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Abstract. Thin-walled tube was applicable as energy absorption in impact structural.
Deformation ideally flows along tube’s axis in compression direction resulted plastic
deformation. The deformation required external energy which taken from excessive source.
Limitation of thin-walled tube was at collapse direction flows only in compression condition
parallel to tube axis. Distortion of direction will trigger unstable collapse which reduce and
blocked deformation flow. In real condition it is difficult to create perfect collapse deformation
due to misalignment of flow. Compress-expand thin walled tube has wide stable area of collapse
deformation compared with several tubes in compression direction. This research introduces
conversion mechanism to thin-walled structure to adapt tensile direction which release from its
service limitation. Tensile mechanism which called as tensile crash box using compress-expand
cylindrical thin-walled tube consist of three main parts are able to absorb energy of deformation
in tensile direction. Result from finite element analysis of tensile crash box was obtained that
geometric parameter of compress-expand tube was highly influenced to energy absorption of
tensile crash box.
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1. Introduction
Thin walled tubes have many functions as structural frame in wide industrial application. It has
advantage in load carrying capacity and low weight [1]. One example of application is at automotive
industry using thin walled structure as body part to reduce weight of vehicles [2]. Ability of thin walled
tube obtains as resistance in bending and axial compress behaviors [3]. External load caused
deformation and led to cracks and buckling at certain area made the energy is not absorbed by the
permanent plastic deformation of the body [4].

Thin walled structures consists of many shape for different purposes, supporting structure usually
assembly of bars or kind of tubular tubes [5]. Furthermore many researches on characteristic of tubular
tube were investigated. Rectangular tube was found as pillar in cab frame has specific deformation type.
Those tubes withstands buckling load due to bending and was influenced by cross sectional geometric
parameter (thickness and width) of tube [6]. Approximation of deformation mode of rectangular tube
was modeled as kinematic approach [7] and [8]. Another research investigation on cylindrical tubes due
bending also showed that behavior of buckling was influenced by geometric parameter (thickness and
radius) of tubes [4] and [9]. Behavior of tubular tubes also investigated base on axial loading, rectangular
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tube has specific collapse mode under axial loading which stable collapse condition was nearly closed
to unstable region [10]. Comparison of many tubular tubes under axial loading was further investigated
and showed that cylindrical tubes tent to produce stable collapse condition [11].

The method to verify deformation of tube is conducted similarly to the actual situation becomes the
most basic comprehensive evaluating performance. However its repeatability is poor and needs large
resources [12].  Computer simulation to verify deformation of tubular tube in structural design help to
overcome the problem in real experiment test [13]. Finite element analysis performed analysis and
imitate non-linear boundary condition of the problem [14] and [15].

This study focus on investigate the deformation and energy absorption on tubular tube under axial
loading and compare with various shape of tube. A new mechanism to convert axial loading direction
from compress become tensile also introduce in this research. The mechanism using compress-expand
tubular tube which consist of three main parts was assembly as new mechanism called tensile crash box
which installed as integral part inside the structure. Tensile crash box help to expand ability of compress-
expand tubular tube in absorb energy not only in compression but also tensile. Finite element method
was performed in this study using commercial software MSC Marc to produce simulation and analysis
of tensile crash box.

2. Finite Element Model of Study
Tubular tube model was modeled as quadrilateral element type. Material properties are considered as
isotropic elastic-plastic. Work hardening of material follows bilinear isotropic hardening in uniaxial
stress. Stress-strain relationship of material according to bilinear law is assumed according to equation
(1) and (2). σ = E × ε ε < × (1)

σ = σ + E ε − ε > × (2)

Detail of material properties of tubular tube are listed in Table 1. Figure 1 shows detail parameter of
compress-expand tube. Parameter of compress-expand tube can be seen in Table 2.

Table 1. Material properties of tubular tube
Elastic E= 205.9 [GPa]

σy= E/1000 [MPa]
v= 0.3

Plastic Eh1= E/100 [GPa];
Eh2= E/20[GPa]

Table 2. Compress-expand tube parameter
Properties Value

Thickness (t) [mm] 1.0; 2.0; 3.0
Radius (R) [mm] 20.0; 30.0; 40.0; 50.0
Total length (L) [mm] 200.0
Ratio (L0 : L1 : L2) 1 : 2 : 1
Angle (α)  [°] 30°
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Figure 1. Compress-expand tube parameter.

Finite element type of tubular tube is 3D shell type. Meshing size is 5x5 [mm]. MSC Marc register this
finite element model as ID class Quad 4, ID type 75. Simulation process considered as static condition.
Total displacement is 100 [mm], and incremental step is 2 [mm]. Rigid body acts as a load applicator to
tensile crash box. Simulation will stop when 1 cycle time is complete in 100 [mm] within 50 steps.
Outputs of simulation are load in [kN] and displacement in [mm].

3. New Mechanism of Tensile Crash box
Tensile crash box consist of several part and its main core was compress-expand tube. The mechanism
support energy absorption in tensile direction. Finite element model of tensile crash box is arbitrary
hexahedral, where 1 element consists of 8 nodes iso-parametric. Meshing size is 5x5 [mm]. MSC Marc
registers this finite element as ID class hex 8, ID type 7. Figure 2(a) shows Load – Displacement curved
of various tubular tubes in axially compress condition and Figure 2(b) shows comparison deformation
characteristic mode of several tubular tubes. Stable condition obtain at compress-expand tubular tube.
The limitation of this tube is absorption direction only at axial compress condition. The advantage of
deformation at compress-expand tube consider as core of tensile crash box and help to expand its ability
in tensile direction, see Figure 3.

Figure 2(a). Load – Displacement curved of various tubular tubes in axially compress condition.
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Cylindrical tube Cylindrical corrugated               Square tube                           Hexagonal with web

Figure 2(b). Shape of various tubular tube.

Figure 3. New mechanism of tensile crash box.

Figure 4. Design of tensile crash box (half section view).

Compress-expand tube stiffness material is lower than tensile crash box material. The purpose is to
assure that deformation and energy initially absorb by those compress-expand tube rather than tensile
crash box body. While on tensile crash box higher stiffness is to reduce deformation at the body. Material
properties of tensile crash box see Table 3 and design of tensile crash box see Figure 4.
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Table 3. Tensile crash box material properties (exclude compress-expand tube)
Elastic E= 400 [GPa]

v= 0.284
σy= E/500 [MPa]

Plastic Eh= E/100 [GPa]

4. Analysis of Finite Element Results
Simulation of tensile crash box with compress-expand tube thickness from 1 [mm] until 3 [mm], radius
from 10 [mm] until 50 [mm], and hardening ratio (Eh/E) 1/20 and 1/100. Result of simulation load-
displacement curve of tensile crash box shown at Figure 6 until Figure 8 for Eh/E=1/20 and Eh/E=1/100).
When the tensile load applied to tensile crash box, pressure jig will moved along with tensile direction
and push the compress-expand tube inside the chamber. Deformation occurs at tube required energy to
plastically deformation, this mechanism able to absorb energy at tensile direction (Figure 5). Compress
parts penetrate inside the expand part and move stable, this condition consider as stable deformation
until the both edge of compress parts contact each other and this condition becomes unstable. Due the
design of compress-expand tube has length ratio (1:2:1), stable condition of absorption energy only
obtain at half of total length of tube.

(a)

(b)

(c)
Figure 5. Tensile crash box (a) at initial condition (b) at displacement

37.5 [mm] (c) at displacement 88.5 [mm]
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(a). Load-displacement curve (t=1[mm],
Eh/E=1/20).

(b). Load-displacement curve (t=1[mm],
Eh/E=1/100).

Figure 6. Load-displacement curve of tensile crash box (compress-expand t=1 [mm]).

(a). Load-displacement curve (t=2[mm],
Eh/E=1/20).

(b). Load-displacement curve (t=2[mm],
Eh/E=1/100).

Figure 7. Load-displacement curve of tensile crash box (compress-expand t=2 [mm]).

(a). Load-displacement curve (t=3[mm],
Eh/E=1/20).

(b). Load-displacement curve (t=3[mm],
Eh/E=1/100).

Figure 8. Load-displacement curve of tensile crash box (compress-expand t=3 [mm]).

The highest result of tensile crash box obtains at thickness condition of tube 3 [mm], radius 20 [mm],
and Eh/E=1/20 (Table 4). And the lowest condition obtain at thickness 1 [mm], radius 40 [mm], and
Eh/E=1/100. Unstable condition obtain when deformation of compress-expand tube inside the tensile
crash box become not fully compressed and yielded to bending rather than compress condition.
According to deformation shape of compress-expand tube, energy absorption only effective at maximum
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half of total length (100 [mm]). More than half length deformation becomes unstable. Energy equation
calculates only until approximately deformation occurs at half of total length of compress-expand tube.

Figure 9 shows that energy absorption of tensile crash box highly influenced by two parameters
condition; they are thickness (t) and hardening ratio (Eh/E) of compress-expand tube. Radius of tube
slightly influence at energy absorption, different radius showed almost similar energy absorption,
otherwise different thickness level showed much different in energy. Lower hardening ratio showed
lower energy absorption at same thickness and radius level, means that stiffness material of tube
determines energy absorption of tensile crash box.

Figure 9. Energy – Radius curve of tensile crash box using compress-expand tube.

Important results of this research that determined energy absorption of tensile crash box are thickness
level (t) and hardening ratio of compress-expand tube (Eh/E). Deformation of tube at radius 10 [mm] at
thickness 2 [mm] and 3 [mm] at both hardening ratio ignored due to deformation of compress-expand
tube become unstable, and only at thickness 1 [mm] hardening (Eh/E=1/100) is considered stable.

Eh/E=1/20 Eh/E=1/100
10 unstable 1.94
20 3.96 0.94
30 2.94 0.79
40 2.71 0.58
50 1.83 1.09
10 unstable unstable
20 10.28 2.10
30 5.80 2.09
40 4.68 1.53
50 4.05 1.25
10 unstable unstable
20 20.41 3.23
30 10.98 2.61
40 7.78 2.14
50 6.18 1.79

Energy [kJ]

1

2

3

Radius [m m ] Thickness [m m ]

Table 4. Result of simulation of tensile crash box using compress-expand tube.
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5. Conclusions
The study of new mechanism of energy absorption is investigated using finite element analysis. The
new mechanism introduce tensile crash box as energy absorption using compress-expand tube model to
absorb energy at tensile direction. Research conclusions of this study are following:

1. Compress-expand tubular tube was ideal as core of tensile crash box due to its stable
deformation characteristic. Tensile crash box could expand ability of compress-expand tube to
absorb energy not only at axially compress direction but also tensile direction.

2. Parameters that determined energy absorption of tensile crash box are thickness level (t) and
hardening ratio (Eh/E) of compress-expand tube.

3. Radius of compress-expand tube was small influence at energy absorption of tensile crash box
and tent to ignored than others two previous parameters.

6. References
[1] Paulsen, F., Welo, T., Sovik, O, P. A design method of rectangular hollow sections in bending.

Journal of Materials Processing Technology, Vol. 113, pp. 699-704.
[2] Paulsen, F., and Welo, T. 2001. Cross sectional deformation of rectangular hollow sections in

bending: Part I – experiments. International Journal of Mechanical Sciences, Vol. 43, pp. 109-
129.

[3] Johnson, A, F. 1973. Bending and torsion of anisotropic beams. International Journal of Solids
Structures, Vol. 9, pp. 527-551.

[4] Zheng, B., Shu, G., Xin, L., Yang, R., and Jiang, Q. 2016. Study on the bending capacity of cold-
formed stainless steel hollow sections. Jounal of Structures, Vol. 8, pp. 63-74.

[5] Haruyama, S., Oktavianty, O., Darmawan, Z., Kyoutani, T., and Kaminishi, K. 2016. Study on
Energy Absorption Characteristic of Cab Frame with FEM. International Journal of Mechanical,
Aerospace, Industrial, Mechatronic and Manufacturing engineering, Vol. 10, No:3, pp. 570-576.

[6] Chen, D, H., and Masuda, K. 2016. Rectangular hollow section in bending: Part I – Cross sectional
flattening deformation. Thin-walled structures, Vol. 106, pp. 495-507.

[7] Kecman, D. 1983. Bending Collapse of Rectangular and Square Section Tubes. International
Journal of Mechanical Science, Volume 25, No 9-10, pp 623-636.

[8] Kim, T, H., and Reid, S, R. 2001. Bending Collapse of Thin-Walled Rectangular Section
Columns. Computer and Structures, Volume 79, pp 1897-1911.

[9] Alexander, J, M. 1959. An approximate analysis of the collapse of thin cylindrical shells under
axial loading. Imperial College of Science and Technology. Available at:
http://qjmam.oxfordjournals.org/.

[10] Haruyama, S., Tanaka, H., Chen, D, H., and Khaidir, A. 2012. Study on the Deformation Modes
of an Axially Crushed Compact Impact Absorption Member. World Academy of Science,
Engineering and Technology, Volume: 6.

[11] Chen, D.H. 2016 Crush Mechanics of Thin-Walled Tubes. Florida: Taylor & Francis Group.
[12] Kenichi Y., Tsumura D., "Introduction of Hydraulic Excavator Simulation for Driver's Protective

Structure Cab during Fallen", Komatsu Technical Report, Vol.52, No.158 (2006), pp. 2-7.
[13] Karlinski, J., Ptak, M., Dzialak, P. 2013. Simulation Test of Roll-Over Protection Structure. Civil

and Mechanical Engineering, Vol. 13, no. 1, p. 57-63.
[14] Khorsandi, F., Ayers, P, D., & Truster, T, J. 2017. Developing and evaluating a finite element

model for predicting the two-post rollover protective structure nonlinear behavior using SAE
J2194 static test. Biosystem engineering, Vol. 156,  pp. 96-107.

[15] Haruyama, S., Muhamad, A, K., Kyoutani, T., Chen, D, H., & Kaminishi, K. 2013. Implementing
ALD in product development: The effect of geometrical dimensions on tubular member
deformation. Journal of World Academy of Science, engineering and Technology, vol. 7, pp.
1114-1118.


