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Abstract

The low velocity axial impact of th-walled circular ck45 tubes is taken. The wrinklevelop progressively ar
the phenomenon is known as dynamic progresbuckling. In the present paper, experimental amdrtical studie
on dynamic plastic buckling of circular cylindricgtells under axial impact are carried out by desgyand building
device to study the behavior of ck45 under low dpiapact (3.-6.25)m/s. The work consists of experimental
theoretical (Abramowicz model) for the energy absos and dynamic load under different velociti®@se results shoy
that when the velocity of impact increases, thaigadf the dynamic crushing stress ck45 will increase, also fc
elastoplastic collapse deformation, a tube initiglbes through elastic deformation, then plastifomeation occurs
after that the tube goes through plastic collapsethe force decreases, the displacement stileas®. Abramowicz
model for dynamic impact shows well coincide witisadepancy 45%. It can be indicated that the irginggin the
velocity or kinetic energy leads to increase inlted in the practical part while it seems to bezontally linear in tle

theoretical part.

Keywords: Impact, dynamic plasticity, Abramowicz model, energy absorbers,CK45.

1. Introduction

Thin wall circular cylindrical shells are used
energy absorbing device. The energy absorj
can be represented by collapsing plastically
thin wall tube in axial compression that convel
kinetic energy into plastic deformaticenergy in
deformable solids. The energy absorption divi
into energy absorbing by friction and
deformation of solids. The use of me
components as energy absorbers which pe
large plastic strains without failure. Plas
deformation and specigll plastic buckling o
tubes is an effective mechanism by which ent
can be dissipated [1]. When the circular thin tu
are subjected to axial impact at speed sufficie
cause a moderate amount of plastic deform
axisymmetric bucking occurs [2].lexander [3]
developed theoretical analysisr faxisymmetric
crushing of thin— walled cylindrical shel

subjected to axial loading and he was the first
presented a mathematical simulation of
crushing problem for tubular members
collapsing inthe axisymmetric. Abramowitz ar
Jones [4] have improved the Alexander solu
by introducing a correction for the effective str
rate. Gu et al [5] used the energy criterion talg
the radial buckling of cylindrical shells. Murs
and Jones [6] invéigated some experiments
aluminum shells subjected to h- velocity
impacts also registered progressive buckl
Abramowicz and Jones [7] showed that a vai
of dynamic buckling response of axially loac
shells is caused by coupling of the ineleffect
with the inelastic material properties. Rec
development in axisymmetric buckling of circu
cylindrical shells have generated the effects
stress wave propagation |

However, the type of buckling depends on
magnitude of the impact velty and the value of
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the striking mass. High velocity impacts cause
dynamic plastic buckling , while the same shell
collapses progressively for low- velocity impacts.
The initial dynamic response of a shell for a high-
velocity impact is more complex than for
progressive buckling, but the subsequent buckling
behavior can be developed progressively with
time. The behavior of a tube crushed axially
between rigid plates depends on its parameters ,
the ratio of length to mean diameter (L/D) and the
ratio of mean diameter to thickness (D/h) as well
as properties of material (yield stress and strain
rate) [9]. In the present work, the dynamic
buckling of steel ck45 thin tube under quasi-static
and impact load is investigated experimentally
and theoretically.

2. ThePractical Aspect
2.1. Metal Selection

Steel ck45 according to AISI is chosen. lIts
chemical analysis is indicated in Table-1- . The
Chemical composition was conducted by ARL
spectrometer.

The mechanical properties is measured by
Instron1195 apparatus for ck45 as indicated in
Table-2-.

Table 1,
Chemical composition of the used metal (ck45).

C% Mn% P% S% Fe%
M easured value 0.42-0.5 0.6-0.9 <0.04 0.05 98.5-98.98
Standard value 0.472 0.567 - 0.03 REM
Table 2,
M echanical Properties of the used metal (ck45).

g, [MPa] o, [MPa] E (GPa) Elongation Hardness

Vickers

M easur ed value 685 655 229 12% 196
Standard value 515 610 209.5 190

2.2. Specimen Preparation

Circular section steel alloy (ck45) tubes were
used. These tubes were cut to equal lengths by
cutter machine. Fig.(1) shows the shape and
dimensions of the specimens used in this study.
The specimen dimensions are thickness (t ) =1mm
, inner diameter (re) = 16 mm , length (L) = 30
mm according to the standard DIN2250. [4].

Fig. 1. Specimen dimension.
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2.3. Impact Test Rig

An impact test rig was constructed to impact
the specimens at different velocities. Fig.(2)
shows the impact test rig. Theexperimental tests
were conducted on drop hammer rig in Fig.(2) ,
this rig has mass 22.92 kg , the velocity of the
dropping mass was measured experimentally by
the test rig end compared within the calculated
velocity usingV = ,/2gH, where H is the height
of the dropping mass , the discrepancy of the
results was about 5% (H was taken from (0.75-2)
m and g=9.81 m/séc
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Fig. 2. Show theimpact test rig.
2.4. Static Test (Compressive Test) illustrated as in table(3), Fig.(3) shows the

relationship between the stress and strain and
A load of 50 kN at Imm/min speed was used Fig.(4) shows a specimen before and after testing.
as a compressive head. The aim of this test is to Fig.(5) shows a typical force- displacement curve
obtain the mode of deformation (concertina for atube crushed by a moving mass.
buckling). The results of the above test can be

Table 3,
Results of static compressive testsfor ck45.
P (kN) & mm P (kN) & (mm) P (kN) & (mm)
0 0 21.38 4.487 32.75 10.919
6.11 0.2992 23.414 5.08 21.719 11.219
15.27 0.5982 22.736 5.534 20.693 11.967
18.32 0.748 21.38 5.833 21.032 13.462
21.38 1.0472 19.337 6.731 19.676 14.359
24.43 1.1968 15.27 7.927 21.888 15.406
27.819 1.9448 22.736 8.975 21.38 15.706
25.786 2.244 23.75 9.27 20.693 16.454
21.38 2.8424 23.75 9.27 23.075 19.202
17.643 3.44 21.38 10.02
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Fig. 3. A typical stress-strain curve for a tube
crushed by a moving mass.
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Fig. 4. Shows a specimen before and after testing.

Table (4) shows the mean load and energy
absorbed by the specimen at failure with mode of
deformation.

Table 4,

Static resultsat failure.

Failure E«J) AL (mm) P™ (KN) Mode

Complete damage of 4228 19.334 21.868 Concertina buckling

specimen

The energy absorbed was calculated using the
equation
Esz(me). (AL f)
where :
AL : deformation at failure (mm)
Pm: mean load at failure (kN)
Es: Energy absorbed by the specimen (Joule)

(1)

I: Elastoplastic
II: Buckling

S(em)

Fig. 5. Shows a typical force- displacement curve for
atube crushed by a moving mass.

Fig.(5) shows a typical force- displacement
curve for a tube crushed by a moving mass. It is
seen that tube initially goes through elastic
deformation as shown in the range (a). This range
behavior as the tensile or compressive test obeys
to Hook’s law. Then plastic deformation occurs as
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seen in range (b). After that, the tube goes throug
plastic collapse, as the force decreases while the
displacement still increases range (ll) in Fig.(5).
This behavior shows approximately three folds
when the first failure (folding) of the tube occurs
In an axial test, the tube gets crushed into sévera
folds. After the first folding is finishes the sexb
one occurs, then the third one. Due to the second
folding, another elastoplastic deformation and
plastic collapse occurs. The sequential
deformations are repeated until the moving mass
reaches its maximum displacement, unless a
dramatic column buckling mode during the
crushing test, this behavior of the metal used is
impolitely coincide with the work of references
[10] and [11]. Fig.(3) represented the energy
absorbing capability of the impact limiter is
controlled by several factors such as energy
absorbing capacity, mean crush load, maximum
crush load, crush load amplitude, etc. The impact
energy absorber should be evaluated for some
typical aspects collapse load, energy absorption,
and collapse space efficiency.

2.5. Impact Test

Ten specimen are tested at different speeds
(3.834 — 6.25) m/s by using weight of 22.92 kg.
The results can be illustrated as in table (5).
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Table 5,
Dynamic results of CK45 under 22.92 kg.

d
H Vo Lo L d P K.E M ode of deformation
m m/s mm mm mm kN J
0.75 3.834 29.9 25.3 4.6 36.62 168.456 concertina
0.75 3.834 29.9 25.0 4.9 34.378 168.105 concertina
0.875 4.141 29.9 23.7 6.3 31.19 196.51 concertina
1 4.427 30 22.1 7.9 28.43 224.61 concertina
1.25 4,949 30 17.6 12.4 22.64 280.77 concertina
1.375 5.19 29.9 16.2 13.7 22.54 308.8 concertina
1.5 5.422 30 15 15.0 22.46 336.924 concertina
1.625 5.643 29.9 135 16.4 22.23 364.68 concertitiarmond
1.75 5.853 30 12.7 17.72 21.17 392.99 concertinamaind
1.875 6.062 29.9 9.93 18.96 21.29 421.155 coneertin
2 6.25 30 8.8 21.2 21.2 448.84 diamond
2 6.25 30 8.9 21.1 21. 27 448.84 concertina
2 6.25 29.9 7.6 22.3 20.127 448.84 diamond

3. The Theoretical

M odel)

Aspect (Abramowicz

Bramowicz model is
Alexander’'s theoretical
axisymmetric crushing of axially load cylindrical
shell (concertina ,ode) and estimates of the
effective crushing distance and i

material rate effects.

an

improvement of
analysis [12],[4],

for

nfluence of

From Fig.(6), the circumferential plastic hinges
during the crushing of one lobe is :
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Fig. 6. Idealized model of deformation for

axisymmetric concertina mode of an axially
compressed circular tube.
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Wy = 4nM,(nR + h) ..(2)
which is identical to Alexander [12-14].
The stretch plastic hinges is
W, = 20, th?(1 + 55) .(3)
The mean crushing load, s found from
Pn.2h =W, + W, ..(4)
So,
Pm _ 2R\ 0.5
o= 2079 ()% +11.9 ...(5)
h_ N yos
== 176(}) ...(6)
Effective crushing distance is [12]:
Se _ _ t 505
> = 0.86 0.568 (ZR) ..(7)
and
pd & \074
Pm 1+ (2.766) -(®)
. 28V

=5 ..(9)
wheres can be found from the following equation
& = 0.88(;0)° ...(10)
whereﬁ; can be found from Eq.(6)
Vo =5 .. (11)
In the present work , t=1 mm ;;616 mm
g,= 685 MPa
M, =22 (12)

0o ="5
The dynamic load

d_ £ 0.74
pé=p, (1 + (=) ) ..(13)
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where can be found from Eq.(9) amgl,. From

Eq.(5)

And kinetic energy K = P4.§ ...(14)

4. Resultsand Discussion

The low velocity axial impact of thin-walled
circular tubes is taken as quasi-static and the
influence of inertia forces is, therefore, ignored.
The wrinkles develop progressively and the
phenomenon is known as dynamic progressive
buckling. In the present study, most of the ck45
steel tubes suffer extensional crushing. Many
crushed steel tubes have a mixed type of crushing
which consists of type | and type Il modes and a
general mixed collapse mode is studied. For low

velocity impact with large striking masses, the
theoretical predictions for dynamic progressive
axial crushing of thin-walled circular tubes gi\aes
reasonable agreement with the corresponding
experimental results provided the effective
crushing distance is recognized and with the
average discrepancy about 45%. A theoretical
analysis using the basic collapse elements
developed by Abramowicz is reported by
Abramowicz and Jones [4] for the progressive
buckling of thin-walled circular box columns
subjected to axial loads, which considers the
effective crushing distance, together with the
influence of material strain rate sensitivity. Teabl
(6) shows the dynamic mean load theoretical and
experimental results with velocity for ck45 steel
tube under 22.92 kg dropping mass .

Table6,

Dynamic mean load (theoretical & experimental) with velocity.

Vo K.E P, (th) Py (exp.) Discrepancy

m/sec J kN kN %

3.834 168.105 36.028 6.6911 81%

4.141 196.51 36.047 8.274 7%

4.427 22461 36.0593 10.16 72%

4.949 280.77 36.0877 15.95 56%

5.19 308.8 36.101 19.06 47%

5.422 336.924 36.114 22.46 38%

5.643 364.68 36.1267 27.1 25%

5.853 392.99 36.192 30.9 15%

6.062 421.155 36.15 3241 10%

6.25 448.84 36.163 34.219 5%
And_ Fig.(7) shows th(_a relation bgtween 40 - _._P(th)KN|

dynamic mean load (theoretical and experimental) 35 .

and velocities. It can be indicated that the

increasing in the velocity leads to increase in the 30 1 —o—P(exp)K

load in the practical part while it seems to be ’525 7 N

horizontally linear in the theoretical part, this i =20 -

due to the assumption of the theoretical model 15 -

that Ws , the energy dissipated due plastic

bending and W , the energy dissipated in 10 1

stretching under substantially uniform tensile 5 T T T T T

yield hoop stress in the metal between the hinges 3 35 4 45 5 55 6 6.5

and also assuming the material of the cylinder is Vo(m/sec

rigid-perfectly plastic, then using the notion
obvious from Fig.(6), to attain complete collapse
of one hinges system (i.@.increasing from zero
ton/2).
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Fig. 7. Shows the relation between dynamic mean
load (theoretical and experimental) and velocities.

Fig.(8) represents the results of load (P) which
was plotted as a function of kinetic energy (K.E),
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it is found that P varying with the kinetic energy,
and give the same results that were obtained by P
and V, this is because to that the kinetic energy

extremely related with velocity ak.E.= %mvz,

hence the results are the same at which obtained
between P and V.

Fig.(9) shows the relation between Kkinetic
energy (theoretical & experimental) with velocity
also results are compared with Ayad [15].

40 -
354 7 —+="Pth
30 -
— 25 A1
£ 20
& 15 - =0=Pexp
10 -
5 4
0
100 300 500
K.E(J)
Fig. 8. Relation between dynamic mean load
(theoretical & experimental) and Kinetic energy.
500
450 —o—i)resen
400
350 =de=abram
= 300 owicz
x'
250 —@—ayad
200
150
100
3 4 5 6 7 8
V(m/sec)

Fig. 9. Relation between kinetic energy (theoretical
& experimental) with velocity.

The energy absorbing capability of the impact
limiter is controlled by several factors such as
energy absorbing capacity, mean crush load,
maximum crush load, crush load amplitude, etc.
The impact energy absorber should be evaluated
for some typical aspects collapse load, energy
absorption, and collapse space efficiency. The
collapse load is defined as that load required to
cause a significant permanent deformation of a
particular section of the impacted body. Often, the
forces needed to cause significant deformation are
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of interest since they are relevant to the saféty o
the contents in the package or the passengers in
the vehicle. The amount of deformation is not
usually critical at the collapse load. Therefohs t
crushing load of cylindrical tube fluctuates with
the proceeding of folding. For a practical energy
absorber, as shown in Fig.(3), the area under the
stress-strain curve for a structure represents the
energy absorbed by the structure. The theoretical
predictions for dynamic progressive axial
crushing of thin-walled circular tubes gives a
reasonable agreement with the corresponding
experimental results provided the effective
crushing distance is recognized for ck45 steel
case.

5. Conclusions

1. For elastoplastic collapse deformation, a tube
initially goes through elastic deformation , then
plastic deformation occurs, after that the tube
goes through plastic collapse. As the force
decreases, the displacement still increases.

2. Abramowicz  model for dynamic impact
shows well coincide with discrepancy 45%.

3. It can be indicated that the increasing in the
velocity or kinetic energy leads to increase in
the load in the practical part while it seems to
be horizontally linear in the theoretical part

Notation
D Diameter of tube
R Radius of tube

t thickness of tube
L original length of tube
P theoretical static crushing load

gy yield stress

oy ultimate tensile stress

P4 theoretical mean dynamic crushing load
Vin impact velocity of striking mass

E Elastic modulus

g acceleration of gravity
Es energy absorption

h collapsed length of tube
é deformation
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