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Abstract: In this work, the impact of temperature on the crushing performance of multi-walled tube
(MWT) were investigated using a combined experimental, theoretical and numerical method. The
MWT was fabricated using extrusion technology, and the temperature-dependent axial crushing
experiment was performed on a hydraulic testing machine. The results show that the peak crushing
force (PCF), the mean force (Pm) and the specific energy absorption (SEA) decreased near-linearly by
21.7%, 30.7% and 30.7% as the temperature increased from 25 ◦C to 250 ◦C, while the crushing load
efficiency (CLE) was insensitive to temperature. The average forces obtained via numerical prediction,
theoretical analysis and experimental testing were basically consistent. The numerical results indicate
that varied temperature alters the number of dominant wavelets and the relative lateral deflections
of MWT. In addition, compared with the competitive structures, the energy absorption property of
MWT is excellent at high temperatures.

Keywords: multi-walled tube; crushing performance; elevated temperature; energy absorption

1. Introduction

A major challenge in civil engineering, automotive engineering and aerospace engi-
neering is to design various types of lightweight, low-cost and anti-collision structures
with high energy absorption capabilities to ensure the safety of instruments and passen-
gers [1–3]. In recent years, metal thin-walled tubes, as energy absorbing devices, have been
extensively studied due to their advantages of being simple to manufacture and having
outstanding energy absorption performance and stable deformation modes under crushing
force [4,5]. For the sake of elevating the energy-absorbing performance of thin-walled tubes,
varied cross-section configurations such as square [6,7], circle [8], triangle [9] and other
cross-sectional shapes [10,11] were designed. These studies showed that, compared with
the other cross-section structures, circular cross-section tubes have better energy absorption
performance and offer better load uniformity against axial and oblique load [12].

The main factors affecting the energy absorption properties of such tube components
are material properties and structural geometry. Due to good ductility, metal materials,
such as aluminum alloy and stainless steel, are the most commonly employed materials
for the fabrication of these tubes. Bhutada [13] found that the strengths of AA6061 T6 and
AA7108 T6 are stronger than that of the steel DP600 alloy at same weight. The performance
of the A17108T6 alloy is superior to that of the A16061T6 alloy. It can achieve more energy
absorption within a limited crushing distance. A17108T6 has increased the buckling load of
the collision tank and bumper crossbeam. This alloy has the impact of reducing the bending
of the bumper crossbeam and introducing greater loads to the collision tank. Even if a
higher strength A17108T6 alloy is used, the deformation of the collision tank is increased
and occurs earlier than that of the lower strength A16061T6 collision tank. Simhachalam
et al. [14] revealed that the AA7005 tube had minimal changes in specific energy absorption,
CFE, peak force, and average force. The CFE change varied between 0.54 and 0.48, with
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a 6% rate of change between samples. The SEA alters between 51 and 53 kJ/kg, with a
variation of 4% between samples. The average force in the experiment was 27 kN, which
changed by 2.9% compared to the theoretical prediction. The deformation mode of AA7005
shows progressive folding and axisymmetric rings in both compression tests and static
simulations. The experimental crushing test and the numerical simulation prediction of
AA7005 tube was also very consistent in force-displacement results, except that the peak
force was higher than the numerical prediction. The average force obtained via numerical
prediction was 25.7 kN, which changed by 4.6% compared to the experimental results.
For thin-walled tubes, the energy dissipation mechanism was identified through the local
folding and bending deformation of metal materials, that is, the energy dissipation is
usually concentrated in a relatively narrow area of structure; however, the rest only has
rigid motion, resulting in the low utilization rate of plastic deformation and limited energy
absorption efficiency [4].

For the sake of further elevating the energy absorption performance of thin-walled
structure, the design concept of a multi-wall element is used to enhance the crashworthy
capability of thin-walled structures, which has a simpler fabrication process and provides
better weight efficiency than adding foam and inner tube [15–17]. Kim et al. [18] revealed
that multi-walled tubes exhibited a marked improvement in collision energy absorption
and weight efficiency compared to traditional single tubes.

The results indicate that the SEA of the proposed tube is 1.9 times higher than that
of the corresponding single tube. Zhang [19] studied experimentally and numerically the
compression behavior of multi-walled tubes with varied cross-sections. It was found that
multi-walled tubes were more efficient than a single tube in specific energy absorption.
The SEA of multi-walled tubes can be enhanced by 120–220%, relative to single tubes. In
addition, other multi-walled tubes inspired by the micro-structure of biological tissues
have also been demonstrated to elevate the crashworthiness performance [20–24]. All these
studies show that the crashworthy performance of multi-walled tubes can outperform
a single tube. Many works have been carried out to clarify why the energy absorption
performance of multi-walled tubes is higher than that of single tubes by using experimental
tests [25], theoretical analyses [26] and numerical simulations [27]. Adding a multi-cell wall
alters the deformation mode of thin-walled tubes and causes more elements to participate
in plastic deformation and energy dissipation [28].

Multi-walled tubes can operate at high temperatures and are required for a range of
critical structural engineering applications, such as construction, automotive and aerospace.
At present, the research on the crashworthiness behavior of thin-walled metal tubes mainly
focuses on room temperature; however, the crushing deformation of thin-walled metallic
tubes is sensitive to temperature [29]. Dipaolo [30] investigated the impact of ambient
temperature on the crushing behavior of square tubes. The results revealed that the loading
and energy absorption capability of the secondary folded phase are significantly affected
by ambient temperature. Tian [31] theoretically predicted the impact of a high-temperature
environment on the crushing performance of a metal sandwich tube. It is shown that the
average crushing loading of sandwich tubes gradually reduces as the temperature increases.

Overall, previous research has found that multi-walled tubes have better energy
absorption performance and mass efficiency than a single tube at room temperature;
however, according to the authors’ knowledge, until now there have been no studies
focusing on the crushing performance of MWTs under high temperatures. In this paper, the
effect of temperature on crushing behavior and the energy absorption performance of MWTs
are investigated using a combination of experimental testing, numerical prediction and
theoretical methods. Moreover, the effect of geometrical parameters on energy absorption
performance are clarified.

2. Temperature-Dependent Model of a Multi-Walled Tube

As shown in Figure 1, a MWT was prepared in this study to investigate the axial
crushing behavior at different temperatures. The geometric characteristics of the MWT
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are as follows: inside diameter d, height H, tube wall thickness tr and the thickness of
multi-walled wall is tc. In this work, the units for all quantities included in the equations
are in millimeters (mm).
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2.1. Energy Absorbed by Multi-Walled Tubes

In this work, the simplified super folding element method was used to evaluate the
mean crushing loading of a multi-walled tube. A complete fold was used for analysis and
the length of each folded wave is assumed to be 2HF. The external wall was dissipated by
bending energy and membrane energy in thin-walled tubes.

The energy balance condition is written as

2Pm(T)HFκ = Wbending + Wmembrance (1)

where Pm(T), Wbending and Wmembrance are the mean crushing loading, bending energy
and membrane energy, respectively. In a complete fold, an effective crushing distance
coefficient k is added into Equation (1), which changes between 0.65 and 0.75 for multi-
walled tubes [32]. In this work, the value of k is regarded as the average value between 0.65
and 0.75, and 0.7 is employed for all walls.

2.2. Bending Energy

The shape of the deformation zone is shown in Figure 2. Each element contains three
line segments: two arcs of equal radius, connected by lines tangential to the arcs. By
definition, the length of all four arcs is equal to the effective hinge length, aH. Note that H
is the semi-plastic wavelength that will be determined in the analysis. For simplicity, no
variation of H is assumed during the collapse. At a given axial crushing distance, the shape
and instantaneous position of the deformation zone is defined by either the instantaneous
radii, r1 and r2, or the two angles, α and β. The bending energy Wbending is obtained by
summing up the dissipated energy at stationary hinge lines. Therefore, the bending energy
is written as [33]:

Wbending = 2πM0Lc (2)

where Lc is the length of sectional profile and M0 is the full plastic bending moment per
unit length and can be obtained as follows:

M0 = σ0(T) t2/4 (3)

where t is wall thickness (t = tr or tc.) and σ0(T) is the flow stress of base material at
temperature T, which can be expressed as

σ0(T) = 0.5
(
σy(T) + σu(T)

)
(4)
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where σy(T) and σu(T) are, respectively, the yield strength and the ultimate strength of the
base materials.
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2.3. Membrane Energy

In the present study, the MWT is composed of three component elements, namely
the shell angle element, the concave T-shaped element and the cross element, as shown in
Figure 3. The total membrane energy is obtained by adding the membrane energy of all the
constituent elements. According to Zhang’s model [34], in stretch mode, the membrane
energy consumption at the corner is

Wmembrane = WCE
membrane + WTPE

membrane + WCFE
membrane (5)

WCE
membrane = 2M0∆S/r′(θ) (6)

where ∆S, r′(θ) and M0 are the area of static hinge deformation, the fully plastic bending
moment and the hinge bending radius of curvature, respectively, and can be obtained
as follows:

∆S = H2 tan θ/2 (7)

r′(θ) = a1Ba2 t1−a2(tan(θ/2) + a3/ tan(θ/2)) (8)

where H is the folded wavelength of the unit and θ is between folded units.a1, a2, a3 are
constants, and B is the length of the other side of the folding unit.
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The T-shape element is a three-plate element. A three-plate element consists of a
corner element with a central angle 2φ and an addition plate for inserting the symmetry
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plane of the corner element. According to Zhang [33], the membrane energy dissipated by
the additional plate is as follows:

WTPE
membrane = 2M0H2

[
4 tan(ϕ/2)

t
+

tan ϕ

a1Ba2 t1−a2(tan ϕ + a3/ tan ϕ)

]
(9)

where ϕ is the angle between two adjacent plates.
The membrane energy dissipated and the crisscross element is calculated as follows [34]:

WCFE
membrane =

8
3

M0H2(
tan ϕ

a1Ba2 t1−a2(tan ϕ + a3/ tan ϕ)
+

4 tan(ϕ/2)
t

) (10)

The half-folded wavelength can be acquired via

∂Pm(T)
∂HF

= 0 (11)

The energy balance equation can be written as

2πM0Lc + 2N1M0∆S/r′(θ) + 2N2M0H2
[

4 tan(ϕ/2)
t + tan ϕ

a1Ba2 t1−a2 (tan ϕ+a3/ tan ϕ)

]
+ 8

3 N3M0H2( tan ϕ

a1Ba2 t1−a2 (tan ϕ+a3/ tan ϕ)
+ 4 tan(ϕ/2)

t )− 2HFκPm(T) = 0
(12)

3. Experiment
3.1. Materials and Fabrication

In this study, the direct hot extrusion method was used. A schematic representation
of the process is shown in Figure 1. In the process, the billet is heated to the required
temperature first, and then it is extruded along the same direction of the ram or punch.
Frictions between die and billet and mandrel and billet are quite important. In the hot
extrusion process, several factors affect temperature variation: flow stress versus strain
based on temperature and strain rate, plastic deformation (homogenous and redundant
work) and friction coefficient. The 6061 aluminum alloy (Al—1.12; Mg—0.65; Si—0.23;
Fe—0.015; Mn—0.19; Cu—0.09; Cr—0.023; Ti—0.18; Zn—0.014; Ca) in the tube extrusion
was employed in a MWT in this work. The MWT was prepared under the extrusion
conditions of billet homogenization at 450 ◦C for 8 h, pre-heating at 450 ◦C, with an
extrusion speed of 25 cm/s, in the 150-ton hydraulic press machine (Shandong Xingchen
Pipe Industry Co., Ltd., Rizhao City, China). Extruded MWT specimens are shown in
Figure 4. The mass and dimensions of the prepared specimens are listed in Table 1.
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Table 1. Mass and dimensions of the fabricated specimens (mm).

Specimen Mass (g) d tc tr H

MWT 18.01 15 1 1 42

3.2. Test Setup and Equipment

The axial quasi-static crushing test was performed on a hydraulic testing machine
(MTS-880, MTS Corporation, 100 kN) with an environmental chamber (the temperature
had an upper limit of 400 ◦C), as shown in Figure 5. The tested specimens were heated at a
speed of 5 ◦C/min until the test temperatures (25 ◦C, 150 ◦C and 250 ◦C) were reached. All
samples were placed in an ambient chamber and kept for 30 min to keep the temperature
uniform inside the samples. The MWT was loaded at 1 mm/min until it was compacted.
The loading-displacement curve was obtained by a computer system, and the deformation
process was captured by high-definition cameras. To ensure repeatability at each target
temperature, the three repetitive tests of samples were conducted.
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Figure 5. Test setup and equipment.

4. Numerical Modeling

The commercial code ABAQUS/Explicit was used to investigate the influence of
temperature on the crushing behavior of specimens. In numerical models, as displayed in
Figure 6, four-node shell elements (S4R) were employed to discretize the multi-walled tube
and the upper and lower rigid plates. The lower rigid plate is fixed, while the upper rigid
wall is constrained in all degrees of freedom except three directions. The moving rigid wall
moved downward at a speed of 2 mm/min to guarantee that the crushing behavior was
quasi-static. The node surface contact algorithm was used to model the contact between
the tube and the rigid plate, while the automatic single surface contact algorithm was used
to model the contact of the tube itself. The friction coefficient was set as 0.2. To ensure
calculation accuracy while reducing calculation costs, the average size of the MWT was
0.5 mm. The Al 6061’s material properties employed in the simulation model are listed
in Table 2.
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Table 2. The Al 6061 material parameters used in the simulation model.

Temperature
(◦C)

Young’s Modulus
(MPa)

Yield Strength
(MPa) Poisson’s Ratio

25 70,000 175 0.3
150 65,300 165 0.3
250 53,000 136 0.3

5. Results and Discussion
5.1. Crush Response

Figure 7a–c show the crushing loading–displacement curves of MWTs under varied
temperatures. All the loading–displacement curves present the similar trends with five
typical features: an initial linear elastic region, a non-linear increasing until the yield point,
a maximal force drop after yielding, a force fluctuation region with wave crests and a
densification region with rapidly increasing force. Generally, every force drop corresponds
with a fold formation.
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Figure 7. Crushing loading–displacement curves of tested specimens: (a) 25 ◦C; (b) 150 ◦C; (c) 250 ◦C;
(d) the average force and specific energy absorption at varied temperatures.

The peak crushing force (PCF), average force (Pm) and specific energy absorption
(SEA) decrease near-linearly, as shown in Figure 7d, by 21.7%, 30.7% and 30.7% as the
temperature rises from 25 ◦C to 250 ◦C. This decrease in material properties is mainly
caused by a thermal softening effect. The temperatures have an obvious influence on the
crushing performance and energy absorption capabilities of MWT.

Figure 8 shows sequential pictures of MWTs during the crushing process under differ-
ent temperatures. It can be seen that the deformation history of all specimens under varied
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temperatures are similar: failure occurs preferentially near the upper plate, accompanied
by a concertina-like mode, and the distal end is barely deformed. Then, a regular and
successive fold occurs at the bottom of the first folds as the crushing displacement increases.
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5.2. Validation

Figures 7–9 and Table 3 show the comparison between FE predictions, experimental
results and theoretical analysis for crushing performance and energy absorption. It was
found that, during the crushing process, the crushing force fluctuation obtained by the
FE predictions is close to the experimental results, and the finite element models well
describe the deformation mode of MWTs at different temperatures in Figures 8 and 9.
It can also be seen that a good agreement between the average forces is obtained, as
observed through finite element prediction, theoretical analysis and experimental testing
(Figure 7 and Table 3). Therefore, the numerical simulation model employed in this study
is convenient and accurate and can be employed to research the crushing performance of
MWTss at varied temperatures.
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Table 3. The energy absorption parameters for samples at varied temperatures.

Temperature
(◦C) Type of Result PCF

(kN)
Pm

(kN)
SEA
(J/g)

CFE
(%)

25
Test 30.88 20.79 25.99 67.32
FEM 31.9 21.5 26.87 67.39

Theoretical - 21.42 26.77 -

150
Test 26.80 17.70 22.14 66.04
FEM 27.4 17.9 22.39 65.33

Theoretical - 17.83 22.30 -

250
Test 24.19 14.36 17.95 59.36
FEM 24.3 15.01 18.75 61.17

Theoretical - 14.6 18.25 -

5.3. Collapse Mechanisms

FE method is used to reveal the deformation morphologies of MWT in the crushing
process and research the effect mechanism of temperature on the deformation morphology
of MWT. The local coordinates of multi-walled tubes are shown in Figure 10. x/L indicates
the relative position of a point on the selected path (o1 p1 for the multi-cell wall and o2 p2 for
the tube wall) in MWT, whilst w is the lateral deflection of the selected point.

Metals 2023, 13, x FOR PEER REVIEW  10  of  15 
 

 

(°C)  (kN)  (kN)  (J/g)  (%) 

25 

Test  30.88  20.79  25.99  67.32 

FEM  31.9  21.5  26.87  67.39 

Theoretical  ‐  21.42  26.77  ‐ 

150 

Test  26.80  17.70  22.14  66.04 

FEM  27.4  17.9  22.39  65.33 

Theoretical  ‐  17.83  22.30  ‐ 

250 

Test  24.19  14.36  17.95  59.36 

FEM  24.3  15.01  18.75  61.17 

Theoretical  ‐  14.6  18.25  ‐ 

5.3. Collapse Mechanisms 

FE method is used to reveal the deformation morphologies of MWT in the crushing 

process and research the effect mechanism of temperature on the deformation morphol‐

ogy of MWT. The local coordinates of multi‐walled tubes are shown in Figure 10.  /x L  
indicates the relative position of a point on the selected path ( 1 1o p   for the multi‐cell wall 

and  2 2o p   for  the  tube wall)  in MWT, whilst w  is  the  lateral deflection of  the selected 

point. 

 

Figure 10. Definition of local coordinate system of MWT. 

Figure 11 shows the lateral deflection—the relative position of the selected point in 

the multi‐cell wall. It can be seen that when the crushing displacement is 2.2 mm, there 

are two dominant wavelets near the end of the multi‐cell wall; however, there is one dom‐

inant wavelet near the end of tube wall. The relative lateral deflections are almost the same 

under different temperatures. As crush displacement increases to 6.2 mm, the dominant 

wavelet does not change, but the relative lateral deflections of the multi‐cell wall and the 

tube wall under 150 °C and 250 °C are larger than those under 25 °C. The main reason is 

attributed to the softening of the material at high temperatures. As the crushing displace‐

ment further increases to 12.2 mm, there are five dominant wavelets in the multi‐cell wall 

but only four dominant wavelets in the tube wall. The number of dominant wavelets and 

the relative lateral deflections of the multi‐cell wall and the tube wall under 150 °C and 

250 °C are larger than those under 25 °C. 
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Figure 11 shows the lateral deflection—the relative position of the selected point in
the multi-cell wall. It can be seen that when the crushing displacement is 2.2 mm, there are
two dominant wavelets near the end of the multi-cell wall; however, there is one dominant
wavelet near the end of tube wall. The relative lateral deflections are almost the same under
different temperatures. As crush displacement increases to 6.2 mm, the dominant wavelet
does not change, but the relative lateral deflections of the multi-cell wall and the tube wall
under 150 ◦C and 250 ◦C are larger than those under 25 ◦C. The main reason is attributed
to the softening of the material at high temperatures. As the crushing displacement further
increases to 12.2 mm, there are five dominant wavelets in the multi-cell wall but only four
dominant wavelets in the tube wall. The number of dominant wavelets and the relative
lateral deflections of the multi-cell wall and the tube wall under 150 ◦C and 250 ◦C are
larger than those under 25 ◦C.
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Figure 11. The lateral deflection of any a point on the selected path: (a) Path-1 and (b) Path-2 at
different temperatures.

5.4. Parametric Simulations

In this section, the effects of key factors of multi-walled tubes on crushing behavior and
energy absorption performance are researched using the FE method. The key geometrical
parameters of MWTs are of a fixed value (H = 42 mm, d = 28 mm); however, the thickness
of multi-walled tube changes. It can be seem that energy absorption parameters, including
the peak crushing force (PCF), the mean crushing force (Pm), the crushing force efficiency
(CFE), and the specific energy absorption (SEA), increase as the thickness of multi-walled
tube increases but decrease as the temperature increases, as seen in Figure 12. The wall
thickness of MWTs has an obvious impact on the energy absorption parameters of MWT.
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6. Comparison with Competing Topologies

To compare the energy absorption performance of multi-walled tubes (MWTs) with
competing structures at different temperatures, Figure 13 shows the experimentally mea-
sured specific energy absorption with unit mass and unit volume as functions of the
temperature. Compared with foam [34–40], lattice [41], and foam-filled tube [42–44], it can
be seen that the specific energy absorption of the MWT is prominent at high temperatures.
In terms of loading capacity and energy absorption performance, the MWT is superior to
metal foam.
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7. Conclusions

In this research, the influence of high temperature on the crushing characteristics
and energy absorption performance of multi-walled tubes (MWTs) are studied through
experimental testing, theoretical analysis and FE predictions. It was shown that the peak
crushing force (PCF), average force (Pm) and specific energy absorption (SEA) decrease near-
linearly by 21.7%, 30.7% and 30.7% as the temperature increases from 25 ◦C to 250 ◦C. A
good agreement between the average forces obtained via numerical simulation, theoretical
analysis and experimental testing was achieved. The temperature had an impact on collapse
mechanisms. The number of dominant wavelets and the relative lateral deflections of the
cell wall and the tube wall under 150 ◦C and 250 ◦C were larger than that under 25 ◦C.
The thicknesses of the multi-walled tubes have an effect on the crushing behaviors and
the energy absorption capacity of MWTs. Compared with competing lattice materials
and structures, the energy absorption performance of MWTs are more prominent at high
temperatures on the material selection map.
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