� 1

q

zdz

=
t2

2

q

2q + 1

√
3

2
p

�
2√
3

t

2r

� 1

q

=
t2

2

q

2q + 1
�x,b

��t∕2

Fig. 3   Equivalent plastic strain in press-braked corners
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stress in the transverse and longitudinal directions can be 
determined shown in Eqs. (10) and (11), respectively.

where I is the moment inertia of the sheet with unit width.
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2.2.6 � Final Residual Stress Distribution

The final residual stress distribution can be obtained by com-
bining the stresses in bending and rebounding processes. 
Typical stress distributions though the thickness direction 
at the bending and rebounding stages are shown in Figs. 4 
and 5, respectably, where the parameter q is taken 5.24, i.e. 
the averaged value of austenitic stainless steel obtained in 
(Zheng et al. 2019). The final residual stress distributions for 
the transverse and longitudinal directions are shown in the 
Figs. 4c and 5c as solid lines, respectively.

Observations from Fig. 4c indicate that: (1) the residual 
stress shows a zigzag type distribution, i.e. anti-symmetric dis-
tribution to the mid-thickness surface; (2) the outer surface of 

(a) (b) (c)

Fig. 4   Residual stress distribution in transverse direction

(a) (b) (c)

Fig. 5   Residual stress distribution in longitudinal direction
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the corner is in compression, while the inner surface is in ten-
sion; (3) as the calculation point moves from the outer surface 
to the mid-thickness surface, the value of compression stress 
decreases linearly, and then shifts to tension stress; and (4) the 
residual stress reaches the maximum at the point about 0.05t 
away from the mid-surface, and rapidly decreases to zero when 
moving towards the mid-thickness.

Observations from Fig. 5c show that: (1) the residual stress 
has an anti-symmetric distribution to the mid thickness sur-
face; (2) the outer half thickness of the corner is in tension, 
while the inner part is in compression; (3) as the calculation 
point moving from the outer surface to the mid-thickness sur-
face, the value of tension stress increases linearly; and (4) at 
the calculation point about 0.05t away from the mid-surface, 
the residual stress reaches the maximum, while that at the mid-
thickness is zero.

The residual stress results described above have a nonlin-
ear expression in both the half thicknesses, and a complex 
distribution around the mid-thickness, which are inconven-
ient for structural analyses and design applications. A sim-
plified residual stress model was then proposed following 
two assumptions: (1) residual stress varies linearly through 
half thickness (both the inner half and outer half). The reason 
for this assumption is that in the rebounding process, stress 
is linearly distributed through the thickness direction, and in 
the bending process, the stress–strain relationship lies in the 
third stage of material model [Eq. (1)] where the strain harden-
ing is not obvious. (2) the residual stress distribution around 
mid-thickness is simplified to instantaneous change at the 
mid-thickness. Due to the shift of the neutral axis, the actual 
residual stress distribution around the mid thickness is much 
more complex, and cannot be expressed accurately. Here, a 
reasonable simplification is acceptable.

Following the above two additional assumptions, the resid-
ual stresses at key points (i.e. the mid-thickness, the inner sur-
face and the outer surface) were deduced.

The residual stress at the outer surface, was derived by com-
bining the residual stresses in the bending and rebounding pro-
cess with the expression shown in Eqs. (12) and (13) for the 
transverse and longitudinal directions, respectively.

The residual stress at the inner surface could be obtained 
easily according to the symmetry of the residual stress 
distribution.
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The transverse residual stress at the mid thickness was 
derived based on the bending moment equilibrium in the 
transverse direction.

The longitudinal residual stress at the mid thickness was 
approximately taken as 0.5 times of the transverse residual 
stress, shown in Eq. (15).

The final simplified distribution models are shown as 
the dot lines in Figs. 4c and 5c. Comparison of the initially 
derived distribution and the final simplified distribution indi-
cates that the difference is only in the region close to the 
mid-thickness surface.

2.3 � Validation

Cruise and Gardner (2008) and Cruise (2007) reported tests 
on the longitudinal residual stresses in press-braked aus-
tenitic stainless steel corner sections. In their studies, the 
longitudinal bending residual stresses were measured and 
calculated based on an assumption of the rectangular stress 
block distribution in the thickness direction.

In this section, the proposed simplified model was vali-
dated through comparing prediction results with experimen-
tal measurements in Cruise and Gardner (2008) and Cruise 
(2007). It should be mentioned that for each specimen, the 
average material properties of the flat region were used in 
the proposed simplified model. The results are shown in 
Table 1, where t and ri are the thickness and the internal 
corner radius of the press-braked corners; σb,test is the tested 
longitudinal bending residual stress; p and q are the mate-
rial parameters used in Eq. (1); σb,s and σb,m are the pre-
dicted residual stresses at the surface and mid-thickness, 
respectively; and σb,pred is the predicted longitudinal bend-
ing residual stresses calculated according to the rectangular 
stress block distribution assumption, i.e. σb,s + (σb,m − σb,s)/3.

On average, the proposed model provides good predic-
tions for the residual stresses with the average ratio of test 

(14)�x
||0 = −2 ⋅ �x

||t∕2 =
2(q − 1)

2q + 1
�x
||t∕2

(15)�y
|||0 = 0.5 ⋅ �x

||0 =
q − 1

2q + 1
�x
||t∕2
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data over the predictions at 1.17. However, the scatter of 
the predictions is very large at 0.45. This is probably due to 
two reasons. The first one is the nature of residual stresses. 
Except the manufacturing process, lots of other factors, 
such as the material properties, the transportation of speci-
mens, etc. have effects on the residual stress distributions. 
Take PB50×50×2-3.2 and PB50×50×2-3.5 for an example, 
these two specimens have very similar material and geo-
metric parameters, while the measured residual stress in 
PB50×50×2-3.2 is about 1.5 times of that in PB50×50×2-
3.5. The second reason lies in small values of the ratio of 
ri/t. For the last three specimens, ri/t is less than 1.0, which 
means the corners experienced extensive plastic strain dur-
ing the press-braking process, and the proposed simplified 
distribution model may be not applicable in case due to the 
considered assumptions used in the model development.

3 � Finite Element Modeling 
for the Press‑Braking Process

In this section, finite element models were developed to 
understand the distribution of residual stresses in press-
baked sections, and to determine the applicable range of the 
deduced simplified residual stress distribution model.

3.1 � Finite Element Model

ABAQUS/Standard module (2012) was employed to develop 
the finite element models. The following aspects were con-
sidered in the modeling.

Material Model  Stainless steel was assumed to be an iso-
tropic material. Von Mises yield rule, Isotropic hardening 
law, and the Prandtl–Reuss flow rule were adopted. The 
stress–strain data input in ABAQUS was generated from 
Eq. (1) based on material parameters. Since the material 
would experience large plastic strain in the press-braking 

process, the engineering stress and strain, were converted 
to the true stress and strain data, respectively.

Element and Mesh  In the press-braking machine, the upper 
and lower dies are much stronger than the thin sheet. There-
fore, the upper and lower dies were considered as rigid in 
the modeling. Analytical Rigid Surface, which needs the 
surface geometry data only, was selected to model the dies. 
The stainless steel sheet was modeled using a plane strain 
element CPE4R, and meshed into 12 elements along the 
thickness direction. The length of the element in the width 
direction of the sheet was no more than 2 times the width of 
the element (along the thickness direction). Typical mesh of 
the finite element model is shown in Fig. 6.

Interaction  Surface-to-Surface interaction was used to 
model the contact behavior between the dies and the stain-
less steel sheet. In the tangent direction, the friction coef-
ficient was taken as 0.02, while “hard contact” was used in 
the normal direction.

Boundary Conditions  Reference nodes were generated for 
the upper and lower dies, respectively. All the degrees of 

Table 1   Comparison between the predictions of the proposed model and test data in Cruise and Gardner (2008) and Cruise (2007)

Specimens t (mm) ri (mm) ri/t σb,test (MPa) p (MPa) q σb,s (MPa) σb,m (MPa) σb,pred (MPa) Test/pred

PB50×50×2-3.2 2.02 4.50 2.23 − 103 678 6.63 37.89 183.35 86.38 1.19
PB50×50×2-3.5 1.95 4.33 2.22 − 60 721 7.21 39.89 202.86 94.21 0.64
PB50×50×2-4.5 1.98 5.50 2.78 − 67 716 6.42 39.02 185.28 87.77 0.76
PB50×50×2-7.5 1.98 8.00 4.04 − 58 707 6.08 36.73 168.43 80.63 0.72
PB50×50×3-3.2 2.99 4.50 1.51 − 114 688 7.94 39.06 209.54 95.89 1.19
PB50×50×4-3.5 3.92 3.42 0.87 − 135 675 8.04 40.09 216.41 98.86 1.37
PB50×50×5-3.5 4.93 3.17 0.64 − 183 661 7.67 40.58 213.69 98.29 1.86
PB50×50×5-4.5 4.89 4.33 0.89 − 159 671 7.19 40.78 207.05 96.20 1.65
Avg. 1.17
Cov. 0.45

Fig. 6   Typical finite element model for press-braking
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freedom of the lower and upper dies were tied to the cor-
responding reference point. For the reference point of the 
lower die, all the degrees of freedom were restrained. For 
the reference point of upper die, the horizontal translation 
and rotation degrees of freedom were restrained. Thus the 
upper die could move vertically.

Analysis Method  The whole analysis was separated into two 
steps: the bending step and the rebounding step. In both of 
these two steps, the displacement load was applied to the 
reference point of the upper die. Both the material and geo-
metric nonlinearity were considered in the analysis.

Typical Von Mises stress distributions at the end of bend-
ing stage and the rebounding stage are shown in Fig. 7.

3.2 � Validation

Although residual stress distributions through the thickness 
direction have been measured in press-braked steel sections 

(Weng and White 1990), cold-rolled steel sections (Li et al. 
2009; Tong et al. 2012; Chen and Ross 1978) and cold-rolled 
stainless steel sections (Jandera et al. 2008), relevant test 
data in press-braked stainless steel sections is not available 
yet. Thus, results from the residual stress distribution model 
proposed by Quach et al. (2009a, b) were used to validate 
the finite element model.

Quach et al. (2009a, b) reported modeling and theoretical 
residual stresses results in press-braked stainless steel chan-
nel sections, where the internal corner radius and the thick-
ness of the corner were 3.96 mm and 1.8 mm, respectively. 
The material properties used came from the longitudinal 
compression tests of stainless steel S31803 in Rasmussen 
et al. (2003).

According to the material properties of S31803, the mate-
rial parameters used in the proposed model of this paper 
can be obtained through curve fitting. The nominal yield 
stress σ0.2, the parameters p and q were 527 MPa, 4.5, and 
1605 MPa, respectively. The residual stresses were calcu-
lated with the results shown in Figs. 8, 9 and 10 for the trans-
verse residual stresses, the longitudinal residual stresses, 

Fig. 7   Von Mises stress dis-
tributions in the press-braking 
process (thickness = 3.0 mm, 
internal corner radius = 5.0 mm)
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and the equivalent plastic strain, respectively. In these fig-
ures, the dash and solid red lines are the calculation results 
according to the finite element model and the theoretical 
analysis proposed by Quach et al. (2009a, b), respectively. 

The dash and solid black lines are the calculation result 
according to the finite element model and the theoretical 
analysis proposed in this study, respectively.

From Fig. 8, it can be seen that all the four curves show 
a similar trend, i.e. a zigzag type distribution in the thick-
ness direction. The biggest difference among these results 
lies around the mid-thickness. The finite element model 
(both the Quach’s model and the simulation model in this 
study) can presents the shift of neutral axis towards the 
inner surface, while the neutral axis in the theoretical mod-
els remains around the original position. In terms of the 
proposed simplified model, the magnitude of the predicted 
residual stresses around the mid-thickness agrees well with 
that from the finite element model. On the outer surface, the 
magnitude of the predicted stress is a little higher than that 
by others models, while on the inner surface, the magnitude 
of the predicted stress is slightly lower.

In terms of the longitudinal bending residual stresses 
shown in Fig. 9, the four curves also show a similar trend. 
However, the predictions by the proposed simplified model 
and the finite element model are smaller than those from the 
theory and modeling in Quach et al. (2009a, b). It should 
be mentioned that coiling and uncoiling processes were 
considered in Quach et al. (2009a, b), which affect the dis-
tribution of residual stresses, especially in the longitudinal 
direction since the plastic loading and unloading mainly 
occurred along the longitudinal direction during the coiling 
and uncoiling processes.

With respect to the equivalent plastic strain shown in 
Fig. 10, the predictions of the proposed simplified model 
agree well with those by the theoretical model proposed by 
Quach et al. (2009a, b) The finite element model developed 
by this study and by Quach et al. (2009a, b) provide almost 
the same results. The magnitude of the proposed model in 
this study also fits well with that from the finite element 
model. However, the shift of the neutral axis is not reflected 
by the proposed model.

Based on the above comparison results, the finite element 
model and the theoretical model proposed in this study pro-
vide similar predictions with the models proposed by Quach 
et al. (2009a, b), and can be used in future analysis.

3.3 � Further Analysis on Press‑Braking Process

A series of finite element models were built to provide more 
knowledge about the press-braked sections. The material 
and geometric informations used in modeling are shown in 
Table 2. The material properties used are the average values 
of austenitic stainless steel in (Zheng et al. 2019). The upper 
and lower dies were designed by a local factory shown in 
Fig. 11. The width of the stainless steel sheets was taken as 
50 mm.

Fig. 8   Comparison of the calculation results of transverse residual 
stresses by the methods in Quach et al. (2009a, b) and this paper

Fig. 9   Comparison of the calculation results of longitudinal residual 
stresses by the methods in Quach et al. (2009a, b) and this paper

Fig. 10   Comparison of the calculation results of the equivalent plastic 
strains by the methods in Quach et al. (2009a, b) and this paper
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Typical equivalent plastic strain distribution on the sur-
faces along the width direction of the cross-section is shown 
in Fig. 12.

From Fig. 12, it can be seen that: (1) the equivalent plastic 
strain on the bottom (tension) and the top (compression) 
surface have a similar distribution; and (2) the equivalent 
plastic strain is equal to zero at the edge and most of flat 
region. For the corner region and the adjacent flat region, the 
equivalent plastic strain markedly increases as the measuring 
point moves towards the center of the sheet. It also means 
that the equivalent plastic strain in the corner region is not 
evenly distributed.

Longitudinal residual stresses were obtained from finite 
element models, and then converted to the equivalent resid-
ual stresses based on rectangular stress block assumption. 
The results are shown in Fig. 13.

From Fig. 13, it can be seen that: (1) generally, the equiv-
alent residual stress σy,eq gradually increases from the edge to 
the center of the sheet. However at the intersection point of 
the corner region and the flat region, the equivalent residual 
stress is lower than that in the adjacent region; at this point, 
the curvature of the sheet is not continuous, and the residual 
stresses through the thickness direction are very complex; 
and (2) in the corner region, the equivalent residual stress is 
not evenly distributed which indicates the measured values 
in the available tests are an averaged value.

Typical results of residual stresses and equivalent plastic 
strain distribution along the thickness direction are shown in 
Figs. 14 and 15, respectively. In these figures, the predictions 

Table 2   Geometric and material 
information of press-braked 
specimens for modeling

Specimens t (mm) ri (mm) Material properties

E0/MPa σ0.2/MPa n σ1.0/MPa σu/MPa εu p/MPa q

R5T1 1 5 195,194 255 6.37 309 655 0.6 723 5.24
R5T2 2 5
R5T3 3 5
R5T4 4 5
R5T5 5 5

Fig. 11   Upper and lower dies of press-braking for modeling

Fig. 12   Equivalent plastic strain distribution in press-braked section 
R5T3

Fig. 13   Equivalent longitudinal residual stress in press-braked section 
R5T3
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of the proposed simplified residual stress distribution model 
were also provided. The meanings of the symbols in these 
figures are listed below: ‘FEM-Long’ and ‘FEM-Trans’ are 
the calculated longitudinal and transverse residual stresses 
using finite element models, respectively; ‘Theo-Long’ and 
‘Theo-Tran’ are the predicted longitudinal and transverse 
residual stresses using the proposed simplified residual stress 
distribution model, respectively; ‘FEM-1 mm’, ‘FEM-3 mm’ 
and ‘FEM-5 mm’ are the calculated equivalent plastic strains 

using finite element method for the specimens R5T1, R5T3, 
and R5T5, respectively; ‘Theo-1 mm’, ‘Theo-3 mm’ and 
‘Theo-5 mm’ are the predicted equivalent plastic strains 
using the proposed simplified residual stress distribu-
tion model for the specimens R5T1, R5T3, and R5T5, 
respectively.

Observations from Figs. 14 and 15 show that: (1) for the 
specimen R5T1, both the predicted residual stresses and the 
equivalent plastic strain fit well with the corresponding finite 
element results; (2) for the specimen R5T5 with the ratio of 
ri/t at 1.0, the predicted residual stress distribution is appar-
ently different from the finite element results; the predicted 
longitudinal residual stress is obviously lower than the finite 
element simulation result; the equivalent longitudinal resid-
ual stress according to rectangular stress block assumption 
is 95 MPa for the predicted model, while the calculation 
result by the finite element model reaches to 185 MPa; the 
neutral axis moves by 20% of the thickness to the inner sur-
face (compression side), which leads to apparent difference 
between the proposed equivalent plastic strain model and the 
finite element model; and (3) for the specimen R5T3 with 
ri/t equals to 1.67, the error of the proposed simplified model 
lies between that for R5T1 and R5T5. The proposed model is 
still applicable for this specimen in general. For commonly 
used press-braked sections, the internal radius ri of corners 
varies from 2t to 6t (SFIA 2012; AISI 1996), the proposed 
simplified residual stress distribution model has appropriate 
accuracy in the predictions of residual stresses.

4 � Conclusions

This paper conducted theoretical and finite element stud-
ies on the residual stresses in press-braked stainless steel 
sections. A simplified residual stress distribution model for 
corners of press-braked sections was deduced. Finite ele-
ment models were also developed to study the residual stress 

(a)

(b)

(c)

Fig. 14   Comparisons of residual stress distributions by the proposed 
simplified model and the finite element method

Fig. 15   Comparison of equivalent plastic strain by the proposed sim-
plified model and the finite element method



1495International Journal of Steel Structures (2019) 19(5):1483–1496	

1 3

distribution of the whole sections and to validate the appli-
cable range of the proposed simplified model. The following 
conclusions can be drawn:

(1)	 A simplified residual stress distribution model for 
press-braked stainless steel sections was proposed. 
Comparison results with test data and finite element 
simulation results show that the proposed model is 
applicable to commonly used press-braked sections, 
with the ratio of internal corner radius to the thickness 
ri/t varying from 2 to 6.

(2)	 For press-braked sections with the ri/t ratio less than 
1.0, the predicted longitudinal residual stress by the 
proposed simplified model is lower than test data and 
the finite element result due to the extensive plastic 
deformation in press-braking process. The shift of the 
neutral axis reaches 20% of the thickness, which causes 
obvious differences between the prediction results by 
the proposed simplified model and finite element simu-
lation.

(3)	 In press-braked sections, the residual stress and plastic 
strain are concentrated in the corner and the adjacent 
flat region. The distributions of the residual stress and 
plastic strain are not evenly distributed in the corner 
region, and the maximum values occur in the center of 
the corner.
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