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Abstract: Multi-cell thin-walled tubes have attracted a considerable amount of attention for their excellent energy
absorption capacity. In this paper, a folding and translation method based on SSFE theory was proposed to design the
cross-sectional of multi-cell thin-walled tubes. Based on this method, three types of multi-cell thin-walled tubes with
different cross-sectional configurations were generated to compare the energy absorption capacity by theory analysis
and numerical simulation. It is found that the crashworthiness of the Tube Type III, which was changed from the Tube
Type 1 by using folding and translation method, is better than that of the other two multi-cell thin-walled tubes under
axial impact. Then, a parameter study was carried out for the Tube Type III to investigate the influence of
cross-sectional geometric parameters in energy absorption capacity. It is concluded that the wall thickness, the
corner-cell size and flange locations have obvious effect on the crashworthiness of the multi-cell thin-walled tubes.
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1 Introduction

Due to the excellent energy absorption capacity, thin-walled structures have been widely applied as energy
absorbers in aerospace, automotive, military equipment and other industries for their excellent energy absorption
capacity and lightweight (4. For an energy absorption device, crashworthiness is an important ability to protect the
vehicle itself and its occupants from serious injury or death when it is subjected to an impact load . In order to
improve the energy absorption capacity of the thin-walled structure, many researchers have made their contribution to
investigating different design methods and exploring energy absorption laws for various conditions from quantities of
experiments ["12], numerical simulations ['>'81and theoretical analysis ['*-23],

In the 1960s, Alexander **1 was the first to focus on being able to obtain an approximate theoretical expression of
the mean axial crushing force for thin-walled circular tubes. In 1983, the Super Folding Element (SFE) theory was
proposed by Wierzbicki and Abramowicz [ to investigate theoretical mean crushing force prediction of rectangular
tubes under axial impact. Chen and Wierzbicki ?®! investigated the energy absorption of the square tubes with single-cell
double-cell and triple-cell under axial loading. To simplify the SFE theory, the kinematical admissible of SFE 5 was
replaced with a basic folding element to model both the bending action, modeled using three stationary hinge lines over
each flange, and membrane action, characterized by three extensional triangular elements near the corner line. They
obtained an analytical mean crush force equation by dividing the tube cross-section into distinct panel section and angle
element, and establishing contact between the fractional energy absorption of each flange and its parameters of
thickness and length. In addition, Kim [?employed Chen and Wierzbicki’s model to investigate the multi-cell square
tubes with four square cells locating at the corners. It was concluded that the SEA of new multi-cell square tubes
increased by 1.9 times, compared with conventional square tube.

Zhang et al. Plinvestigated square columns with n X n square cells in the cross-section and three type of basic
folding elements (L-shape, T-shape and crisscross shape). It is found that the energy absorption efficiency of a
single-cell column can be increased by 50% when the section is divided into 3 X 3 cells. Zhang and Cheng ¥ put
forward that the multi-cell square columns with different configurational sizes could absorb about two times more
energy than the foam-filled square columns with the same weight. Zhang and Zhang *! carried out the quasi-static axial

compression experiments for multi-cell square tubes with different sections. The result indicated that multi-cell square
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tubes are much more efficient than hollow tubes in energy absorption under axial impact. Wu et al. *% compared the
crashworthiness of three tubes with one, four and five cells. It is found that both MCF and SEA of multi-cell tubes
increase with the number of cells. Furthermore, they investigated energy absorption efficiency of five-cell tubes through
parameter study and multi-objective optimization and obtained an optional five-cell tube.

According to the theoretical studies, it can be found that the number of basic elements can be significantly effect
on the crashworthiness of thin-walled structures [>>*}]. However, no theoretical design method was developed for the
crashworthiness of thin-walled structures based on this detection. In this study, a new crashworthiness design method
named folding and translating wall method was proposed to improving the energy absorption capacity by increasing the
number of structure’s basic elements and implemented on an initial structure (Tube Type I 53%) formed with L and T
shape elements. After folding and translating the wall of initial structure, two new structures (Tube Type II and Tube
Type III) with more basic elements were obtained. For these three structures, all geometric parameters are the same
expect for geometry cross-section configuration. Then, numerical simulations were conducted to investigate and
compare the actual energy absorption capacity of these three structures. The results of numerical simulations predicted
that the Tube Type III structure with most basic elements showed the best energy absorption capacity. Finally, a
parametric study was carried on the Tube Type III structure to advanced investigate the influences of the wall thickness,

the location of the connecting flange walls and the size of the corner-cell on the energy absorption capacity.
2 Theoretical analysis
2.1 The simplified super folding element theory

In 2001, Chen and Wierzbicki %1 proposed that the external work applied by compression was dissipated by plastic
deformation in bending and membrane. This proposes can be expressed as [2729];
2HPpk = Whending + Wimembrane (1)
where H and P, denote the half-length of a folding and the mean crushing force over the collapse of a folding,
respectively, Wyending and Wpemprane are the energy dissipation in bending and membrane deformation, respectively.
Considering the actual folding element can never be completely flattened, an effective collapse coefficient k was used

in this equation. Usually, the effective collapse coefficient k lies in the range of 70-75% 231,

i

comer line

(a) (b)
Fig.1 Scheme of the simplified super folding element (SSFE) (261, (a) extensional elements, (b) bending hinge lines
The bending energy Wyenging can be calculated by summing up the energy dissipation at stationary hinge lines.

For each flange, three horizontal stationary hinge lines are developed (Fig. 1(a)). Therefore, the bending energy could

be expressed as follow: X

Wbending = Z M, ¢;L. 2

=1
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where My = 06,t?/4 denotes the fully plastic bending moment of the flange and t is the wall thickness of the
multi-cell thin-walled tube. o is the flow stress of material with power law hardening; «; is the rotation angle at each
hinge line and L. denotes the total length of all flanges. For simplicity, it is assumed that the flanges are completely
flattened (Fig.1(b)) after the axial compression of 2H 2, which means that the rotation angles at the three hinge lines
are /2, m and /2, respectively T([lélgt.ga Consequently

Whending = 2mMoL¢ = = (3)

where L. is the total length of the wall the cross-section. o, is flow stress of structural material. And it could be

calculated by [20,37]

_ [0u0y
%0 = 1+n ®

where o, and oy denote the ultimate stress and the initial yield stress, respectively. n is power law exponent of

the structural material.

/2

e

/2

@ Bending hinge line

Fig.2 Bending hinge line and rotation angle on basic folding

The membrane energy Wyemprane dissipated during one wavelength crushing can be calculated by integrating the
extensional and compressional areas. The membrane energy of the corner element and T — shape element are
discussed in the following 23I:

4M,H?
ML—shape = T 5)
12M,H?
MT—shape = f (6)
Therefore, the whole membrane energy can be calculated by
Wmernbrane = NLML—shape + NTMT—shape (7)

where N. and Nt denote the number of corner and T-shape, respectively.
Substituting the terms of Eq. (3), (7) into Eq. (1), the general theoretical equation of the mean crushing force of
multi-cell thin-walled tube was obtained. It is
2HP k = 2nMoL¢ + N M _ghape + NTMr_ghape
= 2nM,L. + 4(N;, + 2Np)M H?/t (¢))
Transforming Eq. (8), it is

Puk _ e | 2(Ny + 2NpH

me_ = - - 9
M, H t )
op The half-wavelength H can be obtained under the stationary condition of the mean crushing force:
m —_—
a1 = v
Then
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= ’ L.t (11)

Substituting Eq. (11) into Eq. (9), the mean crushing force for a multi-cell section under quasi-static impact could

be obtained:
_ 2Myy/2(Ny, + 2Np)mL ./t
m I
_ ooty 2(NL, + 2Np)mLt (12)
2k

However, this expression is unsuitable for dynamic case since it did not take the effects of dynamic loading into

account. In dynamic loading case, the dynamic amplification effects, including inertia and strain rate effects should be
considered. In fact, the aluminum alloy with No. AA6 series is insensitive to the strain rate [*°), so strain rate effect could
be neglected. In order to consider the inertia effect, a dynamic enhancing coefficient A was brought in. According to
the previous investigations 7%, the value of the coefficient A is in the range of 1.1-1.6 for aluminum. Therefore, the
theoretical equation of the mean crushing force of multi-cell thin-walled tube under dynamic loading is descripted as:
oot\/2(N, + 2Np)mL t

=2 o (13)

dym.
Pm

2.2 The folding and translating wall design method

From the Eq. (1), it can be observed that increasing total dissipative energy of the structures can be achieved by
increasing the bending energy and membrane energy. In order to increase the bending energy, one or more of the
material flow stress oy, thickness t and the total length of the wall the cross-section L. should be increased. However,
the mass and peak impact force of the structures also would be increased with increasing the thickness t and the total
length of the wall the cross-section L. [23,39, 45]. If the structures with high mass and peak impact force will be used
as energy absorption devices for the vehicle safety, they are not conducive to lightweight and occupant protection
[30,46]. Therefore, most of researchers considered to increase the material flow stress. For example, more and more
new materials with high flow stress were used to develop the energy absorbing devices [30,47]. For the membrane
energy, it can be seen that it is determined by the corner numbers and the basic element types. In some studies, new
cross-sectional configurations were designed by increasing the total length and number of basic elements to improve the
energy absorption capacity of structures [27-29]. Considering the lightweight, the final mass of structure also was an
important factor in these studies [6,44]. Therefore, the folding and translating wall design method for the development
of energy absorption structure was proposed that only the number of basic elements was increased to obtain the new
cross-sectional configuration. The detailed processing of this new method was described as follows. Fig.3 shows the
cross-sectional configurations of multi-cell thin-walled tubes by folding and translation method. Tube type 1 has been
proved that it is a good energy absorber in the previous investigation. [30]. To demonstrate the variation from Tube type
I to Tube type II, the folding method is applied to fold four right corner of Tube type 1. Then, Tube type III could
be obtained from Tube type II by translating the flanges, which is connected the four corner cells. In these three new
structures, Tube type II has eight more right corner elements compared with Tube type 1. Tube type III has eight

more right corner elements than Tube type 1I.
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Fig.3 Cross-sectional configurations of multi-cell thin-walled tubes by folding and translation method

In order to compare the actual energy absorption capacity of these three structures, the theoretical absorptive
energy was calculated according to eq. (13). In the calculation processing, the material flow stress o, effective collapse
coefficient k, wall thickness t, and total wall length L. of these three structures were assumed and defined as 175.86
MPa, 75%, 1.6 mm, and 510 mm, respectively. The dynamic enhancing coefficient A for these three structures were
set as 1.1, 1.15 and 1.2, respectively. The other data for the analytical evaluation are listed in Table 1. The final
theoretical values of three structures’ mean crushing force were compared and shown in Table 2. It can be found that,
the value of mean crushing force for Tube Type II was increased by 16.89% than that of Tube Type I, while the
value of mean crushing force for Tube Type III was 1.34 times than that of Tube Type I . Obviously, the value of

mean crushing force was increased with increasing of the corner numbers.

Table 1 Input data for the theoretical evaluation of the mean crushing force

Structure Tube Type | Tube Type I Tube Type 11
Number of L-shape 8 16 24
Number of T-shape 8 8 8

P2™(KN) 90.631 105.935 121.091

3 Finite element modeling
3.1. crashworthiness indicators

To quantitatively evaluate the crush characteristics and energy absorption of different structures, there have been a
number of the crashworthiness indicators. The specific energy absorption (SEA) indicates the absorbed energy per unit

mass of the crashed structure as:

_ EA(d)
SEA = — (14)

where d denotes the axial crushing distance, which is taken as 120 mm in this study. m is the total mass of the

multi-cell tubes and EA is the total energy absorbed during crushing process, calculated as:

d
EA=f F(x)dx (15)
0

where F(x) is the instantaneous crashing force with a function of the deformation x.
IPF is defined as the initial peak force in the compaction zone. The excessively high IPF is undesirable since it will

result in a large deceleration, therefore, IPF should be decreased for the safety of occupants and to minimize the
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structural damage [*-42], MCF for a given deformation d can be calculated as:

MCF = %(d) (16)

3.2. FE model

Although the theoretical solutions of these three structures’ absorption energy were calculated and compared, the
Finite element method was still used to advanced study the crashworthiness of them. Based on the explicit nonlinear FE
code LS-DYNA (Version 971, LSTC, Livermore, CA, USA), the FE models which were simulated the axial impact
were established and showed in Fig.4. the length L of thin-wall structures, the width b and the size of corner cell C was
200 mm, 90 mm, and 30mm, respectively.

Rigidwall

Fig.4 Finite element modeling of multi-cell thin-walled tube

In the models, the multi-cell thin-wall structure was placed in the middle of two rigid plates. One of the rigid plate
is used to fixed the tube, and another one is a rigid wall. The rigid wall is moved downwards from the top of tubes with
a prescribed velocity boundary condition to compress the multi-cell tubes in the axial direction. The load velocity is
kept constant as 10m/s. The multi-cell tube is modeled using four-load shell elements with five integration points in the
element plane, which was formulated by Belytschko and Tsay. Stiffness-based hour-glass control is employed to avoid
spurious zero energy deformation modes. The element size of the multi-cell tube is 2mm. The structure material
AA6063 T5 is modeled with material model MAT 123 (modified piece-wise linear plasticity material model) in
LS-DYNA. Two types of contacts are employed in the numerical analysis. The first is to model the interface between
the rigid plates and wall of column by using the automatic surface to surface contact algorithm. The second is to avoid
interpenetration of tube folding during axial collapse by using the automatic single surface contact algorithm. The static
and dynamic frictional coefficients defined are taken as 0.2 and 0.3 in these contacts, respectively.

The material of the multi-cell thin-walled structure here is aluminum alloy AA6063 T5 with mechanical properties:
Young’s modulus E = 68.2GPa, Poisson’s ratio u = 0.3, density p = 2.7 X 103kg/m3, initial yield stress Oyo =
180MPa, the ultimate tensile stress o, = 206MPa and the power law exponent n is 0.199. The engineering

stress-strain curve of this material is shown in Fig.5.
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Fig.5 The stress-strain curves of A16063-T5 [30]

3.3. Comparisons the results predicted by FE models and theoretical formula

The numerical results of these multi-cell tubes under axial impact could be compared with the theoretical formula
results to validated the FE models. For every type of tubes, six different thickness values (1mm, 1.2mm, 1.4mm, 1.6mm,

1.8mm and 2.0mm) are chosen to validate the accuracy of the FE models.

Table2 The errors among FE numerical results and theoretical predictions for the three structures

Tube Type 1 Tube Type I Tube Type II
t(mm) MCF(kN) P,,(kN) Error(%) MCF(kN) P,,(kN) Error(%) MCF(kN) P,,(kKN) Error(%)
1.0 43.258 44.782 3.522 50.401 52.343 3.853 58.034 59.832 3.099
1.2 58.028 58.867 1.447 66.939 68.807 2.791 80.335 78.651 -2.096
14 71.702 74.181 3.457 85.328 86.706 1.616 99.479 99.112 -0.369
1.6 90.802 90.631 -0.187 105.274 105.935 0.628 120.210 121.091 0.733
18 109.818 108.145 -1.523 129.524 126.406 -2.407 152.734 144.491 -5.397
2.0 134.539 126.611 -5.855 153.418 148.049 -3.500 160.130 169.230 5.683

The relative errors among FE numerical results and theoretical predictions for these three structures is shown in
Table 2. According to the data of Table2, it can be seen that the results predicted by FE models and theoretical formula
are almost fitness and the maximum error is less than 6%. Therefore, it can be concluded that the theoretical formula

and FE models established in this paper is sufficiently accurate.
3.4 Crashworthiness of the three thin-walled structures

Fig.6 showed crashworthiness performance comparisons for three structures with different wall thickness.
According to Fig.6 (a), it can be seen that values of IPF increased with the increasing values of wall thickness and the
values of IPF were close for three structures with same thickness. Fig.6 (b), (¢) and (d) showed that the values of MCF,
SEA and CLE for three structures increased with the increasing values of wall thickness. For a certain wall thickness
value, the values of MCF, SEA and CLE for the Tube Type III is larger than that of the other two structures.
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Fig.9 Crushing force and deformed structure with Tube Type IIL

The crushing force-displacement curves of three structures with t=1.6mm are presented in Fig.7-9. From the
Fig.7-9, it could be seen that the deformation modes of the multi-cell thin-walled tubes, which were obtained by the
numerical simulation, are stable.

According to the analysis above, it can be concluded that the Tube Type III is the best energy absorb structure
among the three tubes, which is consistent with the theoretical predictions concluded in the previous section. Therefore,
further investigation will be carried out for Tube Type III in next section.

4. Parametric study and multi-objective optimization of the Type III structure

From the above study, it could be seen that the energy absorption capacity of the Tube Type III is better than the
other two types. To better understand the crashworthiness characteristics of the Tube Type III, it is necessary to carried

out further study in this section on geometric cross-sectional parameters, including the wall thickness t, the location of
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the connecting flange wall u and the size of the corner-cell C.
In this section, the basic element numbers of Tube Type III keep constant, the wall thickness t, the location of the
connecting flange wall u and the size of the corner-cell C were changed to investigate effects of these geometric

cross-sectional parameters.

(a) u=0.25 (b) u=0.5 (c) u=0.75

Fig.10 The cross-sections of Tube Type III with different locations of the connecting flange walls

In order to generate efficient sample points used for parametric analyses, the full factorial method which is a
design of experiments (DOE) is applied. In this paper, six different thicknesses, four corner-cell sizes and three location
of the connecting flange wall are considered to investigate their effects. Fig.10 shows the cross-sections of Tube Type
I with three different locations of the connecting flange walls. Since the crashworthiness indicators are essentially
connected with the given deformation distance, the value of deformation distance is set as 120 mm for all the finite

element models used for following parametric analyses.
4.1 Effect of the corner-cell size and wall thickness

In order to investigate the crashworthiness of multi-cell thin-walled tubes with four different corner-cell size (C=25
mm, 30 mm, 35 mm, 40 mm), numerical simulations of the tubes with different thickness are performed. Fig.12 (a) and
(b) showed the MCF and EA of four different corner-cell sizes of Tube Type III with different wall thicknesses. It
could be seen that both the values of MCF and EA increase with the increasing o

11 corner-cell sizes. The values of MCF are the largest for the Tube Type III with a corner-cell size of 40 mm
when the wall thickness is 0.8 mm or more than 1.6 mm, while the multi-cell tubes with the 35 mm corner-cell size is
larger than the other tubes when the wall thickness 1.0 mm < t < 1.4 mm. The tendency of EA for different corner-cell

size is same as that of MCEF, since the values of MCF were calculated by the Eq. (16).

20 180
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16 Il 35mm 1404 | 35mm
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0.8 1.0 1.2 1.4 1.6 1.8 0.8 1.0 1.2 14 1.6 1.8
Thickness t (mm) Thickness t (mm)
(a) (b)
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Fig.11 Comparisons of crashworthiness characteristics of Tube Type III with different corner-cell size: (a) MCF; (b) EA; (¢c) SEA; (d) IPF.

Fig.11 (c) and (d) depict the SEA and IPF of the multi-cell thin-walled tubes with four different corner-cell sizes.
According to Fig.11 (c), it can be observed that the multi-cell thin-walled tubes with 30 mm corner-cell size, in general,
show the best SEA performance. From the Fig.11 (d), it can be found that the values of IPF increase with the increasing
values of wall thickness. And for each of wall thickness, the larger the corner-cell size, the greater the IPF.

4.2 Effect of the location of the connecting flange wall and wall thickness

180 20
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Fig.12 Comparisons of crashworthiness characteristics of Tube Type Il with different location of the connecting flange wall: (a) MCF; (b)
EA; (c) SEA; (d) IPF.

Fig.12 (a)-(c) give MCF, EA and SEA of multi-cell thin-walled tubes with three different location of the
connecting flange wall. It can be found that the values of MCF, EA and SEA of the multi-cell thin-walled tubes with
three different location of the connecting flange wall increase with the increasing of the wall thickness. According to the
Eq. (14) and Eq. (16), the relation among MCF, EA and SEA can be depicted as:

EA = MCF xd=SEAXm 17

where the axial crushing distance d is set as 120 mm in this study. Moreover, for the same wall thickness and
corner-cell size, the weights of the multi-cell thin-walled tubes with different location of the connecting flange wall are
constant. Thus, the tendencies of EA, MCF and SEA are exactly the same.

Obviously, for the indicators of MCF, EA and SEA, the multi-cell thin-walled tubes with location of the connecting
flange wall u =0.5 show the best performance when the wall thicknesses are constant. Fig.12 (d) depicts the relation
between IPF and wall thickness for the multi-cell thin-walled tubes with different location of the connecting flange wall.
The trends of IPF for the multi-cell tubes with different location of the connecting flange wall are rising with the
increasing wall thickness, while IPF is almost the same for three different location of the connecting flange wall when
the wall thicknesses keep constant.

4.3 Effect of the location of the connecting flange wall and corner-cell size
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Fig.13 Comparisons of crashworthiness characteristics of Tube Type Il with different location of the connecting flange wall: (a) MCF; (b)
EA; (c) SEA; (d) IPF.
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In this section, in order to investigate the effect of the connecting flange and corner-cell size, the wall thickness of
all the multi-cell thin-walled tubes are set as 1.3 mm. Since the locations of the connecting flange wall of tubes with
same corner-cell size don’t change the weights of tubes and the crashing distance is constant, the rules of MCF, EA and
SEA are same according to the Eq. (17). From Fig.13 (a)-(c), it can be observed that the multi-cell tubes with u = 0.25
and C =35 mm showed the best impacting characteristics. Fig.13 (d) shows IPF of multi-cell thin-walled tubes with
three different location of the connecting flange wall for the variation of the corner-cell size. It is concluded that the IPF
values of the tubes with different location of the connecting flange wall, for the same corner-cell size, are approximate.

5 Conclusions

In this study, the crashworthiness of three different sectional configurations, multi-cell thin-walled tubes were first
investigated by numerical simulation and theoretical analysis methods. In the part of sectional configurations, the
folding and translation methods were applied. It is more convenient to compare the crashworthiness of the three
multi-cell thin-walled tubes by using this method, since corners of cross-section are just added without changing the
weight of tubes. In addition, theoretical expressions of the mean crushing forces of the multi-cell thin-walled tubes were
derived by using the Simplified Super Folding Element (SSFE) theory. According to the numerical and theoretical
analysis results, it could be concluded that:

The folding and translation methods are efficient for the sectional configurations during the process of multi-cell
tubes design.

The Tube Type III was the best energy absorber among these three multi-cell tubes.

The wall thickness, the corner-cell size and flange locations have obvious effect on the crashworthiness of the

multi-cell thin-walled tubes.
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