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Analysis and modelling

AbstrAct
Purpose: The main goal of this paper is to present experimental and numerical studies of dynamic axial crushing 
of thin-walled monotubal and bitubal foam-filled cylindrical sections.
Design/methodology/approach: Dynamic tests were performed on empty as well on foam-filled specimens. 
The effect of filling the specimens with different density polyurethane foams was studied as well. The explicit 
dynamics non-linear finite element code PAM-CRASH™ was used to simulate the crushing of columns.
Findings: The influence of fillers on energy absorption and behavior of circular thin-walled monotubal and 
bitubal arrangements was examined. Three main collapse modes were identified for the crushed samples, i.e. 
compound diamond (asymmetric), concertina (axisymmetric) and mixed mode fold formations.
Research limitations/implications: Further investigations concerning energy absorption of axially crushed 
monotubal and bitubal sections should be done. The influence of cross-section, foam density, impact velocity 
and other parameters should be examined more in details.
Practical implications: The polyurethane foams turned out to be a significant factor positively influencing 
the energy absorption capability and so by application in the longitudinal members of cars frame improving 
passengers’ safety.
Originality/value: Further investigations concerning compressing of foam-filled monotubal and bitubal 
sections were presented. The results achieved from conducted tests proved the dependence of energy dissipation 
on application of filling materials and composite structures.
Keywords: CAD/CAM; Energy absorption; Bitubal and monotubal circular specimens; Numerical techniques

1. Introduction 
Thin-walled sections as energy dissipation devices have been 

widely studied in the automotive industry for the past decades [1-9]. 
Comprehensive experimental and numerical studies concerning 
buckling patters and effects of filling thin-walled sections with 
different materials in order to provide their desirable crushing 
behavior have been investigated [10]. 

As the mass efficiency and folding pattern improvement are 
considerable topics in respect to specific energy absorption 
capability and therefore vehicle safety increase, recently much 
attention was paid to the application of foam filling arrangements 
[11-14]. The energy absorption enhancement may be obtained by 

filling the thin-walled structures with lightweight highly 
deformable materials (e.g. polyurethane and aluminum foams, 
honeycombs, etc.). An ideal energy absorbing devices should be 
lightweight, capable to deform progressively upon impact, 
ensuring at the same time the greatest possible crushing distance. 
Fillers undergo high deformation whereas interacting with wall 
profiles ensure their stable local buckling and therefore higher 
energy dissipation [15-18]. 

This paper presents further experimental investigations into 
axial compression of polyurethane foam-filled specialized circular 
“composite” structures. The studies are performed on empty and 
filled tubes (monotubal samples) as well as on double wall 
elements with polyurethane foam in between (bitubal profiles). 

1.		Introduction
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The effect of various foam density as well as double wall (bitubal 
specimens) application on the mean crushing force and the 
specific energy absorption were considered. Furthermore, finite 
element simulations using non-linear explicit code PAM-CRASH 
were conducted.

2. Experimental details 

2.1. Specimens 
Two types of specimens, i.e. monotubal and bitubal, were 

prepared for this study. The monotubal specimens were arranged 
as tubular ones, cut from mild steel (material R35) of 60 mm 
diameter and 1.0 mm thickness. The bitubal samples were carried 
out from two tubes: outer wall from the same material as 
monotubal profiles, i.e. steel R35, whereas inner wall from 
aluminum extrusion (material PA38) of 30 mm diameter and 
1.0 mm thickness. All sections had a length of 200 mm.  

The monotubal sections were tested as empty and filled with 
the polyurethane foam of different densities, while bitubal profiles 
only with the foam in between. Fig. 1 illustrates a typical test 
specimen geometry, whereas Fig. 2 presents tensile stress-strain 
curves of the used materials. Additional data concerning 
employed materials are shown in Table 1. 

Fig. 1. Test specimen geometry 

Fig. 2. Typical tensile stress-strain curve of steel R35 and 
aluminum PA38 

Table 1. 
Mechanical properties of materials used for tubes preparation 

Physical properties Material 
Re

[MPa] 
Rm

[MPa] 
A

[%] 
R35 215 360 24 

PA38 140 315 21 
where:
Re – yield strength 
Rm – ultimate strength 
A – uniform elongation 

2.2. Foam 

The polyurethane foam (ISO foam RR3040) was used to fill 
the tubes. The mass of the foam filler required to obtain an exact 
density was poured into a tube and its ends were sealed to prevent 
the expanding foam from flowing out. Thus a range of densities 
was obtained. The polyurethane foam used for filling the tubes 
had average densities between 80 and 160 kg/m3. After filling, the 
ends of the specimens were carefully machined in order to obtain 
them flat and parallel normal to the longitudinal axis. 

The mechanical properties of the foams with different initial 
densities were obtained from uni-axial compressive tests on cubic 
foam specimens of dimensions 30mm x 30mm x 30 mm. Table 2 
shows representative results obtained from these experiments.  

Table 2.  
Mechanical properties of polyurethane foams (material RR3040) 

Specimen number 1 2 3 
Density  
[kg/m3] 82,7 119,7 156,5 

Compression strength
[MPa] 0,419 0,833 1,14 

Young Modulus 
[MPa] 14,08 21,38 34,44 

2.3. Research laboratory 

The impact testing system (ITS) was built in the research 
laboratory [19, 20]. The ITS consisted of a drop tower testing 
machine, laser-grating-photoelectron (LGP) system used for 
recording the instantaneous crushing distance as well as of data 
acquirement system (Fig. 3). 

A hammer mass of 206 kg was being released in a controlled 
manner from a specific height of 1.95 m. Additionally the grating 
was fixed on the hammer. Furthermore, measurement system in 
form of two lasers and the special photodiode circuit were 
employed. 

The bottom surface of the hammer and upper of the anvil 
were polished in order to decrease the friction coefficient. 
The initial impact velocity was obtained as 6.24 m/s and input 
kinetic energy of approximately E = 4 kJ. While impact tests were 
being conducted the signal transmitted from laser transmitter, 
after transition by optical pattern, was being measured by 

photodiode with amplifier and subsequently stored in a PC by 
National Instruments data acquisition. The data sample rate was 
established as 100 kHz per channel (10 µs channel). The sub-floor 
of the drop hammer was carried out as 100cm x 100cm x 80cm 
steel platform, cement sealed in the ground. The specimen was 
located in the middle of the platform oppositely directed to the 
mass center of the hammer (Fig. 3). 

Fig. 3. The set-up of impact testing system: 1–PC data acquisition 
system, 2–manual control of the ram displacement, 2a–ram 
release, 2b–ram position setting, 3–specimen, 4–RAM, 5–anvil, 
6–electromagnet, 7–limit switch, 8–electric motor, 9–rolling 
bearing, 10–rate generator, 11–laser transmitter, 12–grating, 13–
photodiode circuit, 14–distance release switch 

3. Experimental and numerical analyses 

The influence of fillers on energy absorption and behavior 
of circular thin-walled monotubal and bitubal arrangements 
were examined (Table 3). Three main collapse modes for the 
crushed samples, i.e. compound diamond (asymmetric), 
concertina (axisymmetric) and mixed mode fold formations 
(Fig.4), were identified. 

For the presented results, the specific energy absorption, sW ,

was higher approximately of 23÷28%, while mean force, mP ,
of 29÷34%, comparing bitubal (RR) with monotubal (R) 
arrangements. Furthermore, increase of sW  and mP  was noticed, 
comparing results for R0 with R160, and RR0 with RR160, 
adequately 12% and 13%. 

Table 3. 
The characteristic results of the experiments 

Sample ρ
[kg/m3]

sW
[kJ/kg] 

RR with R 
increase
of sW

[%] 

mP
[kN] 

RR with R 
increase
of mP

[%] 

R0 0 21.767 - 32.991 - 

R80 82.7 22.487 - 41.100 - 

R120 119.7 23.450 - 44.654 - 

R160 156.5 24.424 - 47.723 - 

RR0 0 26.831 23 42.531 29 

RR80 77.5 27.566 22 52.987 29 

RR120 119.3 30.071 28 59.679 34 

RR160 158.3 30.581 25 62.912 32 
a D- diamond buckling, C- concertina buckling, M-mixed buckling 

 (a)           (b)      (c) 

Fig. 4. Typical collapse modes of monotubal and bitubal columns: 
(a) diamond (asymmetric), (b)concertina (axisymmetric), (c) 
mixed (asymmetric and axisymmetric) 

The beam deformation patterns obtained from numerical 
simulations and physical tests were very similar with regard 
to folding mode and crush stability (Fig. 5). 

a)        b) 

Fig. 5. Comparison of the simulation and experimental results of 
the deformed: a) monotubal and b) bitubal samples with foam 
filler of density 160 kg/m3

4. Conclusions 
The main objective of this paper was to study the energy 

absorption and behavior of circular thin-walled monotubal and 
bitubal arrangements under dynamic axial crushing conditions. A 
comparison of the energy dissipation and mean force obtained for 
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The main objective of this paper was to study the energy 

absorption and behavior of circular thin-walled monotubal and 
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monotubal and bitubal specimens was shown. Additionally, the 
influence of polyurethane foams on these parameters was verified. 
The results achieved from conducted tests proved significant 
influence of fillers on attained results. Further investigations 
concerning energy absorption of axially crushed monotubal and 
bitubal sections should be done. The influence of cross-section, 
foam density, impact velocity and other parameters should be 
examined more in details. 
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