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EXPERIMENTAL AND NUMERICAL STUDIES OF THE BEHAVIOR AND ENERGY ABSORPTION
OF FOAM-FILLED CIRCULAR TUBES

Following paper is focused on experimental and numerical studies of the behavior and energy absorption for both: quasi-static
and dynamic axial crushing of thin-walled cylindrical tubes filled with foam. The experiments were conducted on single walled
and double walled tubes. Unfilled profiles were compared with tubes filled with various density polyurethane foam. All experi-
ments were done in order to possibility of the safety of the elements absorbing collision energy which can applied in car body. The
dynamic nonlinear simulations were carried out by means of PAM-CRASH™ explicit code, which is dedicated calculation pack-
age to modelling of crush. Computational crushing force, plastic hinges locations and specimens post-crushed geometry found to
be convergent with the real experiments results. Conducted experiments allowed to draw conclusion, that crashworthiness ability
is directly proportional to foam density. The investigation of the experimental data revealed, that double walled tubes have greater
energy absorbing ability. A proposed investigation enable to analyze and chosen of optimal parameters of these elements, which
can use in automotive industry as an absorption energy components.
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1. Introduction

The use of thin-walled tubular structures as an energy ab-
sorbing elements designed to improve passive safety, especially
in automotive industry, has been studied over three decades. The
great majority of research works is focused on the influence of
the structure material mechanical properties, absorber geometry
and specific deformation mode on specimen crashworthiness
parameters. The comprehensive review of existing experiments
results can be found in articles [1-3].

Much attention is recently paid to the thin-walled structures
filled with cellular materials. Papers concerning polyurethane
foam, aluminum foam, honeycomb structures, etc. can be easily
found [4-13]. For example in paper [5] was investigated the axial
crush of the polyurethane foam-filled aluminum cylindrical tubes
with shallow spherical caps (combined thin-walled structures).
Non-linear dynamic finite element analyses were carried out
to simulate the quasi-static tests, for which obtained satisfac-
tory agreements. Also was analyzed an influence of important
parameters such as semi-apical angle, length of cylindrical and
spherical caps, diameter and density of foam filler. While in
work [8] authors were developed the metamodels in were con-
structed to predict the crashworthiness criteria of specific energy

absorption and peak crushing force under multiple load cases.
Work [10] showed the results of a pioneering investigating for
the newly developed polymer-aluminum alloy hybrid foams as
fillers of thin-walled square tubes, as an alternative to the con-
ventional closed-cell aluminum foams. The reason for this state
is mechanical properties of cellular materials, which can undergo
large deformation and remain in low state of stress at the same
time. The densification level corresponding to the yield stress is
in the range of 60-90% [14-17]. In work [15] was shown that the
maximum of the efficiency identifies the condition For optimal
energy absorption of the foam, while the maximum stress reaches
avalue limited through other design considerations. Next by using
the efficiency diagram method, the authors were developed the
synthetic diagrams, which were useful to characterize the mate-
rial, what supporting the design of energy absorbing components.
In paper [16] was present research concerned of the mechanical
properties of a variety of hybrid foams with both, particulate and
interpenetrating microstructures. Based on the experimental and
numerical results, which were agreement, showed that the hybrid
foam concept provides the opportunity to design lightweight
cellular bodies with effective mechanical properties in a wide
range. The main improvements resulting from simultaneous
use of energy absorbing structures and cellular materials are:
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interaction effect between filler and tube wall and compression
of'the filler during crushing process. Mentioned features provide
significant improvements to the crushing process [18].

The positive effect of filling cylindrical tubes with low-
density polyurethane material has been initially studied by
Thornton [19]. A considerable specimen strengthening effect was
observed and empirical formula for the mean crushing load was
derived. Research focused on the impact of the cellular material
filling on the crushing behaviour of steel square tubes under
quasi-static and dynamic conditions was performed by Reid [20].
The following conclusion was drawn: the mean crushing load
and the plastic folding wavelength depend on the foam density.
Similar effect has been noticed by Abramowicz and Wierzbicki
[4]. General method allowing researchers to predict the crush-
ing characteristics of foam-filled columns was developed by
mentioned authors. Thereafter, the behaviour of aluminium
thin-walled cylindrical tubes filled with polystyrene foam were
analysed by Toksoy and Giiden [21]. Analysed specimens de-
formation modes were: axisymmetric (concertina) or diamond.
While more and more experimental results are published in
papers and databases, the new, precise data supporting optimal
structure design are needed.

The main objective of following paper was to study the
energy absorption and behaviour of circular single-walled and
double-walled foam-filled tubes subjected to dynamic, axial
crushing. Unfilled profiles were compared with tubes filled
with various density polyurethane in the respect of their crash-
worthiness and value of crushing force. The dynamic non-linear
simulations were carried out by means of PAM-CRASH™
explicit code.

2. Test procedure and material properties
Two types of profiles were used in this study: single-walled

and double-walled specimens (Fig. 1). Single-walled tubes were
cut out from commercial mild steel tubing (R35) 60 mm in di-
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Fig. 1. Geometry of tested specimens

ameter and 1.0 mm thick. In case of double-walled specimens
outer material remained the same, while inner profile was cut
out from aluminium solid drawn tube (PA38) 30 mm in diam-
eter and 1.0 mm thick. The D/t ratio of steel and aluminium
tubes amounted correspondingly to: 60 and 30. Total length of
single-walled and double-walled specimens amounted 200 mm.
Dimensions were selected in accordance to previous results [22],
which showed that for these ratios, steel tubes should deform in
diamond mode and aluminium tubes should collapse in axisym-
metric (concertina) mode. The yield stress and ultimate strength
of R35 steel were determined respectively as 366 and 482 MPa.
Following parameters in case of PA38 aluminium amounted to:
231 and 243 MPa.

The polyurethane foam (ISO foam RR 3040) was used to
fill the tubes. After the mass of foam reagents required to obtain
given density was poured into a tube, its ends were sealed to
prevent the expanding foam from free discharge. Descripted
methodology allowed to obtain average densities of polyurethane
foam used as filler at the level between 50 and 240 kg/m>. Next
step of specimens preparation was facing them in order to obtain
flat ends normal to specimen longitudinal axis.

3. Preliminary experimental results

The mechanical characteristics (stress-strain curves) of
foams with different initial densities were obtained by axial
compression tests of cubic specimens with dimensions of 30x30
%30 mm. Polyurethane foam quasi-static stress-strain compres-
sion curve is depicted in Fig. 2. The mechanical properties is
characterized to some extent by horizontal plateau stress oy,
which depends on the foam density. It was evaluated by the
authors of following paper as average stress at 0.5 strain.
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Fig. 2. Stress-strain curve of used polyurethane foam

3.1. Experimental tests set-up

The impact testing system (ITS) (Fig. 3) consisted of: grav-
ity drop hammer, laser-grating-photoelectron (LGP) recording
system for crushing distance monitoring and data acquisition
system. A hammer ram mass amounted to 206 kg.
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Fig. 3. Dynamic crushing test stand: 1 — PC data acquisition system,
2 — operator panel, 2a — electromagnet release button; 2b — position
adjustment buttons, 3 — specimen, 4 — Tup weights, 5 —anvil, 6 — electro-
magnet, 7 — limit switch, 8 — power winch, 9 —rolling bearing, 10 —rate
generator, 11 — laser transmitter, 12 — grating, 13 — photodiode circuit,
14 — distance release switch

Its bottom surface as well as upper anvil surface were pol-
ished in order to decrease the friction coefficient. The ram was
mounted in a 4,5 m high tower at specific height corresponding
to 6.24 m/s impact velinetic energy of approximately 4 kJ. The
ram was being released by means of electromagnetic hook. The
grating was fixed to the moving element — the ram. Two laser
emitters as well as the special photodiode circuit was fastened
to the stationary element — lower part of the drop tower frame.
While impact tests were being conducted the signal generated
by laser transmitter, after optical pattern transition, was being
measured by photodiode with amplifier and subsequently stored
in a PC by National Instruments data acquisition system. The
data sample rate was established as 100 kHz per channel (10 ps
per channel). Detailed description of the data acquisition system
can be found in papers [23,24].

3.2. Axial crushing parameters

Several fundamental descriptors of crushing process, de-
fined on the basis of load-displacement curves, are analyzed in
the next part of this paper. They were used to evaluate specimens
crashworthiness efficiency.

e PL.x (maximum load):

The first load value peak. It is associated to the force level
required to initiate crushing process. After reaching this value
first plastic fold is created and deformation process is started.
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* P, (mean crushing force):

(1
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where: W — total energy dissipated by the specimen, d,—

specimen upper part maximum displacement.
* 0, (relative crushing distance):

2

where: [ — initial length of the specimen.
* W, (specific energy absorption):

This was another important parameter used for specimens
evaluation. The reason for using it was necessity to take specimen
total mass into consideration. It was defined as the quotient of
the total energy absorbed to the specimen mass:

P -0
Wszlz m 7S
m Iy
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where: m — specimen total mass.

4. Experimental results and discussion

Representative pictures of crushed specimens are depicted
in Fig. 4. Specimens cross-sections are depicted in Fig. 5. Two
main deformation modes were identified: diamond (asymmet-
ric) and concertina (axisymmetric). The deformation mode is

(@)

(b)

Fig. 4. Typical collapse modes of single-walled and double-walled tubes:
a — diamond (asymmetric), b — concertina (axisymmetric), ¢ — mixed

Fig. 5. Typical section view of post-crash specimens: a) single-wall
50 kg/m® foam density, b) single-wall 120 kg/m? foam density, ¢) double-
wall 50 kg/m? foam density, d) double-wall 120 kg/m? foam density
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an effective indicator of energy efficiency, which result from
interdependence of plastic folds formation and energy dissipa-
tion mechanism. The first mode occurred in case of empty and
low density foam-filled specimens (Fig. 4a). The second mode
(Fig. 4b) occurred for specimen with foam density p > 80 kg/m>.
Mixed deformation mode, e.g. two diamond folds, and four con-
certina folds, occurred for the filler density range 50-80 kg/m?
(Fig. 4c). The axisymmetric mode of deformation guarantee
progressive collapse, so it is preferred despite the fact, it has
lower energy absorption ability.

The force-displacement curves of single-walled and double-
walled specimens are depicted in Fig. 6. These function diagrams
are characterized by a high force peak value followed by force
value oscillations. Oscillatory course of the force function re-
sult from the specimen progressive buckling mechanism, i.e.
formation of plastic folds (diamond or concertina). Moreover,
the double-walled specimens with greater stiffness were charac-
terized by higher force initial peak (Fig. 6b). It was most likely
caused by simultaneous occurrence of inner and outer profiles
force value peaks.

4.1. Mean crushing force

The influence of average foam density on mean crushing
force P,, for single-walled and double-walled specimens is de-
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picted in Fig. 7. Investigated parameters are directly proportional
— value of the force increases with the foam density. Slope of
a curve is almost identical in the case of the single-walled and
double-walled specimens.

4.2. Relative crushing distance

The influence of average foam density on relative crush-
ing distance for single-walled and double-walled specimens is
depicted in Fig. 8. In both cases linear dependency can be ob-
served. The calculated relative crushing distance decreases with
the foam density. Because potential energy of the hammer used
in all experiments was constant, lower relative crushing distance
means higher energy absorption ability. In case of single-walled
specimens investigated parameter decreased from 60% to 40%
(for higher foam densities). The reduction of relative crushing
distance is strictly connected to the behaviour of the filling mate-
rial. Metal parts of the filled samples were shifted to the lower
strain values. During progressive buckling some material was
locked between the plastic folds (Fig. 5c). This region of the foam
was in high stress state preventing the folds to contact each other.
This was another cause of relative crushing distance decrease.

Foam density increase cause simultaneous decrease of the
crushing distance and increase of the mean crushing force. This
result in crashworthiness parameter increase. Experimental work
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Fig. 6. The specimens crushing force as a function of crushing distance: a) single-walled specimens, b) double-walled specimens
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Fig. 7. The influence of foam density on mean crushing force
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focused on square aluminium solid drawn tubes filled with alu-
minium foam was conducted by Hanssen et al. [7]. They obtained
similar reduction of the relative crushing distance.

4.3. Specific energy absorption

The influence of average foam density on the specific
energy absorption was investigated. The results of experiment
is briefly depicted in Fig. 9. The specific energy absorption
increases by 20% in case of single-walled specimens filled
with various density foam (50-240 kg/mj;). Similar effect was
observed in case of double-walled specimens. They have higher
specific energy absorption, even in case of global buckling which
makes their usage as energy absorbers worth considering.
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Fig. 9. Specific energy absorption as a function of foam density

4.4. Comparison with quasi-static tests

Quasi-static tests were carried out using MTS 810 univer-
sal testing machine. Tests were being conducted at movable
cross-head constant speed of 10 mm/min. Tested specimens
had been lubricated and placed between machine’s platens in
order to minimize losses caused by friction. Axial force and
displacement were being digitally recorded using PC based data
acquisition system.
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The dynamic and static experiment results found to be
similar. In both cases progressive deformation modes occurred.
The value of force in case of dynamic crushing was usually
higher (Fig. 10). During analysis of mean crushing force analo-
gous situation was observed. Values were bigger in case of the
dynamic tests, because of the internal forces and strain-rate
hardening (Fig. 11).
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50 B Dynamic
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Mean crushing force P, [kN]
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Specimen Type

Fig. 11. Comparison of static and dynamic crushing force

4.5. Numerical simulations

The dynamic non-linear simulations were carried out by
means of PAM-CRASH™ explicit code. The finite model was
created by means of mesh generating module of [-DEAS™
system. Thin shell finite elements were used to digitize the solid
drawn tubes. Digitization of foam was carried using 8-node solid
elements [25,26]. The possibility of large foam deformation oc-
currence was reason for using solid elements selective reduced
integration rule (with 8 deviatoric strain integration points and
1 volumetric strain integration points). The interaction between
the specimen upper surface and the hammer ram was defined with
the use of surface contact. Friction coefficient equal 0.25 was
assumed in order to prevent specimen upper end from slipping
out of ram lower surface. Self-contact of thin-shell elements was
assumed frictionless. Mechanical properties of materials used

100 during numerical simulations are presented in Table 1.
!
I —= dynamic TABLE 1
75, — static . . .
= I The mechanical properties of the materials used
X [ 'A\ ,"\ , A in numerical simulation
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25 1\ A \\ RR3040 | RR3040 | R35 PA3S
1 Density [kg/m’| 80 160 7860 2700
1 Young’s modulus 1S 03
0 1 [MPa] 6.28 21.17 [2.06-10°| 6.90 - 10
0 25 _50 75 100 125 150 Poisson’s ratio — — 0.29 0.33
DlSplacement [m m] Yield stress [MPa] — — 366 231
Fig. 10. Comparison of dynamic and static crushing forces for single- Crushing strength 0.49 1.50 o o
walled tubes, foam density 120 kg/m® of foam [MPa] : i
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The numerical simulations were being stopped when the
kinetic energy of hammer ram achieved the value of 0. The
time step size equalled 3 - 107 s. All simulations was being
executed using Pentium Pc 3 Gh. Average simulation time was
14-20 h. Examples of numerical specimens deformation modes
are depicted in fig 12.

(@)

(b)

(c)

Fig. 12. Obtained deformation modes of tubes: a) empty, b) single-
wall 80 kg/m® foam density, c) single-wall 160 kg/m> foam density,
d) double-wall 80 kg/m® foam density

The results obtained by numerical simulations were care-
fully compared with real experiment in order to evaluate crash-
worthiness, deformation mode and crushing force predictions
accuracy.

4.6. Comparison of numerical and experimental analysis

Comparison of the axial shortening and mean crushing force
for single-walled and double-walled tubes is presented in Table 2.

Comparison of deformation modes obtained by experimen-
tal and numerical analysis are depicted in Fig. 13. Presented
results clearly indicates convergence between them. In both
cases, the tubes were progressively crushed by forming plastic
folds on specimen both ends.

The comparison of crushing forces as a function of crushing
displacement for experimental and numerical analysis is depicted
in Fig. 14. The first load peak of the load was about 30% smaller
in case of numerical simulation.

This fact could be explained by constant numerical model
thickness of 1.0 mm (real thickness of solid drawn tubes varied
from 1.05 to 1.20 mm). After the formation of first plastic fold,
the value of crushing force oscillates around constant asymptotic

(b)

Fig. 13. Comparison of post-crash geometry of 160 kg/m> foam filled
tubes: a) single-wall, b) double-wall
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Fig. 14. Diagram of crushing force of double-wall specimens filled
with 80 kg/m® foam

value. This value can be defined as the tube mean crushing force
characteristic P,,. Characteristics depicted in Fig. 14 seems to
be convergent and the result presented in table 2 shows, that the
value of mean crushing force was similar in both cases.

5. Summary

Dynamic axial crushing behaviour and crashworthiness of
circular tubes (both single-walled and double-walled) filled with
various density polyurethane foam were studied. Progressive
buckling were observed for both: statically and dynamically
crushed tubes. Two main collapse modes were identified: dia-
mond (asymmetric) and concertina (axisymmetric).

Crashworthiness was studied in terms of collapse mode and
foam density. The results clearly shows that the mean crushing
force increase with an increase of the foam filler density.

TABLE 2
Comparison of experimental and numerical tests
. Impact Axial displacement Mean crushing force
. Foam density " " A 5 3 5
Specimen Ik g/m3] energy Experiment Simulation Rel. error Experiment Simulation Rel. error
I [mm] [mm] [%l] [mm] [mm] [%]
R 0 4154 115 123 7.0 33.0 34.5 4.5
R80 80 4118 102 110 7.8 41.0 39.2 —4.4
R160 160 4121 87 87 0.0 48.1 48.0 -0.2
RR80 80 4134 78 84 7.7 49.7 52.2 5.0
RR160 160 4124 63 67 6.0 63.0 65.5 4.0




Further investigation of double-walled specimens revealed
that they are able to absorb more energy than single-walled tubes.
The described phenomenon results mainly from the presence of
inner profile. Foam filler presence has minor influence.

The conducted finite element method simulations were
compared to the experimental data in order to verify and validate
the proposed numerical model. The numerical model developed
during project realisation allows to predict behaviour of single-
walled and double-walled tubes filled with foam. It also enables
to specify following features: value of crushing force and mean
crushing force, length of plastic wave and folding mode. Based
on the above results, design of foam-filled energy absorbing
elements can be efficiently analysed and optimised only with
the use of numerical model. It consist of shell elements and
cellular solid elements.

The general conclusion is that one can control the crash-
worthiness efficiency using foam fillers density in circular
single-walled and double-walled aluminium tubes. However
the efficiency improvements caused by the use of polyurethane
foam is relatively small and causes the increase of mean crush-
ing force which authors of this paper see as main disadvantage.
Good accuracy of conducted FEA of dynamic crushing process
gives opportunity to use presented method for virtual experi-
ments. It allows to optimize tubes geometry and different fill-
ers usage in order to mass minimization without decreasing of
absorbed energy.
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