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Nomenclature

S effective crushing distance
g strain

€ strain rate

) diameter

distance between plastic hinges

c stress
Oo static flow stress
c's dynamic flow stress
oy yield stress
U poisson’s ratio
A area
C width of square tube
Cd centre depth of deformation
Cl centre length of deformation
D Cowper-Symonds constant
E Young’s modulus
Ed depth of deformation at the corners of the tube
El length of deformation at the corners of the tube
F force

wall thickness
M. fully plastic moment
Piean OF Py mean static collapse load
P mean dynamic collapse load
Put ultimate buckling load
R tube radius
be effective support width
by final radius of toroidal surface
h height of the explosive charge
I length of the explosive charge
m mass of the explosive charge
q Cowper-Symonds constant
t wall thickness
\ velocity
w width of the explosive charge

Original (undeformed) tube Tube with no visible geometric imperfections






















LITERATURE REVIEW

Andrews ef al " showed the effect of the original geometric parameters of

cylindrical aluminium tubes on their collapse mode, see figure 2.3.
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Fig. 2.3 Classification chart for collapse modes of cylindrical aluminium alloy tubes!4

2.1.2.1.2 Thin Walled Square Tubes

There are four distinct progressive buckling modes of failure for square tubes

loaded axially as identified by Abramowicz and Jones ¥ :

i Symmetric modes - describes three geometric folding mechanisms all with
identical cruéhing Joads and energy absorption characteristics:
a) two opposite lobes in one layer move outwards while the other
two move inwards.
b) all four lobes move inwards

c) Three lobes move inwards while one moves outwards.




LITERATURE REVIEW

ii Asymmetric mixed mode type A’ - describes crushing consisting of a

combination of symmetric layers (as described previously) and layers of lobes

that form with three lobes moving outwards and one lobe moving inwards.

iii Asymmetric mixed mode type B" - describes a combination of symmetric

layers and layers with two adjacent lobes moving inwards and the other two

outward.

iv Extensional mode - all four lobes move outwards.

Korneck " studied the effect of the original tube dimensions on the collapse
mode of axially crushed square tubes. The results show the effect of the
slenderness ratio (length / width) and the ratio of wall thickness / width. The

trends are displayed in figure 2.4.
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LITERATURE REVIEW

The results show that very long tubes tended to fail by Euler Buckling, and an
increase in the wall thickness also induced Euler Buckling. The mode of
progressive buckling appears to be significantly determined by the wall

thickness of the tube.
2.1.3 Dynamic Plastic Buckling

In most situations for which thin walled tubular structures are used as energy
absorbers, a large amount of energy must be dissipated rapidly. The tube clearly
does not fail quasi-statically. If Euler buckling is avoided, the tube may crumple
either by dynamic progressive buckling, as discussed in section 2.1.2, or by
dynamic plastic buckling. In the former case, both lateral and axial inertia effects
are neglected, while in the later case inertia effects play a large role. The type of
buckling is therefore determined by the duration of the impact load and the

magnitude of the striking mass.

The typical shape of a tube crushed in the dynamic plastic buckling mode is

described by Jones ™!

and usually consists of wavelike ‘ripples’ along the length
of the tube. Unlike progressive buckling the lobes are not squashed flat on top of

one another.

For dynamic progressive buckling the load duration is much longer than the
transit time of an elastic stress wave travelling the distance of the tube. The mass
of the striking object is large by comparison to the mass of the crumpling tube. It
is evident from experimental data that the structural effectiveness (the ratio of
mean crushing load to the load to cause uniform plastic flow) is usually less than
unity ™. The structural effectiveness may exceed unity in cases where the flow

stress is increased by strain hardening or strain rate effects.

In order for dynamic plastic buckling to occur the load duration is comparable to
the transit time of an elastic stress wave travelling the distance of the tube and
thus the inertia effects are considerable. The mass of the striking object may be

similar to the mass of the crumpling tube for dynamic plastic buckling to occur. It
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was determined that the structural effectiveness must be greater than unity for

dynamic plastic buckling in a cylindrical tube struck by a mass I'*.

Dynamic plastic buckling is of great importance in the aerospace, nuclear and
petrochemical industries where the impact velocities are very great. In the field of
structural crashworthiness of motor vehicles, dynamic progressive buckling is
more prevalent, as the impact velocities are relatively much smaller. The

example in Appendix | illustrates this point.

Since the results and objectives of this project are aimed at applications of motor

vehicle accidents, the project is restricted to the study of progressive buckling.
2.2 Mean Static Buckling Load

The mean buckling load is important from an energy absorption aspect. The
mean buckling load is used to approximate the total energy that would be
absorbed by a tube if the whole length of the tube was completely crushed.
Initially empirical relations were developed for use as design tools 28 | ater
more rigorous analyses were done to predict actual mean loads ¥ 'l |n
cases where very complex shaped tubes are used, Finite Element Analysis

has been found to be a very useful tool** #%.

Traditionally, in analytical predictions of mean crushing load it has been
assumed that one lobe forms completely before any buckling begins in the
next lobe % ™ ' More recently this assumption has been modified by
Wierzbicki et al ' to consist of a double folding wave being the active
crumpling zone at any instant. The mean force was then calculated by
equating the external work done by a mean force acting over the crushing

distance to the internal energy dissipation by plastic bending and extension.
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Fig. 2.7b Strain rate effect predictions for 2°(50.8mm) mild steel tubing

The equations for the crumpling of cylindrical tubes and square tubes failing by

other collapse modes can be found in references [5, 6]. The equations have not

been repeated here as this report is restricted to the study of symmetric collapse

of square tubes.

The crushing geometry of axially loaded thin walled tubes does not appear to be

affected significantly by the rate of crushing . It was for this reason that quasi-

static testing was considered to be acceptable for the purposes of this project.
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2.4 Ultimate Buckling Load

The ultimate buckling load for tubes failing by progressive buckling may be far
greater than the subsequent peak loads as was illustrated in figure 2.2. The
ultimate load is governed by elastic-plastic buckling. Classically the ultimate
buckling load can be approximated by:

[)

= 0,A ..eqn 11
Where o, is the plastic flow stress and A is the cross sectional area of the

tube.

Wierzbicki and Abramowicz *® found that the flow stress could be approximated

by 92% of the ultimate tensile stress

Meng et a/ " used von Karman's postulate that simplifies elastic plastic
behaviour of thin plates loaded axially in compression by assuming that the
entire load is supported by two strips of equal width at either side of the plate.
The middle portion is assumed to carry negligible load. The ultimate buckling
load is then found when the load carrying part of the plate extends the whole way
across the plate. The flow stress, o, in equation (11) can then be approximated
by:
B 2a0 t

o = ...eqn 12a
o c q

with
s °E

o =-= e ...eqn 12b
12(1- p”)o,

The above equations gave fair agreement with experiments carried out by Meng
et al ' however the experiments showed an exponential increase in critical

stress while the equation predicts a linear increase as the ratio of the wall

thickness to characteristic width of the tube ( '/c ) increases.

18
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Mamalis ef al ** *" and Belingardi et al ®* > found that as ( '/c ) increased, so the
difference between the initial peak load and the subsequent peak loads
decreased for circular tubes. This indicates that the initial peak load would not
need to be decreased as much for thicker tubes in order to give more uniform

load-displacement characteristics.

In order to avoid Euler type buckling the ultimate buckling load must be lower
than the critical Euler bucking load. Basic theory of Euler buckling of struts
shows that the critical Euler buckling load decreases with an increase in
slenderness ratio. This is consistent with the tests done by Kormeck ' on square
mild steel tubes and Andrews et al " on circular aluminium tubes. (See figures

2.4 and 2.3 respectively.)
2.5 Geometric Imperfections

There are two reasons for introducing geometric imperfections into a thin walled

tube being used as an energy absorption component:

a) to decrease the initial peak force, and

b) to force a particular buckling mode on the crushing column.

An ideal energy absorber for most situations causes a uniform deceleration
during the entire stroke. The ideal structure should thus deform at a constant
force throughout its collapse. As has already been discussed, a thin walled tube
collapses with a very high initial peak force. The force then oscillates between
lower forces as the tube continues to crumple. If the peak force can be reduced
to the same magnitude as the subsequent peaks, a more ideal energy absorber

would exist.

It is accepted that the introduction of geometric imperfections affects the initial

peak force "% %2 *% | angseth et al ™ used a prebuckle imposed by applying a

19
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preload to the tube quasi - statically. It was found that the magnitude of the initial

peak force decreased with an increase in the amplitude of the prebuckle.

In many real situations a force may not be applied exactly axially to the tube. The
tube is then likely to buckle in the Euler buckling mode. It has been found that
denting of the tubular structure tends to force the buckling mode to follow the
shape of the imperfection ©* . This can be used to force progressive buckling to

occur.
2.5.1 Sharp Corner Dents

Schriever and Helling ® conducted a series of tests on square box columns with
sharp dents on the corners at different distances apart. The dents were
characterised by their depth and the included angle. Figure 2.8 schematically

illustrates the geometry of the dents tested by Schriever and Helling ©.

/o

Y
N/

7
|

Fig 2.8 Imperfections in the tube corners as used by Schriever and Helling !

It was found that for imperfections positioned at a distance equal to the natural

half wavelength apart, the peak force decreased by 17%. The mean crushing

20
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load also decreased by 10% but since the geometric efficiency increased by 7%
the total energy absorption over the entire stroke was comparable to an
undented structure. If the imperfections were positioned closer together the
regularity of deformation was lost and thus so was the stability of the collapse

mode.

It was found that while undented specimens tended towards the Euler buckling
mode when the force was applied at an angle of up to 5.5° to the longitudinal axis

of the tube, dented specimens still followed the progressive buckling mode.
2.5.2 Sharp Side Dents

Korneck ™ performed a series of tests on mild steel square tubes to determine
the effect of side dents on the crumpling characteristics of the tubes. A 90°
angled denter was used to form the dents. An idealisation of the dents is shown
in figure 2.9. As anticipated it was found that the ultimate buckling load was

decreased by predenting the structure.

Fig 2.9 The idealised geometry of sharp side pre dents in square tubes [1°!
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2.5.3 Circular Cut-outs

It seems reasonable to approximate a rectangular section tube by four flat
plates ® 7 *. Analytical and experimental analysis on the stability of thin plates
with a centrally positioned circular hole have been done extensively. As has
already been discussed, the von Karman principle is used to simplify the elastic -
plastic analysis. A thin plate subjected to uniaxial compressive loading, with the
longitudinal edges pinned but not loaded experiences plastic yield starting at the
longitudinal edges. The von Karrman effective width was described by Surko ©

as.

b, =19t |— ...eqn 13

which means that if the diameter of the hole is smaller than

¢ <C—-19¢ /—E— ...eqn 14
(o}
Yy

then the hole should have little or no effect on the buckling characteristics of the

plate.

Numerous experimental studies have been reported ' '@ on the effect of cut-

outs on the peak load of axially compressed cylinders. The ultimate buckling load

was found to be governed by the parameter a=-2 where a is the

VRt
characteristic cut-out dimension, R is the cylinder radius and t is the wall
thickness. For a < 1.0, the cut-out had no appreciable effect. For values of 1.0 <
a < 2.0 there was a sharp decrease in ultimate load with an increase in o. For o >
2.0 there was a small decrease in the ultimate load with an increase in o '%. The

tests carried out by Toda "

were performed on polyester cylinders.

Tests on aluminium and mild steel tubes of different diameters and wall thickness
were carried out by Gupta et a/l " Holes of different diameters and
configurations were drilled in the tubes. It was found that the ultimate buckling

load was decreased. The collapse was initiated at the position of the holes. In the

23












EXPERIMENTATION

3.2 Test Specimens

All the specimens were cut from lengths of seam welded mild steel tubes.
Tests were conducted on tubes of 50.8mm square section with a wall
thickness of 1.2mm and tubes of 100mm square section with a wall thickness

of 2mm.

Uniaxial tensile tests were carried out on the material as cut from the sides of
the tubes, including a specimen along the weld seam of the tube. These were
used to determine the static yield stress, ultimate tensile stress and
percentage elongation of the material. The results of the tensile tests and the

dimensions of the test specimens are detailed in appendix Ill.

3.3 Explosive Tests

Explosive tests were initially conducted to determine the limitations on the
imperfections that could be created on square tubular specimens. In these
tests a rectangular explosive configuration was used on the 50mm

specimens.

Tests were performed to determine the effect that the mass of the explosive

as well as the dimensions of the explosive had on the resulting deformations.

Tests were also performed using a flat circular explosive on the 100mm
specimens to determine the effect of the mass and the diameter of the

explosive on the deformations.

The notation used to describe the geometry of the different explosive

configurations is shown in figure 3.1. The results are listed in Appendix IV.
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[ .
\

STRIP EXPLOSIVE CONFIGURATIEN

|
|

CIRCULAR EXPLOSIVE CONFIGURATION

Fig 3.1 Geometry of explosive configuration

All the explosive tests were carried out on a ballistic pendulum in a reinforced
blasting laboratory. The pendulum was a 100mm square tube suspended
horizontally from the ceiling by 4 strands of steel wire. The pendulum was
levelled with the aid of a spirit level, by means of the adjustable screws that
connect the wires to the square tube. At one end of the square tube was a rig
to clamp the test specimen. At the other end was a balancing mass
positioned such that the centre of gravity of the pendulum is centralised and
the four wire strands are each carrying the same load. A pen attached to the
pendulum was used to record the motion of the pendulum. The motion of the

pendulum can then be used to calculate the applied impulse.

The test specimens were clamped in a rig attached to the one end of the
pendulum. The rig consisted of two U-pieces, 40 mm, long tightened on either

side at the top of the specimen and two at the bottom of the specimen. The
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amount of tightening was limited by the thin wall thickness of the specimens.
Thus although the clamp did approximate a built in condition, under very
large loading conditions a certain amount of global bending did occur
particularly in the 50mm specimens (refer to figure 4.6). The distance
between the clamps was 220mm. A diagram of the clamp, and a schematic of

the clamped specimen are shown in figures 3.2 and 3.3 respectively.

FIXED BOLTS

‘ PENDJLUM

A /Y l

ADJUSTABLE BOLTS

Fig. 3.2 Clamping rig for explosive tests

FIXED BOLTS

. /
= =

/

eI

s

el 1

ADJUSTABLE BOLTS

Fig. 3.3 Specimen clamped in the rig for explosive tests
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The pendulum was used to record the impulse applied to the test specimen
by the explosive load where required. The calculation of the impulse is shown

in Appendix Il.

The explosive used was PE4, a plastic explosive with a burn rate of between
6500 ms™ and 7500 ms™ and a density of approximately 1470 kgm'3. The
explosive was manipulated into specific shapes with the use of templates.
The explosive was then placed on a piece of 12mm thick polystyrene which
provided an air gap and prevented spallation. The polystyrene was stuck onto

the test specimen with double sided tape.

The detonator was attached to the explosive in two different ways. For the
strip configuration the detonator was positioned centrally on the strip and
affixed with tape. For the circular explosive configuration 1g of explosive (the
leader) was taped to the end of the detonator and this was pushed into the
centre of the rest of the explosive. The leader was found to be required for

complete detonation because the layer of explosive was thin.

3.4 Quasi - Static Loading of Mechanically Indented Tubes

The typical imperfections achieved by explosive loading were approximated
with the use of mechanical indenters. The mechanically induced deformations
were only tested on the 50mm tubes. All specimens were deformed
symmetrically on two opposite sides (not on the welded seam) approximately
at mid height of the tube. The tubes were then compressed quasi-statically
using an Instron Tester. The critical loading characteristics are listed in

Appendix V.
Tests were performed to compare the effects of:
¢ the depth of the dent at the corners of the tube

e the radius of the dent at the corners of the tube

o the diameter of centrally positioned holes
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e combined holes and dents and the relations between the dimensions

of the holes and dents,
The critical buckling characteristics that were compared were: the ultimate
buckling load, the mean buckling load and the mode of collapse on the axial

compression of the tubes.

All specimens were cut nominally 300mm long and the ends were faced off

on a milling machine.

3.4.1 Indentation

The specimens were each clamped in a rig on the crosshead of the Instron
Tester in order to prevent global bending of the specimen during denting. The
indenter was attached to the load cell on the Instron Tester. The depth of
Indentation was measured by recording the displacement of the crosshead on
a dial gauge. Once the dent had been formed, the specimen was turned over
and reclamped in the rig. The process was repeated to create a dent of the
same depth on the side opposite to the initial dent. In order to dent the
specimens with holes, the spherical indenter was positioned symmetrically

above the hole and then the specimen was clamped down.

The shapes of the indenters that were used are shown in figure 3.4
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Fig 3.4 Mechanical Indenters

3.4.2 Quasi - Static Compression

The specimens were positioned between two parallel plates on the Instron
Tester. The specimens were all loaded with a constant displacement of
0.27Tmin (56.08mm/min). The resisting force of the tube was measured by the
load cell. The results were plotted on a load-displacement curve on the
Instron Tester. The maximum load rating on the load cell was 20 000 [bf
(89kN)

3.5 Quasi - Static testing of Explosively Indented Specimens

In order to verify the results obtained from the quasi-static loading of
mechanically indented specimens, the tubes were deformed explosively and
then compressed. The specimens had to be deformed symmetrically on two

sides of the tube. The two explosive charges positioned opposite one
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4. RESULTS

4.1 Tensile Test Results
The static yield stress and the static ultimate tensile stress were found from
tensile tests performed on material taken from the square tubing. The results

are tabulated in table 4.1

Table 4.1 Tensile Test Results

Tube Static Yield Stress Ultimate Tensile Stress
(o) (UTS)
MPa MPa
| A [ I 324
A 274 T[T 35
G | - 282 [ 322
b [ 244 | 308 C
E 247 302

The letters in the first column correspond to the numbering system used to
refer to the length of tubing from which the specimens were cut. The
numbering was consistent throughout the testing. From the range of results
obtained, it is clear that each length of tubing may be considerably different.
An undeformed tube from each length was thus crushed quasi-statically to
use as a standard comparison for the crushing results of deformed

specimens.

4.2 Explosive Tests

An overview of the effect of the explosive configuration on the deformation
shapes induced in thin walled square tubes was gained from the first series of
explosive tests. The limitations imposed on the deformation shapes by the
use of plastic explosive were determined. Figure 4.1a shows a photograph of

tubes deformed by the explosion of a strip of plastic explosive. Figure 4.1b

34






RESULTS

4.2.1 The Effect of Explosive Configuration on the Applied Impulse

Although it is obvious that the mass of the explosive charge affects the
impulse, it is interesting to note (as displayed in figure 4.2) that as the
explosive strip becomes flatter and wider, the impulse for the same mass of

explosive increased.
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(b) Constant explosive length of 55mm
Fig 4.2 a-b The effect of explosive configuration on the impulse
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4.2.2 The Effect of Strip Explosive Configuration on Deformation

Characteristics

Figures 4.3 and 4.5 show the effect that the mass and configuration of the
explosive have on the critical dimensions of the deformation of the tube. Note
that the solid markers indicate specimens that tore, while the unfilled markers

indicate specimens that displayed no evidence of tearing.
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(b) Constant explosive length of 55mm
Fig 4.3a-b The effect of explosive configuration on the length of the deformation
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RESULTS

Figures 4.5 (a) and (b) show the effect of explosive mass and configuration
on the dent depth of deformed specimens. Note that the solid markers

indicate specimens that tore, while the unfilled markers indicate specimens

that displayed no evidence of tearing.
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Fig. 4.8 The effect of the explosive mass and diameter on the size of the hole formed.

There was a large amount of scatter in the depth of the dents at the corners
of the tubes. The general trend was an increase in depth with an increase in
diameter of the charge for the same mass of explosive. Figure 4.9 clearly

shows the large scatter of data.
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Fig 4.9 The effect of explosive mass and geometfric configuration on the depth of the dents at
the corners of the tubes.
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In some instances, although the two charges were detonated simultaneously,
it was assumed that one cap blew out momentarily before the other. From
observations made after the experiment, it appeared that one cap hit the
other cap before the second cap had blown out. The one cap was thus
blocked it and preventing it from blowing out completely to form a hole. This

did not appear to affect the collapse process of the tube.

4.3 Quasi - Static Loading of Mechanically Indented Specimens

4.3.1 Deformation Shapes

Side dents:

Different radii were imposed on the dents by using cylinders of different
diameters. The parts of the walls not in contact with the denter foided gently
inwards. The dent shape was not affected by the angle on the V-denter as the
specimen was not in contact with the side walls of the indenter. The sides
not directly indented bulged outwards. Tubes deformed with a 50mm

diameter cylinder are shown in figure 4.10a

Spherical dents:

The deformations were of a concave shape, with centre deflections greater
than the deflections at the specimen’s corners. The deformation shape was
more rounded in all respects and the transition between the parts of the walls
in contact and out of contact with the denter were less defined than the
cylindrically dented tubes. The deformation shapes gave a good resemblance

to the explosively deformed tubes.
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Combined dents with holes:

A combination of spherical shaped dents with centrally positioned holes was
produced. An example of the resultant deformation shape is shown in figure
4.10c.

4.3.2 Collapse Characteristics under Axial Loading

Load-deflection curves of the axially compressed specimens were generated
on the Instron Tester. From each length of tube, one original undeformed
tube was compressed to act as a standard for comparison. The other tubes
were deformed locally by means of the mechanical indenters prior to

compression.

The ultimate buckling load ( P ) is the magnitude of the first peak load on the
load deflection curve (refer to figure 2.2). This corresponds to the load at

which plastic collapse begins.

The mean buckling load ( Pmean ) is calculated by the area under the load
deflection curve (refer to figure 2.2).. For consistency between specimens the
area of the curve was taken from the beginning of deformation of the tube to
the last trough recorded on the load deflection curve. The corresponding

amount of axial deformation was recorded, it included elastic deformation.

The geometry of the pre deformations affected the shape of the first lobe. If
the shape was similar to the normal lobe shape ( that which would form
normally for an undeformed specimen ) then there was no significant effect
on the formation of subsequent lobes. However large changes in the shape of
the first lobe tended to lead to instabilities that resulted in the unfavourable
overall buckling of the tube. Overall buckling results in a lower absorption of

energy.
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The modes referred to in the tables are described as follows:

e sp :- Symmetric progressive buckling with no obvious tendency to bend
over. Specimens G10 and G13 in figures 4.19 and 4.21 respectively show

show the sp mode.

o sspi - Skew symmetric progressive buckling caused by the formation of a
small first lobe relative to the lobe size of an undeformed tube i.e. the
distance between the plastic hinges decreased. The opposite lobes
tended to fold one up and one down. This tended to force the tube skew,
although not to the extent of overall bending, refer to specimen A2 in
figure 4.17.

e sspii ;- Skew symmetric progressive buckling caused by the formation of
a large first lobe relative to the lobe size of an undeformed tube. The
increased distance between plastic hinges required more folding space. In
cases where there was insufficient folding space inside the tube, the two
inward folding walls touched and reinforced one another. This prevented
complete flattening of the lobe and instabilities occurred which caused
skew buckling. Specimen G1 in figure 4.14 is an example of the sspii

mode.

e ebi - An extreme case of sspi. The tube went into overall buckling with a

significant decrease in stroke.

e ebii ;- An extreme case of sspii. The tube went into overall buckling with a
significant decrease in stroke. Specimens G2 and G3 in figure 4.14 show

the beginning of this buckling mode.

e t - Tearing axially along the tube caused by the interlocking of cut edges

tearing the sides apart. Refer to specimens A5 and A6 in figure 4.17.
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4.3.3 The Effect of Side Dents

The results of the tests on the tubes that were mechanically deformed by
indenting them with a cylindrical indenter before they were quasi - statically

crushed are tabulated in tables 4.2 a-c.

Tables 4.2 a-c The effect of side dents

T 4.2 a Indenter radius: 1mm

Tube Corner Length Pult Phigh Pmean Mode
depth
mm mm kN kN kN
AAO 0 300 78 32 19 sp
AA1 5 300 34 34 20 sp
AA2 8.8 300 33 Sspii
AA3 11.6 300 34 sspii
T 4.2 b Indenter radius: 15mm
Tube Corner Length Pult Phigh Pmean Mode
depth
mm mm kN kN kN
AAQ 0 300 78 32 19 sp
AB1 2.8 300 40 34 22 sp
AB2 5.4 300 31 34 19 sp
AB3 7.6 300 31 28 19 sspii
AB4 8.7 300 33 SSpii
AB5 11.3 300 34 sspii
T 4.2 c_Indenter radius: 25mm
Tube Corner Length Pult Phigh Pmean Mode
depth
mm mm kN kN kN
AAQ 0 300 78 32 19 sp
AC1 2.8 300 42 31 19 sp
AC2 6.1 300 32 31 20 sp
AC3 8.8 300 34 31 19 sspii
AC4 12 300 36 ebii
Figure 4.11 shows that the ultimate collapse load was decreased by

introducing a dent into the specimen. As the depth of the dent was increased,

the ultimate buckling load decreased. The ultimate buckling load decreased
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asymptotically to a minimum at a dent depth of between 4.5mm and 6mm.
This minimum ultimate buckling load coincided closely with the magnitude of
the subsequent peak forces. The radius of the dent appeared to have no
effect on the peak forces of the load deflection characteristics of the

collapsing tube.
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Fig. 4.11 The effect of the depth of the side dents on the critical buckling loads. The dent
depths were measured at the corners of the 50mm square tubes with a 1.2mm wall

thickness.

The mean crushing load is shown in figure 4.11 to be unaffected by either the

depth or the radius of the dent.

Dents in the sides of the specimens affected the shape of the first lobe
formed during the collapse process. If the dent depth was sufficiently large,
then the walls on opposite sides of the tube touched and tended to reinforce
one another. This resulted in a larger lobe with a greater distance between
the plastic hinges than for undented specimens. Although the progressive
buckling process did continue in most cases, for very large dent depths
(greater than about 10mm) overall bending set in. Examples of specimens

deformed to different dent depths of the same radius (25mm indenter radius)
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4.3.6 Effect of Combined Dents with Holes
The data tabulated below in tables 4.5 a - b shows the effect of different dent
depths in combination with a hole of set diameter. The dent depth referred to

is the depth of the corner dent.

Table 4.5 The effect of dent depth on the buckling characteristics of holed tubes.

T4.5a Hole Diameter: 25mm

Tube Corner Length Pult Phigh Pmean Mode
depth
mm mm kN kN kN
A4 0 300 51 31 21|sspi
G18 0 250 57 30 19|sspi
G9 6.3 250 36 26 20]sspii
G10 4 250 37 28 20isp
G111 1.3 250 44 33 241sspi
T4.5b Hole Diameter: 32mm
Tube Comer Length Pult Phigh Pmean Mode
depth
mm mm kN kN kN
A5 0 32 300 52 25 22|t
G12 59 250 33 34 17|sspii
G13 3 250 34 34 18|sp
G14 1.2 250 41 41 SSpi

The addition of spherical dents to a specimen with holes decreased the
ultimate collapse load further. Again it was clear that any change to the mean
buckling load was negligible. A comparison of the ultimate buckling loads of
dented and undented specimens with holes are shown in figure 4.18. The
addition of dents decreased the ultimate buckling load to between 63% and

86% of the holed specimens without dents.

The addition of dents to holed specimens changed the way in which the first
lobe formed considerably. It was noticed before in tests on specimens with

holes that the hole decreased the distance between the plastic hinges in the
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The data tabulated in tables 4.6 a - ¢ show the effect of different hole
diameters in combination with a set dent depth. The dent depth referred to is

the depth of the corner dent.

Table 4.6 The effect of hole diameter on the buckling characteristics of spherically dented
tubes.
T4.6a Corner Dent Depth: 1.5mm

Tube Hole diam |Length Pult Phigh Pmean Mode
mm mm kN kN kN

G1 0 250 52 22 21|sspii

G7 0 250 53 30 16|sspii

G11 25.7 250 44 33 24|sspi

G14 32 250 41 41 SSpi

T4.6b Corner Dent Depth: 4mm

Tube Hole diam |Length Pult Phigh Pmean Mode
mm mm kN kN kN

G2 0 250 45 27 20|sspii-ebii

G6 0 250 45 26 21|sspii-ebii

G15 16.4 250 40 40 sspii

G10 25.7 250 37 28 20|sp

G13 325 250 34 34 18|sp

G16 38.4 250 31 31 sspi

T4.6¢ Corner Dent Depth: 6mm

Tube Hole diam |Length Pult Phigh Pmean Mode
mm mm kN kN kN

G3 0 250 42 30 20|sspii-ebii

G5 0 250 41 30 20|sspii-ebii

G9 25 250 36 26 20|sspii

G12 32 250 33 34 17|sspii

Considered from the aspect of adding holes to spherically dented specimens,
figure 4.20 should be studied. The hole decreased the ultimate collapse load
of spherically dented specimens to between 69% and 88% of the ultimate

buckling load of the dented specimens without holes.
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Although spherical dents increased the size of the first lobe, specimens
dented to the same depth with holes of different diameters, showed that the
hole decreased the distance between the plastic hinges i.e. the size of the

first lobe decreased ( see figure 4.21).

Specimens with moderate sized holes ( 25-32mm ) and moderate dent depths
( corner dent depths of about 4mm ) crushed in a very favourable manner for
energy absorption (G10 and G13 in figure 4.21 illustrate this). The large first
lobe in specimens with large dents and small holes tended to destabilise the
progressive buckling mode (G15). The unfavourable overall bending collapse
in the tube was observed. An instability in specimens with large holes and
small corner dent depths was also observed (G16). The effect of the hole
dominated and these specimens tended to collapse in a mode similar to the

holed but undented specimens (sspi).
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Fig. 4.20 The effect of holes on spherically dented specimens.
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Fig 4.22 The effect of the length of the hole on the buckling characteristics of explosively
deformed 100mm square tubes.
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Fig 4.23 The effect of the depth of the corner dent on the buckling characteristics of explosively

deformed 100mm square tubes. The tubes all had holes.
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5. Discussion

5.1 Strip Explosive Configuration

It has been observed that the shape of the deformation imposed on the tube
dictates the mode of collapse of the tube' °. This indicates that for stable
symmetric progressive buckling to occur, the deformation shape should
resemble the geometry of a lobe at the initiation of the lobe formation. The
length of the deformation should therefore approximate the length of the
natural wavelength of the tube. (The distance between three consecutive
plastic hinges which make up one complete lobe is referred to as one natural
wavelength (2/)). The half wavelength of the tube can be estimated by

equation 4b for symmetric progressive buckling. This gives:

- I~ 27mm for the 100mm tubes

- I~ 14.5mm for the 50mm tubes

Half the length of the deformations induced in the 50 mm square tubes by
strips of explosive, which would correspond to one half wavelength, was
between 60 mm and 75 mm. The length of the deformations were far greater

than the natural wavelength of the tubes.

The ultimate buckling load has been found to be affected by the amplitude of
the deformation © ® ' ¥ Since most of the strength of the tube is derived
from its corners it would appear that in terms of controlling the ultimate load,
the depth of the dent at the corner would be most significant. The correlation
between the effect of the corner dent depth and the uniform depth of the side
dents on the ultimate buckling load (as evident in figure 4.15), appears to

confirm this.
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It therefore appears that the length of the deformation should be minimised
while the depth of the dent at the corners of the tube can be used to control

the magnitude of the ultimate buckling load.

5.1.1 Minimisation of deformation length

The geometric configuration of the explosive charge did not appear to affect
the length of the deformation significantly, except in influencing the onset of
tearing. It was found that shorter lengths of explosive strips caused tearing
more readily than longer strips. The lengths of both the centre and corner
dents were approximately constant for a constant mass with changes in
explosive geometry for untorn specimens. Once tearing of the specimens
ensued, there was a large amount of scatter in the length of the deformations,
but the length was considerably shorter. This may indicate that tearing of the

specimen could be advantageous.

The significant decrease in the deformation length with the onset of tearing
would indicate the advantage of tearing a hole.

The corresponding increase in the deformation length with explosive mass

would indicate that the smallest possible mass of explosive should be used.

5.1.2 Control of Corner Dent Depth

An increase in the mass of the explosive did result in a greater dent depth,
however it is also clear that the same effect can be achieved by increasing
the width and decreasing the height of the explosive configuration. A change
in the length of the explosive charge did not have any great effect on the

depth of the corner dent.
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A low, wide explosive configuration increased the corner dent depth for a

constant mass of explosive.
5.1.3 Optimum Explosive Mass and Geometric Configuration

The above discussion would seem to indicate that in order to impose a
beneficial imperfection using an explosive charge to achieve the stable
progressive buckling of a square tube a short flat explosive configuration
should be used with the mass as small as possible while still achieving the

required corner dent depth.

A flat circular shape for the explosive charge is consistent with the

requirements of a short, wide configuration.
5.2 Circular Explosive Configuration

The shape of the deformation formed was not exactly the same as was found

1 The non

for circular plates loaded with a concentrated point charge
axisymmetric boundary conditions of the square tubing, caused by the greater

strength of the corners, resulted in an oval shape of the deformation.

There was a large scatter in the deformation dimensions. The large range of
depths at the tube corners even in the same specimen, could have been due
to either the position of the explosive charge or the detonator not being
exactly centrally positioned, or the distribution of explosive in the charge not

being completely even.

In the cases where one cap was prevented from blowing out completely by
the other cap, the dished deformation shape of the tube wall did occur. The
single hole in these specimens appeared not to affect the collapse mode of
the tube adversely. In fact, one of the specimens that collapsed in the

symmetric progressive mode ( specimen EB6 ) had the one cap still attached
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to the second unblown cap. Although this would reinforce the wall, the
necking that had already taken place before the cap was blocked probably
weakened the structure sufficiently to have the same effect as a hole would

have done.

5.3 Energy Absorption Criteria

5.3.1 Ultimate Buckling Load

The ultimate buckling load is the maximum load that the column can support.
If this load is exceeded the column will collapse. The load can be calculated
from the classical formula:

P=0c,4

where g, is the plastic flow stress

Abramowicz and Wierzbicki *® defined the plastic flow stress as 92% of the
ultimate tensile stress. Surko ™ used the von Karman postulate and defined
the plastic flow stress as:
2a0 t
o, = C’ ...eqn 2.11a

where a is a material constant defined by:

o TE
12(1- p?)o,

and E is Young's Modulus taken to be 210 GPa for mild steel, u is Poisson’s

...eqn 2.11b

Ratio taken to be 0.3 and oy is the tensile yield stress of the material.

The table 5.1 shows the predicted and measured ultimate loads for the

different tubes tested.
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Table 5.1 Comparison of predicted Ultimate Buckling Loads

TUBE 60=0.920,%" von Karman Experimental
(kN) (kN) (kN)
A 68 81 74
G 69 82 75
D 222 213 174
E 217 214 190

The predicted values do give an idea of the magnitude of the ultimate
buckling load. It is noted that the actual Young's Modulus of elasticity and
Poisson’s Ratio of the material, used in von Karman’s theory were estimated
as typical values for mild steel rather than being measured for each tube

length.

When a thin walled square tube undergoes progressive buckling, the ultimate
buckling load is considerably higher than the subsequent peak loads. In the
applications considered for the energy absorbers being studied, ideal energy
absorption would occur at a constant load. The oscillatory behaviour of the
loads in a progressive buckling tube can be approximated by a constant
mean load and is considered sufficiently constant to be used for energy
absorption applications. The first peak force should however be reduced to

approximately the magnitude of the subsequent peak forces.

It has been found previously that the introduction of a geometric imperfection
causes the ultimate buckling load to decrease. The magnitude of the force
can be controlled by the size and shape of the imperfection.

5.3.2 Mean Buckling Load

The total energy absorbed by the structure can be estimated by the product
of the mean crushing load and the total distance crushed. It is therefore

crucial that the mean crushing load is not significantly reduced by the
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introduction of geometric imperfections. The mean static buckling load

predicted for symmetric progressive buckling is given by equation 4a or 4c.

H? ,
The fully plastic moment was taken as M, = 004 and the plastic flow stress

is o, = 0920, *"

Table 5.2 Mean Crushing Load (kN)

TUBE Force predicted | Force predicted Force measured for
by egn 4a by eqn 4c undeformed specimens

AX 19.4 20.7 19.4
curs=324MPa

A 18.9 20.1 21.2
cuts=315MPa

G: 19.3 206 222
cuts=322MPa

D: 54 4 58.6 -
cuts=308MPa

E: 53.3 57.4 50.0
curs=302MPa

It can be seen that either equation gives a good approximation of the mean
crushing load. The specimens cut from length D were too short to give a

meaningful indication of mean crushing load.

As was shown in the results, the mean crushing load did not change
significantly between deformed and undeformed specimens. This is probably
best explained by the reasoning that although the high peaks were lower,
they were also wider and hence the area under the peaks was greater. This
is illustrated in Appendix vii where three examples of the raw data have been
reproduced. The shape of the first lobe was changed and this could result in
an interference with the formation of the two lobes on either side of the first

lobe.
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Due to the fact that only the first lobe is significantly affected by the
deformation "> * the change in total energy absorbed due to a deformation
is insignificant. Clearly the type of deformation is therefore not restricted by a

loss in total energy absorption.
5.3.3 Total Energy Absorption

As discussed above, the total energy absorbed by the structure is dependent

on its effective stroke. There are two criteria that affect the stroke:

¢ The amount that the lobes flatten, or the effective crushing distance. The
more that the lobes flatten, the more the tube can compress, and hence

the greater the amount of energy absorbed.

e The mode of collapse, or in the case of the progressively buckling of a
tube, the stability of the collapse mode. Progressive buckling has been
found to be an efficient energy absorbing collapse mode. Overall buckling
results in far lower levels of energy absorption. In some of the tests
conducted, although progressive buckling did start, the longitudinal axis
shifted and overall bending of the tube occurred. In these cases the
effective stroke was reduced to the distance over which progressive

buckling occurred.
5.4 Quasi - Static Loading of Mechanically Deformed Specimens
5.4.1 Side Dents

Korneck™ studied the effect of denting two opposite sides of a thin walled
square tube on the ultimate collapse load of the tube. Standard 90° angle iron
was used to form the dents. The collapse mode was found to stabilise into the
symmetric progressive mode by the formation of the third peak force. The

optimum ultimate collapse load was therefore determined to be the same load
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as the third peak load, thus resulting in a constant amplitude of oscillation of
the buckling load under progressive buckling collapse. Figure 2.10 shows
that the optimum dent depth for mild steel square tubes with dimensions of
50x50x1.2mm is between 4mm and 5.5mm, or between 3.3 and 4.6 wall

thickness'.

The optimum dent depth was extended to other tests and the dent depths
used in the tests were in the optimum range and on either side of the range.
Dents nominally 1.5mm, 4mm and 6mm were tested on the 50mm square

tubes with wall thickness of 1.2mm.

The tests done by Korneck were extended in this project to include dents
created with other indenters to introduce a range of dent radii. This was done
because it is not possible to create a sharp dent using an explosive charge.
The changes in dent radius were found to have an insignificant effect on the
ultimate collapse load in the range studied. Some of the regularity of the folds
was lost in the region of the deformation for deeper dents because of the
change in the shape of the first lobe. Deeper dents forced the opposite walls
closer together. The decrease in the width of the bulged sides resulted in a
longer fold length. The first lobe did not always flatten as much as ‘natural’

lobes, and the stability of the collapse was compromised.

The tests were of limited value because the angles between the side walls
refained their sharpness, while explosive charges caused a very rounded
transition zone. The use of a spherical indenter was found to approximate the

shape of an explosively induced dent far better.
5.4.2 Spherical Dents
The use of the spherical shaped indenter was to approximate the shapes of

explosively formed dents. For purposes of comparison the dent shape was

acceptable. The dent depth referred to is the depth of the dent at the corners.
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CONCLUSIONS

7 CONCLUDING REMARKS

The effect of a number of deformation shapes explosively induced in thin
walled square tubes was studied in the context of energy absorption. Of all
the deformation types presented in the study, spherical shaped dents with a
centrally positioned hole offer the best energy absorption characteristics: the
ultimate buckling load can be significantly decreased; the mean buckling load
remains unchanged; and the symmetric progressive buckling mode can be

induced.

Spherical shaped dents with centrally positioned holes can be induced
explosively by flat, circular explosive charges. The diameter of the hole
formed was approximately equal to the diameter of the explosive charge
used. The optimum diameter for symmetric progressive buckling appears to
be about half the width of the tube. (The tubes tested showed that a 25mm
hole diameter was optimum for the 50mm tubes, and a 53mm diameter was
optimum for 100mm tubes.) The mass of the charge was used to control the
depth of the dent. A dent depth of between 3.5 and 4.5 wall thickness’ was

shown to be optimum for the tube dimensions tested.

Optimisation of the exact deformation dimensions required for specific energy
absorption members is required. The mass of explosive required to produce
the necessary deformation dimensions is dependent on the type of explosive

used.

The use of pairs of explosive charges in series positioned three natural
wavelengths of the tube apart is proposed. The proposition has not yet been

investigated.

The study was limited to quasi-static crushing of tubes. Although evidence
indicates that dynamic effects are similar to static effects, it is strongly

recommended that dynamic tests be conducted.
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Appendix |

As an example of how fast a motor vehicle would be travelling in order for plastic
buckling to occur, consider a typical motor vehicle accident in which a vehicle of
mass 1 500 kg collides at 50 km/h ( ~ 14 ms™ ) with a solid wall. The vehicle is
assumed to come to rest up against the wall, i.e. an inelastic collision, and all the
kinetic energy is dissipated in the crumpling of a number (n) of tubular structures

in the front end of the vehicle through a distance A.

Kinetic Energy lost by the moving vehicle:
KE, = lmvj
2

Energy absorbed by the plastic crumpling of the tubes:
E=nP A

Equating the energies gives:

V2

o

a =
2A

Since the crushing load is assumed constant, the acceleration is also constant
and the instantaneous velocity is:
v=v +at

and the total response time (timetov=0)is:

thus substituting in the expression for a gives:

7= 2

1%

If nPr is such that A is 1.5 m, and since the typical velocity of an elastic stress
wave travelling in mild steel is approximately 5150 ms™. This means that it takes
approximately 0.3 ms to travel down a 1.5m mild steel tube. In order for plastic
buckling to occur instead of progressive buckling, the pulse must be in the order
of .0.3 ms and thus the impact velocity of the car about 10 000ms™. This is clearly
unreasonable. The mass of the vehicle is also much greater than the mass of the

energy absorbing tubes.
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Appendix Il
Measurement of Applied Impulse

The impulse is given by
] = M;:u

where M is the total mass of the pendulum with all its attachments and ;co is

the initial velocity of the pendulum.

The equation of motion for the pendulum is assumed to be given by:

Li_x+(7—d£+ﬂgx: 0

M—
di*  di R

where x is the horizontal displacement, C is the damping coefficient, and R is

the radius of the pendulum motion.

~

if g=

Y and w, = 27” and T is the period of the pendulum motion, then the

solution to equation 2.1 is
x= e Yo gin(w 1
wsin(0,)
where j is the damping constant and w4 is the circular frequency.

If x4 is the horizontal displacement at time tz% and

-X, is the horizontal displacement at time ¢ = %’7—1 then

from equation 3.2, the first horizontal oscillation x, is given by

which becomes
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similarly

-x, =€

which becomes

2
now
xl
x2
therefore
and
®
X

The period T can be measured and B can be found from a number of swings

of the pendulum. In order to find x; and x. the geomerty of the pendulum

swing is required.
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APPENDIX IV

Explosive callibration

m : Explosive mass Cd : depth of deformation at tube centre
I+ explosive length Ed : depth of deformation at tube comers
w : explosive width C! : length of deformation at tube centre
h : explosive height El : length of deformation at tube corers

I : Explosive Impulse calculated as shown in appendix I!

STRIP EXPLOSIVE CALIBRATION

TESTNO. m | w h 1 Cd
g ., mm mm mm Ns mm
13049405 6.5 *+ 55.0 5.0 15.3 5.90 18
21049404 6.5 55.0 5.0 15.3 5.90 15
21049403 6.5 55.0 6.3 12.1 6.83 24
13049406 6.5 55.0 6.3 12.1 6.78 22.5
21049402 6.5 55.0 8.0 9.6 7.19 28
13049407 6.5 55.0 8.3 9.2 6.84 28
20049409 6.5 55.0 8.3 9.2 7.34 27
21049401 6.5 55.0 8.7 8.8 7.31 29
20049408 6.5 55.0 9.1 8.4 7.32 32
13049408 6.5 55.0 9.5 8.1 7.53 30
20049405 6.5 55.0 9.1 8.4 7.48 -
20049407 6.5 55.0 9.5 8.1 7.29 -
20049403 6.5 55.0 9.5 8.1 7.61 -
20049404 6.5 55.0 9.5 8.1 7.37 -
20049402 6.5 55.0 10.0 7.6 7.58 -
20049406 6.5 55.0 10.0 7.6 7.62 -
20049401 6.5 55.0 12.0 6.4 -
21049405 6.5 55.0 13.9 5.5 7.58 -
13049409 6.5 55.0 14.4 53 7.73 -
25059411 5.75 55.0 12.0 5.6 7.29 -
25059412 5.75+ 55.0 10.0 6.8 7.19 -
25059413 5.75 55.0 8.0 8.5 6.61 27
23059408 50 ' 550 5.0 11.8 5.05 16.3
23059407 5.0 55.0 8.3 7.1 5.78 22.2
23059401 5.0 55.0 9.5 6.2 6.05 24
23059402 5.0 55.0 10.8 5.4 6.46 26.2
25059401 5.0 55.0 12.0 4.9 7.39 29
23059403 50 55.0 13.0 4.5 6.61 30
23059406 5.0 55.0 13.0 4.5 6.61 -
23059405 5.0 55.0 14.0 4.2 6.80 -
23059404 50 55.0 15.0 3.9 6.75 -
25059404 50 48.0 5.0 13.5 5.44 16
23059411 50 48.0 8.0 8.4 5.97 23.3
23059412 50 48.0 9.1 7.4 5.95 25.2
25059403 50 48.0 10.0 6.7 6.14 22
23059413 50 48.0° 10.8 6.2 6.39 -
25059402 50 48.0 12.0 5.6 -
25059409 50 44.0 5.0 14.7 5.44 20
25059408 50 440 8.0 9.2 6.07 26.4

Ed
mm

3.5
9.5

11
11.5
10.25
11.5
13.5
13
20
25.5
18.75
24

18
23
20.25
27

27

25

13
10.5
47
94
9.3
10.95
12
121
17.05
15.9
221
4.7
9.3
9.9
11.3
20
24.5
6.2
9.9

Cl
mm

159
167
146
162
145
145
147
143
144
144
105
103
108.5
94
113
100.5
94.5
94
84
93
125
144
143
130
133
134
134
130
109
113
87
150
134
130
131
101
93
144
145

El
mm

134.5
111.5
126.5
140.75
128.5
132.5
129.5
132
127.25
121
95.5
92.5
98.5
89
100
90.5
91
89.5
73
85.5
109.25
125.5
114
118.5
121.5
125
119
123
102
102.5
81.5
105.5
116
111.5
112
92.5
74
119.5
134

91























