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Abstract. Multi-cell thin walled columns are highly efficient in energy absorption un-
der dynamic axial compression. In this study, the semi-circular and wavy shaped lon-
gitudinal stiffeners are placed around the circumference of the tube in order to provide
support and strength, forming multi-cell feature in the structure. Then, numerical ap-
proach is employed to crush these configurations in the axial direction under dynamic
loading. The effect of the variation of the semi-circular and wavy stiffeners arrangement
is studied by changing the shape, position and quantity of the stiffeners, attached to the
single and the bi-tubular metallic tubes’ configurations. Number of configurations can
be classified by the number of the employed curved stiffened shells. The mass in each
configuration is maintained as the same by adjusting the thicknesses of the tubes and the
stiffeners. Energy absorption parameters for all of the configurations are compared with
published experimental literature of standard single tube and the tube with cross straight
stiffeners. Deformation modes and energy absorption characteristics are evaluated and
discussed for all of the proposed configurations. Results indicate that the performance of
the semi-circular shaped stiffeners is superior to the wavy-shaped stiffeners in tailoring
and optimizing the energy parameters.
Keywords: Dynamic axial crushing, Wall supporting stiffeners, Metallic tubes, Energy
absorption, Finite element modeling, Wavy stiffeners, Bi-tubular tubes

1. Introduction. Many applications in engineering, in particular, aerospace and au-
tomobile industries need the structural designs to be capable of energy absorption to
minimize human injuries. Over the past three decades, exploration of structural designs
with enhanced energy absorption capabilities has been research interest [1]. Thin-walled
metal tubes are one such structure which are mostly employed as an energy absorbing
devices under axial crushing due to efficient energy absorption characteristics along with
low cost and ease of manufacturing. Theoretical, numerical and experimental evaluations
of energy absorption characteristics of metal columns with various cross-sections like cir-
cular [2], square and hexagonal [3] have been studied under axial impact loadings, which
absorb the energy by deforming themselves in different kinds of deformation modes like
locally deformed concertina mode, diamond mode, mixed mode or globally deformed Eu-
ler buckling mode under axial crushing, depending on the geometry, material parameters
and boundary conditions [4].

Several modification to thin-walled tubes such as filling tubes with different cellular
materials or structures including metallic foams [5,6], multi-tube usage [7] and generating
corrugated/grooved surfaces on the tubes [8] has been attempted and found to be effective
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for increasing energy absorption capacity and structural safety. Theoretical predictions
of the mean crushing load for the single-cell, double-cell and triple-cell square sections
under axial loading proved that multi-cell tubes absorb higher energy as compared to
single-cell columns [9]. The multi-cell choice is based on the observation that the SEA
of a square tube decreases with b/t, means that with the same height and wall thickness
but different widths, the one with a small width will have a higher SEA than that of the
one with a large width. A 50% gain in SEA is achieved when a square tube is divided in
multi-cells of 3 × 3 cells [10]. A similar observations of energy absorption improvement
in the multi-corner tubes under the axial crushing was reported by Yuen et al. [11] and
Najafi and Rohani [12] using both analytical and numerical approaches. Circular tubes
with single, double, triple and quadruple cells also revealed the same characteristics under
the axial compression [13].

To improve the performance of crashworthiness in thin walled cylinders, researchers
used bi-tubular configuration. It is shown that the square sectional bi-tubes with parallel
and diamond arrangements, showed that the absorbed energy of bi-tubes is more than
the summation of the absorbed energy of inner and outer tubes loaded separately [14].
A bi-sectional bi-tubular metal thin-walled structure consisting of an outer circular tube
and an inner tube with different polygonal sections such as triangle, square or hexagon
shows that bi-tubular structures with hexagonal inner tube have more energy absorption
capability than the other bi-tube combinations [15]. The energy absorption is also affected
by the length differences of bi-tubal structures [14].

Though researchers have done series of numerical and experimental work on the energy
absorption of multi-cell single and bi-tubular tubes’ structures, curved stiffeners support-
ing the walls of the circular tubes are rarely studied. In this study, a new stiffened-tube
concept is presented where the walls of a circular tube are stiffened with semi-circular
and wavy shaped stiffeners in a single and later extended to a bi-tubular arrangement.
The numbers of stiffeners are placed in ascending order in the proposed configurations
till the circumference of the outer tube is almost filled with stiffeners. A dynamic ax-
ial crushing of such structures is performed numerically to find out the performance of
the proposed configurations for energy absorption characteristics. Results are compared
among different configurations along with two selected experimental configurations [13] of
a single tube and a single tube with cross-stiffeners. In this paper’s organization, Section
2 describes the proposed structural configurations. The energy absorption indicators are
defined in Section 3. The crushing response of the proposed configurations and the results
of their energy absorption are discussed in Section 4. Section 5 concludes the work.

2. Proposed Configurations. A series of structural configurations consisting of an
outer tube of diameter D, length L, semi-circular stiffener’s radius Rs and thickness t
for single tube configurations while with additional parameters of inner tube diameter d
and wavy stiffeners’ radii R1 = R2 = R3 for bi-tubular configurations is shown in Figure
1. The configurations can be separated in five groups of semi-circular wall stiffened sin-
gle tube system (STS), wavy wall stiffened single tube system (WS-STS), semi-circular
wall stiffened bi-tubular tube system (BTS), wavy wall stiffened bi-tubular tube system
and reference configurations as shown in Figures 1(b)-1(f), respectively. The proposed
configurations nomenclature is defined as SαA-STS/BTS where Sα shows the number of
wall stiffeners, and A is the type of stiffener; WS is used for wavy stiffeners while semi-
circular stiffeners are not designated by any symbol being the default configuration and
STS/BTS describes single tube system/bi-tubular tube system. The reference configu-
rations for comparison are named as ST-CS-Rn where ST shows single tube, CS means
cross-stiffeners and Rn defines the reference number of the configuration. In total, thirteen
configurations are proposed including two reference configurations and one single wavy
tube (SWT).
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Figure 1. (a) Schematic of the proposed configuration; S4-STS (b) STS
configurations; (c) WS-STS configurations; (d) BTS tubes’ configurations;
(e) WS-BTS configurations; (f) reference configurations

Figure 2. Stress-strain curve for AA 6060 T4 [16]

The proposed configurations including stiffeners, in this study are all metallic. The tube
and stiffeners’ material is extruded aluminum AA 6060-T4 [16] with Young’s modulus of
68.21 MPa, yield strength of 80 MPa, ultimate strength of 173 MPa and Poisson’s ratio of
0.3. The stress-strain curve of the selected material is shown in Figure 2. The structural
information of the proposed configurations is listed in Table 1 where the thicknesses of
each configuration are adjusted to keep the mass in each configuration as the same.

3. Crashworthiness Energy Absorption Indicators. The energy absorption can
be described with following defined indicators which can be determined from the load-
displacement curve as follows.

Energy Absorption (EA): The area under the force-displacement curve during axial
crushing is the energy absorption and can be calculated as:

EA =

∫
Fdδ (1)

where F is the crushing force and δ is the crushing distance.
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Table 1. Geometry parameters of proposed configurations

Configuration L (mm) D (mm) d (mm) t (mm) Rs (mm) R1 = R2 = R3 (mm)
S4-STS 200 80 – 1.73 8 –
S6-STS 200 80 – 1.5 8 –
S8-STS 200 80 – 1.32 8 –

S12M-STS 200 80 – 1.07 8 –
SWT 200 80 – 2.4 8 –

S4-WS-STS 200 80 – 1.7 – 10
S6-WS-STS 200 80 – 1.45 – 10

S6-BTS 200 80 40 1.2 8 –
S8-BTS 200 80 40 1.07 8 –

S4-WS-BTS 200 80 40 1.3 – 10
S6-WS-BTS 200 80 40 1.15 – 10

ST-R1 200 80 – 2.55 – –
ST-CS-R2 200 80 – 1.55 – –

Specific Energy Absorption (SEA): It is the energy absorbed per unit mass (m) of
thin-walled member and can be computed as:

SEA =
∫

Fdδ
/

m (2)

Mean Crush Force (MCF): It is obtained by dividing the energy absorbed (EA) by
crushing distance δ as:

MCF = EA/δ (3)

Crush Force Efficiency (CFE): It is the ratio of the mean crushing force to the peak
crushing force (PCF). For an ideal energy absorber, the CFE is 100% and it can be
calculated as:

CFE = MCF/PCF (4)

4. Performance of the Proposed Models.

4.1. FE modeling and validation. Abaqus/Explicit is used to simulate the dynamic
axial compression of proposed circular tubes’ configurations by applying a constant ve-
locity of 10 m/s. The material model is defined as per the stress-strain curve shown in
Figure 2. The structural configuration is placed between two rigid plates in such a way
that the lower plate is fixed in all directions, while the upper one can only move in the
loading direction. The shell S4R element is used for tube configurations while upper and
lower plates are modeled by using discrete rigid element. General contact is defined to
the whole model with a friction coefficient of 0.2. The element size is set as 2 mm after
sensitivity analyses. The final crushed distance is adjusted at 70% of the initial height
of the tube used as a reference for the evaluation of all energy absorption characteristics.
An experimental study [13] is selected for validation in which the experimental dynamic
axial behavior of a bi-tubular tube with cross stiffeners was presented. For validation,
the geometry, material properties and boundary conditions are kept exactly the same as
reported in the referred work. Figure 3(a) shows the comparison of force-displacement
curve and Figure 3(b) shows the deformation pattern as observed by Zhang et al. [13] and
determined in this study. A maximum difference of 16.6% (also observed by Zhang him-
self) is observed for MCF, in comparison to Zhang et al.’s model, validating the numerical
approach of the present work.
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Figure 3. FE model validation (a) force displacement curves, (b) defor-
mation modes

4.2. Results and discussion. Deformation plots for the proposed configurations are
shown in Figure 4. Most of the configurations showed an axisymmetric mode at start in
deformation modes, later converted to diamond or mixed modes. Axisymmetric modes
are preferable as they guarantee the progressive collapse despite having less energy ab-
sorption. The details of the number of lobes and their type in a specific configuration
are compiled in Table 2 where Diam, Axi and Mix show diamond, axisymmetric and
mixed mode respectively. The single tube system with semi-circular stiffeners generally
showed diamond modes after the first axisymmetric mode such as S4-STS, S6-STS, with
the exception of all diamond modes in higher intensity stiffened configurations such as
S8-STS, S12M, STS. The wavy stiffeners stiffened tubes showed a diamond or mixed
mode after the initial axisymmetric lobe formation. The bi-tubular configurations such
as S6-BTS, S8-BTS, S4-WS-BTS and S6-WS-BTS showed mixed modes in majority of
the configurations. In general, it can be said that the stiffener shape and geometry have a
considerable effect on mode shape ultimately defining the energy absorption in a specific
configuration. Single wavy tube showed 5 axisymmetric modes but because of very low
energy absorption indication, it is discarded in further discussion.

The energy absorption characteristic for a configuration can be determined from the
force displacement curve using Equations (1)-(4). The force displacement curves for STS
system along with reference configurations are shown in Figure 5(a) while a comparison of
force displacement curves for STS and BTS systems is drawn in Figure 5(b). Figure 5(c)

Figure 4. Deformation modes: (a) S4-STS, (b) S6-STS, (c) S8-STS, (d)
S12M-STS, (e) SWT, (f) S4-WS-STS, (g) S6-WS-STS, (h) S6-BTS, (i) S8-
BTS, (j) S4-WS-BTS, (k) S6-WS-BTS
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Table 2. Energy absorption indicators

Configuration Mass (kg) EA (KJ) PCF (KN) MCF (KN) CFE
Mode of

Deformation
S4-STS 0.345 9.45 86.1 67.5 0.71 1 Axi, 2 Diam
S6-STS 0.345 9.43 92.6 67.4 0.728 1 Axi, 3 Diam
S8-STS 0.345 11.23 99.2 80.5 0.81 3 Diamond

S12M-STS 0.345 11.17 99.3 82.14 0.827 7 Diamond
SWT 0.345 6.13 78.3 43.8 0.56 5 Axi

S4-WS-STS 0.345 8.03 83.6 57.3 0.685 1 Axi, 4 Diam
S6-WS-STS 0.345 7.88 86.8 78.8 0.65 1 Axi, 5 Diam

S6-BTS 0.345 8.6 82 61.5 0.75 1 Axi, 4 Mix
S8-BTS 0.345 9.5 89 67.8 0.76 2 Diam, 2 Mix

S4-WS-BTS 0.345 6.65 78.5 47 0.6 1 Axi, 2 Mix
S6-WS-BTS 0.345 7.2 78 51.3 0.66 1 Axi, 2 Mix

ST-R1 0.345 6.4 74.3 46.2 0.62 4 Axi, 1 Dia
ST-CS-R2 0.345 9.29 91.8 66.3 0.72 1 Axi, 3 Diam

Figure 5. Force displacement curves comparison (a) Semi-circular and
wavy stiffeners, (b) WS-STS and WS-BTS configurations, (c) STS and BTS
semi-circular and WS-configurations

shows semi-circular and wavy stiffened BTS systems comparison. In STS configurations in
Figure 5(a), the increasing number of semi-circular stiffeners shows an increase in energy
absorption, the highest being in S8-STS and S12M-STS. The wavelength of folders also
gets reduced reducing the sudden transitions in the graph. The wavy stiffened tubes
showed comparatively less PCF values with lesser EA though S6-WS-STS shows much
better results in comparison to S6-STS.

Figure 5(b) shows that STS is performing better than BTS while BTS is especially
helpful in reducing the PCF at the cost of less EA and MCF. The performance of semi-
circular stiffened tubes is better than wavy stiffened tube which is clear from Figure 5(c)
because of the mixed mode failure probability in the former. The energy absorption
indicators of all of the configurations are tabulated in Table 2 including EA, PCF, MCF,
CFE and mode of deformation along with constant mass of each configuration. The
highest energy absorption noted in S8-STS with an increase of 17.3% in comparison to
ST-CS-R2 but with high peak force, about 7.55 higher than ST-CS-R2. The MCF was
19.2% higher in S12M-STS than ST-CS-R2. The S12M-STS also showed the CFE value
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increase of 11.1%. S6-WS-STS showed the best performance among the wavy stiffened
configurations. BTS systems showed their effectiveness in reducing the PCF value with
CFE being in the range of 0.6-0.68.

5. Conclusion. The wall strengthening and supporting concept is employed in this study
by stiffening the metallic tube with semi-circular and wavy shaped supports. A number
of configurations are numerically studied to see their shape, geometry and arrangement
effects. The wall-stiffened thin-walled tubes show improved performance compared with
the cross-wall stiffeners. EA, MCF increase with a value of 17.3% and 19.2%, respectively,
for S12M-STS. The stiffeners’ shape and geometry affect the axial deformation. Wavy
shaped stiffened tubes show diamond and mixed modes while semi-circular stiffeners show
a shorter wavelength with increased number of folds with diamond deformation mode
shapes and increased energy absorption parameters. STS performs superior at the cost
of high PCF values while BTS systems show lower PCF at the cost of low EA and
MCF, showing predominantly mixed modes. The performance greatly depends on the
arrangement of stiffeners as the number of stiffeners increases around the perimeter, and
larger area is stiffened giving increased energy absorption and uniform deformation. It
can be seen that the superior energy absorption is because of increasing number of cells
while keeping the same weight. By making an optimization study of the arrangement
of the stiffeners shape and number across the perimeter, further energy absorption along
with reduced PCF is possible.
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