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Abstract
The energy absorption in a foam-ﬁlled thin-walled circular Al tube was investigated based on the experimentally determined
strengthening coeﬃcient of ﬁlling using Al and polystyrene closed-cell foams with three diﬀerent densities. Foam ﬁlling was found
to change the deformation mode of tube from diamond (empty tube) into concertina, regardless the foam type and density used.
Although foam ﬁlling resulted in higher energy absorption than the sum of the energy absorptions of the tube alone and foam alone,
it was not eﬀective in increasing the speciﬁc energy than simply thickening the tube wall. It was shown that for eﬃcient foam ﬁlling
an appropriate foam-tube combination must be selected by taking into account the magnitude of strengthening coeﬃcient of foam
ﬁlling and the foam ﬁller plateau load.
Ó 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
Columnar structures including square and circular
metal tubes crush under compressive loads nearly at a
constant load, resulting in relatively high energy absorption eﬃciency. It has been shown that when aluminum
and steel metal tubes are ﬁlled with light weight core
materials such as Al closed cell foams, there exists an
interaction eﬀect between tube wall and foam ﬁller [1–
6]. The crushing loads of foam ﬁlled tubes are therefore
found to be higher than the sum of the crushing loads of
foam (alone) and tube (alone) mainly due to this eﬀect.
Studies on crushing behavior of Al honeycomb and
foam ﬁlled box columns also showed that the eﬀect of
*
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ﬁlling on the column crushing load was similar when
the strong axis of honeycomb was through and normal
to the compression axis, proving that both axial and
transverse strength of the ﬁller were eﬀective in increasing the crushing load of ﬁlled tube [6]. Hannsen et al.
[2,4] developed an equation for the average crushing
load of foam ﬁlled (Paf) columns by including contributions of the average crushing load of empty tube (Pae),
foam plateau stress (rpl) and interaction eﬀect. The
equation was found to be well agreed with experimental
results and is given as
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P af ¼ P ae þ rpl b2 þ C avg rpl ry bt;
ð1Þ
where Cavg, ry, b and t are the dimensionless constant
which is directly related to the interaction eﬀect, yield
strength of the tube material and tube width and thickness, respectively. The second term of the right hand side
of the Eq. (1) accounts for the axial compression of the
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foam and the last term for the interaction eﬀect. Santosa
et al. [7], based on Finite Element Modelling (FEM) results, proposed the following equation for the average
crushing load of foam ﬁlled square tubes of length b
P af ¼ P ae þ Crpl b2 :

ð2Þ

The constant C in Eq. (2) is considered to be the
strengthening coeﬃcient of foam ﬁlling. The study of
Santosa et al. [7] has also shown that the use of adhesive,
although resulting in a relatively small increase in the total weight of the tube, <16%, raised the crushing load of
tube by as much as the foam crushing load.
Studies on the crushing behavior of foam ﬁlled tubes
were particularly aimed at determining the eﬀect of foam
ﬁlling on the average crushing load and the speciﬁc energy absorption [1,2,5,8–10]. In designing with foam
ﬁlled tubes, knowledge of upper and lower limits of
the strengthening may be however required for the accurate prediction of the speciﬁc energy absorption of any
tube-ﬁller combination. The method used in this study
to predict the energy absorption in foam ﬁlled tubes
was based on the experimentally determined strengthening coeﬃcient of foam ﬁlling. For this purpose, relatively high and low density foams of Al and
polystyrene closed cell foams were used to ﬁll a circular
thin-walled Al tube. The energy absorption in Al foam
ﬁlled tubes was then predicted as function of tube mass
for the ﬁllers of higher densities. The predicted energy
absorption was ﬁnally compared with that of wall-thickening of empty tube in order to analyze the eﬃciency of
foam ﬁlling.

2. Materials and testing methods
The deep drawn aluminum tube studied (99% Al) was
25 mm in diameter with a wall thickness of 0.29 mm.
Tubes ﬁlled with polystyrene foams were 40 mm in
length, while tubes ﬁlled with aluminum foams were
27 mm in length. Chosen tube lengths were mainly dictated by the thickness of foam ﬁller. Extruded polystyrene foam plates of 50 mm thick were received from
IZOCAM Company of Turkey with three diﬀerent densities; 0.021, 0.027 and 0.032 g cm3. The dense skin layers of foam plates, presumably 5 mm thick, were
removed. Al closed cell foams with three diﬀerent densities; 0.27, 0.35 and 0.43 g cm3 were prepared in house
using the foaming from powder compacts techniques
patented by Fraunhofer Resource Center of Germany
[11]. In this process, dense Al compacts contained
TiH2 blowing agent was heated above the melting temperature of Al, 750 °C. The foaming was conducted inside a rectangular mold having 80 mm width and 40 mm
thickness. The thickness of prepared foams was machined down to 27 mm in order to remove the skin layers. Detailed information on the foam preparation

Fig. 1. (a) Al and (b) polystyrene foam ﬁlled Al tubes.

method and Al powder used is given in another study
[12]. Cylindrical Al and polystyrene foam cores were
prepared by core drilling through thickness direction
of foam plates using water as the cooling agent. The inner diameter of the tube was almost the same as the
diameter of the foam core so that foam samples ﬁtted
tightly inside the tubes (see Fig. 1(a) and (b)). The
weights and dimensions of tubes and ﬁllers were measured before and after ﬁlling. Quasi-static compression
tests on empty and ﬁlled tubes and foam samples were
conducted using a displacement controlled SHIMADZU AG-I universal testing machine with a displacement rate of 0.04 mm s1. Polystyrene cubic foam
samples of 50 mm thick were tested in accordance with
ASTM D1621-91. Al foam compression test samples
were 27 mm in thickness and 40 mm in width and length.
Finally, at least 5 tests were conducted for each foam
sample.
Corresponding average crushing loads (Pa) of the
tested tubes were calculated using the following relation:
R
P dd
Pa ¼
;
ð3Þ
d
where P and d are the load and displacement,
respectively.

3. Results and discussions
3.1. Filler materials
Fig. 2(a) shows the compression nominal stress–
strain curves of polystyrene foams tested through
thickness (R) direction for three diﬀerent densities. The
plateau stresses are determined in the initial ﬂat regions
of the stress–strain curves as marked with arrows in
Fig. 2(a). It is found that although, plateau stresses
through width (W) and length directions of as-received
foam plates are very similar for each density, the foam
shows higher plateau stresses in the R direction as
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Fig. 3. Typical compression stress–strain curves Al foams.
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Fig. 2. (a) Typical nominal compression stress–strain curves of
polystyrene foams tested through thickness. (b) Variation of plateau
stress with foam density through thickness (R) and width (W)
directions.

Table 1
Plateau stress and average plateau stress values of polystyrene foams
through R and W directions
Foam density
(g cm3)

Through thickness
plateau stress
(MPa)

Through width
plateau stress
(MPa)

Average
plateau
stress (MPa)

0.021
0.028
0.032

0.184
0.275
0.345

0.156
0.191
0.223

0.170
0.233
0.284

depicted in Fig. 2(b). An average plateau stress is therefore calculated for each foam density and listed in Table
1 together with corresponding plateau stresses in R and
W directions.
Al foams tested through 3-diﬀerent directions showed
nearly the same compression stress–strain curves. Fig. 3
shows the typical compression stress–strain curves of Al
foams tested through thickness direction. Again, the plateau stresses are determined from the initial ﬂat regions
of the curves as marked with arrows in Fig. 3 and the
corresponding average plateau stress values of Al foams

are listed in Table 2. The plateau stress (rpl) is found to
be well ﬁtted with power-law of strengthening equation
rpl ¼ Kqn ðMPaÞ;

ð4Þ

where K and n are constants and q is the foam density in
g cm3. The values of K and n are 8.63 (MPa) and
1.47, respectively.

3.2. Empty tubes
In order to determine the eﬀect of tube length on the
compression behavior, empty tubes of various lengths
were tested. The compression load–displacement curves
of empty tubes of 27, 40 and 50 mm long are shown in
Fig. 4(a). No signiﬁcant eﬀect of tube length on the
average crushing load of empty tubes is also seen in
Fig. 4(b), except shorter tubes lock-up at lower displacements as marked with arrows in Fig. 4(a). Folding
in empty tubes always started at one of the ends of
tube. Although the ﬁrst fold formed in axisymmetric
mode, the deformation mode reverted into progressive
asymmetric folding (diamond), see Fig. 5(a) and (b). A
similar deformation behavior was also previously observed in empty Al tubes and it was proposed to be
due to the inﬂuence of the axisymmetric trigger on
the ﬁrst fold [2]. Totally 11–12, 8–9 and 5–6 diamond
folds formed in 50, 40 and 27 mm long Al empty tubes,
respectively.
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Fig. 6. Cross-sections of the partially crushed (a) Al foam (0.27
g cm3); (b) polystyrene foam (0.032 g cm3) ﬁlled tubes, deforming in
concertina mode.
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Fig. 4. (a) Load–displacement. (b) Average load–displacement curves
of empty tubes of various lengths.
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Fig. 7. Load–displacement curves of foam ﬁlled and empty tubes,
dotted lines show average crushing loads.

seen in Fig. 7. Besides foam ﬁlling changes the deformation mode of empty tube, it also results in interaction effect between tube wall and foam ﬁller. This is shown in
Fig. 8 for the Al foam (0.27 g cm3) ﬁlled tube. The load
values of the ﬁlled tube shown in this ﬁgure is higher
8
7

3.3. Foam ﬁlled tubes
The deformation mode of ﬁlled tubes was progressive
axisymmetric (concertina) for the studied Al and polystyrene foam densities (Fig. 6(a) and (b)). Typical compression load–displacement curves of the foam ﬁlled
tubes at diﬀerent ﬁller densities and empty tube are
shown in Fig. 7. Since the aluminum foam ﬁlled tubes
were shorter, they lock-up at lower displacements as

Load (kN)

Fig. 5. Partially crushed empty tube pictures: (a) side view, showing
the ﬁrst axisymmetric fold and diamond mode of deformation; (b) top
view.
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Fig. 8. Interaction eﬀect in Al foam (0.27 g cm3) ﬁlled tube.
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Fig. 9. The strengthening load vs. foam plateau load of Al and
polystyrene foam ﬁlled tubes.

than the sum of the crushing loads of empty tube and
foam, proving the interaction eﬀect. The average crushing loads of tubes are calculated between the displacements 2 and 10 mm and shown by dotted lines in Fig.
7. Since at higher displacements, >10 mm, Al foam ﬁller
load increases sharply over the plateau load (Fig. 8).
The strengthening load (DP), which was calculated by
subtracting the average load of the ﬁlled tube from that
of empty tube according to Eq. (2), can be expressed as
function of foam plateau load (Pf) by the following
equation:
DP ¼ P af  P ae ¼ CP f :
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ð5Þ

The variation of strengthening load as function of
foam plateau load is shown in Fig. 9 for the studies
foam ﬁlled tubes. Linear interpolation to the data in this
ﬁgure gives a strengthening coeﬃcient of 1.7. This value
of strengthening coeﬃcient is very similar to the previously determined strengthening coeﬃcient value for
square Al tubes (1.8) [7]. It should also be noted that
an average plateau load was used in Eq. (5) for polystyrene foam ﬁller, but the use of plateau loads through R
and/or W directions only slightly aﬀected the strengthening coeﬃcient (±5%).
3.4. Analysis of energy absorption in foam ﬁlled tubes
The energy absorption (EA) in ﬁlled tubes was simply
calculated using the experimentally determined strengthening coeﬃcient with the following equation:
EA ¼ ðP ae þ CP f Þd:

Al foam

ð6Þ

The calculated energy absorption values using Eq. (6)
and experimentally determined energy absorption values
are shown in Fig. 10 as function of displacement for
ﬁlled and empty tubes. The calculated energy absorption
values of polystyrene foam ﬁlled and empty tubes show
good agreements with the experiments. The increase in

Fig. 10. Energy absorption as function of displacement in empty and
foam ﬁlled Al tubes.

the load values of Al foam at larger displacements
(>10 mm) over the plateau load however results in discrepancies between the calculated and experimental energy absorption values (Fig. 10).
It was previously shown that there is a critical total
tube mass and the corresponding critical foam density
above which the use of foam ﬁlling becomes more eﬃcient than empty tube [6,13]. The critical total mass
should be however determined using the tube wall-thickening of empty tube. Three plastic hinge models of Alexander [14], Singace et al. [15] and Wierzbicki et al. [16]
were used to predict the average crushing load of the
empty tube as function of the tube wall thickness. These
models are given sequentially as:
"
#
 1=2
R
2
P a ¼ r0 t 8:462
þ 1:814 ;
ð7Þ
t
"

#
 1=2
R
P a ¼ r0 t 7:874
þ 1:408 ;
t
2

P a ¼ 11:22r0 t2

 1=2
R
;
t

ð8Þ

ð9Þ

where r0, t and R are the mean stress from yield point to
failure, thickness and mean tube radius, respectively.
The value of r0 for the studied tube material was determined from the tension tests and found nearly 135 MPa.
In the calculations, the inner radius of the tube was taken as constant (12.21 mm) while the thickness of the
tube increased from 0.29 to 6 mm. The calculated speciﬁc energy absorption of empty tubes using Eqs. (7)–
(9) is shown in Fig. 11 as a function of total mass of
the tube. For the tested empty tube, Eq. (9) estimates
well the speciﬁc energy absorption and, therefore, calculations of Al foam ﬁlled tube speciﬁc energies were based
on the average crushing load of the tube estimated
by Eq. (9). Foam ﬁlling along with an adhesive was
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tube combination must be selected by considering the
magnitude of strengthening coeﬃcient of foam ﬁlling
and the foam ﬁller plateau load.

2
Eqn. 9
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4. Conclusions

1

An experimental study was conducted on the
strengthening coeﬃcient of Al and polystyrene foam ﬁlling in a thin-walled Al tube in order to analyze energy
absorption in ﬁlled tubes. Based on experimental results
and predictions, followings can be concluded:
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Fig. 11. Predicted and experimental speciﬁc energy absorption vs.
total mass of empty and Al foam ﬁlled tubes.

previously shown to be used to tailor the speciﬁc energy
absorption capacity of the ﬁlled tubes by increasing
the level of interaction eﬀect. The use of adhesive can
contribute to the speciﬁc energy absorption of the tube
by two mechanisms, namely, increased load transfer
from tube wall to the foam core and peeling of the adhesive. The value of C in the bonded case (adhesive) was
found to be 2.8 [7]. Using Eq. (2) with C values corresponding to bonded and unbonded cases, Eq. (9) for
the empty tube average crushing load and Eq. (4) for
the Al foam plateau load, the speciﬁc energy absorptions of Al foam ﬁlled tubes were calculated and also
plotted as function of total mass in Fig. 11. It can be inferred from Fig. 11 that within the investigated wall
thickness range, for bonded and unbonded cases, there
appears no critical total mass (or Al foam density) above
which the foam ﬁlling is more favorable than thickening
of the tube wall. This is partly due to relatively low plateau stresses of Al foam studied. In order to estimate the
eﬀect of increasing foam plateau stress on the speciﬁc
energy absorption, the parameters of Eq. (4) were changed for a stronger Al foam, 6061 Al, (K = 22.4 (MPa)
and n = 1.99), which was previously studied by Toksoy
et al. [13]. The predicted speciﬁc energy absorption of
6061 Al foam ﬁlling for unbound case is also shown in
Fig. 11. In this case, the critical mass and hence foam
density (0.6 g cm3) is clearly seen in Fig. 11, proving
the eﬀect of foam plateau load on the eﬃciency of foam
ﬁlling. A similar critical total mass has been previously
found in Al foam ﬁlled tubes [6,13].
The present experimental results and predictions of
energy absorptions using the strengthening coeﬃcient
of foam ﬁlling clearly demonstrate, although foam ﬁlling
resulted in a higher energy absorption than the sum of
the energy absorptions of the tube alone and foam
alone, it might be not always more eﬀective in increasing
the speciﬁc energy than simply thickening the tube walls.
Therefore, for eﬃcient foam ﬁlling an appropriate foam-

1. In the studied foam density range, regardless the
foam type and density used, foam ﬁlling changed
the deformation mode of empty tube from diamond
to concertina.
2. The strengthening coeﬃcient of foam ﬁlling was
experimentally determined to be 1.7, which was very
similar to the previously determined strengthening
coeﬃcient for Al foam ﬁlled square Al tubes.
3. Although foam ﬁlling resulted in higher energy
absorption than the sum of the energy absorptions
of the tube alone and foam alone, it was found to
be not more eﬀective in increasing the speciﬁc energy
than simply thickening the tube walls. For eﬀective
foam ﬁlling, an appropriate tube-foam combination
must be selected by considering the magnitude of
strengthening coeﬃcient of foam ﬁlling and the plateau load of foam ﬁller.
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