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Abstract

In this study, crushing behaviour of corrugated metal-composite tube was examined experimentally under axial loading
condition. Six types of specimens, classified into two groups of metal and metal-composite, were tested under quasi static axial
loading. The failure mechanism and failure history of the specimens were presented and discussed. The experimental result
showed that corrugated metal composite tubes demonstrate perfect energy absorption characteristics in terms of uniformity of
load-displacement diagram, reduction of initial peak load and controlling failure mechanism. Moreover, it was also found that
adding filament wound layer of composite on the surface of metallic corrugated tube compensated weakness of corrugated metal
tubes, which is low energy absorption capacity. Metal-composite corrugated showed high energy absorption capacity as well as
preferable crushing characteristic under the axial loading.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of Implast 2016
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1. Introduction

In the last two decades, many researchers dedicate their research to study crush behaviour of thin-walled
metal or composite tubes. Considering excellent absorption efficiency, lightweight and low cost of manufacturing,
thin walled tubes are the most popular (or the most widely used) energy absorbing devices.

Large amount of studies utilizing theoretical, numerical and experimental methods has been conducted to better
explore thin walled tubes and their capacity to absorb energy. Various cross section such as square, circular,
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hexagonal, top hat, etc. [1-4] has been investigated. Among many shapes, circular metal tubes are one of the most
popular shapes of thin walled energy dissipating devices that absorb kinetic energy of impact by collapsing in
concertina and diamond folding modes. Alexander’s work [5] was one of first analytical studies conducted on
straight tubes.

The most effective method of energy dissipation for metal thin walled structures under axial impact is plastic
deformation. Energy absorption performance and collapse mechanism of different materials such as metal and
composite. Thanks to light weight and high strength characteristics, composite structures became one of best
alternative for metallic tubes [6—10]. Researchers tried different configuration for energy dissipation devices to
improve their controllability, energy absorption capacity and performance. Configuration such as bi-tubular tubes is
an effective way to increase energy absorption capacity by interaction[11,12]. Using honeycombs [13—16] and
foams[17,18]are also other approaches to increase interaction and improve energy absorption characteristics of thin
walled structures.

Experimental research and theoretical analysis conducted by Yu [6,7] presented experimental and analytical
investigations on deformation of circular tubes. Results showed that shifting form an axisymmetric or mixed mode
to a non-axisymmetric mode could occur by using special type of buckling initiator for large progressive
deformation of axially crushed circular tubes.

Experimental investigation for corrugated tube has been conducted by Singac [19]. Results showed that
corrugated tube has better performance in terms of force fluctuation. Moreover, corrugated tube showed highly
controllable characteristic during axial crushing. In order to control the collapse of thin walled tubes, many
researchers have suggested introduction of grooves on the surface of traditional metal tubes[20,21]. Haosseinipor et
al [22] have performed experimental study for thin walled steel tubes with circumferential grooves under quasi-
static compression. The results indicated that by grooving the tube wall they deform more stably.

Niknejad et al. [23] have conducted analytical study in order to predict mean folding force and total absorbed energy
per unit length of tube, and specific absorbed energy per unit mass of polyurethane foam-filled grooved tubes under
axial compression. Adding stiffener on the surface of tubes is another method of controlling deformation mode
which has been studied by Salehghaffari et al. [24] . Thin-walled tubes which were externally stiffened by multiple
rings were subjected to quasi static compression and results showed that this type of tube has efficient energy
absorption performance. Effect of tapering and introducing axisymmetric indentation has been studied by Acer et al.
[25]. Chen et al[26] have numerically simulated corrugated tubes and showed that the deformation mode can be
classified into axisymmetric and asymmetric modes for corrugated tubes under axial load.

In order to minimize damage to vehicle energy absorber, device should have capacity to absorb large amount of
energy and meanwhile be lightweight to reduce fuel consumption[27-30]. In the case of misaligned crushing energy
absorber should have reliable performance [31]. Many researchers tried numerical optimization in order to find
optimized design for crash absorbing components [25,32,33].

Controlling deformation mode and wavelength of progressive buckling is one way to have denser collapse formation
[34,35]. Composite materials also have high capacity of energy absorption and many researchers have conducted
studies to understand behaviour of this type of tubes as energy dissipation devices[36—40]. Elgalai et al. [41] have
studied crushing of composite corrugated tubes under quasi static loading. Experimental results showed that
changing corrugation angel and fiber type enhance the energy absorption performance of composite tube.

Previous investigation for corrugated tubes showed that they have better energy absorption performance in
comparison to traditional straight tubes. However, these studies focused only on the axial compression experiments
and finite element numerical simulations under quasi-static loading conditions. Although corrugated tube exhibit
very good energy absorption characteristics, there are few papers published on the experimental investigation of
corrugated metal tubes under axial impact loading conditions. For corrugated metal-composite tube there is no
available report in the literature. In the present study, the energy absorption behaviour of corrugated metal and
metal-composite tubes under axial loading condition was dealt. Three different types of specimens were fabricated
and tested experimentally. Effect of adding composite and corrugation geometry were determined to understand the
response and energy absorption properties of corrugated metal-composite tubes.

2. Experiments: description and result

In this investigation, we have used experimental methods to examine energy absorption under axial quasi-
static loading. Although, these devices are generally used in higher velocities, usually quasi-static loading is
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analysed first, because similar predominant geometrical effects occur under dynamic loading.

2.1. Testing specimens

In order to have same material properties for all specimens, they were cut from single aluminium tube. The
overall height of all the specimens was 70mm. Lath machine was used for precise trimming of specimens. To obtain
perfect and progressive buckling, the tubes cross-sectional thickness was chosen to be t=1.5 mm. Figurel illustrates
specific view of corrugated metal and metal-composite specimens, respectively.

SWCD CWCD

Figurel: Close view of corrugated meta and metal -composite specimens

Details of specimen’s geometry for lateral compression are shown in Table 1.

Table 1 - details of tested specimens

Number of Corrugation length Corrugation depth Description

corrugation (mm) (mm)
S no corrugation - - Simple (metal without composite)
SWCD 3 18 35 Simple with corrugation deep
CWCD 3 18 3.5 Metal- Composite with corrugation deep

2.2. Material property

All samples in this research were made of aluminium alloy. The material properties were obtained by
carrying out quasi-static tensile tests on extruded tube. Cut strips were parallel to the tube axis. Aluminium strips
were cut from three different parts of tube, including its two ends and one from centrepiece. Then tension test was
carried out on those three different pieces. Engineering Stress-strain curves and shape of one of those strips is
demonstrated in figure 2.

2.3. Preparation of Test Specimens

Aluminium alloy tubes were used instead of other materials like mild steel because this alloy has better
forming characteristics. In addition, aluminium is very affordable and easily accessible. ~Corrugations method was
based on stamping process. Harden steel was cast-off to make the dies for the process and consists of different parts
opposed to each other.
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Figure 2: Representative engineering stress-strain curves of tested tubes.

To make corrugation, a special machinery has also been invented. Then the dye was fitted in the machinery
and placed in adjacent axes with opposed directions by gear transmission system and the tubes were tightened
between two dies whilst rotation, gradually the two dies move closer to each other. Additionally, variation of
corrugation depth is possible by choosing different axis distance for two opposite dies. Figure 3, demonstrates the
corrugated tube and the dies assembly.

Figure 3: Stamping technique for fabrication of corrugations. Figure 4: alignment for filament winding process

After producing corrugation, filament wingding process was applied on tubes. All tubes including corrugated
and non-corrugated tubes were fixed on single plastic tubes and filament winding process was performed for all of
them simultaneously.

In this way, filament winding condition was constant for all specimens. Three layers of composite were added
to surface of all specimens. First layer was chosen +-45 degree and the two other layers was 90 degrees. Figure 4
shows alignment for filament winding process.

In filament winding process, glass fiber with a density 2400 gr/m* and an epoxy resin (mixture ratio with
hardener was 100 to 50, were employed Filament wound specimens were exposed to heater in order to make them
dry. Then, the specimens were put in oven with a temperature of 80 C for 3 hours to be post-cured. Cutting and
aligning of metal-composite tube was then done precisely.



1318 Arameh Eyvazian et al. / Procedia Engineering 173 (2017) 1314 — 1321

2.4. Testing Method

All the experiments were performed by a universal testing machine in Qatar University. The experiment
setup is showed in Figure 5. The tubes were tested in quasi-static loading. The load-displacement curve was
obtained for each case.

A specimen experimented on quasi-static axial loading in instruction universal testing machine with the full-
scale load of 200kN was utilized. This machine is calibrated every year. during the compression tests, samples were
put between two equivalent steel plates of the machine, without any further boundaries. Before testing, the load
plates were set parallel to each other. Axes of rigid plates, tubes and testing machine were also aligned carefully.
Figure 5 shows the schematic of tube and rigid plates of testing machine. To stimulate quasi-static condition and
make sure that no dynamic effect exists, all tubes were tested at a displacement rate of 5 mm/min. Compression test
were stopped when sharp increase observed in load-displacement diagram which indicates complete crushing of the
tubes. Built in automatic data acquisition system was used to record the load and displacements.

Figure 5: metal tube compression

2.5. Experimental results

Different energy absorption devices were designed for various purposes. The designer requires to know the
various characteristics of energy absorbers in detail. Hence, various parameters were defined to evaluate diverse
absorbers with ease. These parameters would be discussed further below.

Mean crushing load (N): The average crushing load response of absorber in complete deformation is called
the Mean load.

Total absorbed energy (J): During the crushing process, we can acquire absorbed energy by using the
calculations of area under the load-displacement curves. Numerical integration was used to calculate total absorbed
energy in this study. For instance, figure 6 illustrates load-displacement curve for different specimens. The total
absorbed energy is the area under given curves.

Specific absorbed energy(J/g): The result of dividing total absorbed energy by the weight of energy
absorption device.

In this section, experimental result is presented. Table 2, gives detail results from experiments.

Table 2- experimental detailed result for all specimens

S SWCD CWCD
mean load (N) 2.08E+04 1.22E+04 3.45E+04
absorbed energy (J) 1.04E+03 6.10E+02 1.73E+03
specific absorbed energy (J/g) 1.35E+01 7.92E+00 1.21E+01

In the load—displacement diagram, there are two stages; the first stage which is considerably a high load
and is called initial peak (for tubes without corrugation).
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This stage is followed by steady fluctuations which are related to formation of hinges (as second stage). This stage
keeps the deformation process until the tube is crushed fully. The last stage implies the end of crushing, due to sharp
increase in the load response. Experimental results for three specimens are shown in figure 6
6.00E+04
5.00E+04
4.00E+04

3.00E+04

Force (N)

2.00E+04

1.00E+04

0.00E+00
0.00E+00 1.00E+01 2 00E+01 3.00E+01 4.00E+01 5.00E+01 6.00E+01 7.00E+01
Displacement (mm)

Figure 6- experimental result for all specimens
3. Discussion
3.1. effect of corrugation on metal tubes

As it was discussed in pervious study [42,43] corrugation has significance effect on first pick load and load
displacement diagram fluctuation. As it can be seen in figure 6, in which the straight metal tube (S) and corrugated
tube (SWCD) were compared, it can be concluded that corrugation decreases the first initial peak load as well as
fluctuation of crushing load. However, a negative effect of corrugation is decreasing total absorbed energy which is
due to plastic work. It may be claimed that this plastic work was absorbed by tubes during corrugation process.
Also, mean load decreased from 2.08E+04 (N)to 1.22E+04 (N) (a 41.4 % reduction). In order to compensate this
negative effect, (as is discussed in the next section) composite layers were added to metal tube.

3.2. effect of adding composite layers on corrugated tubes

Adding composite layers to corrugated or straight tube increases the energy absorption capacity of metal tubes.
As it can be inferred from figure 6, adding composite layers to corrugated tube (specimen SWCD and CWCD)
increases the mean load by 280 %, and by considering weight of the tubes, the specific absorbed energy increases by
53 %. Simultaneously, composite layers lead to a reduction in load-displacement diagram fluctuation more than
corrugated metal tube. However, adding of composite layers relatively increases the initial peak load which is not
desirable. This can be interpreted that composite makes tube more stable for initial elastic deformation which is
responsible for initial peak load.

By comparing composite-metal corrugated and straight metal tubes, it can be inferred that specific absorbed
energy for both type are very close (1.35E+01 (J/g) for straight metal tube and 1.21E+01 (J/g) for metal-composite
tube). Moreover, composite-metal tubes have very desirable energy absorption characteristic which is no initial peak
load, smooth load-displacement diagram, and stable crushing mode. In other words, this type of tubes, thanks to the
existence of composite layers, do not have disadvantages of corrugated metal tubes which is low energy absorption
capacity, meanwhile they have all desirable characteristic for energy absorber.
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Conclusion

When the corrugation patterns are introduced into traditional metal circular tube, the corrugated tube undergoes

plastic deformation and folding according to the predesigned patterns. Following conclusion can be drowning:

The initial peak force and fluctuation of load-displacement diagram for corrugated metallic tubes is clearly less
than those for circular straight tubes.

Corrugation makes deformation mode more stable and controllable for both metal and metal-composite tubes.
Load-displacement diagram for corrugated tube has less fluctuation in comparison to straight tube. This
desirable characteristic of corrugated tube can be improving by adding composite layers to their surface.
Corrugated metal composite tubes have better absorption characteristics in terms of fluctuation of response
load.

Adding composite to corrugated metal tube compensate their weakness which is low energy absorption
capacity. Specific absorbed energy of composite corrugated tube is 53 % higher in comparison to corrugated
tube.
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