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A B S T R A C T   

The finite element (FE) is one of the techniques implemented to predict residual stresses. The selection of the 
proper FE technique is essential to achieve accurate results. This study investigated the prediction of residual 
stress distribution in pressed-braked thin-walled cold-formed steel sections using the 3D-Shell finite element (FE) 
technique. Cold-forming processes produce residual stresses and affect the structural capacity of thin-walled 
cold-formed steel sections. Previous studies have used and recommended the 3D-Solid FE technique to predict 
residual stresses; however, limited studies have applied this 3D-Shell FE technique. Therefore, the results showed 
this study had compared the longitudinal/transverse residual stresses and the neutral axis shift obtained by the 
3D-Shell FE technique with the results from the literature using the 3D-Solid FE technique. It is also revealed that 
there are limitations in the 3D-Shell FE technique for predicting residual stresses.   

1. Introduction 

Computational analysis of technical problems has taken great strides 
over the last few decades with advancements in computational tools. 
Thanks to its efficiency and cost-saving, numerical simulation is one of 
the key tools in science and industrial engineering problems. Numerical 
simulation of sheet metal formation began in the 1990s. Thus far, 
different modeling techniques have been used for sheet metal forming. 

According to Ablat & Qattawi [1], the finite element method (FEM) 
is widely implemented in sheet metal formation simulations. Based on 
their review, many researchers preferred FEM over the other numerical 
simulations due to its efficiency and accuracy. In FEM, different solution 
strategies and formulations are applied Makinouchi, 1996 [2]. More
over, in sheet metal forming, static implicit and dynamic explicit are the 

solution strategies that many researchers have extensively implemented, 
owing to their advantages. However, these solution strategies have 
drawbacks, such as the weakness of static implicit in contact configu
ration for 3D-FE simulation and spring-back estimation for dynamic 
explicit. Therefore, a coupled method was proposed by Finn et al., 1995 
[3] to use the advantages of both approaches. 

In sheet metal formation, the forming zone undergoes plastic 
deformation that weakens the formed section around that area, inducing 
residual stress/strain. Residual stress stands out as a crucial aspect when 
dealing with material imperfections. The fatigue durability and strength 
resistance of a structural element are either positively enhanced or 
influenced by the existence of residual stress, contingent upon the 
magnitude and distribution of these stress factors [4,5]. Consequently, 
process design engineers are keenly interested in obtaining detailed 
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insights into plastic deformation and stress distribution around corners. 
Various experimental methods have been employed to measure 
through-thickness residual stresses, such as the sectioning method by 
Weng and White [5] and layer removal method by Abvabi et al. [6]. 
Reported results indicate that the through-thickness residual stress dis
tribution takes on a zigzag pattern, with the maximum residual stress 
occurring either at the bend’s inside surface or near the plate’s neutral 
surface. Additionally, several numerical approaches have been under
taken to predict residual stress. Researchers in Refs. [3,6,7] explained 
the capability of finite element analysis as a time-efficient alternative for 
predicting residual stresses in thin-walled cold-formed steel sections, 
especially compared to the time-consuming experimental methods. 
Quach et al. [4] implemented a 2D finite element technique to predict 
residual stress, demonstrating good agreement with experimental re
sults in Refs. [7,8]. 

In numerical analysis, selecting suitable elements is essential based 
on the outcomes intended to be predicted [1], and it predominantly 
governs simulation aspects such as contact with friction and CPU time 
costs [9]. According to Refs. [1,10], the solid element is ideal for such 
cases to account for plastic deformation in the forming zone. Utilizing 
solid elements treats the sheet as a 3D entity, providing a more realistic 
approach to modeling the process. The simultaneous contact on both 
sides of the sheet is inherently resolved without the need for specific 
strategies. Additionally, these elements enable precise calculations of 
stress gradients throughout the sheet’s thickness and the evolution of 
sheet thickness during simulation [11]. Consequently, numerous studies 
have utilized 3D-Solid FE techniques for the forming process, including 
Chain-Die forming [12–16]. Roll forming such as [17–28]. Press-braking 
such as [29–31]. Gerbo et al. [32] also investigated cold-bent thick steel, 
revealing the limitations of the 2D-FE technique in predicting the 
through-thickness residual stress distribution along the corner region. 
The 3D solid FE technique clearly indicated the residual stress distri
bution, particularly for the variations at the corner edge zone. 

Chung et al., 2014 [10] explained the weaknesses of implementing a 
3D shell element when a through-thickness investigation is required. 
Despite the shell element’s numerical simplicity and computational time 
efficiency, achieving an adequate and detailed prediction of plastic 
deformation in the thickness direction is difficult especially when there 
is a significant stress gradient in the thickness direction. On the other 
hand, Research indicates that 3D Shell element is a good choice for 
simulations in which predictions in through-thickness plastic deforma
tion are not required [1,10]. However, various studies have recom
mended the adoption of the 3D-Shell FE technique, as this element can 
predict through-thickness residual stress/strain in roll-forming, as re
ported in Refs. [24,33–38]. Moreover, it enables accurate prediction of 
the spring-back phenomenon, as reported in Refs. [39,40]. 

Zeng et al. [41] enhanced the shell element for the cold roll forming 
of U-channels. They utilized a quadrangular shell element, specifically 
S4R in Abaqus, to formulate an optimization method rooted in the 
Response Surface Method. This method, a regression technique, explores 
relationships between multiple explanatory variables and one or more 
response variables. The outcomes were validated through comparison 
with actual product measurements, demonstrating their acceptability. 
Vorkov et al., 2014 [40] predicted and analyzed the spring-back in the 
air-bending forming process of two different high-strength steel. They 
compared the shell element (S4R) with a solid element (C3D8R) in 
Abaqus. The results show that both elements can predict rebound. 

Wang [42] studied the influence of residual stresses of different 
cold-formed steel sections called “sigma sections” formed either by press 
braking or roll forming. This study adopted a quadrangular shell 
element, element S4R, to achieve its objectives in Abaqus. In addition, 
the dynamic explicit method was the solution strategy for predicting the 
residual stress/strain. The results were validated against experimental 
data for longitudinal strain at the inner and outer surfaces. Trzepiecinski 
& Lemu [39] investigated the effect of computational parameters on the 
spring-back prediction of press-braked sections. Eight-node quadratic 

doubly curved shell elements (S8R) were adopted with the static implicit 
method in Abaqus for spring-back prediction of the sheet metal. Yao 
et al. [33] proposed an FE-based method for estimating residual stresses 
and equivalent plastic strains from cold-formed steel hollow sections. 
They first determined the residual stresses and coexistent equal plastic 
strains due to the coiling-uncoiling and transverse bending operations 
by an analytical method. They introduced them as the initial conditions 
in a subsequent static implicit FE simulation of welding and shaping 
operations. The study adopted a quadrangular shell element, S4R, to 
achieve its objectives in Abaqus. Yao et al. [43] proposed the same 
FE-based method in elliptical hollow sections (EHS). 

Implementing the shell element in the 3D-FE simulation has the 
advantage that the simulation can be completed in less time than the 
solid element, as noted by Chung et al. [10]. Thus, previous studies make 
it their option to achieve their goals, most related to plastic deformation. 
However, it is mentioned that the shell elements had drawbacks in the 
plastic deformation through metal sheet thickness [1,10]. These draw
backs are related to accuracy and detailed information [10,44]. 

In investigating formed metal inner and outer surfaces or its spring- 
back phenomena, the shell element could be a suitable choice to fulfill 
the study aims. Yet, selecting the right solution strategy could improve 
the study’s outcomes, such as accuracy in predicting residual stresses, 
deformation patterns. A static implicit method is implemented to attain 
the computation parameters’ effect on the spring-back of press-braked 
steel. The process is suitable for spring-back problems [39]. However, 
it is recommended in Refs. [1,45] that the solution method proposed by 
Finn et al. [3] for through-thickness investigation. Therefore, it is suit
able to adopt the proposed method to investigate the distribution of 
residual stresses of steel sheets in the through-thickness direction. 
Table 1 summarize the studies and elements implemented. 

This paper presents an investigation into the utilization of the 3D- 
Shell FE technique for predicting residual stress distribution in 
pressed-braked thin-walled steel sections. The primary objective is to 
offer a comprehensive comparison with the 3D-Solid FE technique, 
aiming to assess the predictive capabilities of the 3D-Shell FE technique 
for residual stress analysis. Through this study, we provide a detailed 
analysis comparing the distribution of longitudinal/transverse residual 
stresses across the through-thickness of the formed section, compared 
with findings from the 3D-Solid FE analysis. This comparative analysis 
highlights the novelty of our research, shedding light on the efficacy and 
potential advancements of the 3D-Shell FE technique in predicting re
sidual stresses accurately in thin-walled steel sections subjected to 
pressing and braking operations. 

2. Materials and methods 

This section describes the procedures to develop the 3D-FE technique 
for predicting residual stress. 

2.1. FE modeling of sheet metal forming & 3D-Shell element formulation 

The finite element (FE) analysis was adopted by many engineers for 
parametric studies, such as modeling the cold roll forming process. 
Special attention to the FE models (FEM) is needed for the evaluation of 
the manufacturing parameters to attain high-level quality and cost 
optimization. Nowadays, implementing finite element analysis in the 

Table 1 
Summary of the studies and element type implemented.  

Forming Method Finite element 

Solid Element Shell Element 

Chain Die Forming [12–16] – 
Roll Forming [17–28] [24,33–38,42] 
Press-braking [29–31] [39,40,42] 
Cold bent of thick plate [32] –  
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forming processes involving complex contacts and spring-back prob
lems, such as the simulation of press-braking processes, can be per
formed with acceptable accuracy. Most recent numerical studies 
emphasize adopting finite elements, formulations, or integration ap
proaches to assess the deformations in the strip-bent regions (known 
later as “the corners”). In addition, special attention was given to the 
stamping processes based on various changes in thickness (or the spring- 
back) and the accurate definition of the material’s mechanical behavior. 

The finite element analysis of press-braking contains two stages 
(Forming and Spring-back). Numerous studies proposed a dynamic 
explicit approach over an implicit one in the sheet metal forming stage 
[3,46]. The dynamic clear method operates on an inertia-based process, 
eliminating the need for static equilibrium. However, this method ex
hibits conditional stability, requiring the implementation of mass or 
time scaling procedures. One advantage of the explicit approach is the 
ability to resolve complicated contact problems. Furthermore, it re
quires fewer system resources in large models compared to the implicit 
approach. So far, the implicit approach has merit in handling 
spring-back calculation more efficiently. Thus, Finn et al., 1995 [3] 
introduced the coupled method to take advantage of both methods. 
Their proposed approach used an explicit approach to the 
model-forming process, while the implicit approach is used for 
spring-back modeling. 

The proposed solution method introduced by Finn et al., 1995 [3] 
indicates that the forming process will have two stages. The first stage is 
Forming, which is simulated by the dynamic explicit method. The sec
ond stage is Spring-back, which is affected by the static implicit method. 
For the boundary conditions in the first stage, the die was constrained in 
all directions with fixed boundary conditions at a predetermined refer
ence point (RP). The loading in the form of displacement control was 
applied to the punch to allow movement in the y-direction only to form 
the steel sheet. 

3D-Shell element formulation is presented as follow: 
The quadrilateral flat shell element, as shown in Fig. 1, The field 

displacement of this element is approximately determined by Eq. (1). It 
should be noted that effect of rotation of the flat shell in-plane direction 
(θ(e)2 ) is neglected due to its insignificant impact. 
⎧
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(1)  

Where u(e)
ox , u(e)

oy and u(e)
oz are the element field displacements, θ(e)1 and θ(e)2 

rotation in x− and y− direction, N1
(4Q)(ξ, η),N2

(4Q)(ξ, η),
N3

(4Q)(ξ, η) and N4
(4Q)(ξ, η) are the shape function of the element that are 

determined in the parametric coordinate, U(e)
1 ,U(e)

2 ,U(e)
3 and U(e)

4 are the 
nodal displacement of the element. 

In order to establish relationship between the parametric space and 
physical space, the following mapping coordinate is needed to need. 

x(ξ, η) = N(4Q)
1 (ξ, η) x(e)1 + N(4Q)

2 (ξ, η) x(e)2 + N(4Q)
3 (ξ, η) x(e)3 + N(4Q)

4 (ξ, η) x(e)4

y(ξ, η) = N(4Q)
1 (ξ, η) y(e)1 + N(4Q)

2 (ξ, η) y(e)2 + N(4Q)
3 (ξ, η) y(e)3 + N(4Q)

4 (ξ, η) y(e)4

(2)  

Where x(ξ, η) and y(ξ, η) are the physical coordinates defined in terms of 
the parametric coordinate, x(e)

1 , x(e)
2 , x(e)

3 and x(e)
4 are the coordinate of 

each node in x − direction, y(e)1 , y(e)2 , y(e)3 and y(e)4 are the coordinate of each 
node in y − direction. 

The shape functions in the parametric space with parametric co
ordinates ξg,ηg, where the quadrature point g is given as (g = 1, 2, …, Ng) 
can be defined as. 

N(4Q)
1g = N(4Q)

1
(
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1
4
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4
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=
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4
(
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(3) 

Then the array of the shape function with size of (5 × 6) is estab
lished to delineate the contribution of node i to the approximate fields. 

[
N(e)

i (ξ,η)
]
=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

N(e)
i (ξ,η) 0 0 O 0 0
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⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(4) 

The Jacobian matrix [J] of the coordinate mapping is defined as given 
in Eq. (5). 

[J] =

⎡
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)
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(5) 

Fig. 1. 4-node quadrilateral shell element with nodal degrees of freedom [47].  
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Where 

[
N(4Q)

,ξ

]
=
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⎢
⎢
⎣
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1
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(6) 

The derivatives of the shape functions with respect to the physical 
coordinates, x and y, at ξ = ξg, η = ηg, is calculated as expressed by Eq. 
(7). 

[
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g
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g
(7) 

Then the 5 × 24 array shape function of shell element is defined as 
given by: 
[
N(e)]

g =
[ [

N(e)
1

]

g

[
N(e)

2

]

g

[
N(e)

3

]

g

[
N(e)

4

]

g

]
(8) 

Three distinct expressions are written for the membrane {ε̂(e)m }, 
bending {ε̂(e)f }, and shear strains {ε̂(e)s } as given below. 

{
ε̂(e)m

}
=
[
B(e)

m (ξ,η)U(e)]=
[[

B(e)
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] [
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(9a)   
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Where [B(e)
ml ] , [B(e)

fl ] and [B(e)
sI ] are block strain-displacement arrays for 

membrane, bending and shear respectively. they can be calculated based 
on Eq. (10) to Eq. (11) accordingly. 
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These strain-displacement arrays are calculated at quadrature point 
g for each node [B(e)

ml ]g , [B
(e)
fl ]g , [B

(e)
sI ]g , for each node I= 1,2,3,4. Then the 

8 × 24 generalized strain-displacement matrix [B(e)] as well as its 
transpose are determined. The constitutive stress-strain matrix [D̂] for 
the steel material combining material matrix for membrane [D̂m] , 
bending [D̂f ] , and shear [D̂s] is defined according to Eq. (11)and Eq. (12). 

[D̂] =

⎡

⎣
[D̂m] [0] [0]
[0]

[
D̂f
]

[0]
[0] [0] [D̂s]

⎤

⎦ (11)  

Where 

The E in Eq. (12) is the steel Young’s modulus, d is the shell element 
thickness, v is the passion ratio, k is the shear correction factor and G is 
the shear modulus defined as G = E

2(1+v). 
Then the distributed forces are calculated {pg} = {p(xg,yg)}. Finally, 

the flat shell element stiffness [ k(e)], and the equivalent nodal force 
vector, {f (e)Ω } are calculated according to Eq. (13) and Eq. (14) 
respectively. 

[
k(e)
]
=

∫∫ 1 1

− 1− 1

([
B(e)]T [D(e)][B(e)

]
Jdξdη

)

≈
∑Ng

g=1

([
B(e)]T

g

[
Dg
][
B(e)]

g JgWg

)
(13)  

{
f (e)Ω

}
=

∫∫

Ω(e)

[
N(e)]T {p}dV =

∫∫ 1 1

− 1− 1

[
N(e)(ξ, η)

]T
{p(ξ, η)}Jdξdη

≈
∑Ng

g=1

([
N(e)]T

g

{
pg
}
JgWg

)
(14)  

2.2. Model description 

This study aimed to form one corner only. Therefore, the dimensions 
of the sheet were 50 mm wide and 100 mm long to assess the residual 

[D̂m] =
E.d

1 − v2

⎡

⎢
⎢
⎢
⎣

1 v 0

v 1 0

0 0
1 − v

2

⎤

⎥
⎥
⎥
⎦
,
[
D̂f
]
=

E.d3

12(1 − v2)

⎡

⎢
⎢
⎢
⎣

1 v 0

v 1 0

0 0
1 − v

2

⎤

⎥
⎥
⎥
⎦
[D̂s] = k.G.d

[
1 0
0 1

]

(12)   
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stresses that arise from the formed corner of the web flange and the flat 
region. Thus, the selection of 100 mm length is the highest dimension in 
the section geometry to be simulated, according to Table 2.  

a) Punch and Die dimensions 

The essential requirements for die opening and punch size should be 
counted to form a 90o steel sheet by press braking as given in the 
following equations [4]: 

Wd ≥
̅̅̅
2

√
(R+ t) (15)  

where Wd, R, and t refer to die opening, intended-formed corner radius, 
and sheet thickness, respectively. The punch size Wp should be consid
ered as follows: 

Wp =Wd + 2R(1 − cos 45o) (16) 

As this study is going to establish the 3D-FE approach and compare it 
with the 2D-FE approach carried out previously by Quach et al. [4], the 
dimensions adopted for punch and die are similar to the ones described 
in Ref. [48]. The opening of the die opening was taken as “Wd = 2.5(R +

t)” shown in Fig. 2.  

b) Model and element selection 

A rigid analytical model was used to simulate the punch and die, 
while the steel sheet was modeled as a deformable shell with S4R ele
ments. The S4R element is a 4-node, quadrilateral, stress/displacement 
shell element with reduced integration and uses a large-strain formu
lation (ABAQUS 6.13-4). This study was designed to form one corner 
only. This element was used by Wang [42] to predict the residual stress 
of cold-formed steel sections. Simpson’s rule with 11 integration points 
was employed for numerical integration across the thickness of the shell 
wall, where 5–11 integration points are considered adequate, as 

suggested by Wagoner & Li, 2007 [49].  

c) Material Properties 

The nonlinearity of material modeling in (ABAQUS 6.13-4, 2013) 
[50] is based on the actual stress–plastic strain relationship up to the 
ultimate point. This stress–plastic strain relationship can be obtained by 
converting the nominal stress-strain data. The genuine stress-strain 
relationship and the true stress–logarithmic plastic strain relationship 
demonstrated in Fig. 2 were established according to equations (3) and 
(4) and linked to the test done by Weng CC, 1990 [8] on specimens 
PBC14 and P16. Quach et al., 2006 [4] did not provide an experimental 
curve of the stress-strain relationship. Furthermore, the geometrical 
details and material properties of the Cold-form steel section are pro
vided in Table 2. 

σ=Eε, ε ≤ σy
/
E (17)  

σ= σy

(
Eε

σy

)n

, ε > σy
/
E (18) 

Referring to Table 2 and Fig. 3, σy , σu εy , εu and E is the yield 
strength, the ultimate strength, yield strain, ultimate strain, and 
Youngs’s modulus, respectively. The flange, web, lip, thickness, and 
corner radius are denoted as b, a, c, t, and R, respectively as illustrated in 
Fig. 4, and tabulated in Table 2.  

d) Assembly and contact definition 

The parts of the model were assembled in each stage and the surface- 
to-surface constrains were utilized to place the model in the exact po
sition. The general contact condition was used to simulate the interac
tion behavior between parts of the model. 

Table 2 
Geometrical and Material Properties of a Lipped Channel section.  

Specimen t(mm) a (mm) b (mm) c (mm) R (mm) σy (MPa) σu (MPa) εy (x 10− 6) E (GPa) n (x10− 2) εu
a% 

PBC 14 1.80 76.23 41.45 15.37 3.96 250.1 345.0 1230 203.3 9.56 33 
P16 1.63 67.18 34.98 15.82 2.39 220.9 310.7 1090 202.7 9.74 32  

Fig. 2. Die and punch dimensions.  
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e) Step definition and Boundary conditions  
- Forming (Explicit) 

Determining the appropriate time step for the forming process is vital 
to obtain an acceptable level of accuracy of the results. Generally, the 
punch speed is recommended to be less than 1 % of steel wave speed 
(5000 m/s) [50]. Moreover, punch speed for typical forming processes is 
suggested to be taken as 1 m/s or higher. However, the distance the 
punch moved in both stages was 0.07 m. Thus, 0.07 m/s was equivalent 
to the suggested speed, which led to the estimate of the step time to be 
0.07s. With several trials, the optimal step time was selected to be 0.1 as 
the first step exhibited localized damage and kinetic energy more sig
nificant than 10 % of internal energy when accompanied with mass 
scaling (350) to speed up the analysis [50,52]. 

The die was constrained in all translations and rotations for bound
ary conditions by implementing fixed boundary conditions to the 
respective reference point (RP). The load was then applied to the punch 
using a displacement method in the y-direction only to form the steel 
sheet.  

- Spring-back 

For spring-back analysis in both loading stages, it is imperative to 
omit contacts, rigid parts, and explicit steps, keeping only the deform
able part (steel sheet). Before creating the implicit step, the result output 
of the forming step (Explicit) was considered initial conditions by 
employing a predefined field (Initial state). Then, create Stage the 

Fig. 3. Stress-strain curve: (a) steel sleeve channel PBC14 and (b) P16 steel lipped channel [51],  

Fig. 4. Dimensions of the lipped channel section.  

Fig. 5. FE Modelling configuration.  

A. Mutafi et al.                                                                                                                                                                                                                                  



Results in Engineering 22 (2024) 102124

7

implicit step (General static). The steel sheet was free of restrictions. The 
configuration of the FE modeling and simulation process is shown in 
Figs. 5 and 6. 

2.3. Mesh convergence study 

Mesh sensitivity studies have been performed for a rectangular metal 
sheet under the metal forming process through a press-braking method 
to obtain the optimal element distributions in the model. Four different 
mesh densities were analyzed, and the corresponding residual stresses of 
the models were compared and evaluated. A finer mesh was provided 
along with the plate’s shorter edge where the interaction of the plate, the 
punch, and the die occurs; hence, it experienced large bending 
deformation. 

In this study, the distribution of stress along three longitudinal node 
lines was evaluated. Those lines are the mid-corner line A-A, end-corner 
line C–C and a line between B–B. See Fig. 7. The steel sheet is divided 
into three central regions, i.e., a corner region and two flat regions. 
Points A and C are located at the middle and end of the bend curve, 

respectively. Point C is the connection point with the flat line region. The 
location of the middle and end of the bend curve was selected to validate 
the findings of the finite element with those of ref. [4,8]. In the 
convergence study, the maximum tensile and compressive residual 
stresses were considered as they directly impact the section buckling 
strength [53]. This study assessed stresses at the longitudinal node line 
of the mid-corner line (A-A) only. Tables 2 and 3 summarise the findings 
of the convergence test. 

The 50 × 100mm plate is discretized into finite elements in the width 
and length directions. Four different mesh sizes are presented in this 
section, indicated by the number of seeds in the width direction and 
length direction (No. of seeds in width x No. of seeds in length direction). 
In each mesh size, the number of seeds in the width direction is higher 
than in the length direction to refine the forming zone. The mesh size of 
(300 × 150) was selected as a reference to measure the accuracy of the 
three remaining meshes. It was noticed that the obtained result based on 
the mesh size of (200 × 150) was in good agreement with the reference 
mesh, as summarized in Table 3. Therefore, a mesh size of (200 × 150) is 
adopted for this study. Similarly, the mesh size of (300 × 150) was used 

Fig. 6. Simulation flow chart.  
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to measure the accuracy of the other three meshes. The obtained result 
based on the mesh size of (200 × 150) showed a good agreement with 
the reference mesh as summarized in Table 4 Therefore, the mesh size of 
(200 × 150) is adopted for this study. 

3. Results and discussion 

This section presents results obtained from the 3D-Shell FE tech
nique. First, it begins with results validation and then explains the re
sidual stress distribution. Finally, a comparison of through-thickness 
variation with the 3D-Solid FE technique. 

3.1. Validation of the results 

It is important to compare the findings of the FE analyses with 
independently published research work to validate the performed nu
merical simulations. Attention was given to the work of Weng CC, 1990 
[8] and the results obtained for the 3D-FE technique based on imple
menting a solid element for validation and comparison purposes. 

At flat regions, the residual strain was calculated using a closed- 
formed analytical solution in Ref. [48] to estimate the residual stresses 
and the equivalent plastic strains from the coiling-flattening process. 

The material’s behavior is assumed to be elastic-perfectly plastic, and 
the transverse to longitudinal stress ratio is expressed as a function of the 
distance from the mid-plane. 

Figs. 8 and 9 demonstrate a good match between this study and 
previous experimental results [8] and 3D-Solid FE. Therefore, the 
3D-Shell FE results of this study are validated. However, there are no 
differences between the two techniques. However, the results for the 
outer surface are much closer to the experiment results. The contact 
between punch and steel sheet can explain the spikes for the inner 
results. 

3.2. Residual stresses distribution 

This section discusses residual stress distribution in the corner and 
flat regions. This section discussed the residual stresses generated due to 
the press-braking process. The distribution of transverse and longitudi
nal residual stresses and their maximum tensile and compressive zones 
were considered. 

3.2.1. Longitudinal residual stresses 

3.2.1.1. Corner region. The distribution of residual stresses in the lon
gitudinal direction reveals that compressive stresses occur at the corner 
region’s inner surface. In contrast, tensile stresses occur at the same 
region’s outer surface, as shown in Figs. 10 and 11. These residual 
stresses reach their highest values in the area close to the middle surface. 
Fig. 10a and 11a show that most inner corner regions experienced 
compressive residual stresses. It recorded its ultimate values close to the 
edge, relatively away from the mid-corner line. Furthermore, the small 
skirted zones at the mid-corner edges experienced some residual tensile 
stresses. As shown in Fig. 10k 11k, the residual tensile stresses were 
observed to take place in nearly the entire outer corner area. Their ul
timate values were near the edge from the mid-corner line, with 
compressive stresses in the small skirted area at the mid-corner edges. 

The middle surface has the highest longitudinal tensile and 
compressive residual stresses. Fig. 10e and 11e depict longitudinal 
compressive stresses at the upper layer of the middle layer approaching 
the inner surface. In this layer, residual stresses approach their highest. 
The stress distribution reveals that compressive residual stresses recor
ded their ultimate values away from the mid-corner, then they gradually 
reduce toward both the corner end and edge. The longitudinal tensile 
residual stresses at a layer below the middle layer toward the outer 
surface are shown in Fig. 10g and 11g. Tensile residual stresses in this 
layer are the highest and propagate longitudinally from the midpoint of 

Fig. 7. The selected longitudinal lines.  

Table 3 
Comparison of the maximum tensile and compressive stresses for specimen PBC14 at the mid-corner line (A-A).  

Mesh No. of elements Max. compressive residual stresses Max. tensile residual stresses 

σTran. (MPa) Diff. % σLong. (MPa) Diff.% σTran. (MPa) Diff. % σLong. (MPa) Diff.% 

150 × 100 15000 278.74 0.75 164.58 0.22 − 330.76 1.86 − 164.91 − 2.13 
200 × 100 20000 275.95 − 0.26 164.35 0.08 − 320.08 − 1.43 − 166.00 − 1.48 
200 £ 150 

Adopted 
30000 276.83 0.06 162.66 − 0.95 − 321.03 − 1.13 − 170.13 0.97 

300 × 150 45000 276.66 – 164.22 – − 324.71 – − 168.50 –  

Table 4 
Comparison of the maximum tensile and compressive stresses for specimen P16 at the mid-corner line (A-A).  

Mesh No. of elements Max. tensile residual stresses Max. compressive residual stresses 

σTran. (MPa) Diff. % σLong. (MPa) Diff.% σTran. (MPa) Diff. % σLong. (MPa) Diff % 

150 × 100 15000 − 285.64 3.12 − 156.71 2.36 265.13 2.52 158.39 0.13 
200 × 100 20000 − 270.00 8.43 − 150.48 1.71 260.83 0.86 158.42 0.15 
200 £ 150 

Adopted 
30000 − 288.65 2.1 − 150.71 1.56 233.42 9.74 156.56 1.02 

300 × 150 45000 − 294.85 – − 153.10 – 258.61 – 158.18 –  
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the corner line to the corner ends. As a result, they decrease near the end 
and edge of the corner. Even though tensile residual stresses predomi
nate in the middle layer, both tensile and compressive residual stresses 
exist. The corner edge experiences compressive residual stresses that 
sharply decrease and become dominant by tensile residual stresses, as 
shown in Fig. 10f and 11f. 

3.2.1.2. Flat region. The residual stresses from the coiling and uncoiling 
processes are negligible in this region because the coil diameter is D =
1100 mm. Figs. 10 and 11 show how sensitive the forming process is to 
the coiling diameter, showing the presence of residual stresses in the flat 
region due to this operation. However, these stresses do not follow the 
distribution of the corner region. Instead, the plate’s top surface exhibits 

tensile residual stress, while the plate’s bottom surface exhibits 
compressive residual stress. Furthermore, residual stresses are highest in 
the top and bottom layers. They reached their maximum values near the 
edge’s corner region. This phenomenon is known as the "edge effect," it 
is predicted that stresses will be generated when a plate comes into 
contact with a die. 

3.2.2. Transverse residual stresses 

3.2.2.1. Corner region. A wide range of the inner surface at the corner 
zone experiences tensile residual stresses. These stresses were recorded 
at values higher near the corner edge than the corner region. On the 
other hand, they progressively decrease after the mid-corner line to the 

Fig. 8. Comparison of the residual strain of section PBC14.  

Fig. 9. Comparison of the residual strain of section P16.  
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Fig. 10. Distribution of longitudinal residual stresses in the corners and flat regions of PBC14 specimen.  
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Fig. 11. Distribution of longitudinal residual stresses in the corners and flat regions of P16 specimen.  
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Fig. 12. Distribution of transverse residual stresses in corner and flat regions PBC14 sample.  
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Fig. 13. Transverse residual stresses distribution at the corner and flat regions P16 specimen.  
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corner ends, as shown in Fig. 12a and 13a. The high intensity of the 
compressive residual stresses is observed at the mid-corner line of the 
outer surface, which decreases as the corner ends (Fig. 12k and 13k). 

The ultimate transverse residual stresses exist within layers above 
and below the middle layer. Compressive residual stresses occur in the 
mid-layer upper layer toward the inner surface. Fig. 12e and 13e show 
the contours of the compressive residual stresses along the corner re
gion. Fig. 12g and 13g show the tensile residual stresses beneath the 
middle layer toward the outer surface. These residual stresses intensified 
near the mid-corner line, slightly dropping toward the corner end. 
Tensile residual stresses are present in the mid-layer, as shown in 
Fig. 11f and 12f, resulting from a mix of compressive and tensile 
transverse residual stresses, where compressive residual stresses and the 
mid-corner zone occupy edges. 

3.2.2.2. Flat region. Figs. 12 and 13 show an evolution of residual 
stresses generated from the press-braking process. The stress distribu
tion of this region is similar to the corner, where the tensile residual 
stresses and compressive stresses are in the top and bottom layers, 
respectively. 

3.3. Through-thickness variation and comparison with the 3D-FE solid 
technique 

This part elaborates on the residual stresses throughout the corner 
area based on the variation in thickness. It also compares these findings 
to the results reported in Refs. [4,8]. 

3.3.1. Maximum residual stresses comparison 
Based on results reported in Ref. [8], longitudinal residual stresses at 

the corner region are between 0.25 and 0.7 σy yield stress. Additionally, 
residual tensile stresses were observed at the outer surface, whereas 
residual compression stresses were found on the inner surface. On the 
other hand, according to the 2D finite element analysis results reported 
in Ref. [4], the ultimate longitudinal and transverse compression 

residual stresses at mid-corner (A-A) were 0.9 σy and 1.4 σy , respec
tively, In contrast, the maximum longitudinal and transverse tensile 
residual stresses at mid-surface were 0.5 σy and 0.8 σy , respectively. 
Furthermore, near the corner end, the ultimate tensile residual stresses 
at the transverse direction (C–C) were approximately 0.9 σy and 1.1 σy 

for compressive once and identified in the middle of the plate’s surface. 
This study used the method described [4] to compare the results. 

Thus, the results for mid-corner lines (A-A), (B–B), and near-end-corner 
(C–C) were given in this section. The residual stress distributions in both 
directions for A-A and C–C are shown in Figs. 14–17. As stated earlier, 
Simpson’s rule with 11 integrated points was assigned to the plate model 
hence the plate thickness was divided into 11 layers. The maximum 
longitudinal compressive and tensile residual stresses were approxi
mately 0.68 σy and 0.65 σy at the mid-corner zone, respectively (Fig. 13), 
and they are located near the middle layer of the plate. Furthermore, the 
ultimate transverse compressive and tensile residual stresses near the 
mid-layer are 1.28 σy and 1.11 σy, respectively, as shown in Fig. 15. In 
contrast, the longitudinal compressive and longitudinal tensile residual 
stresses were found to be 0.5 σy and 0.52 σy near the mid-layer of the 
corner end, respectively, as shown in Fig. 16. According to Fig. 17, the 
transverse residual stresses near the corner end revealed that the 
maximum magnitude of compressive stress is almost 1.14 σy near the 
mid-layer. The maximum tensile residual stress is about 0.85 σy near the 
mid-layer. As a result, there is a strong correlation between the findings 
of this study and the findings of [4,8]. The summary of the comparison 
between the current work and ref. [4,8], including findings for the 
3D-Solid FE technique, are shown in Table 5. 

The residual stresses in the longitudinal and transverse directions 
decreased from the middle to the end of the corner zone. Nonetheless, 
the tensile residual stresses in the transverse direction are greater at 
sections C-C than at sections B-B. This could be because the punch part 
interacts with the plate near the plate edge during the loading process. 
Furthermore, Table 5 shows that the 3D-Shell FE has higher ultimate 
tensile stresses than the 3D-Solid FE and 2D-FE but lower compressive 
stresses. 

Fig. 14. Longitudinal residual stresses of PBC14 in A-A.  
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3.4. Through-thickness residual stresses variation 

This section compares the residual stress through-thickness variation 
obtained from the 3D-Shell FE technique to those obtained from the 3D- 
Solid FE technique. 

3.4.1. Longitudinal through-thickness residual stress variation 
Fig. 18 illustrates the distribution of longitudinal stress at mid-corner 

(A-A). The distribution form shows that solid and shell elements have 
similarities at x = 4 mm, 20 mm, 50 mm. however, at x = 0.7 mm they 
differ in distribution form. At x = 0.7 mm, both elements show tensile 

Fig. 15. Transverse residual stresses of PBC14 at A-A.  

Fig. 16. Longitudinal residual stresses of PBC14 in CC.  
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residual stress at the inner surface and compressive residual stress at the 
outer surface. Shell element is significantly higher than the solid element 
at the inner surface. Approach its peak compressive residual stress on the 
outer surface, where the solid element exists below the mid-surface. At x 
= 4 mm, the shell and the solid elements differ on surfaces where the 
shell shows a compressive residual stress on the inner and tensile re
sidual stress on the outer surface. Both elements reach their peak 
compressive residual stress above the midsurface, although the solid 
element is higher than the shell element. For tensile residual stress, solid 
elements approach it slightly above the mid-surface, whereas shell ele
ments approach it below the mid-surface. For longitudinal residual 
stress distribution at x = 20 mm, 50 mm, similar distribution form for 
both elements. The inner surface contains compression stresses and the 
outer is tensile. Similarly to x = 4 mm, the maximum compressive re
sidual stress exists above the mid-surface for both elements. ultimate 
tensile residual stress exists below the mid-surface for the shell elements 
and at the mid-surface for the solid elements. In general, shell peak 
compressive residual stresses are lower than solid ones; nevertheless, 
their peak tensile residual stress is higher than solid ones. 

Fig. 19 illustrates the distribution of longitudinal stress in (B–B). 
Both elements show compressive residual stress on the inner surface and 
tensile residual stress on the outer surface. The distribution form shows 
that the solid and shell elements have similarities at x = 4 mm, 20 mm, 

50 mm. However, at x = 0.7 mm they differ in distribution form. At x =
0.7 mm. The shell element is significantly higher than the solid element 
at the inner and outer surfaces, representing peak compressive and 
tensile residual stress, respectively. For longitudinal residual stress dis
tribution at x = 4 mm, 20 mm, 50 mm, similar distribution form for both 
elements. The inner surface contains compression stresses, and the outer 
is tensile. The ultimate compressive residual stress has existed above the 
mid surface for both elements. Maximum residual tensile stress exists 
below the mid-surface for the shell element and at the mid surface for 
the solid element. Shell peak compressive residual stresses are lower 
than solid ones, but their peak tensile residual stress is higher than solid 
ones. 

Fig. 20 illustrates the longitudinal stress distribution at the curve’s 
end (C–C). Both elements show compressive residual stress on the inner 
surface and tensile residual stress at the outer surface. The distribution 
form shows that the solid and shell elements have similarities at x = 4 
mm, 20 mm, 50 mm. However, at x = 0.7 mm they differ in distribution 
form. At x = 0.7 mm, shell element has a zig-zag distribution. They 
approach peak compressive and tensile residual stress at inner and outer 
surfaces. For longitudinal residual stress distribution at x = 4 mm, 20 
mm, 50 mm, similar distribution form for both elements. The inner 
surface contains compression stresses and the outer is tensile. At x = 4 
mm, both elements reach their peak compressive residual stress above 

Fig. 17. Transverse residual stresses of PBC14 at C–C.  

Table 5 
Comparison of Tensile and compressive residual stresses.  

Reference A-A (Mid-corner) B–B C–C (Near-end corner) 

σz
/
σy 

σx
/

σy 
σz
/

σy 
σx
/

σy 
σz
/

σy 
σx
/

σy 

Tensile Comp. Tensile Comp. Tensile Comp. Tensile Comp. Tensile Comp. Tensile Comp. 

Experiment (Weng CC, 1990) 0.25 - 0.7 – – 0.25 - 0.7 – – 0.25 - 0.7 – – 
2D-FE (Quach et al., 2006) 0.5 0.9 0.8 1.4 0.43 0.78 0.86 1.1 0.46 0.73 0.9 1.1 
3D-Solid FE (PBC14 Specimen) (Mutafi et al., 

2019) 
0.42 0.87 0.77 1.25 0.43 0.81 0.83 1.13 0.45 0.61 1.01 1.02 

3D-Shell FE (PBC14 Specimen) 0.68 0.65 1.28 1.11 0.63 0.64 1.07 1.07 0.5 0.52 1.14 0.85  
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the mid-surface, although the solid element is higher than the shell 
element. For tensile residual stress, the solid element approaches it 
slightly above the mid-surface, whereas the shell element approaches it 
below the mid-surface. For longitudinal residual stress distribution at x 
= 20 mm and 50 mm, there is a similar distribution form for both ele
ments. The inner surfaces contain compression stresses and the outer 
surfaces are tensile. Similarly to x = 4 mm, the maximum compressive 

residual stress has existed above the mid-surface for both elements. 
Maximum tensile residual stress has existed below the mid-surface. 
Generally, the maximum compressive and tensile residual stresses for 
shell elements are lower than those for solid elements. 

3.4.2. Transverse through-thickness residual stress variation 
Fig. 21 illustrates the distribution of transverse stress at mid-corner 

Fig. 18. Variation of longitudinal residual stresses’ variation of a PBC14 section in (A–A) compared to 3D-Solid FE.  

Fig. 19. Variation of longitudinal residual stresses’ variation of a PBC14 section in (B–B) compared to 3D-Solid FE.  

A. Mutafi et al.                                                                                                                                                                                                                                  



Results in Engineering 22 (2024) 102124

18

(A-A). The distribution pattern shows that the solid element and the 
shell element have similarities: tensile at the inner surface and 
compression at the outer surface. At x = 0.7 mm, maximum residual 
tensile and compressive stress exists at the inner and outer surfaces, 
respectively. At x = 4 mm, 20 mm, 50 mm transverse stress showed a 
linear distribution form along the middle corner (A-A) for each element. 

Peak compressive residual stress for shell elements is less than solid el
ements while vice versa for peak tensile residual stress. These peak 
compressive residual stresses have existed above mid-surface for solid 
and shell elements. Peak tensile residual stresses exist beneath the mid- 
surface for the shell element, but they are at the mid-surface for the solid 
element. 

Fig. 20. Variation of longitudinal residual stresses’ variation of a PBC14 section in (C–C) compared to 3D-Solid FE.  

Fig. 21. Through-thickness transverse residual stresses’ variation of a PBC14 section at (A–A) compared to 3D-Solid FE.  
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Fig. 22 demonstrates the distribution of transverse stress in the 
middle of the curve (B–B). The distribution form shows that the solid 
element and the shell element have similarities, in that it is tensile at the 
inner surface and compression at the outer surface. At x = 0.7 mm, the 
shell element maximum compressive residual stress exists at mid-surface 
while it is above it for solid element. Furthermore, the residual stress 

peaks below the mid-surface for shell element and above it once for 
solid. At x = 4 mm, 20 mm, 50 mm transverse stress showed a linear 
distribution along (B–B) for each element. Peak compressive residual 
stress for shell elements is less than for solid elements, while vice versa 
for peak tensile residual stress. These peak compressive residual stresses 
have existed above the mid-surface for solid and shell elements. Peak 

Fig. 22. Through-thickness transverse residual stresses’ variation of a PBC14 section at (B–B) compared to 3D-Solid FE.  

Fig. 23. Through-thickness transverse residual stresses’ variation of a PBC14 section at (B–B) compared to 3D-Solid FE.  
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tensile residual stresses exist beneath the mid-surface for the shell 
element, but they are at the mid-surface for the solid element. 

Fig. 23 shows the distribution of transverse stress at end-corner 
(C–C). The distribution form shows that the solid element and the 
shell element have similarities, in that it is tensile at the inner surface 
and compression at the outer surface. At x = 0.7 mm, the shell’s 
maximum tensile and compressive residual stress exists at the inner and 
outer surfaces respectively. However, solid maximum compressive re
sidual stresses exist above mid-surface and tensile residual stresses 
exiting at mid-surface. At x = 4 mm, 20 mm, 50 mm transverse stress 
showed a linear distribution (C–C) for each element. The maximum 
tensile and compressive residual stresses for the shell element is less than 
those for the solid elements. These peak compressive residual stresses 
have existed above mid-surface for solid and shell elements. Peak tensile 
residual stresses exist beneath the shell element’s mid-surface but are 
also above the solid element’s mid-surface. 

3.5. Neutral axis shift 

The press braking process is bending, in which the plate is bent to a 
certain shape. This bending process results in the material reaching its 
plastic form. Thickness reduction and neutral axis shift have resulted 
from this process. Neutral axis shifting (NAS) is essential during 
bending, characterizing tension compression through the plate thick
ness. Many studies recently described (NAS) tube bending, such as [27, 
54–57]. Also, for roll-forming, Traub et al., 2017 [58]. Cook, 1966 [59], 
noted that the neutral axis is shifted toward the compressive face of the 
plate by around 5 % in plastic bending operations. Johnson, 1980 [60] 
also gave an empirical formulation relevant for bend angles exceeding 
70◦ and width to thickness ratios of more than 10. This formula con
siders the neutral axis shift by around 5 % toward the compressive face. 
This section discusses the ability of the shell and solid elements to pre
dict the neutral axis shift (NAS) for longitudinal residual stresses during 
press-braking. 

Fig. 24, shows longitudinal residual stress distribution for PBC14 
specimen at mid-plate (x = 50 mm). The solid element shows a shift in 
the neural axis greater than 10 % of the plate thickness. The NAS of the 
PBC14 specimen exceeded 7.5 % of the plate thickness. Conversely, the 
shell element did not show any significant neutral shift for the specimen. 
The difference in the shift ratio in the solid element could be attributed 
to the effect of geometric and material aspects. However, it seems no 
contribution from these aspects in the shell element. 

4. Conclusion 

This study examined the prediction of residual stress distribution in 
press-braked thin-walled cold-formed steel sections using the 3D-Shell 
finite element (FE) technique. Residual stresses, which are generated 
during cold-forming processes, significantly impact the structural ca
pacity of these sections. Previous research has primarily relied on the 
3D-Solid FE technique for predicting through-thickness residual stresses. 
Although researchers explained 3D-Shell element in predicting through- 
thickness residual stresses, other researchers recommended it as an 
effective element to predict through-thickness residual stress. Conse
quently, this study aimed to compare the longitudinal/transverse re
sidual stresses and neutral axis displacement obtained through the 3D- 
Shell FE technique with findings reported in the literature using the 
3D-Solid FE technique. By conducting these comparisons, this research 
offers novel insights into the predictive capabilities and potential ben
efits of employing the 3D-Shell FE technique in analyzing the distribu
tion of residual stresses in thin-walled cold-formed steel sections. 
However, the following points were highlighted as the main 
conclusions: 

The longitudinal residual strain at inner/outer surfaces using 3D- 
Shell FE can be predicted as effective as the 3D-Solid FE approach. 
Both elements obtained closer residual strains to the experiment.  

➢ The 3D-Shell element exhibits peak tensile stresses higher than those 
of 3D-Solid and 2D-FE elements, while its peak compressive stresses 
are lower than those of 3D-Solid and 2D-FE elements.  

➢ The longitudinal through-thickness residual stress variation analysis 
reveals distinct patterns between 3D-Solid and 3D-Shell elements at 
different locations along the formed section, with notable differences 
in peak compressive and tensile stresses. Overall, while both ele
ments exhibit similar stress distributions at certain points, the 3D- 
Shell element tends to show lower maximum compressive residual 
stresses but higher maximum tensile residual stresses compared to 
3D-Solid elements.  

➢ The analysis of transverse through-thickness residual stress variation 
reveals consistent patterns between 3D-Solid and 3D-Shell elements, 
with both exhibiting tensile stresses at the inner surface and 
compressive stresses at the outer surface. Notably, peak compressive 
residual stresses are lower in 3D-Shell elements compared to 3D- 
Solid elements, while vice versa for peak tensile residual stresses. 
These findings are consistent across different locations along the 

Fig. 24. Neutral axis shift for 3D-solid and 3D-Shell FE at x = 50 mm (Specimen PBC14).  
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formed section, indicating a robust pattern of stress distribution in 
both element types.  

➢ Longitudinal residual stresses in the flat region do not follow the 
corner region, exhibiting tensile stress on the top surface and 
compressive stress on the bottom surface, with maximum values near 
the edge’s corner region. On the other hand, transverse residual 
stresses in the flat region follow the corner region.  

➢ The 3D-Solid FE technique can predict neutral axis shifting due to 
bending. This shifting changes concerning the geometric and mate
rial aspects. Although the 3D-Shell FE technique can vary the re
sidual stress variation, it does not predict neutral axis shifting. 

CRediT authorship contribution statement 

Ayad Mutafi: Conceptualization, Formal analysis, Methodology, 
Software, Writing – original draft. J.M. Irwan: Supervision, Writing – 
review & editing. Noorfaizal Yidris: Supervision. Atef M. Ghaleb: 
Supervision. Sami Al-Alimi: Formal analysis. Mugahed Amran: 
Writing – review & editing. Maged Qasem: Formal analysis, Software. 
Mousa Hasan: Validation. Amin Al-Fakih: Methodology. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgment 

The authors extend their appreciation to Alfaisal University, Riyadh, 
Saudi Arabia. And Ministry of Higher Education (MOHE) in Malaysia for 
their financial support in this research project. This research was 
disseminated through the financial assistance provided by Universiti 
Tun Hussein Onn Malaysia and the UTHM Publisher’s Office under Fund 
PRGS/1/2021/TK08/UTHM/03/1. The authors would also like to 
acknowledge the additional support received from Sustainable 
Manufacturing and Recycling Technology, the Advanced Manufacturing 
and Material Center (SMART-AMMC), the Research Management Centre 
(RMC), and Universiti Tun Hussein Onn Malaysia (UTHM) in terms of 
providing facilities for the research. 

The authors extend their appreciation to Alfaisal University, Riyadh, 
Saudi Arabia. 

References 

[1] M.A. Ablat, A. Qattawi, Numerical simulation of sheet metal forming: a review. The 
international journal of advanced manufacturing technology 89 (1) (2017) 
1235–1250. 

[2] A. Makinouchi, Sheet metal forming simulation in industry. Journal of Materials 
Processing Technology 60 (1–4) (1996) 19–26. 

[3] M.J. Finn, et al., Use of a coupled explicit-implicit solver for calculating spring- 
back in automotive body panels. Journal of Materials Processing Tech 50 (1–4) 
(1995) 395–409. 

[4] W.M. Quach, J.G. Teng, K.F. Chung, Finite element predictions of residual stresses 
in press-braked thin-walled steel sections, Eng. Struct. 28 (11) (2006) 1609–1619. 

[5] J.-z. Liu, H. Fang, T.-M. Chan, Investigations on material properties and residual 
stresses in cold-formed high strength steel irregular hexagonal hollow sections, 
Thin-Walled Struct. 176 (2022) 109220. 

[6] A. Abvabi, et al., An inverse routine to predict residual stress in sheet material, 
Mater. Sci. Eng., A 652 (2016) 99–104. 

[7] C.C. Weng, R.N. White, Residual stresses in cold-bent thick steel plates, J. Struct. 
Eng. 116 (1) (1990) 24–39. 

[8] C.C. Weng, P.T., Residual stresses in cold-formed steel members, J. Struct. Eng. 116 
(6) (1990) 1611–1625. 

[9] M.C. Lee, et al., Three-dimensional simulation of forging using tetrahedral and 
hexahedral elements. Finite Elements in Analysis and Design 45 (11) (2009) 
745–754. 

[10] W. Chung, et al., Finite element simulation of plate or sheet metal forming 
processes using tetrahedral MINI-elements, J. Mech. Sci. Technol. 28 (1) (2014) 
237–243. 

[11] L.F. Menezes, C. Teodosiu, Three-dimensional numerical simulation of the deep- 
drawing process using solid finite elements, J. Mater. Process. Technol. 97 (1) 
(2000) 100–106. 

[12] Y. Sun, et al., Predictive modelling of longitudinal bow in Chain-die formed AHSS 
profiles and its experimental verification, J. Manuf. Process. 39 (2019) 208–225. 

[13] M. Sun, J.A. Packer, Hot-dip galvanizing of cold-formed steel hollow sections: a 
state-of-the-art review, Front. Struct. Civ. Eng. 13 (1) (2019) 49–65. 

[14] Y. Li, et al., A numerical study on chain-die forming of the AHSS U-channel and 
contrast with roll forming, Int. J. Mech. Sci. 135 (2018) 279–293. 

[15] Y. Sun, et al., Longitudinal strain development in Chain-die forming AHSS 
products: analytical modelling, finite element analysis and experimental 
verification, J. Mater. Process. Technol. 243 (2017) 322–334. 

[16] Z. Qian, et al., Experimental and numerical investigation of flange angle in Chain- 
die formed AHSS U-channel sections, Int. J. Adv. Des. Manuf. Technol. 92 (1) 
(2017) 1231–1242. 

[17] A.D. Deole, M.R. Barnett, M. Weiss, The numerical prediction of ductile fracture of 
martensitic steel in roll forming, Int. J. Solid Struct. (2018) 20–31, 144-145. 

[18] S.P. Chiew, Y.F. Jin, C.K. Lee, Residual stress distribution of roller bending of steel 
rectangular structural hollow sections, J. Constr. Steel Res. 119 (2016) 85–97. 

[19] B. Rossi, H. Degée, R. Boman, Numerical simulation of the roll forming of thin- 
walled sections and evaluation of corner strength enhancement. Finite Elements in 
Analysis and Design 72 (2013) 13–20. 

[20] M.M. Pastor, et al., Residual stresses and initial imperfections in non-linear 
analysis, Eng. Struct. 46 (2013) 493–507. 
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