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Cucrema MOTJIMHAHHS €HEprii MepeTBOPIOE, MOBHICTIO
ab0 4YacTKOBO, KIHETHYHY €EHEpril0 Ha iHIy (GopMy
eHeprii. IlepeTrBopeHa eHepriss € abo OOOPOTHOMO, SIK
HAINpHKJIAJ, €Hepris TUCKY B PiJUHaX, [0 CTHCKAIOTHCS,
Ta eHeprist npyxHoi nedopmanii B TBepaux Tijax, abo
HEOOOpPOTHOIO, SIK HANPHUKIAJA, EHEpris IUIacTHYHOI
nedopmarii. Eneprist poscisiHa npu miacTH4Hid aedop-
Mallii MeTaJeBuX MOIJIMHAYIB €Heprii CTAHOBUTH CUCTEMY
TIOTJIMHAHHS €Heprii, M0 pO3IJLIIAcThCs y Wil poOoTi.
ITpu po3poO1i ckiTagaHoro MorjiMHaya eHeprii OCHOBHOIO
METOI0 € HeOOOPOTHE MOTIMHAHHS OUTBIIOCTI KIHSTHYHOI
eHeprii yaapy caMuM IpHJIagoM, IO JAaCTh MOXIIHBICTh
MIHIMI3yBaTH JIIOACHKI TPaBMHU Ta IONIKOJDKEHHS O00-
nanHaHHS. [lepeTBopeHHs KIHETUYHOI €HEprii Ha eHeprilo
TUIACTUYHOI AedopMallii 3aJIeKUTh cepell IHIUX (HaKTopiB
1 BiJl BEIMYMHU Ta METOAY 3aCTOCYBAaHHS HAaBaHTa)KEHb,
IIBUIKOCTI Tepenadi, Mojaene aqedopmariii Ta 3MIIIeHHS,
a TaKoX XapaKTepUCTHK Marepiany. Y TpoLeci BUPIB-
HIOBaHHSI Tpy0a 4YM CTUCHYTHH CTEP)KEHb 3aTHCKAIOTHCS
MK JBOMa TBEPAMMHU IUIACTHHAMHU, 1 EHEpris po3-
CIIOETBCS MMifl Yac IUIacTHYHOI Aedopmarnii. Y wmiit crarti
eKCIIEPUMEHTAJIBHO JIOCIIPKYETHCSl TPOLIEC BUPIBHIO-
BaHHS KPYIJIMX MIiJHHX TpYyO, mMycTHX a00 HANOBHEHHX
MONIYpETaHOBOIO MiHO. [I’SITh T€OMETPUYHHX THUIIB
3pasKiB 3 Pi3HUM JliaMETPOM, TOBIIHHOIO Ta JIOBXKHUHOIO, B
MyCTOMY Ta HAIOBHEHOMY IMIHOIO CTaHi, Oynu BHUKO-
pucTaHi B Jmociizax Ha OOKoBe CTHCKaHHS. Jlocmimky-
BaJach 3/IaTHICTh 3pa3KiB MOMNIMHATH eHeprito. HamiBem-
MipUYHI CIHIBBiHOUIEHHS OYJIM BHKOPHUCTaHI Uil TOTO,
mo0 po3paxyBaTh EHEPril0  MOMIMHYTY IyCTHMHU
MeTaJeBUMH TPpyO0aMu Ta TpyOaMu HAIIOBHEHHMHU IiHOIO.
PesynpraTi JOCHiZiB TOKa3ylOTh, IO 3MIiHH IHUTOMOI
MOTJIMHYTOI €HEprii B 3aJIeKHOCTI BiJ CITiBBIIHOIICHHS
JiaMeTp/TOBIIMHA € PI3HUMH JUIA IMyCTHX TPYO 1 TpyO
HAIIOBHEHHX ITIHOIO, a HalKpammM BHOOPOM [UIsi TIOTJIH-
HaHHS eHeprii KpyriauMu Tpybamu € TpyOa HarmoBHEHa
minoro, ae D/m € panexum Bix obmacti 25-35.
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In this article, flattening process of empty and
polyurethane foam-filled circular brazen tubes is studied,
experimentally. Five geometrical types of specimens with
different diameters, thicknesses and lengths were used in the
lateral compression tests in the empty and foam-filled
conditions and the energy absorption capability by the
specimens were investigated. The semi empirical relations
were introduced to predict the absorbed energy by the empty
and the foam-filled metal tubes. Experimental results show
that the variations of specific absorbed energy versusthe ratio
of diameter/thickness is different in empty and foam-filled
tubes and the best sdection for energy absorption by the
circular tubes is a foam-filled tube that it's D/t is far from
region 25to 35.

Keywor ds — Flattening, Lateral compression, Circular tube,
Polyurethane foam, Energy absorption.

[. Introduction

Metal tubes or metal rings, as efficient energy
absorbers, are widely used in engineering applications. In
numerous large structures, metal tubes and metal rings are
installed as impact-protective and energy-absorbing
devices [1].

The behavior of metal tubes or metal rings subjected
to axial or lateral compression loading has been studied
by many researchers. Ghosh et al. [2] experimentally
investigated deformation behavior of thin rings and short
tubes under centrally opposed concentrated loads. Zhao et
al. [3] estimated load capacity of circular rings with arc-
shaped supports and the position of created plastic hinges.
Leu [4] simulated the lateral compression of aluminum
and clad tubes due to large deformation by finite element
method. Gupta et al. [5] investigated square and
rectangular metallic tubes under quasi-static lateral load.
Karamanos and Eleftheriadis [6] presented some
numerical relations to predict pressure effects on the
ultimate lateral load of tubes and on their energy
absorption. Morris et al. [7] studied the Ilateral
compression of nested tubes with side constrains as a type
of energy absorbers, experimentally and numerically.
Olabi et al. [8] investigated optimized design of nested
circular tubes subjected to lateral impact. Niknejad et al.
[9] developed a theoretical relation to calculate the
instantaneous folding force in the hexagonal columns
under the axial loading. They also discussed folding force
versus the displacement in square and rectangular
columns pressurized by axial load [10].
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This paper reports some investigations on energy
absorption by empty and polyurethane foam-filled
circular tubes under lateral compression.

Il. Experiment

For lateral compression testing of the samples, an Instron
machine version 5500R was employed. For each empty and
foam-filled group, a total of five brazen circular tubes, with
different diameters, thicknesses and lengths, were tested.
Tables I and II give the geometrical dimensions and mass of
the empty and polyurethane foam-filled specimens,

respectively.
Table 1
Geometrical propertiesof empty specimens
Part D t L m D/t
No. (mm) (mm) (mm) (gr)
E-01 18 1 20 9.2 18
E-02 20 1 40 19.8 20
E-03 30 1 15 11.6 30
E-04 50 1 25 324 50
E-05 28 0.5 20 6.9 56
Table 2

Geometrical propertiesof foam-filled specimens

Part D t L m D/t
No. (mm) (mm) (mm) (gr)

E-06 18 1 18 10.0 18
E-07 20 1 15 8.7 20
E-08 30 1 30 31.8 30
E-09 50 1 100 183.0 50
E-10 28 0.5 20 10.7 56

In Tables I and II, outer diameter, wall thickness,
length and mass of tubes are defined as D, t, L and m,
respectively.

All the tests were carried out with the constant loading rate
of 10 mm/min. The polyurethane foam with density of 256
kg/m’ and plateau stress of 1.76 MPa was used as filler.

[1l. Results and Discussion

Variations of specific absorbed energy (E/m) versus D/t
ratio for empty brazen specimens were depicted in Fig. 1. This
figure sketched based on curve-fitting method. According to
this figure, it is obvious that E/m of empty specimens
decreases by increasing of D/t. By observing the Fig. 1, it is
clear that the specific energy varies like a power function of
D/t ratio during the lateral compression process. Thus, the
relationship may be written as:

., D.
E 517547 By 1227 (1)
m t

where, E/m is in Joule/Kilograms (J/kg). In the above
equation, the negative sign of D/t exponent shows that
increasing of D/t causes decrease in specific energy by the
empty tubes.

Fig. 2 gives error percentages of predicted value by
Eq. (1), comparing the experiments. The figure shows that
error of specimens with lower ratio of D/t is less. Based
on the Eq. (1), it is resulted that the empty specimens with
lower ratio of D/t absorb more energy, during the
flattening process.

Fig. 3 illustrates variations of E/m versus the ratio of D/t
for polyurethane foam-filled specimens. Comparison of Figs.
2 and 3 shows that variations of the specific absorbed energy
versus the ratio of D/t in the empty and foam-filled tubes under
lateral compression loading are not the same. For example, the
curve of E/m versus D/t of the filled specimens has a
minimum point. That means there is a critical value for the
ratio of D/t and in this point, the specific absorbed energy by
the foam-filled tube is minimum, comparing of the other
values of D/t ratio.

According to Fig. 3, the following semi empirical
relationship is derived:

E_ 57100 >(2)-2.9384 4247 1073 >(2)3.3642
m t t 2
+1605.477

where, E/mis in J/kg. The above relation predicts the
specific absorbed energy by the polyurethane foam-filled
brazen tubes with the circular cross section. Fig. 4 shows
error percentages of the predicted value by Eq. (2),
comparing of the experiments.

Fig. 3 shows a peak point corresponding of the
minimum specific absorbed energy. The critical value of
D/t ratio is theoretically obtained equals to 29.46, based
on the equation of derivation is equal to zero. Substituting
the critical ratio in Eq. (2) results the minimum value of
E/m equal to 2056.72 J/kg. These show good agreement
with the experimental results in Fig. 3. According to the
experimental results, for the foam-filled circular tubes
with the D/t ratio less than 26.46, when the D/t ratio
decreases the specific absorbed energy increases. Also,
for the foam-filled circular tubes with the D/t ratio larger
than 26.46, when the D/t ratio increases the specific
energy absorption increases, too.

For example, specific absorbed energy and mass of speci-
men E-07 are equal to 2717.24J/kg and 8.7gr, respectively.
Also, specific absorbed energy and mass of specimen E-08 are
equal to 2015.72J/kg and 31.8gr, respectively. Fig. 5 illustrates
the experimental curves of lateral compression load versus
lateral displacement during the flattening process in two types
of foam-filled circular tubes with the dimensions of D=20mm,
t=1mm, L=55mm and D=30, t=1, L=30mm and with the same
mass.

“ENGINEERING MECHANICS & TRANSPORT 20117 (EMT-2011), 24-26 NOVEMBER 2011, LVIV 65



Fig. 1. Specific absorbed energy (E/m) versus D/t
ratio diagram of empty tubes

Fig. 2. Error percentages of Eq. (1) for different empty specimens

Fig. 3. EEmversus D/t ratio diagram of foamfilled tubes

Fig.4. Error percentages of Eq. (1) for different
foam-filled specimens

Fig. 5. Comparision of experimental load-displacement diagrams
of two foamHfilled tubes with the same mass and different geometries
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The area under the load-displacement shows the
absorbed energy by the specimens. According to Fig. 5,
the filled-tube with diameter of 20mm absorbs more
energy than the filled-specimen with diameter of 30mm,
while their mass and thickness are the same.

According to mixtures law and the previous equation,
the following relation is derived to predict the absorbed
energy by the polyurethane foam-filled tubes during the
flattening process:

, D..
E=(rm¥m+r ¢ ¥ )5 10° ) 2.9384

b 3)
+2.47 1073 >(T)3~3642 +1605.477]

where, pr and Vy are density and volume of the foam,
respectively and p, and V,, are density and material
volume of the circular tube, respectively.

Conclusion

An experimental program has been reported
describing the specific energy absorption variation versus
D/t ratio in the circular brazen tubes subjected to lateral
compression load, in two conditions of empty and
polyurethane foam-filled. The experimental investigations
show that in empty tubes, E/m decreases when D/t
increases and this decrement was described by a power
function. Also, it is obvious that the variations of specific
absorbed energy versus the D/t ratio are different in foam-
filled tubes, comparing to the empty tube. The
experiments show that the E/m-D/t diagram of the foam-
filled specimens has a minimum and therefore, in lieu of
the critical ratio of D/t, the specific absorbed energy by
the polyurethane foam-filled tube is global minimum.
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