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Abstract 
 
The application of dual phase steels (DPS) such as DP600 in the form of thin-walled structure in automotive components is being con-

tinuously increased as vehicle designers utilize modern steel grades and low weight structures to improve structural performance, make 
automotive light and reinforce crash performance. Preventing cost enhancement of broad investigations in this area can be gained by 
using computers in structural analysis in order to substitute lots of experiments with finite element analysis (FEA). Nevertheless, it neces-
sitates to be certified that selected method including element type and solution methodology is capable of predicting real condition. In 
this paper, numerical and experimental studies are done to specify the effect of element type selection and solution methodology on the 
results of finite element analysis in order to investigate the energy absorption behavior of a DP600 thin-walled structure with three differ-
ent geometries under a low impact loading. The outcomes indicated the combination of implicit method and solid elements is in better 
agreement with the experiments. In addition, using a combination of shell element types with implicit method reduces the time of simula-
tion remarkably, although the error of results compared to the experiments increased to some extent.  
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1. Introduction 

With increasing advances in technology, the necessity to 
produce designs to promote safety, particularly for transporta-
tion systems, is indispensable. In order to decrease fatalities 
and damage in road accidents, the need for components that 
can absorb collision energy and reduce damage to critical 
parts is necessary. Energy absorbing structures are used to 
reduce the undesirable effects of accidents. Energy absorbing 
tools fragmentize the kinetic energy of impact in the form of 
plastic deformation. The advantage of thin-walled structures is 
their low weight, low cost and simplicity of production [1]. 

Some important parameters for energy absorbing structures 
are the absorbed energy and mean crushing load which have 
been investigated in several previous studies. Axial loading of 
cylinders was first analyzed by Alexander [2] in which he 
introduced these structures as energy absorbers. This was fol-
lowed soon afterwards with thin-walled folding tubes known 
as an energy absorption mechanism [1]. Based on experimen-
tal, numerical and analytical methods, various studies have 
investigated square and circular tubes under dynamic and 
quasi-static loading which can be noted in the results of An-

drews et al. [3], Abramowicsz et al. [4-6].  
Hanfeng et al. investigated the energy absorption charac-

teristics of Foam-filled thin-walled structure (FTMS) by 
nonlinear finite element analysis through LS-DYNA [7]. The 
main goal of this study was to determine the most effective 
crashworthiness characteristics in their considered cases. 
Marzbanrad et al. studied a front bumper beam made of three 
materials: aluminum, glass mat thermoplastic (GMT) and 
high-strength sheet molding compound (SMC) by impact 
modeling to specify the deflection, impact force, stress distri-
bution and energy-absorption behavior in order to find the 
best choice of material, shape and thickness [8]. Static and 
dynamic load tests on square-sectioned aluminum workpieces 
were implemented by Langseth and Hopperstad [9]. It has 
been shown that the mean crushing force in static mode is 
greater than in dynamic mode. The folds for circular and 
square cross-sections were similar to the load–displacement 
curve for folding of these tubes under axial compressive load-
ing started with a peak and then showed oscillations. The 
numerical simulation and experimental investigation of be-
havior of circular, square, triangular and tapered sections was 
carried out by Alavi Nia and Hamedani [10]. Argon welding 
of aluminum sheets was utilized to fabricate workpieces. The 
effect of the weld line on the results was ignored in their 
simulation. 
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With developments in computational methods such as finite 
element and widespread use of computers in engineering [11-
15], experimental studies have been restricted to the essential 
cases and confirmation tests. In fact, FEA is used by compa-
nies throughout the world as a substitute for manually testing 
prototypes. With the assistance of FEA many companies and 
industries have decreased the time and cost of product produc-
tion. FEA has also been widely implemented in the automo-
tive industry over the past 30 years to predict the behavior of 
body components under condition of accidental crash events 
[16-19]. Although using FEA leads to reduce the cost and 
time of designs, the reliability of results especially in the area 
of automotive which involve human life is essential. One of 
the most important parameters contributing to the mentioned 
reliability is to select the finite element method (FEM) includ-
ing the element types and solution methodology.   

There are three general viewpoints correlated to the selec-
tion of element type particularly for simulating behavior of 
thin-walled structures forced to crash. The first is to utilize 
beam elements [20-22]. However, beam elements have a sim-
ple structure such that modeling of some effective parameters 
such as welding zones is practically impossible. In addition, as 
mentioned earlier, folding mechanism is a method to study the 
energy absorption phenomenon which cannot be observed 
using beam elements in the simulation. Therefore, beam ele-
ments are not used in this study. The second option is to em-
ploy shell elements [23-25] and the third consists of applying 
solid elements [26-28]. 

Considering energy absorption via impact loading has a dy-
namic nature [29], dynamic solution methodology is always 
employed in simulation. Briefly, in the case of the dynamic 
approach, implicit and explicit solution methods [1, 10, 30, 
31] are the general categories of dynamic methodology in 
FEA considering the conventional uniform time-stepping 
schemes. However, in some cases [32, 33] a combination of 
mentioned methods has been used. The implicit methods 
mainly consist of the midpoint algorithm and the backward 
Euler scheme [34]. The explicit methods generally address the 
forward Euler scheme [35] and Runge–Kutta scheme [36]. 
They are normally facilitated by the sub-incrimination tech-
nique [37] or algorithms helping to return the stress state to the 

yield surface [38]. 
In the present paper, the effect of element formulation and 

solution methodology on simulation of low impact test in 
predicting the energy absorption in the form of thin-walled 
tubes with simple sections are investigated. The category of 
elements selected are consist of shell and solid. The solution 
methodology is implemented based on implicit and explicit. 
To validate the numerical results three kinds of samples with 
different thicknesses and sections are experimented. The peak 
load and energy absorption of samples resulted from load-
displacement curves are evaluated as the parameters of valida-
tion. In the final step of study, run time of all numerical simu-
lations is considered.   

 
2. Experimental study 

2.1 Material and geometry of specimens 

The samples were a type of square cross-section made from 

 
Table 1. Mechanical properties of samples. 
 

Value 
Property 

DP600 Welded zone HAZ 

Young module (GPa) 207 210 210 

Yield strength (MPa) 417 642 801 

Ultimate strength (MPa) 818 1637 1309 

 

 
 
Fig. 1. Stress–strain curve for DP600, welding zone and HAZ. 

 

 
                 (a)                                 (b)                                       (c) 
 
Fig. 2. Section geometry and dimensions of specimens. 
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1, 1.2 and 2.4 mm thick DP600 sheets. The DP600 sheet was 
cut using wire-cut machine to the desired dimensions and 
friction welding method was used to connect the edges. The 
mechanical properties of the welded zone and heat affected 
zone were determined in order to use in simulations. The me-
chanical properties of the specimens were specified based on 
ASTM E8M standards [39]. The stress–strain curve of the 
base metal (DP600), welded zone and HAZ are shown in Fig. 
1 and the mechanical properties are presented in Table 1. The 
height of samples were 150 mm. The dimension of cross-
sections were 50 mm x 50 mm and 50 mm x 75 mm. Section 
geometry of specimens are shown in Fig. 2. 

 
2.2 Experiments 

Quasi-static loading of samples was implemented utilizing 

an Instron 600KN machine as shown in Fig. 3. This device 
has two jaws; top is movable and the lower is fixed. 

The compressive axial loading velocity was set to 10 
mm/min. Small force was required to compress the workpiece 
because of being thin-walled. In order to avoid slippage of the 
specimens, wood was located in the inputs of cross-sections. 
A simple code was assigned to each specimen. Table 2 dis-
plays the mentioned codes. Fig. 4 shows the cross-section of 
specimens before experiments. The deformed samples after 
experiments are shown in Fig. 5. In order to ensure correct 
responses, the tests were replicated twice. 

 
3. Finite element analysis 

Finite element simulations to axial compressive test of the 
thin-walled structures were carried out employing ABAQUS 
software. A discrete rigid part was used for the jaws. Shell and 
solid elements for the samples were applied. Johnson-cook 
material model was used for specimens which is purely em-
pirical and gives the Eq. (1) for the flow stress [40-42]. 
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where e  is the equivalent plastic strain, e&  is the plastic 
strain-rate, T is temperature, and A, B, C, n, m are material 
constants. The normalized strain-rate and temperature in Eq. 
(1) are expressed as 
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In Eq. (2), 0e& is the effective plastic strain-rate of the quasi-

static test used to determine the yield and hardening parame-
ters A, B and n. In Eq. (3), T0 is a reference temperature, and 
Tm is a reference melt temperature. The parameters of John-
son-cook equation for DP600, welded zone and HAZ have 
been identified [43] and displayed in Table 3. 

The lower jaw was stationary and the upper one moved 
downward with a speed equal to 10 mm/min, as same as ex-
periments. Similar boundary conditions and loading method 
were applied to all samples. A couple of reference points were 
defined for rigid jaws to allocate the boundary conditions. As 
well, a couple of surfaces were defined at the top and down of 
specimens for applying boundary conditions. Upper jaw and 
specimens were fixed in all degree of freedoms except for 
along loading direction in order to avoid slippage as same as 
using wood in experiments. The lower jaw was fixed in all 
degrees of freedom. 

It is worth remarking that the accuracy of a material nonlin-
ear analysis, such as energy absorbing too much depends on 

Table 2. Code of samples. 
 

Geometry of specimens Codes 

Cross section size Thickness Specimen 1 Specimen 2 

50 x 75 mm 1 mm LT-1 LT-2 

50 x 50 mm 1.2 mm MT-1 MT-2 

50 x 50 mm 2.4 mm HT-1 HT-2 

 

 
 
Fig. 3. Instron 600KN machine. 

 

 
        (a)                 (b)                  (c) 
 
Fig. 4. Cross section of samples before experiments: (a) 1.2 mm; (b) 
2.4 mm; (c) 1 mm thickness. 
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the integration strategy employed to integrate the rate equa-
tions, and previous researchers have suggested various types 
of algorithms for this determination. These algorithms can be 
categorized into explicit and implicit categories [30]. Both of 
implicit and explicit solution were done for simulation. The 
mesh convergence test was implemented for all models to find 

optimum size of mesh. Several types of shell and solid ele-
ments provided by ABAQUS were employed in the simula-
tions. Fig. 6 shows a sample of Abaqus assembled and 
meshed models. More details about simulation are given in the 
following sections.  

 
3.1 Implicit method 

In this paper, the term called implicit is diverted to the 
method in which the state of a FEM is updated from time t to t 
+ Δt. It means in a fully implicit procedure the state at t + Δt is 
determined based on data at time t + Δt. Despite the explicit 
strategy uses data at time t to solve for t + Δt. 
ABAQUS/standard utilizes a form of the Newton–Raphson 
iterative solution method [44] to solve for the incremental set 
of equations which is presented as underlined. In the case of 
the quasi-static boundary value problem approach, a set of 

 
Table 3. The parameters of Johnson-cook equation for specimens. 
 

Material 
Parameters 

DP600 Welded zone HAZ 

A (MPa) 350 642 801 

B (MPa) 902 1812 2187 

C 0.0144 0.049 0.047 

m 1.23 1.34 1.47 

n 0.189 0.187 0.19 

  

 
 
Fig. 5. Deformed samples after experiments. 

 

 
                                      (a)                                           (b) 
 
Fig. 6. A Sample of FEM tubes and jaws; assembled (a); and meshed (b). 
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non-linear equations is assembled [45]: 
 

( ) ( )T TG u B u dV N tdSv Ss= -ò ò                     (4) 

 
where u is the vector of nodal displacements and G is a set of 
non-linear equations with u. B is the matrix relating the strain 
vector to displacement. σ is the stress vector. The product of 
BT and σ is integrated over a volume, V. N is the matrix of 
element shape functions which is integrated over a surface, S. 
The surface traction vector is denoted by t. Incremental meth-
ods are generally used to solve Eq. (4), where loads/dis-
placements are applied in time steps, Δt, up to an ultimate time, t. 

During updating the state of the analysis incrementally from 
time t to time t + Δt, an estimation of the roots of Eq. (4) is 
determined. For the iteration number i: 

 
1
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In Eq. (5), t t

iu +D  refers the vector of nodal displacements 
at time t + Δt for the iteration number i. The term in the 
bracket is the Jacobian matrix of the governing equations and 
can be addressed to as K or the global stiffness matrix. Eq. (5) 
is manipulated and turn to establish a system of linear equa-
tions: 

 
( ) ( ) .t t t tK u G ui i

+D +D= -                           (6) 

 
If δui+1 is considered as the incremental displacements, Eq. 

(6) need to be solved for whole iterations, for the change in 
δui+1. Obviously, to solve for δui+1, K need to be inverted. 

 
3.2 Explicit method 

The early philosophy of developing explicit method is to 
solve dynamic problems associated with deformable bodies. 
No need for solving a system of equations or involving any 
iterative procedure in each time step is the most significant 
specification of explicit methods [46], whereupon far less 
computation is required per time step. Subsequently, imple-
mentation of explicit methods will be more comfortable. In 
fact, during a time increment, velocities and accelerations at a 
particular point in time are assumed to be constant and are 
utilized to solve for the next point in time [45]. ABAQUS/ 
explicit employs a forward Euler integration scheme as fol-
lows [44]: 

 
1( )( 1) ( ) ( 1) 2

ii i iu u t u
++ += + D &                     (7) 

1 1 ( 1) ( )( ) ( ) ( )2 2
2
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where u and superscripts refer to the displacement and the 
time increment respectively. In fact, the state of the analysis is 
advanced by assuming constant values for the velocities, u& , 
and the accelerations, u&& , across half time intervals. The ac-
celerations are calculated at the start of the increment by [45]:  

 
( ) ( ) ( )1 ( )i i iu M F I-= × -&&                         (9) 

 
where F is the vector of externally applied forces, I is the vec-
tor of internal element forces and M is the lumped mass matrix. 
As the lumped mass matrix is diagonalised it is a trivial proc-
ess to invert it, unlike the global stiffness matrix in the implicit 
solution method. 

 
3.3 Shell elements 

Shell elements in ABAQUS are generally divided into three 
categories consisting of general-purpose (SH-GP), thin (SH-
T), and thick shell elements [47]. Results offered by thin shell 
elements are defined by classical Kirchhoff shell theory [48], 
while thick shell elements are modeled by shear flexible 
Mindlin shell theory [49]. The third group is general-purpose 
shell elements which can provide solutions to both thin and 
thick shell problems. All shell elements use bending strain 
measures that are approximations to those of Koiter-Sanders 
shell theory [50]. Although ABAQUS/Standard is capable to 
use shell elements in all mentioned categories, nevertheless, 
ABAQUS/Explicit provides only for a part of general-purpose 
shell elements [47]. 

Whereas the nature of the problem which is presented in 
this paper is related to the thin-walled structures, The thin and 
general-purpose shell elements are used for simulations.  

 
3.4 Solid (Continuum) elements  

The solid elements which are in ABAQUS all are able to be 
applied for finite strain and rotation in large-displacement 
analysis. They are the standard volume elements of Abaqus 
and do not include structural elements such as beams and 
shells. The solid elements can be composed of a single homo-
geneous material or, in ABAQUS/Standard, can include sev-
eral layers of different materials for the analysis of laminated 
composite solids. Entitlement more accuracy if not distorted, 
particularly for quadrilaterals and hexahedra elements has 
been made them as a common type of elements for FE users 
[47]. Regarding the case of problem hexahedra solid elements 
were selected for simulations. 

 
3.5 Simulations 

Based on Secs. 3.1 to 3.4 several simulations were carried 
out. A simple code was assigned to each simulation. Table 4 
displays the mentioned codes. Codes for the simulations are as 
follows: 1.2 mm thickness (MT), 2.4 mm thickness (HT) and 
1 mm (LT). For Element types thin shell, general purpose 
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shell and solid codes are denoted by (SH-T), (SH-GP) and (S) 
respectively. For implicit and explicit methods (I) and (E) are 
assigned in the end of codes respectively. The simulated 
specimens after deformation are shown in Fig. 7. The de-
formed simulated samples are shown in Fig. 7.  

 

4. Results and discussion 

The goal of design of axial crushing is to provide a control-
lable crushing pattern for maximizing energy absorption and 
allowable peak forces during the collapse. There are several 
indicators to evaluate the crashworthiness of axial crushing of 
a structure. Energy absorption (EA), specific energy absorp-
tion (SEA), average crush force (Favg), peak force (Fmax), and 
crush force efficiency (CFE) are broadly used in measuring 
crashworthiness [51]. The load - displacement curve is an 
useful device to extract the above-mentioned indicators. Fig. 7 
is a schematic of the load - displacement curve in which the 
mentioned crashworthiness parameters have showed.  

In this study, Fmax and EA have been selected to evaluate the 
reliability of FEA results. Considering the recent parameters 
the value of SEA, Favg and CFE are computable [51]. The Fmax 

is addressed to the load required to initiate collapse where-
upon the energy absorption process is started [52] as in Fig. 8. 
The EA specifies the stable limit of a structure and assists to 
compare the various designs [51]. The absorbed energy, dur-
ing the axial compression is determined by integration of the 
load versus displacement curve shown in Fig. 8. Thus, EA of a 
sample is formulated as Eq. (10).  

 

( )
0

EA F d
d

d d= ò                         (10) 

 
where F(δ) is the instantaneous crushing force corresponding 
the displacement of δ. The instantaneous crushing load can be 
obtained from experiments or simulation. Load–displacement 
diagrams of samples obtained from experiments and simula-
tions are shown and compared in Figs. 9-11.  

The overview of load-displacement diagrams implies that 
all the simulation methods are able to predict the samples be-
havior during the experiments to some extent. Aside from Pmax 
which is the greatest value, there are some smaller peaks on 
the some diagrams. These peaks display the secondary folds 

Table 4. Code of simulations based on element types and solution methods. 
 

Codes 
Geometry of specimens 

Thin shell elements General purpose shell elements Solid elements 

Cross section Thickness Implicit Explicit Implicit Explicit Implicit Explicit 

50 x 50 mm 1.2 mm MT-SH-T-I - MT-SH-GP-I MT- SH-GP-E MT-S-I MT-S-E 

50 x 50 mm 2.4 mm HT-SH-T-I - HT-SH-GP-I HT- SH-GP-E HT-S-I HT-S-E 

50 x 75 mm 1 mm LT-SH-T-I - LT-SH-GP-I LT- SH-GP-E LT-S-I LT-S-E 

 

 
 
Fig. 7. Deformation modes of various samples after loading obtained from simulations. 
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on the samples. Previous researches indicate that neglecting 
the effect of fabrication method in simulation approaches, 
leads to remarkably higher peak loads compared to experi-
ments [1]. Therefore, in present study the effect of welded 
zoon and head affected zoon are considered in the simulations. 
Brief surveys of load-displacement diagrams show that gener-
ally the implicit method can be in better agreement with ex-
periments in comparison to explicit method. While in some 
cases such as Refs. [1, 7, 10] explicit method has been em-
ployed to investigate these type of problems. It seems the 
main reason of using the explicit approach as opposed to the 
implicit is to avoid convergence problems [31]. Also, it is 
worth mentioning that some commercial software such as LS-
DYNA only employs the explicit solvers. However, 
ABAQUS has been equipped with quasi-static module on its 
implicit solver.   

Figs. 12-17 show and compare the value of Pmax and AE re-
spectively for experiments and simulations. 

These figures show that the Pmax and AE estimated by the 
combination of solid elements and implicit method are more 
precise in comparison to the experiments. Nevertheless, the 

results of Pmax and AE obtained by the implicit method and 
SH-GP elements are closer to the combination of solid ele-
ments and implicit methods in comparing to other combina-
tions which have been employed in this field. Moreover, out-
comes show with increase in thickness of experimental sam-
ples, better accuracy is reached from the simulations in which 
the solid elements are applied, provided that employing im-
plicit method. Although the results obtained from the combi-
nation of solid elements and implicit method in all simulations 
has a minimal error in comparison with experiments, however 
decreasing the samples thickness lead to increase in result 
precision obtained from combination of SH-GP elements and 
implicit method. Thinning out the thickness of samples, their 
behavior become more conformed to the shell structures. That 
might be a reason why SH-GP elements present more accurate 
solution to predict the behavior of samples in this condition. 
Also, Figs. 12-17 show that the combination of solid elements 
and explicit methods does not follow a specific trend to pre-
dict the behavior of samples nor in Pmax and neither in EA 
criteria. 

The results obtained from combination of SH-T elements is 
with implicit method is close to combination of SH-GP with 
implicit method to some extent. Nonetheless, as Figs. 12-17 
show SH-GP elements provide the more accurate solutions in 

 
 
Fig. 8. Schematic of load-displacement curve to show the relationship 
of force versus displacement of axial crushing behavior with progres-
sive folding.  

 

 
 
Fig. 9. Load displacement curve for the sample 50 x 75 mm cross 
section and 1 mm thickness. 

 

 
 
Fig. 10. Load displacement curve for the sample 50 x 50 mm cross 
section and 1.2 mm thickness. 

 

 
 
Fig. 11. Load displacement curve for the sample 50 x 50 mm cross 
section and 2.4 mm thickness. 
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comparison to the general purpose shell elements. The recent 
result seems reasonable considering the overview of SH-T and 
SH-GP elements. Because the SH-GP elements are well-suited 
for many impact dynamics problems, including structures un-
dergoing large-scale buckling behavior. Whereas, the SH-T 
elements is designed for modeling of thin structures that exhibit 
at most weak nonlinearities in problems where rotation degree 
of freedom output is not required and for situations where the 
shell surface and the displacement field are smooth [47].  

One of the most important issues in FEA is to reduce the 
cost of analysis, including time of solution so that in some 
cases the users need to switch on multi time-stepping schemes 
[53]. However, using the mentioned schemes is required for 

high-experienced and advanced users of FE software. So, 
despite existing the multi time-stepping schemes employing 
the conventional uniform time-stepping schemes are still cus-
tomary. When a structure is simple, the time of solution is 
short and its importance does not seem substantial. But, it is 
worth mentioning that complicated structures such as light-
weight automotive platforms come from the accumulation of 
the mentioned simple structures and thus the time and cost of 
simulations increase in parallel of complexity. 

There are several possible indicators can be considered to 
study time of simulations. Run time [53], wall-clock time [54], 
run-time per iteration [55] and CPU time [56] are the exam-
ples of these indicators. Run time indicator is an appropriate 

 
 
Fig. 12. Comparison between experimental and numerical peak loads 
for the sample 50 x 75 mm cross section and 1 mm thickness. 

 

 
 
Fig. 13. Comparison between experimental and numerical peak loads 
for the sample 50 x 50 mm cross section and 1.2 mm thickness. 
 

 
 
Fig. 14. Comparison between experimental and numerical peak loads 
for the sample 50 x 50 mm cross section and 2.4 mm thickness. 

 

 
 
Fig. 15. Comparison between experimental and numerical EA for the 
sample 50 x 75 mm cross section and 1 mm thickness. 

 

 
 
Fig. 16. Comparison between experimental and numerical EA for the 
sample 50 x 50 mm cross section and 1.2 mm thickness. 

 

 
 
Fig. 17. Comparison between experimental and numerical EA for the 
sample 50 x 50 mm cross section and 2.4 mm thickness. 
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parameter to study provided that the simulations are run by a 
same computer. Computer specifications used in the present 
study are listed in Table 5. Details of actual runtimes for the 
different solution methods are depicted in Fig. 18.  

Fig. 18 shows while the use of combination of solid ele-
ments with the implicit method in conjunction with the present 
type of problem allows the user to obtain a simulation with 
minimal error, however it increases the time of simulation. In 
better word, the cost of simulation increases dramatically. 
Whereas using the combination of SH-GP elements with im-
plicit method reduces the time of simulations up to 75%, de-
pending on geometry, although the error percentage increases 
to some extent. The main reason of time reduction by employ-
ing SH-GP elements is to use simplified methods for strain 
calculation and hourglass control so that they offer significant 
advantages in computational speed [44]. 

 
5. Conclusions 

In this paper, the effect of element type and solution meth-
odology were studied on the FEA results of thin-walled struc-
tures subjected to quasi-static loading. Simulations were done 
using ABAQUS code and samples were loaded using an In-
stron apparatus. For simulations, five combinations including 
element types and solution methodology were implemented. 
Results showed partly good consistency between all the simu-
lation methods and experiments. In the meantime, the combi-
nation of implicit method and solid elements for all simula-
tions was in better agreement with the experiments for both of 
peak load and energy absorption criteria. On the other hand, 
combination of SH-GP elements with implicit method for all 
simulations was in the second rank of agreement with experi-
mental results and decrease the time of simulations up to 75% 
dependent on geometry.  
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