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1. Introduction 

The automotive industry is a sector that is developing 

continuously in order to increase driver and passenger safety and 

driving comfort [1,2]. Energy absorbing components play a more 

critical role when passenger and vehicle safety is taken into 

account, especially in the automotive sector. Energy absorbers in 

the vehicle chassis absorb energy by plastic deformation during a 

crash, thus diminishing the axial force transmitted to the passenger 

compartment and contributing to passenger safety [3,4]. The most 

widely used of these energy absorber components are thin-walled 

structures [5-7] and thin-walled structures filled with cellular 

materials such as foams or honeycombs [8-11]. While calculating 

the energy absorption capacity of multicellular and thin-walled 

structures with different sections, mechanical behaviors such as 

bending [13-17] and torsion [18,19] are considered. Recently, 

experimental and numerical studies have been carried out to 

investigate and improve the mechanical behavior of these 

structures. Especially three-point bending test is used to evaluate 

the bending behavior of thin-walled structures with rectangular 

and circular sections against an applied force. This test is preferred 

to obtain mechanical behaviors such as bending strength, the 

determination of the elastic modulus and the fracture strength of 

the material. A study in which various theoretical models were 

proposed to obtain the bending moment at the cross-sectional 

center of a structure under three-point bending test in accordance 

with the deformation modes, the validation of the theoretical 

models was confirmed by using a numerical model that was 

validated by three-point bending tests [20]. Huang and Zhang [21] 

proposed a theoretical method to predict the properties of 

rectangular thin-walled structures based on three-point bending 

test. The results show that the proposed method has a good 

prediction of the bending properties of rectangular thin-walled 

structures. In another study, a hybrid model (Al/CFRP) for a beam 

structure using aluminum (Al) and carbon fiber reinforced plastic 

(CFRP) materials was introduced. Three-point bending tests were 

conducted and a finite element model (FEM) was used to 
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investigate the quasi-static and dynamic bending properties and 

energy dissipation of these structures. As a result of this study, it 

was stated that a 70.6% improvement of specific energy absorption 

(SEA) was obtained with the Al/CFRP model [22]. An 

experimental study by Kim et al. [23] examined the quasi-static 

collapse of Al/CFRP beams, and they found that CFRP wrapping 

improved Al profile energy absorption by 30%. Sun et al. [24] 

investigated the bending response of Al/CFRP hybrid structures 

under quasi-static loads and reported a 43% improvement in SEA 

with proper CFRP orientation. They stated that under dynamic 

loading conditions, the composite beams’ bending response is 

significantly more complicated since different deformation 

properties and collapse mechanisms can result from the combined 

impacts of strain rate and inertia. Huang et al. [25,26] evaluated a 

hybrid Al/CFRP structure's transverse bend during static and 

dynamic loading. They determined that the fibers fractured earlier 

and also that the bending deformation of double-cell hybrid beams 

was induced under dynamic loading. Abdullahi and Gao [27] 

proposed novel different types of cell structures with random cell 

sizes to provide more energy absorption than conventional square 

tube structures using the random distribution structure of Voronoi 

tessellations. These structures were numerically analyzed exposed 

to axial and bending loads using a FEM, and experiments were 

conducted for validation of these results. They reported that the 

suggested multi-cell structures have a higher peak crushing force 

(PCF) while better SEA values are obtained with regular multi-cell 

square structures under lateral bending load. Wang et al. [28] 

researched the resistance of multicellular square tubes to three-

point bending test. They performed the bending test using a 

nonlinear finite element model and conducted experimental test 

studies to validate the numerical model. According to the test 

studies, they observed that the number of partition plates 

significantly affects the structure's bending resistance and the 

change of load position, which significantly impacts the 

performance of energy absorption, increases the SEA value by 

more than 50%. 

 

In this study, seven different thin-walled beams with unique 

geometries were designed. The materials of the beams were 

determined as AA6063-T1, mild stell and E-glass/PET199 

composite. Each of these designed geometries was subjected to 

finite element analysis under the same boundary conditions and 

their energy absorption performances were investigated. 

2. Thin-walled beams design concept 

In the scope of the study, seven different structures of thin-

walled beam tubes were designed. The lengths and wall 

thicknesses of each structure were taken equal. As a result of the 

analysis, different names were given to the profiles in order to 

better specify the results. These models with different unique 

geometries can be used in many parts of automobiles. For example, 

they are used in the front and rear parts of the chassis where the 

crash boxes are connected and in the pillars between the side doors 

as shown in Figure 1. Figure 2 presents the profiles and the 

abbreviated names given to these profiles. 

Fig. 1. (a) B pillar and (b) bumper beam structures [29,30]. 

 

Fig. 2. Cell structures of the thin-walled beams used in the analyses. 

 

3. Finite element modeling 

In this part of the study, finite element models of the designed 

thin-walled beam profiles were created and analyzed. However, 

before proceeding with the analysis, a validation study was carried 

out to ensure the accuracy of the setup. The article by Zhang and 

Fu [20] was used for the validation study. In the article, a three-

point bending test was performed experimentally on the test setup 

in Figure 3, which was prepared according to ASTM E8M-04 test 

standards for an aluminum profile with a wall thickness of 1.05 

mm and a length of 370 mm, consisting of AA6063-T1 material, 

whose mechanical properties are given in Table 1, and its energy 
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absorption performance was investigated. 

Fig. 3. Configuration for the three-point bending test. 

 

Table 1. The properties of AA6063-T1 [20] 

Density, ρ  2700 kg/m3 

Poisson’s ratio, ν  0.33 

Young’s modulus, E 68.9 GPa 

Ultimate stress, σu  222.0 MPa 

Yield stress, σy  100.0 MPa 

 

Zhang and Fu also validated this experimental study by using 

the finite element method. In this paper, a validation study was 

carried out by considering the same boundary conditions before 

proceeding to the analysis of the specific designs. Hypermesh 

program was used to form the finite element model of the profile. 

The finite element model is given in Figure 4. 

Fig. 4. Finite element model for three-point bending test. 

 

AA6063-T1 material properties are defined in MAT 24 

PIECEWISE LINEAR PLASTICITY material card via the program. 

Indenters and supports were modeled as rigid bodies with 

MAT_20_RIGID card. Material fracture was not simulated as no 

fracture occurred in the samples. Belytschko-Tsay shell elements 

with two integral points across the thickness direction were used 

to differentiate the beams, indenters and supports. The contact 

between beams and rigid indenters or supports is described using 

the CONTACT AUTOMATIC SURFACE TO SURFACE contact 

card. Possible contact between the inner and outer shell structures 

with different wall thicknesses of the relevant profile was defined 

by using the CONTACT AUTOMATIC SINGLE SURFACE 

contact card. While the analysis model was created, the static and 

dynamic friction coefficient was assumed to be 0.3 at all interfaces 

based on the measurements made by Zhang and Fu with the 

friction angle method. Finally, the prepared models were analyzed 

with the Ls-Dyna program with a deformation rate of 1 mm/ms. 

As a result of the analysis, the deformation image was obtained as 

shown in Figure 5. 

 
Fig. 5. Deformation of multi-cell sections and force-displacement curves 

under three-point bending. 

 

In order to describe the results of the analysis numerically, the 

following metrics are needed.  

 

Total absorbed energy (ET) : It is the total amount of energy 

absorbed by the energy absorbing profiles as a result of their 

deformation [7] and is calculated by the formula given in Eq.(1), 

where F is the crush force in the axial direction and 𝛿 is the 

deformation distance of the energy absorbing structure. 

max

0
TE Fd



                                (1) 

Average Crush Force (Favg): It is defined as the ratio of the total 

absorbed energy to the maximum displacement (Eq. 2) [7]. 

T
avg

max

E
F


                                       (2) 

Crush Force Efficiency (CFE): As given in Eq. (3), it is the ratio 

of the average crush force to the maximum crush force (Fmax) 

[7].The maximum crush force is the highest force occurring during 

deformation of the profiles. This value is expected to be as high as 

possible for an energy absorber. A high crush force efficiency 

indicates that the energy absorber has a good efficiency. 

avg

max

F
CFE

F
                              (3) 

Specific Energy Absorption (SEA): This parameter is defined as 

the amount of energy per unit mass and is calculated by the formula 
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given in Eq.(4), where mT is the total mass [7]. 

T

T

E
SEA

m
                                (4) 

The calculations using these metrics obtained the results given 

in Table 2. These results show that the validation study was 

successfully carried out with a quite low percentage of error. 

 

Table 2. The results obtained by calculations 

           Displacement  

               (mm) 

Mass 

(kg) 
ET (kJ) 

SEA 

(kJ/kg) 

SEA 

Error 

(%) 

Zhang  

and Fu  

(Test) 

 60 0,18304 0,16184 0,88417 - 

Zhang  

and Fu  

(FEA) 

 60 0,18304 0,16184 0,88887 0,54 

Halis and 

Altin (FEA) 
 60 0,18304 0,16184 0,88882 0,53 

 

All the operations performed from the beginning to the end of the study 

are detailed in the flowchart in Figure 6. 

 

 
Fig. 6. Flowchart of the FEM for three-point bending test 

 

4. Results and Discussion 

In the last part of the study, seven different geometric designs 

with the original structure given in Figure 1 were analyzed. When 

the structures were modeled, the wall thickness was 1 mm for each 

sample. Since the study was parametric, the profiles consisted of 

three different materials, AA6063-T1 [20], mild steel [31] and E-

glass/PET199 composite [32]. Table 3 and Table 4 present the 

mechanical properties of mild steel and E-glass/PET199 

composite materials, respectively. 

 

 

 

 

 

 

 

Table 3. The properties of mild steel [31] 

Density, ρ 7850 kg/m3 

Poisson’s ratio, ν 0.33 

Young’s modulus, E 210 GPa 

Yield stress, σy 304.0 MPa 

 

Table 4. The properties of E-glass/PET199 composite material [32] 

Density, ρ 2000 kg/m3 

Modulus in longitudinal (fiber) 

direction, Ea 
37.9 GPa 

Modulus in transverse direction, Eb=Ec 11.5 GPa 

Shear modulus, G12 4.5 GPa 

Major Poisson's ratio, ν12 0.29 

Minor Poisson's ratio, ν21 0.0811 

Longitudinal tensile strength, Xt 936 MPa 

Longitudinal compressive strength, Xc 484 MPa 

Transverse tensile strength, Yt 25.7 MPa 

Transverse compressive strength, Yc 143 MPa 

Shear strength, Sc 16.1 MPa 

Inter-laminar shear strength, Sb 62.6 MPa 

Fiber volume fraction, Vf 70% 

 

When the composite material card was created, MAT 54 

ENHANCED COMPOSITE DAMAGE in the Ls-Dyna material library 

was used, and when the mild steel was defined, MAT 24 PIECEWISE 

LINEAR PLASTICITY material card was used as in aluminum. As a 

result, analyses were performed separately for each model and the 

obtained results are given in Table 5-7. 

 

According to the result data in Table 5-7, if the material was 

chosen as AA6063-T1 and mild steel, it was determined that 

Model 3 had the highest CFE but Model 7 showed the best energy 

absorption characteristics. However, when the material of the 

profiles was chosen as composite, it was seen that Model 7 had the 

best performance with regard to both CFE and SEA. 
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Table 5. The analysis results for AA6063-T1 

Material type: AA6063-T1 

 Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 

Displacement 

(mm) 

60 60 60 60 60 60 60 

Peak Crush 

Force (kN) 

1,84 5,67 3,07 3,51 4,24 3,94 8,04 

Energy (kJ) 0,065 0,284 0,172 0,185 0,227 0,204 0,416 

Mean Crush 

Force (kN) 
1,08 4,73 2,87 3,08 3,78 3,40 6,93 

CFE 0,58 0,83 0,93 0,88 0,89 0,86 0,86 

Mass (kg) 0,3843 0,3843 0,3843 0,3843 0,3843 0,3843 0,3843 

SEA (kJ/kg) 0,17 0,74 0,45 0,48 0,59 0,53 1,08 

 

Table 6. The analysis results for Mild steel 

Material type: Mild Steel 

 Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 

Displacement 

(mm) 

60 60 60 60 60 60 60 

Peak Crush 

Force (kN) 

3,80 9,09 5,22 6,00 7,01 6,71 12,97 

Energy (kJ) 0,110 0,478 0,289 0,286 0,364 0,346 0,705 

Mean Crush 

Force (kN) 
1,83 7,97 4,82 4,77 6,07 5,77 11,75 

CFE 0,48 0,88 0,92 0,79 0,87 0,86 0,91 

Mass (kg) 1,1147 1,1147 1,1147 1,1147 1,1147 1,1147 1,1147 

SEA (kJ/kg) 0,10 0,43 0,26 0,26 0,33 0,31 0,63 

 

Table 7. The analysis results for Composite E-glass/PET199 

Material type: Composite E-glass/PET199 

 Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 

Displacement 

(mm) 

60 60 60 60 60 60 60 

Peak Crush 

Force (kN) 

1,46 4,39 2,67 3,32 3,90 3,64 5,82 

Energy (kJ) 0,040 0,170 0,103 0,102 0,164 0,133 0,308 

Mean Crush 

Force (kN) 
0,67 2,83 1,72 1,70 2,73 2,22 5,13 

CFE 0,46 0,65 0,64 0,51 0,70 0,61 0,88 

Mass (kg) 0,2847 0,2847 0,2847 0,2847 0,2847 0,2847 0,2847 

SEA (kJ/kg) 0,14 0,60 0,36 0,36 0,58 0,47 1,08 

Thin-walled beams are used in different areas on automobiles. 

One of these areas is pillars. Pillars are usually designed as hollow 

geometries [29,33,34] and are geometrically quite similar to the 

analyzed Model 1. Likewise, the bumpers [35,36], which are 

located on the front chassis and mounted on the ends of the crash 

boxes, are usually hollow and also similar to Model 1. When the 

analysis results of the original designs are evaluated, it is seen that 

Model 1 has the lowest SEA and CFE values for almost every 

material. When the data in Tables 5-7 are evaluated, the results 

show that the best performance is obtained with Model 7. When 

the CFE and SEA values obtained by using mild steel and E-

glass/PET199 materials compared to the AA6063-T1 material 

used by Zhan and Fu for Model 7 are considered; although 5.81% 

improvement in CFE value was achieved with mild steel material, 

there was a 41.6% decrease in SEA amount. The use of E-

glass/PET199 composite material resulted in a 2.32% 

improvement in the CFE value while the SEA value remained at 

the same level.  

 

If the materials used in the profiles were examined specifically, 

it was determined that the highest SEA value for AA6063-T1 was 

obtained with the use of Model 7 and the highest CFE value was 

obtained with Model 3. Figure 7 shows the deformation results of 

Model 3 and Model 7 at different times for AA6063-T1 material. 

The deformations in other profiles and the results of these 

deformations were not as high as these two models. The same 

situation encountered for AA6063-T1 material was also observed 

when the material of the profiles was selected as mild steel  

(Figure 8). However, the situation was different when the material 

of the profiles was selected as Composite E-glass/PET199.  

Model 7, whose deformation results are shown in Figure 9 at 

different time intervals, was the best performing model in terms of 

both CFE and SAE. 
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Fig. 7. Deformations of Model 3-7 for AA6063-T1 with FEA in three-point bending test. 

 

 

 

Fig. 8. Deformations of Model 3-7 for Mild Steel with FEA in three-point bending test. 

 

Fig. 9. Deformations of Model 7 for Composite E-glass/PET199 with FEA in three-point bending test. 

 

5. Conclusions 

In this research, the energy absorption performance of thin-

walled beams of different geometric designs under three-point 

bending test was investigated using the finite element method. The 

results obtained are as follows: 

 It was found that Model 7 had the highest SEA value and 

Model 3 had the highest CFE value for thin-walled beams 

with AA6063-T1 and mild-steel. 

 The highest SEA and CFE values for thin-walled beams with 

composite E-glass/PET199 were obtained with model 7. 

 Model 7 was determined to be the best performance thin-

walled profile among all designs in general, when all 

parameters were taken into account. 

 Model 7 was determined to have higher SEA in AA6063-T1 

and composite E-glass/PET199 materials and lower SEA in 

mild steel than Zhang and Fu's models. The lower SEA for 

mild steel can be explained by the fact that the weight 

increases at a higher rate than the absorbed energy. 

The designed models can be used as alternative designs to 

conventional front bumpers and pillar used in vehicles. The 

deformations and crash performances of the models made of 

AA6063-T1 and Mild steel are similar to each other, but the 

behavior of the composite E-glass/PET199 material is not similar. 

The higher crash performance of the composite E-glass/PET199 

material is due to its higher resistance to deformation. The 

conventional designs can be modified in the future and unique 

profiles can be produced and used in vehicles under real conditions. 
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